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Preface 

This book of abstracts contains the contributed papers of ESCAMPIG XII and 
the abstracts of the invited papers. The invited papers will appear in a special 
issue of "Plasma Sources Science & Technology "alter the conference. All 
the contributed papers have been refereed by the International Scientific 
Committee. Abstracts received alter the deadline of May 1, which could not 
be refereed by the International Scientific Committee are labeled "post 
deadline". 

The abstracts are ordered according to the six conference topics: 

1. Atomie and molecular processes in plasmas (including clusters and dust) 
2. Particle energy distribution functions 
3. Discharge physics: sheaths, transport processes and modelling 
4. Plasma diagnostics 
5. Laser and particle beam assisted plasma processes 
6. Physical basis of plasma chemistry and plasma surface interaction 

and the two special workshops: 

1. Hydrogen kinetics in pure hydrogen and hydrogen containing plasmas, 
chaired by O.C. Schram 

2. Electronic interaction with particles, chaired by W. Lindinger 

1 am sure that this book will contribute toa fruitful and enjoyable conference. 

Richard van de Sanden 

Eindhoven, June 1994 
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ELECTRON KINETICS IN NON-UNIFORM GLOW DJSCHARGE PLASMAS 

L.D. Tsendin 

Physical Technica! Department, St. Petersburg State Technica) University, 195251, Russia 

Introduction 

Up to now the opinion exists that the kinetic analysis is necessary rnainly for precise 
quantitative calculations, but the principal qualitative features of glow discharges can be obtained 
in the fluid approach. The failure of numerous attempts to describe the electrode phenomena, 
striations, and other non-local effects in the !luid approach demonstrates its inefficiency. All these 
problems are self-consistent. It means that for calculation of the inhomogeneous plasma profile 
and of electric field in plasma it is necessary to know beforehand a distribution of sources of 
charged particles, which is determined by the electron distribution function (EDF). And the EDF 
cannot be found without information about the plasma density profile and the electric field A 
straightforward numerical analysis of such self-consistent kinetic problems is very labour
consuming and difficult for qualitative understanding. In such a situation simple and effective 
approximate methods of analytic solution of the electron Boltzmann equation in arbitrary electric 
fields are very important. Such an approach enables one to obtain simple and physically 
transparent solutions of self-consistent problems. The numerous applications to atomie gases are 
discussed. 
In typical gas discharge conditions it is possible to divide electrons into two groups. Two simple 

models of the electron kinetics can be developed for them. The first of these groups corresponds 
to the vast majority of electrons. These bulk electrons are produced as a rule by ionization in the 
plasma volume. A kinetic energy w of these bulk electrons doesn't exceed significantly the 
excitation energy of the first electron level The EDF in this case can be divided unambiguously 
into the EDF body ( w < e, ), an the EDF ( w ~ e, ). The Jatter decreases exponentially with a 
small characteristic energy scale compared to e, 

From the other side in a discharge volume a relatively small fraction of high energy 
electrons with w >> e, is aften present. These electrons are produced by acceleration of 'Y -
electrons in cathode sheath of de discharge, or in electrode sheath of RF capacitive one. by 
electron runaway in electric field, by externally injected beams, etc .. The contribution of the fast 
electrons to such important discharge characteristics as ionization and excitation rates, 
plasmachemical reactions rates, etc., far exceeds, as a rule, their contribution to the total electron 
density. 

Bulk electrons 

For the slow bulk electrons a considerable simplification follows from the fact, that typical 
values ofinelastic collisions frequency v· are smaH compared to transport collisions frequency v1 

which is determined mainly by elastic collisions. lt implies that isotropisation of the EDF occurs 
faster than energy relaxation, and the traditional two-term !Pproximation for the EDF is valid: 

f(f,v.t)= f,(r,v.t)-t{v/v.f,('f.v.t)). (1) 
where f, > > f, The resulting equation for ( in case of inhomogenious non-stationary plasma 
remains rather complicated. The vast majority of existing calculations is restricted by so called 
local approximation. when spatial derivatives in the Boltzmann equation are negligible. lt is valid, 



if the spatial inhomogeniety is smooth compared with the EDF relaxation scale. In this case it is 
possible to write down the EDF in a form : 

f
0
(f,v,t)=n(r,t} • F

0
(Ë(i';t},v), (2) 

where n(f, t) - electron density, and to formulate a transport equation for it. In the non-local case 

the factorisation (2) is wrong. The problem can be simplified, if the characteristic spatial scale 
exceeds the EDF relaxation length. 

Positive column 

The first analytic solution of the non-local problem was proposed in [ 1-3] for the simplest 
case of positive column of de discharge. lt was demonstrated that if the energy relaxation length 
exceeds a tube radius R, the EDF f

0 
of trapped electrons becomes a function of a total energy 

E=w+e<jl(r}, where <1>(rJ - a space-charge radial potential. Since the radial electron 

displacement occurs fast compared with the energy gain and loss, the Boltzrnann equation can be 
averaged over the fast radial motion. The result of averaging is the ordinary differential equation 
for f

0 
( E). lt can be easily solved by standard methods. The exponential decrease of the EDF tai! 

due to inelastic collisions begins at E "'E 1. In peripheral regions of the column it corresponds to 

the kinetic energy w considerably less, than E1 In the column periphery the EDF tail is 

considerably depleted. lt means, that rates of inelastic processes are not proponional to the 
electron density, as in the local case, but have a sharp maximum at the column axis. The fast 
electrons escape to the tube walls results in additional steep decrease of the EDF tail . lt follows, 
that the potential drop in a space-charge sheath at the tube wall <i>w , which arises in order to 
equalise the ion and electron fluxes to the wall, is small - of order of several eV - instead of 
traditional value <Pw = T, ~ ln(m,/m,) , which corresponds to the Maxwellian distribution. The 

potential drop between the wall and axis is to be close to the ionization potential, in order to 
equalise the ionization and escape rates. All these facts were observed in numerous experiments. 
In [3, 4] it was shown that relatively small longitudinal magnetic field results in transition from the 
non-local to local regime. The experimental investigation and self-consistent numerical modelling 
of the non-local positive column in Ne was performed in [5] . The influence of the escape of the 
fast electrons on the EDF form was studied in {6] for the positive column in glass tube with 
conducting section. The calculated form of the EDF was in good agreement with experiment . ln 
[7] the crucial dependence of the potential difference in the wall sheath on the EDF form was 
obser.-ed. In afterglow plasma in Ne it was found, that even slight variations of the EDF tail 
results in drastic changes in ({) . - from values of order of 0. 1 V to - l 0 V In [8] a new 
methodics ofprobe measurements of the EDF in collisional regime was proposed. lt was based on 
a fact , that if even the probe radius a exceeds the electron mean free path À, but is small compared 
with the energy relaxation length, electrons reach the probe with the EDF f

0
{E), which is 

characteristic for undisturbed plasma. In [9] a generalisation of this method was derived, which is 
valid at arbitrary values of the 'JJa ratio. Experimental tests {8, 9] demonstrated high efficiency 
and reliability ofthis diagnostic 

RF discharges 

Far more pronounced are the non-local effects in RF discharges. lt follows from a fact, 
that a square of oscillatory electric field ( Ê r which is a source of the energy supply, is screened 
by plasma. lt is minimal in the plasma centrc, and maxima! - at the periphery. In inductively 

2 



coupled RF discharge the screening is produced by skin-effect, and in capacitively coupled one 
the dominant screening mechanism consists in RF current conservation (since the electron density 
is maxima! in the discharge centre, the RF field is to be minimal here). In the local case this 
screening results in more or less uniform, or even concave (if volume recombination dominates) 
plasma density profile, and in steep decrease of ionization rate and of luminosity towards the 
center. Transition to the non-local case leads to radical rearrangement of the discharge structure. 
Since the ionization rate in this case is determined not by a local, but by spatially averaged value 
of (Ë' ), and is maximal in the center, a sleep decrease of plasma density from the plasma center 
toward its periphery is characteristic for this regime. The luminosity of discharge also decrease 
monotonously from the central region. 

Since (Ë') is maxima! at the discharge periphery, and the part of discharge volume, which 
is available for an electron with total energy E increases with E. the electron energy gain rate from 
the RF field steeply increases with E. The means that a slope of the EDF f

0
(e) must decrease with 

e-a peak of cold electrons density, which are trapped in the discharge centre by stationary electric 
field and cannot receive energy effectively from the RF one. is to be formed [ 10). This effect 
presents a possible explanation of experimentally observed fact of formation of such a peak on the 
slow part of the EDF (11]. In these experiments even the mean electron energy decreased 
substantially with decrease of pressure; the critica! pressure for such a transition corresponded 
roughly to boundary between the local and non-local regimes. 

Plasma inhomogeniety along de direction (anode and striations) 

A great variety of physically interesting and even paradoxical phenomena arises in de 
plasma, which is inhomogeneous along the current direction [ 12). If the EDF body is determined 
by energy losses in the elastic collisions, a considerable lag between the EDF tai! and body can 
arise in the non-uniform plasma - the EDF tail in a given point x is determined by the field values 
E(x') in the points x', which are situated upstream along the electron flow direction. Such a phase 
shift between E(x) (which is determined by plasma density profile), and the EDF tail, which is 
responsible for the plasma generation, may be a cause of ionization instability. 
At relatively low pressures, when the non-locality is important. electric field intensity is rather 
high, and energy losses in elastic collisions are often negligible. In this important case the electron 
motion along and across the current direction V.) corresponds to diffusion at constant energy 
e = w + ecp(r.K) , which is accompanied by discrete energy losses. if w <:: e, If only the first 
excitation level is responsible for the EDF formation, and the corresponding excitation frequency 
v· is high enough, the "absorbing wall" approximation f,(e,r,11)=0forw>i: 1 is valid, and for 
one-dimensional problem genera! solution of the Boltzmann equation is ofa simple form: 

X.2(t') 

f
0
(e,1t) = <I>(e) J v(x',e)/ v'(x',e)dx'; <I>(e -e,) = <I>(e), (3) 

where e-ecp(x,(e))=e,. 
In the anode region of the de discharge at distances ::; À, = e, eE from anode the 

absorbing boundary x = x, ( e) corresponds to the anode surf ace. It results in a significant EDF 
depletion at low values ofw [13]. In Ne, for example, at p- 1 Torr the length ofthis depletion 
region is of order of 10 cm [ 14]. 

In the one-level approximation (3) there are no any mechanisms of the EDF relaxation -
the amplitude of the EDF <I>(e) in (3) is determined by the electron source. lf one accounts for 
the small energy losses in the elastic collisions. it results in the EDF relaxation in the uniform 



electric field on an anomalously long distance of order of À,X-2
, x = m.À.~m. À.2 

( x << 1) being 
the mean energy loss in elastic collisions on the distance À,. In non-uniform spatially periodic 

electric field with the potential difference on the spatial period oforder of e1 ( 1 + x) / k (k = 1,2 ... ) 

the EDF bunching arises - an arbitrary EDF, injected in such a field, is transformed into a set of 
delta-like peaks (12]. At low level of the potential modulation ( « x.) this effect manifests itselfas 
a resonant response of the EDF to the potential disturbance [15]. Such form of the potential 
profile and of the EDF is characteristic for so-called s- and p-striations at low current densities. 

Fast electrons 

For analysis of the cathode region of the de discharge or of form of capacitively coupled 
RF discharge the kinetic analysis of the fast electrons is necessary. A simplest model for this case 
was developed in [16]. Si nee w > > E 1 for these electrons, the continuos-energy-loss 
approximation is applicable for this case. There are some physical arguments, that (at least in light 
gases) the influence of scattering is not too important. The comparison of results of such a 
simplified model with Monte-Carlo calculations and with experimental data for normal and 
abnormal regimes of plane and hollow cathode demonstrates reasonable agreement. A self
consistent simpte analytic description of the de cathode region, which is based on the above
mentioned model for the fast electrons. the Ma.xwellian EDF for the slow ones, which are trapped 
by the space charge field in negative glow and in Faraday dark space, and on expression (3) for 
the intermediate group of electrons, reproduces all the principal properties of the cathode region. 

A solution of the electron Boltzmann equation as a rule presents the main difficulties in a 
gas discharge numerical modelling. Accordingly, an application of the non-local approach can 
greatly reduce the labour expenses and to develop fast operative codes for this purpose [ 17). 

The work was supported by Russian Foundation of Fundamental lnvestigations, grant 
N94-02-0476 l, and by International Science Foundation, grant N PH 4 9125-0925. 
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ELECTRIC FJELDS 

P. Ségur 

Centre de Physique Atomique, Unite Associée au CNRS n°277,l 18 Route de Narbonne, 31062 
Toulouse Cedex 

Introduction 

In gas discharges. when the density of electrons is low enough such that collective effects 
bet ween charged particles can be ignored, the transport of electrons plays a very important role to 
characterize the microscopie structure of the medium. Whatever the type of geometry. the electric 
field is very often strongly non-homogeneous and the transport of electrons through the gas is 
controlled by the space and/or time variation of the electric field. One of the most important 
problems in gas discharge modeling is then to properly account for this variation. 

To accurately solve this problem, it is neccssary to use a microscopie approach, i.e. to 
solve the Boltzmann equation. However, due to the complexity of most dischargcs, it is not 
usually possible to adopt a purely microscopie approach and approximate methods are most often 
developed. These methods are mainly based on the solution of hydrodynamic equations which are 
obtained by multiplying the Boltzmann equation by the successive powcrs of velocities and 
intcgr.iting over the velocity space. 

When hydrodynamic equations are used instead of the Boltzmann equation, a lot of 
information about the system considered is lost. For example exact houndary conditions are no 
longer known and some approximations must be made aboul !he shapc of the distrihulion 
function. The shape of !he distribution function must be known to close the system of 
hydrudynamic equations as it posscsses more unknowns than equations. 

The approximation currently uscd 10 close these cquations is that in which it is assumcd 
thal elecirons are in equilibrium with the eleclric field (local eleciric field approximation) . Fora 
given value of !he electric field al some location inside the ionized medium. it is •t~sumed chai the 
electron energy distribution function is the same as that which would be obtained in equilibrium 
for the same value of the electric field. Using this approximation in situations whcrc the electric 
field depends on space obviously implies some limits in the possible variation of this electric field. 
lt is then considered that this approximation is valid when the change in electric field along an 
electron mean free path is small. The drawback in estimating the rang.: of application of this 
approximation is that it is very difficult to know beforehand when the clcctric field variation 
becomes too strong. 

Thus. it is usually assumed that the local field approximation can be uscd in discharges at 
high pressures and that il musl be avoided at low pressures. For l!xample. 1hc modcling of 
'streamer' discharge propagation is usually donc wilh lhe local field approximation. On 1he 
contrary glow discharge or RF dischargc modcling need a complelely different approach since thcy 
occur al much lower pressures. 
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Very recently, many theoretica! investigations have been devoted to the problem of the 
improvement of glow discharge modeling at low pressures and many different approaches have 
been developed. As the hydrodynamic approximation cannot be applied in these low-pressure 
situations, new techniques were investigated. A mixed approach was first used by Fiala et al.[!] 
With this approach, the motion of fast electrons was processed using the Monte Carlo method and 
the motion of slow electrons usiog the hydrodynamic approximalion. A complete microscopie 
study was investigated by Sommerer et al. (2). In his study, a new method called the convective 
scheme was used. The aim of these two studies was to achievè a self-consistent detennination of 
the space charge electric field. Many other studies made in the literature are based on the Monte 
Carlo method. but no self-consistent determination was made. 

Most of the microscopie studies available were only made in plane-parallel geometries in 
which the non-unifonnity of the electric field was only due 10 the existence of a strong space
charge density. There area lot of other interesting situations were a strongly non-uniform electric 
field occurs due to the curvilinear character of the geometry. For examplc, in wire cylinder 
geometry. an electric field quick.Jy varying in space appears even in the absence of a space charge 
field . The treatment of the transport of electrons in this case is very specific and. in any case, the 
local field approximation is very questionable. 

In this lecture. we will only deal with the transport of electrons in stationary situations but 
we will investigate the different problems raised by plane-parallel and wire-cylindcr gcometrics. 
To do that we will first make a review of the numerical techniques available to investigate the 
kinetics of electrons. We wil! then study the ca.~e of plane-parallel geometries and then the case of 
wire-cylinder geometries. 

Comments about the numerical methods available to study the motion of electrons 
in non-uniform rields. 

A permanent debate exists in the literaturc as to the best method to determim: the cnergy 
distribution function of elcctrons in non-homogeneous media. As the Boltzmann cquation is the 
starting point of every study of electron transport through gases, many people have tricd to use 
this equation. Unfortunately. in gas discharges. and contrary to most other ficlds of transport 
theory (neutron trnnsport and radiative transfer for examplc). lhe situation is very complex duc to 
the presence of the electric field . In these conditions. the motion of electrons at a given point in 
space may strongly change nol only due to the non-uniformity of the collison processes but also 
to rhe non uniformity of lhe electric field itself. The first consequence is that, during the motion of 
electrons between electrodes, many different situations can be found. In regions of high electric 
field, transport is predominant. contrary to low field regions where the local field approximation is 
likely to bccome valid. Some numerical melhods which work at high fields do not necessary work 
at low fields and vice versa. 

The best method available to accurately take into account lhe eleclric field. is the Monte 
Carlo method. The main reason for its efficiency is that, as this method is stochastic in nature. the 
transport of part ic les is considered independently of a numerical grid. Whcn an elcctron is rclcased 
somewhere in the gap, its motion is accurately processed by solving the Newton cquations and the 
use of numerical grids is only necessary to obtain and supply the information eoncerning the 
motion of the elcctron. The grid in Monte Carlo calculations is never used in the course of 1he 
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calculations. It follows that there are no cumulative errors atising from the projection of trajectories 
onto a fixed grid. 

The problem is completely different in conventional numcrical solution of the Boltzmann 
equation. In this case, first of all, a grid is defined to solve the equation. The information available 
at one of the nodes of the grid is used to obtain information at the next node. The main 
consequence is that, if an error is systernatically made at every node, it will propagate frorn node to 
node. The result of the calculations will be an anomalous spread of the solution of the Boltzmann 
equation in energy space. This is equivalent to adding a fictitious diffusion process to the 
Boltzmann equation. To avoid this problem, the nodes of the grid can he chosen such that they are 
located along the trajectory of the electrons. In these conditions. no projection is neccssary. 
However, it might be difficult to choose the locations of the points. especially with low fields 
cases. Sometimes the number can be excessive. The numerical method where these techniques of 
electron trajectory tracking are employed is called " the method of characteristics ". It is difficult 
to implement, particularly in non-uniform field situations. Most of these mcthods have heen used 
in Toulouse for a long time. Two techniques can be employed based either on the initia! integro
differential form of the B.E. or on the integrated form. 

Although the Monte Carlo method is wel! suited to process electron trajectories, this is not 
the case for the processing of a large number of collisions. Here. the motion of electrons. being 
the result of a huge number of collisions. tnmsport is not the predominant phenomenon and it is no 
langer nccessary to follow electrons over one collision after another. The shapc of the distribution 
function becomes more and more isotropic in angular space and the assumption of a slightly 
anisotropic angular distribution function can be used. Inserted inside the B.E .. this approximation 
leads to a complex partial differential equation with cross-derivatives in energy and space. The 
sol ut ion of this equation allows very quick processing of the low field situations and could he uscd 
ror exampk in connexion with Montc Carlo mcthods to process in a rnmplctc microscopie way 
discharges with low field and high field regions. 

As it will he very useful to develop a method whkh shares the advantages of the M.C. and 
B.E. approaches. a new technique was rcccntly introduced by Sommcrer (2). This tcchnique is 
some-what similar to the Particle in Cel! method which is widcly used in hot plasma physics. The 
trajcctories are processed in a similar way to that of the M.C. mcthod hut no random process is 
used for the collisions. However. although the idca of this technique is very interesting, it suffers 
from the same tïctitious numcrical diffusion problem as traditional numcrical methods. 
Funhermore, as it does not allow the very cfficicnt treatment of situations with a large numher of 
collisions, this method, even though it is very popular at the present time. is in fact the least 
efficient to solve the Boltzmann equation. 

Plane-parallel geometry : 

Our first objective during the leeture will be to show the performances of the various 
rnethods introduccd abovc. Different situations will be investigated. The diffcrcnces bctween these 
studies mainly arise in 1hc choice of the various electric lïclds and in the nature of the gases 
adopted (atomie or molecular). We will see that the efficiency of the methods is strongly prohlem 
dependenr and that, when calculations are possible. the numerical integral mcthod is the fastest. 
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We wül first give the results obtained with fixed eleclric fields . The influence of certain 
changes in the spatial variation of the electric field will be investigated. The results will be 
compared to e<juilibrium results (local field approximation), caJculated with the same set of 
electron-molecule cross-sections. We wil! investigate both decreasing and increasing electric 
fields. 

Same results corresponding toa self-consistent determination of the electric field in low 
pressure glow discharges wil! also be given and compared to experimental measurements. 

Curvilinear geometries : 

Curvilinear geometries have not been studied as much in the literature as plane-parallel 
geometries. However, wire-cylinder geometry is of paramount importance in various fields 
(particle detectors. reactors for surface treatment or for depollution, etc .). Furthermore, in the 
absence of space charge field, this geometry is wel! suited to study the microscopie properties of 
electrons in an electric field which varies very quickly over space. 

However, this geometry, due to the absence of symetry with respect to the azimutal angle 
is much more difficult to investigate in a microscopie approach. Even if we restrict our study toa 
simple situation in which the electron distribution function is assumed to only depend on one space 
variable (here radial distance), the problem to be solved is quadridimensionnal (one space variable 
and three velocicy variables). The M.C. method is the most efficient technique in this case. A lot of 
problems occur however due to the very complicated shape of the trajectories bet ween collisions 
and some specific techniques must be developed. lf the wirc is positive. as the electric field is 
centra!, electrons may rorate around the anode Jeading, mainly at low pressure, very peculiar 
properties. 

Comparisons between experimental determinations and M.C. calculations show very 
interesting characteristics of the motion of clectrons, specific to this type of geometry. A 
parnmetrisation of the various swarm parameters a~ a function of the reduced electric field (electric 
field divided hy the density of the neutral gas) and another parameter (which caracterizes the mean 
cncrgy gained by an electron along a mean free path) can then be made giving a generalisation of 
the local field approximation. 
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As a rule, ionization and recombination (IR) in a low temperatu
re plasma are caused by a se t collisional and radiative proces
ses. A direct calculation of stepwise ionization and recombina
tion a rather complicated problem requiring allowance ror a 
large number processes and, most importantly, knowledge of the 
distribution of excited atoms over states. Here we consider the 
kinetics of ionization and recombination with allowance for a 
wicle range of e lementary processes and for the actual energy 
structure of the atom and ions. We discW3s the results of 
numerical modeling, analytica!. experimental studies and some 
application of these results for the description a relatively 
new physical objects. 
Tt is evidently clear now that the two main approaches have 
formed for investigation of IR. First of them is the numerical 
approach initiated by well - known paper of Bates e t al (1]. This 
approach is intensively developed up to date. The advent of the 
computer opened a new possibility in this field. In recent paper 
Gomes et al [2) the 0oll:isi.onal-radjative-atomic-molecular model 
has been tleveloped for stationary oxygen plasma at 
pressure and for electron temperatures Te in the 

atmospheric 
range 3000-

18000 K. Both atomie and molecular species have been taken into 
account. Along with the effects of atomie and molecular resonan
ce-radiation trapping and shift of statistica! equilibria due to 
radiation escape for first time in the numerical modeling 
practice the influence of ambipolar diffusion was studied. Along 
with these numerical studies the analytica! treatments of the 
pro hl em still r emained in t e r est. Different analyt:i cal approaches 
we re considered in various groups.e.g. Pitaevsky, Gurevich 
[)- 4], Biberman, Vorob ' ev , Takubov [4 - 6]. Pudj i moto [7], van der 
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Mullen et al (8] and others. Part ot these works are based on 
the analogy between the motion ot the electron in the energy 
apace and the diftusion of a Brownian particle-ditfusion appro
ach. This similarity is found very fruitful. In the 1960s 
Biberman, Iakubov and the author developed a modified diffusion 
approxirnation (MDA) in order to calculate the population of 
excited states and coefficients of ionization and recombination 
in plasmas [ 5, 6]. This MDA descri bes the particle flux in energy 
space in terms of discrete inelastic transitons or eroission 
events. 5cattering events correspond to electron motion in 
energy space and these can be considered as stepwise diffusion 
between energetic levels of real atoms or ions. In the recent 
review of van der Mullen [8] there are very many coroparisons of 
results o btaining by using numerical and s emi-analytical me
thods. 
We carried out a similar comparison of results predicted by MDA 

wi th experimental data that appeared recently. In Pig. 1 the 
experimental values of three- partic le coefficient of recombina
tion u for expanding argon plasma deterroined from the so called 
b factor( • ) and the Thompson-Rayleigh measurements [9] (full 

p 
line) are compared with the predictions of different authors: 
•• • line-Benoy D.A. at al [101. - - -line Bates al al (11, 
-- --line-Hinnov and H:i.rschberg f11], Biberman [6]. The Last case 
corresponds t o well - lrnown s imple formula which has been already 
ot>tained in [J]. This formula for triple coefficient of rec0m
hlnation 1n m6 /c is 
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a =5.4•10-29T 

e 
Where T is the electron temperature in eV 

• 
According to (61 for Te < 3000 K , the recombination coeffici-
ents of different elements are suitable for this dependance. 

With increasing T the "bottleneck " is shifted to the lower 
part of the ener~ spectrum and deviations from the T- 912 law 

e 

begin. The thick line on the fig. corresponds the values of a 

taken from table in (6) for Ar. As you can see the last values 
area little bit more accurate according with experimental data. 
Along with the traditional applications of the collisional
radia ti ve theory a new physical objec ts recently appear. ]'heir 
kinetic of IR is developed insufficjently. One of them is 

non- ideal plasma with multicharged ions. Such plasma may satisfy 
the following r,ondi tions, when r . . » 1, r . > 1 and r < 1. Here 
" =Z 7 e 2 n 113/T is ion-ion nonide~li ty pa~meter. Z j'; the mean 

Il 1 • • 2 1/3 2113 
charge of ion. Sim1larly r"i=Ze n

1 
/T and 'fe e=e n" /T. In 

contrast to ideal plasma the probabili ty to find the ion at the 
rtistance -ze2 /T from the electron in nonideal plasma is roughly 
equal to one. As it is shown in (12), it leads to the following 

expre ssion for the collisional recombination coefficient 
a .. cons t. e 4 (Ze 2 n, '3) , 'z I ( Tz mi '2 ) 

i 

The sp0ci.fic eonditlons f or the kinetics of TR are formed when 
the laser-induced plasma (LIP) is created above a solid target 
surface [ 1J J. The formation of LIP is the threshold process 
connected wi th the growtll of i onization in the restricted range 
of the laser-radiative action. In order todescrihe this we need 
to conside r- lonization kineti.cs taking In ac<.:ount nearness of 
the surface , presence of high-frequency field of laser radiati.
on, short duration of the process and 1ts small space size. The 
rate of ionization is detenni.ned on the base of kinetic equation 
i.nd uding ga in of energy tllrough electron-neutral inverse 
bremsstrahlung coJHsions , elast1c and inelas tic collisions, 
diffusion losses. In order to solve of this equat1on the 
wfr1e two approa c hes are rnainly used. Under act1.on of the 
second laser poüses or longer ones the hi.gh- frequency 
field grows r olatively sl<Jwly. The mean electron energy 

Il 

follo

m1111-

laser 
f, iR 



less then 6 or I, where 6, I is the energy of excitation or 
ioniz:.ation. In addition the excitation (ionization) is reached 
by a small number of electrons lying in the "tail" of the 
electron distribution function. In many cases the inequality is 
valid ~ » v, where ~ is the laser frequency, v is the momentum
transfer collisional frequency with heavy and light particles. 
Then the bulk of electrons is Maxwellian. The methods of the 
calculation the rate of ioniz:.ation for the maxwellian bulk and 
nonmaxwellian tail have been developed [6,8). Under action on 
the target microsecond laser pulses another approach 
The stationary solution of the kinetic equation gives 
values of maan electron energy (f: » D., I). In fact 
occurs on the nonstationary stage, when electron in 

is used. 
very high 
ionization 
the high-

frequency field accuroulates sufficient energy for ionization of 
atom. The rate of ionization is given by the time of growth of 
electrrJn energy t111 the same: value ( usually this value is in 
the order of magnitude D.). 
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ELECTRON AND ION DISTRIBUTION FUNCTIONS IN RF 
AND MICROWAVE SUSTAINED PLASMAS 

Introduction 

U. Kortshagen 

Institut für Experimentalphysik Il, Ruhr-Universität Bochum, 
D-44780 Bochum, Germany 

The consideration of the electron distribution function ( EDF) and the ion energy dis
t.ribution (IED) in high frequency sustaine<l plasmas is essential for almost every kind of 
application. The EDF in low- tcmperatnre plasmas with a low degree of ionization usually 
deviates significantly from a Maxwellian <listribution function. The properties of the bulk 
plasma of a hf discharge are thus strongly afîecte<l by the actual shape of the EDF. Since 
all excitation and reaction rales and, in particular, the ionization rates are crucially deter
mined by the EDF. the formation of the EDF influences also the macroscopie propcrties of 
the plasma, like for instance the electron density profile. Tirns the EDF is also (partially) 
responsible for such important aspects like spatial plasma homogeneity. which is one of the 
most important criteria in many applications. 

The !ED distribntion function is of particular interest when material processing and 
surface modificatio11s are considered. Here the important aspecls, asi<le from the ion flux. 
are the directionality of the incident ions eind the ion impact enf'rgy. For various applications 
it is desirable to contra! the flux and the impact energy indepen<lently. 

In the present paper experimental and theoretica! results for the EDF's and IED's in 
hf sustained plasmas are presentecl. Conrerning the EDF's special cmphasis is pul on the 
point of the spatial dt>pendence of the EDF. The C'Xperimcntal dctC'nnination of the EDF"s is 
ha.•c<l on the measurement of sccon<l dcrivatives of Langmuir probf' characteristics. A 1>ulsed 
prohe t.echnique has been applied [l J. The 11ccessi1r,V compe11s;,tio11 of the rf fluduations 
of the plasma potential has be<.'n accomplishcd hy activ<· 12) as wdl as passive mea.•ures 
[3). Examples are presented for a surface waw sustained pla.'!na. as a typic.al over<lense 
microwave plasma in cylindrical geomctry. and an inductivt>ly cottpled low pressure plasma 
at a frequency of 13"56 MHz. For this plasma also rcsults on the 1 ED are prt>sented and 
compared to 1 ED's observed in a capacitively couple<l plasma. The 1 ED mea~urements have 
been performed using a standard gridclc<l rctarding field analyzer. Theoretica! rcsults are 
obtained from a kinelic discharge model and are compared to the measurements. Somc of 
these resulis and comparisons are sketched hclow. 

The spatial variation of the EDF 

With view to applications of low· tcmperatnre pla.~mas only a genera! information about 
the EDF is insuffirienl. Since the spatial homogeneity of plasma processcs is a frequent 
requirement, t.he spatial depenclence of the EDF is at lci1sl. of the same importance. lt 
<letermines, for instance. the locali7-alion of plasma chemica! processes. the distribution of 
partide ftuxes from tlw plasma and t.he formation of density profiles. 

In certain parameter ranges. a simp!"' clcscription of the spat.ia! inhomogeneity problem 
of the e]ectro11 kinetics is possihle. For demonstration. EDF's m••asmed at different radial 
positions in a snrfa<"P wave plasma are shown in Fig. ( 1 ). ( For <l<•t.ails se•• Ref. [4).J The EU F's 
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Figurc 1: Mcasur-ed EDF '.< in a .rnrfaa wave discharge /or different mdial positions: 0, 6, 8, 
10. 11 . 12 mm /rom left to right. (/=190 Mil=. R=14mm) 

are plotted against the total energy of electrons, i.e., the measured ED F's of kinetic energy are 
shifted according to the cxperimentally delermined variation of the de ambipolar polential, 
which determines the potential energy of the electrons at that position. Obviously, the high 
energy parts of the EDF's in all positions coi11ciclc in this representation. This experimental 
result. confirms the fact that the EDF in a low prcssun: discharge may bi' represente<l by a 
11niq11r EDF of total rntr·gy. The rnlli11g of 1.ht> low cncrg_v part of the EDF, when moving 
from the center towar<ls the wall, mirrors l l1t· repulsion of low energy eleclrons, which are 
ronfined in the space charge pote11tial a11d th11s are pre\'entecl from reaching a position with 
higlwr potential energy than thcir own total cni>rgy. 

A theoretica! approach, which is 1>xactly based on the above idea, is the so callcd "non
local approach" [·5.6] to the solt1tion of the spatially inhomogcnco11s Roltzma1111 eqt1ation. 
Witliin this approach the EDF of total cncrgy is cletcrminecl from a spatially averaged ki
nelic equation. Using this method, goocl qua11tilaliv.- agreement between measurements and 
thcory can be ohtai11ed. Thl' solid an<I the dashcd lincs in Fig. ( J) represent theoretica! 
resulls from a self-consistenl model [4] wilh and without stepwise ionization includecl, re
spert.ively. The e lectron kinet ic part. of t his modPI is hased on the nonlocal approach, the de 
space charge potential and the rf e lectric fi<'ld arP <lctermined simultaneously by an ion !luid 
model and Maxwell cquations. 

The nonlocal approach, if it is applicahk is parl.icnlar valuablC' for systcms. which dcserve 
a more than one-dimcnsional (in rnnfiguralion spMe) desniptio11. Here usual simulation 
techniques (e.g. PIC- MCC) hr.carne numerically tedious. One cxample is the induclively 
coupled rf discharg(' with a planar imh1ction coil [ï]. This dischargc was reccntly proposed 
for plasma etching purposes. since high density plasmas with good spatial homogeneity 
can be ohtained at simultaneously lol\' ion impild <'ncrgic" (see below) . Due t.o the two-
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Figure 2: Mcasm·ed EDF"s i11 a •f ind11clivP. discharge at 13.56 MHz. 

climensionali1.y or the induced rf clect.ric field. usual ly a two-clime11sional treatment would 
by implied. However, since at low pressures in the nonlocal regime for the EDF - the 
EDF formation is governed only by spatial averages of the electric field, a one-<limensional 
model (cf. Ref. [8]) is already capable of describing the cxperimcntally observed ED F's, as 
shown in Fig. (2) . 

The IED in the inductive rf discharge 

Experimental IED's, which have been mf'asurecl in the ccutcr of the grounded bottom 
platc of an inductively couple<l rf <lischarge. are shown in Fig. (:3). The typical ion impact 
energies are of the order of some eV up to 20 eV. These energies are about an order of 
magnit.1~de smaller then usually found iu a <"apacitivc rf discharges at the same pressures 
and input powers. Furthcrmore a totally different stn11:Lurf' of the IED is found. The IED 
in the capacil.ive clischarge is charncteri:r.cd hy a saddle-shapcd sl.rn<"ltm: of ions. which pass 
the sheath without collisions, a peak structure of ions genern.1.ecl in the sheath by charge 
exchange [9]. The !ED in the incluctive discharge is more or lcss monoenergetic . The main 
difTerence between bath discharges is that in the caµacitive discharge a rf voltage is applit.>d 
Lo the electrode shcath, resulting in high self bias voltages, while in the inductive discharge 
the induce<l rf field is not connecled t.o high rf potentials. Th" sheath is thus similar to 
that found in a. de µositive column. The strnctmc of the !ED may be interprete<l as the ion 
distribution function formed in the presht!a th [I O] with successiYe accelcratio11 in t.he sheath 
region by a voltage drop of the order of some ~eleclron tcmperntnre.s~. 

This hehaviour of the IF:D can also be describcd hy a one-dimensional model of the 
inductive discharge [ 11 ], even without explicit ronsideration of the sheath region. From a. 
Huid description of the ions a value Qf t.h<' pol.r.ntia.l at the plasma sheath bounda.ry can be 
obta.ined. The potential of the wall can be estimated from a simple balance consideration 
it 2]: elcctrons wit.h a total energy exrN·ding the wall po1.1•111.ial an· lost to the wall; this 
loss has Lo be halanccd by the total iouization. From 1.lwsc 1.wo '~'timates, 1.he potentia.1 
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Figure 3: Measured !ED 's in an inductive rf 
discharge. 

loss has to be balancecl by the total ionization. Prom t.lwse two estimates, the potential 
drop in the sheath can he calcnlated. C'ompari11g tlwsl' valnes (accounting also for the 
acceleralion in the preshcat.h) with 1 he exp<'riment a lly cletermine<l ion cncrgics, a reasonablc 
agreement is fonncl [Fig. (.J)j. The trend of decreasing ion cncrgies with increasing pressure 
may be interpreted in terms of a "lemperalnre" of the high energy tai! of the EDF's, which 
decreases with increasing pressurcs. This decrease resulls in clecreasing sheath voltages, since 
lower voltage drops are sufficient to screen most parts of the high energetic elcctrons. 
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PROBE THEORIES AND APPLICA TIONS: MODERN ASPECTS 

J. E. Allen 

Department of Engineering Science, University of Oxford, 
Parks Road, Oxford, OXl 3PJ, UK. 

lntroduc:tion 

Some aspects of probe theory are reviewed. These are mainly concemed with the collection of 
posirive ions and the range of validity of different theories. Recent developments in experimental 
techniques, particularly with reference to radio-frequency discharges, are also discussed. 

Theory of Ion Collection 

The theory of Langmuir probes, from an orbital 
motion point of view, was reviewed recently at a 
Summer School in Trieste[!]. Arnongst the topics 
reviewed was the collection of ions by cylindrical 
and spherical probes. It can be noted that, in a 
certain sense, !here is no such !hing as a 
"theoretica! plane probe" in that the electric field 
near a plane probe spreads into the plasma in a 
roughly hemispherical geometry. The simple 
orbital motion limited theory depends upon the 
conservation of momentum and the conservation -· 
of energy. Another assumption is made, however, --:' 
which is perhaps not immediately obvious. It is ~ 
that some of the ions, in any particular energy 
range, hit the probe at grazing incidence. It tums 
out that this is the case when the potenrial 
distribution near the probe satisfies the condition 
V(r) /VP> (rp/r)2 . In a relatively dense plasma 
this does not hold and an absorption radius exists 
which effectively replaces the radius of the probe. 
The impact parameter corresponding to the 
absorption radius represents the radius of the 
effective target area. Fig. 1 illustrates the Sonin 
plot [2] for a cylindrical probe, for the case 
where kT; /e-+ 0. The ion current is normalized in 
terms of n0 rP/e(2xkT/M)112 and evaluated at a 
potential of 15kT0 /e below plasma potential.The 
horizontal part of the (lower) plot corresponds to 
the OML theory; the curved section corresponds 
to more dense plasmas where an absorption radius 

" 

" 

" 

" 

.•. ". ". 

Figure 1. The Sonin plot for cylindrical 
probes: curve A refers to the radial 
motion (ABR) theory while curve B 
refers to the orbital motion case for 
T /I'. --+0. The experimental measurements 
were made at a pressure of .S Pa (3). 

exists. The upper curve in the diagram represents a simple model, the ABR model, where radial 
motion is assumed. Experimental results obtained in R.F. discharges in Argon [3] are also shown 
in Fig. 1. It is evident that these are in agreement with the radial motion theory and not with the 
orbital motion theory. The authors suggest that a small number of collisions can lead to results 
which differ greatly from those IJiedicted .by a collision~free theory · .The criterion .which they 
propose 1s that À.< rp(-eV P/k:T;) for colhs1ons to be ummportant. It is clear that th1s is a fairly 
stringent condition since Ä/rP < 24 [T.(eV)]112 for T;=300 K and eVP;1cT0= -15. 
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1be Bohm Criterion 

In relatively dense plasmas, i.e. where the Debye distance is fairly small compared with the 
dimen~ions of the probe, the ~ohi:n criterion for sheath formation is widely used. The veloci~ 
of the 1ons at the sheath edge 1s g1ven by (l/2)Mv2 = (l/2)kT. or, more generally, (l/2)M("•2Y 
= (1/2)kT0 when the distribution of ion velocities is taken into account. At present much 
experimental work is being carried out using capacitively coupled RF. discharges. The question 
which arises is whether the Bohm criterion is still applicable in these circumstances. Analysis 
shows that tbis indeed the case [4]. The "electrostatic" RF. fields, which are normal to the 
plasma boundary, do not penetrate into the plasma whereas the steady pre-sheath does, 
accelerating the ions to the Bohm velocity. These calculations apply to the case where the 
frequency may be comparable with the ion plasma frequency but is much smaller than the 
electron plasma frequency. A different situarion elCÏsts when CD-<OP.O , under these conditions, 
however, probe theory ceases to be val id. Another case of interest is that where negative ions are 
present. This arises in connecrion with H_ sources and in plasma processing where 
electronegative gases are encountered Calculations have been carried out for the dense plasma 
(thin sheath) case [5]. The positive ions are coupled to both the electrons and the negative ions 
via the electric field in the quasi-neutra! plasma. Thus the Bohm condition becomes modified. 
The positive ion velocity at the plasma boundary is reduced as is the ion current density, due to 
the presence of negative ions. In extreme cases (1/2)Mv2 = (l/2)kT_ , where T_ is the 
temperature of the negative ions. Of interest is the fact that a discontinuity is predicted as the 
negative ion density is increased ifthe ratio T0 /r_ exceeds a critica! value ofabout 10 (5+24112) . 

The Boltzmann relarion is assumed to be valid for the distribution of the negative ion density as 
a function of the potential. This may not always be the case. It wil! remain true, however, that 
the current of positive ions is affected by the presence of negative ions. 

Double probes 

In some circumstances double 
Langmuir probes must be 
employed, for exarnple in 
inductive R.F. plasmas where no 
other electrodes are present. Their 
use is not restricted to that 
situation, however, since they are 
sometimes employed to reduce 
the effect of fluctuations in the 
plasma potential. Calculations 
have now been carried out [6] for 
the case where ion saturation is 
not observed, i.e. for the case 
where rp-~· The calculations have 
been carried out for the radial 
motion case, this being motivated 
by the experimental work 
referred to above (3]. Fig. 2 
shows the current-voltage curves 
norrnalized to il! ustrate the 
change in shape as rp/Àd is 
increased. Both the electron 
temperature and the electron 
density can be obtained from 
such measurements. Maxwellian 
velocity distributions have been 

z 
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Figure 2. Double probe charac:teristics normalized 
to show the change in shape as r/A.d is increased. 
The unit of potential is kT .,fe[6]. 
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assumed. 

Driven Probes 

Much experimental work is being carried out with capacitively coupled discharges as mentioned 
above. Probe characteristics are 
completely distorted when the potential 
difference across the sheath contains an 
R.F. component, especially when the 
latter is large. One method of 
eliminating this distortion is to employ a 
driven probe. Using this technique the 
probe is driven with an R.F. voltage, of 
the correct amplitude and phase, in such 
a way as to cancel the R.F. voltage 
which would otherwise be present. A 
circuit developed for this purpose is 
shown in Fig. 3 (7]. The magnitude and 
phase of the RF. are independently 
adjusted until the floating potential 
reaches its least negative value. The 
method has received wide application. It 
can be extended to deal with the first Figure 3. Schematic diagram of a driven Langmuir 
few harmonies if necessary. It can be pro be circuit [7]. 
noted that such harmonies exist even 
when the supply voltage is sinusoidal. 

Pmsive (Filtered) Probes 

Another method of dealing with R.F. voltages is clearly to prevent the R.F. currents from flowing 
through the sheath, by means of a filter in the probe circuit. In practice this is not so simple; one 
limit is set by the resonant frequency of the R.F. chokes which are employed. Another problem 
is that the effective impedance of the sheath is high, due to its small capacitance. The latter can 
be increased by employing a large electrode which is capacitively coupled to the probe. The main 
disadvantage is that a large object is introduced into the plasma. Table 1 shows a comparison of 
driven and passive probes [8]. 

Table !. Comparison of active and paasive probes 

Passive Active 

F requency range Broadband Fundamental ooly 

Fidclity More certain Lcss certain 

lntrusion Significantly more As for standard DC probe 

Manoeuverability or poor As for standard DC probe 

Complexity Standard filter Standard probe with extemal amplifier 

Additional Nil Measures local RF ootcntial 

Directional Probes 

In many plasmas the electron velocity distribution is anisotropic. Plane probes must be used to 
determine this distribution, since cylindrical or spherical probes would measure some sort of 
average. The most common example is simply that of drift effects. In many O.C. discharges the 
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drift velocity is comparable with the thermal velocity, a fact which is very often overlooked. A 
plane probe can be rotated to collect current at different angles w.r.t. the drift velocity and hence 
yield information on the anisotropy. One interesting set of measurements [9] showed how the 
ratio of drift to thermal speed increased, towards a value of unity, as the discharge was driven 
towards current limitation and double layer formation. 

Gridded Probes 

Useful information can often be obtained from plane probes, as described above. When the 
electron energy distribution function (EEDF) is required at high energies, however, the positive 
ion current must be eliminated from the measurements. This can be achieved by the use of a 
gridded probe [10]. A typical design consists of two grids and a collector. In the nonna! mode 
of operation the grids are used to reject the positive ions and the collector voltage is swept to 
analyse the electron energy distribution function. The latter is a one-dimensional distribution 
function; the transverse velocities take on all values, assuming an ideal probe. Such a probe has 
been used to study the EEDF in a low pressure capacitively coupled R.F. discharge in Argon 
(11 ). The distribution was clearly seen to be anisotropic. The high energy electrons observed 
when the probe faces the driven electrode can be attributed to secondary electron emission. The 
probe had to be driven in these R.F. experiments, using the method described above. 

Double Probes in R.F. Discbaries 

Experimental work with double probes has been carried out on both inductive and capacitively 
coupled discharges. At first sight it might be thought that both probes would follow any 
fluctuations in the plasma potential. Measurements have shown, however, that in genera! this is 
not the case [12]. This is because R.F. currents flow through stray capacitances and back through 
the parallel combination of the probe sheaths. Ion. currents increase in the presence of these R.F. 
currents and voltages, if ion current saturation is not observed. This is due to the larger self-bias 
voltages which are developed. The probes can be driven without introducing another electrode 
into the system. Correct driving is obtained when the ion current has its minimum value, for any 
fixed voltage between the probes. In the analysis the authors used an approximate method to 
determine both the electron temperature and density [ 12]. More recently the theory of double 
probes has been further developed, as referred to above [6). 
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Introduction 

The gas-phase and surface chemistry of plasma enhanced chemical vapour deposition 
(PECVD) is usually dominated by neutrals rather than ions. Therefore, it is essential to develop 
specific diagnostics of radicals in order to validate the various assumptions made in modelling. In 
that respect, mass spectrometry of radicals appears as a very powerful technique without the 
restrictions on optica! or IR spectroscopy which depend on the existence of accessible excited 
states. Radical mass spectrometry was first applied by Robertson et al. [I,2] to the study of 
amorphous a-Si:H PECVD from SiH4 and by Sugai and co-workers [3-5] to the study of a-C:H 
PECVD from C~. Here, we determine radical densities in pure C~ and pure SiH4 discharges. 
Then, we evaluate of the contribution of different radicals on film growth. We also report the 
first mass spectrometry detection and density measurement ofH atoms in a H2 discharge. 

Experimental apparatus 

The PECVD reactor shown in Fig. I was presented in a previous paper [ 6] and only 
salient parts are described here. Reactive gases are injected through the upper shower-type 
electrode inside the chamber. The RF discharge is confined within a cylindrical volume defined by 
parallel plate electrodes and a Jateral grid. The RF power (13 .56 MHz) is applied on the upper 
electrode via a L-type matching circuit and the grounded electrode can be heated. Both the DC 
selfbias Yoc and the peak RF voltage VRF are measured at the upper electrode. The discharge is 
slightly asymmetrie with the ratio Yoc NRF "' 215. The procedure adopted to measure the 
etrective RF power coupled to the discharge has been explained elsewhere (6]. Measurements of 
radicals densities by mass spectrometry techniques were carried out by using a HIDEN HALi 
system. Sampling of neutral and ionic species impinging on the substrate is achieved via a 3 mm 
hole in the Si wafer placed on the Jower electrode, a 0.3 mm hole in the electrode and a two
stage differential pumping. The skimmer cone of the spectrometer (2 mm diameter) and the 
ionization chamber are located 1.5 cm and 4.5 cm below the sampling hole respectively. The 
electron energy can be varied from 8 to 100 eV with an estimated energy spread of 0.6 eV 
FWHM (full width at half maximum). 

Analysis of threshold ionization mass spectrometry 

Principle 
The threshold ionization technique is based on the principle of selective ionization by the 

means of a well defined electron energy. Indeed, the threshold (Ea appearance potentie!) of the 
dissociative ionization of a molecule AB (AB -. A + + B) by elect;on bombardment occurs at a 
higher energy (2 to 6 eV} than the direct ionization (Ei) of the radical A lfthe electron energy E 
of the ionization source is higher than Ea (== 70eV}, the contribution of radicals to A+ ion 
production is hiden by the dissociative ionization of AB since the molecule density is largely 
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predominant. However, with an electron energy Ea > E > Ej only the radicals are ionized and 
therefore the radical density can be determined. 

Figure 2 shows typical recorded intensities at mass 15 (CH3+) versus electron energy in 
plasma on and plasma off conditions of CH4 discharges. The background signals due to residual 
vacuum contamination in the quadrupole have beert subtracted, and bath curves have been 
nonnalized at high electron energy to account for depletion of CH4 under plasma on conditions. 
The plasma ions are repelled by applying a positive potential to the skimmer cone. The first 
threshold Ej = 9.8 eV corresponds to direct ionization ofCH3, whereas the second threshold Ea 
= 14.3 eV corresponds to dissociative ionization of CH4. The radical signa! in plasma off 
conditions is due to pyrolysis of cai on the filament in the ionization charnber. 

Fig. l : Experimental setup. 
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Fig. 2: Threshold ionization detection of 
CH3 + in plasma on and off conditions for a 
C~ discharge at 0 .06 Torr, 5 seem, SW and 
Ts = 2so0c. 

The difference between the normalized plasma on and plasma off curves gives the sole 
contribution of radicals coming from the plasma. To derive the concentration of radicals at the 
sampling hole, we follow a procedure similar to those used by Sugai et al [3-5] and Robenson et 
al [ 1, 2] for CHm and SiHm radicals respectively: 

n(A) =C Q(AB-:A',E 2 > E.) _1 .Er l(A', ~) dE 
n(AB) l(A ,E 2 >E) E, -E,li'«E;Q(A-.A ,E) 

where I(A+,E) is the A+ ion signa) , Q(AB ~ A+,E) the AB molecule dissociative ionization 
cross-section, Q(A --. A +,E) the A radical ionization cross-section, and C a correction factor 
(here"' 3.1) accounting for the fact that the AB density in the ionization charnber is enriched with 
respect to the pure molecular beam from the sampling hole by the pressure existing in the first 
stage of the differential pumping system. Details on this procedure are presented in Ref 6. 

Results and disc:ussion 

Pure CH4 and pure SiH4 discharges at T.=250°C. 
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A comparison of pure methane and pure silane discharges at 0.06 Torr, 5 seem and T 5= 

250°C has been presented in a previous paper[ 6]. It has been inferred that the relative densities of 
CH3 and SiH3 measured at the wall are strongly dependent on their surface reaction probabilities 
~ on the growing film. From the comparison made on relative densities of XH3 (X= Si, C) 
radicals nonnalized to the XH4 depleted fraction n(XHm)/&1004) and with PsiH3= 0.26 [7], 
one can derive a surface reaction probability PcH3= 0.014 ± 0.002. 

The variation of the SiHm and CHm (m = 2, 3) densities at the wall as a function of 
effective RF power is shown in figure 3. The contribution of each SiHm radical to the growing 
film can be expressed by an equivalent deposition rate of a-Si:H given by: 

where n(SiHm) is the radical density near the wall, vlh the thennal velocity, s the sticking 
coefficient, p the surface reaction probability, and F(SiHm) the net radical flux incorporated into 
the film. NA is the Avogadro number, Ms; the molar mass of silicon and Pa-Si:H the mass density 
ofa-Si:H. 

With PsiH
3 
= 0.26 and ss;83 = 0.09, as measured by Matsuda et al [7], and an estirnate of 

~siH2:.:0.8 and ssiH
2
"" 0.8, the net fluxes F(SiH3) and F(SiHi) contributing to a-Si:H growth have 

been deduced and are presented in Figure 4. When compared to the actual a-Si:H film deposition 
measured on samples, we found that ~*(SiH3) represents"" 65% of the total growth rate which 
is of the order of 1 Al s. This is consistent with results presented in Ref. (8] where the SiH3 
radical density was measured by diode laser IR absorption. 
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Fig. Ja: CHm radical densities for a pure CH4 
plasma at P = 0.06 Torr and T5= 250°C. 

Pure H 2 discharges at room tempera/ure. 
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Fig. 3b: SiHm radical densities fora pure SiH4 
plasma at P = 0.06 Torr and T5= 250°C. 

Using the same procedure as above, H atom detection was performed, for the first time 
using mass spectrometry technique, in a high power density H2 discharge (without Si-wafer on 
the grounded electrode). Figure S shows normalized curves at mass = 1 amu obtained at 0.3 Torr 
ofH2 for an effective RF power of21W. H atom ionization occurs at Ei= 13 .6 eV whereas H2 
dissociative ionization appears at Ea= 18. 1 eV. Using known electron impact ionization cross 
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sections for Hand H2, the H atom concentration is found to be (5:1:1) I0-4 which corresponds to 
an atomie density of(5:1:l) I012 cm·3. This value measured near the wall is a lower bound to the 
plasma bulk H density. Such a result is consistent with recent measurements of H density, 
between 5 and 10 .1012 cm·3, in H2/SiH4 RF discharges using two-photon absorption laser
induced fluorescence (T ALIF) [9] 

800 16 18 20 22 24 26 

Fleárm~(eV) 

Fig. 4: Radical flux contributions to a-Si:H film Fig. 5: Threshold ioniz.ation detection ofH in 
growth at different RF power density a pure H2 discharge at P = 0.3 Torr, 21 W 

and T5 = 2s
0c. 

Conclusion 

The detection of radicals by threshold ionization mass spectrometry is a powerful 
diagnostic ofreactive plasmas. lt can be a remarkable complement or an alternative to lN-visible 
or IR laser diagnostics. 

SiHm and CHm radical densities have been deterrnined in pure SiH4 and CH4 discharges 
at P = 0.06 Torr, 250°C. The dominant radicals are SiH3 and CH3 respectively. CH3 densities 
measured near the wall are much larger than SiH3 densities which has been attributed to the 
difference between their surface reaction probabilities on the growing film. Moreover, we could 
derive that SiH3 contributes to"' 65% of the a-Si:H film growth in these low pressure conditions. 

H atom detection has been performed in a pure hydrogen discharge. The H atom density 
near the wall is found to be (5±1) 1012 cm·l. 
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In the last few years several active diagnostic techniques have been developed for the 
investigation of chemically active plasmas that are used for plasma etchiog or deposition. For 
the i11 situ detection of neutra! radicals in these plasmas both Laser Induced Fluorescence 
(UF) [1,2] and lnfrared Laser Absorption Spectroscopy (IRLAS) [3-6] using tunable diode 
lasers have been succesfully applied to measure both densities and kinetics of neutra! radicals 
in several chernistries. Both techniques each have their own advantages and disadvantages. An 
important advantage of LIF is its inherently good spatial resolution. However, to obtain 
absolute densities of the species investigated, complicated calibration methods must be 
applied. High resolution infrared absorption spectroscopy in principe can provide absolute 
densities relatively easy, but since the absorption takes place along the line of sight of the 
infrared bearn, to obtain good spatial resolution can be difficult. In this study we have used 
high resolution infrared diode laser spectroscopy to measure the absolute densities of CF:i
radicals in several fluorocarbon plasmas. 

For IR absorption measurements two techniques have been developed that are more or less 
complementary, Fourier Transfonn spectroscopy and diode laser spectroscopy. The fonner 
has the advantage that the whole wavelength region is measured simultaneously, but can offer 
only limited resolution, usually much larger than the typical width of an absorption line. 
Tunable diode laser spectroscopy can only measure at one wavelength at a time, but can offer 
sub-Doppler resolution. Moreover, the laser wavelength can be modulated, so using loek-in 
techniques the background noise can be suppressed effectively and the continuum absorption 
that results from windows and other optica! elements in the measurement system is filtered 
out, leaving only the sharp features of the absorption lines. In this study both FT-spectroscopy 
and IRLAS measurements have been applied to infer the absolute densities of radicals. 

Experiment 

The experiments have been perfonned in a 13.56 MHz capacitively coupled RF plasma in a 
planar 12.4 cm diameter parallel plate configuration. The distance between the aluminum 
electrodes is 5 cm. On top of the lower, water cooled RF electrode, a 4" silicon wafer can be 
placed. The input power can be varied between 0 and 120 W. The gases are fed through mass 
flow controllers and introduced through a circular slit around the RF electrode, which ensures 
a unifonn gas flow distribution. The gas pressure and flow can be varied independently from 5 
to 500 mTorr and from 0 to 100 seem, respectively, using a thronle valve in the pumping line 
of a roots blower or a turbo molecular pump. For the infrared measurements BaF2 windows 
have been mounted. A schematic view of the experimental setup has been depicted in figure 1. 
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Figure 1: Experimental set up used in the experiments. 

Low resolution absorption spectra have been collected using an FT-IR spectrometer. The 
parallel bearn exiting the spectrometer is directed through the plasma. Measurements have 
been performed in multi-pass operation, using a 12-pass multi-pass cell (7]. After this the 
beam is focussed onto either a Mercury Cadmium Telluride (MCT) photo-conductive 
detector. A typical FT-IR measurement consists of an average of a few hundred spectra. To 
allow for high-resolution spectroscopy, the beam of a Laser Photonics IRLAS system is 
directed through the plasma. In this case, the measurement is done in single-pass operation, 
with the beam passing a 1 mm slit to obtain spatial resolution in the axial direction. In this 
system an MCT detector converts the intensity of a commercial multimode infrared diode laser 
to an electric signa!. A 1-m monochromator is used to select one of the modes of the laser. By 
using several modes, tuning the temperature of the laser diode and the current through it, the 
wavelength of the infi'ared light can be varied over an interval of about 40 cm·1

. The exact 
wavelength of the laser beam is measured using the combination of a gas reference cel! filled 
with NHi, a germanium etalon (fringe separation 0.048 cm·1

, and a 0.5 m path length 
Michelson interferometer. The wavelength of the TDL is modulated, and the first derivative of 
the absorption signa! is measured with an EG & G 5209 loek-in amplifier. One measurement 
takes about 30 seconds for a 0.3 cm·1 wide spectra! interval. The plasma reactor has been 
translated perpendicularly to the electrode surface in order to obtain axially resolved 
absorption spectra. In this way the optica! systems can remain in place. 

For the detennination of the integrated absorption of a single line, the relative line shape is 
measured using a first-derivative modulation technique: a small modulation current is 
superimposed on the de current through the laser diode and the first-derivative signa! is 
integrated numerically. Numerical integration yields the relative line profile. In this way the 
ratio of the integrated absorption and the maximum absorption of the line is obtained. Since 
only the relative shape is measured, this must be done only once if the translational 
temperature is constant. Then the diode current is modulated using a square-wave modulation 
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Figure 2: Measurement of absolute den si ties of radicals with IR laser absorption. 

current with a relatively high amplitude. This situation is shown in figure 2. The peak-to-peak 
value in the derivative spectrum is in this situation twice the maximum absorption. Once the 
ratio of the integrated absorption over the maximum absorption is known, the integrated 
absorption of the line can be calculated from the peak-to-peak height of the 1" derivative 
spectrum divided by the absolute signa! from the laser diode, which is obtained by measuring 
the diode intensity with a chopper in the beam. This yields the integrated absorption of the 
line. From this, the density of the species can be calculated if an accurate model for the 
distribution of the intensities over the rotational levels is used, and the integrated absorption 
coefficient is known. 

Results and discussion 

High resolution measurements of the CF2 vi band have been performed with IRLAS using 
first-derivative detection. In order to derive absolute densities from a single line in the diode 
laser spectrum, it is necessary to know the distribution of the absorption intensity over the 
rotational levels. For this a model based on Watson's A-Hamiltonian for the asymmetrie top 
molecule line positions and approximate intensities using symmetrie top formulae (valid since 
CF2 is close toa symmetrie top) has been used. To calculate the contribution ofa single line to 
the total absorption of the band it is necessary to know the rotational temperature. This has 
been estimated from a simulation of the shape of the P-branch that was fitted onto an 
experimental shape measured with FT-IR [7] in the same reactor. The rotational temperature 
was established at 350 K, equal to that of the parent gas. 
In figure 3 the axial dependence of the CF2 density is shown for plasmas in CHFi at three 
pressures. The results in C2F6 and CF2Clz show a similar behavior. At low gas pressure the 
CF2 density is fairly constant over the volume in all gases. This indicates that the sticking 
coefficient of CF2 is much smaller than 1, in agreement with time-dependent LIF 
measurements in the afterglow by Booth et al. [2] who found a value of 6 %. At high gas 
pressures the density increases significantly near the RF electrode, suggesting that CF2 is 
produced near this electrode. Since the sheath thickness is 5-10 mm at the pressures and RF 
powers used in this study, this means that the production takes place either deep into the 
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Figure J :Axial dependence of the CF2 density in a CHFi plasma. 

sheath region where the electron density is small, or at the surface. Due to the fact that the 
diffusion coefficient of CF2 decreases as a function of pressure, the increase at the RF 
electrode will be most pronounced at high gas pressure. Moreover, the increase of the density 
at the RF electrode indicates that gas phase loss of CF2 takes place in the glow region. The 
densities of CF2 in plasmas of CHFi. C2F6 and CF2Ch are all about a factor of 4 higher than 
the value that was found in a CF 4 plasma. The values of the CF 2 densities obtained by infrared 
absorption spectroscopy agree well (within a factor oftwo) with the results that were obtained 
[1,2] using LIF and show comparable behavior with respect to the axial position and choice of 
the feed gas. From the axial dependence of the CF2 density it is clear that CF2 is produced near 
or on the RF electrode. Possible production mechanisms that confine the production near the 
RF electrode may involve secondary electrons, which will become increasingly more important 
at higher pressures. Altematively, reactions between energetic positive ions and neutrals have 
been shown to severely influence the ion energy distribution in CF2 plasmas. These reactions 
can be a source of neutra! radicals. Furthermore, it has been suggested that CF2 is produced by 
sputtering of the (CF, ). film that is deposited continuously on the surface by other radicals 
during plasma operation. This deposition can result from positive ions that bombard the 
surface and are then neutralized, or fi'om the deposition of CF, (x=l .. 3) radicals. From a 
number of test experiments and an assessment of the ion flux we have concluded that neither 
physical sputtering of a surface layer nor reactions with secondary electrons nor ion-neutra! 
reactions in the sheath region produces enough CF2 to explain the densities found. However, 
in the presence of F radicals, chemica! sputtering of the deposited (CF2). layer may be an 
important pathway for the production ofCF2 radicals. 
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The study of laser produced plasmas has been motivated in the recent decades mainly 

by the search for inertially confined fusion plasmas. In the recent years applications for 

studying properties like opacity for the high temperaturc matter received also interest 

mainly because of the astrophysical applications. High power lasers can produce plasmas 

with temperatures above 1 keV and densities near to that of solid matter. Laser gener

ated plasmas are however far from homogeneous, they generally have steep density and 
temperature gradients. Nonlinear laser-plasma interactions also destroy the homogeneous 

illumination of a target, which prevent - together with the Rayleigh-Taylor instability -

the compression of the fusion capsule toward fusion conditions. In contrast, the x-ray 

hcated matter is free from streng gradients, a homogencous plasma can be created, thus 

x-ray heated matter is more appropriate for invest~gating high temperature opacities. Also 

instead of the directly driven laser fusion a more uniform illumination of the fusion target 

can be obtained by illuminating it indirectly, i.e. with x rays after a convcrsion of the laser 

radiation. 

Radiative heating of matter can thus be used for (indirectly driven) inertial confine
ment fusion as wcll as for studying the properties like opacities of the high tempcrature 

matter. This can be done because high couversion of laser radiation to x rays can be 
reached in high-Z plasmas. The reason why high-Z matter is appropriate for efficient x-ray 

conversion lies in the fact that the opacity, i.e. the averagcd photoabsorption coefficicut 

incrcases with Z. Consequently a thin layer of high-Z matter is already opaque for the x 

rays generated in the plasma, therefore they will be reabsorbed and again reemitted in it 

leading to the prevalence of radiation heat conductivity and the efficient conversion. 

These considerations were already proved by early experimental investigations [l] 

where absolutely measured x-ray spectra were compared for different elements. Increasing 

the Z atomie number the conversion efficiency will reach 10% first for Al. It reaches much 

higher, 40% conversion at higher Z numbers, i.e. for Sn and VI' with Z>40. 

Here some examples are shown for x-ray spectroscopy with the radiation obtained by 
different methods of x-ray conversion in gold as high-Z matter. 
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Experiments with converter foils 

A possibility for convcrting laser energy to x rays is the converter foil method. In this 

case a thin Au foil of 100-250 nm is irradiated by the laser beam. If the converter foil is 

thick enough to absorb all the laser radiation hut thin enough to transmit a significant 

part of the x-ray flux toward its rear side, its rear side ernission can well be used as x-ray 

source free of laser light [2]. This simple and most often used method leads to a. 30% 
conversion at low laser intensities with several ns pulse duration [3], whereas less than 10% 

conversion of the high power l ns pulse of the NOVA laser was achieved, corresponding to 

a brightness temperature of 100 eV [4]. The advantage of this arrangement is that it can 

provide a homogeneous Lambertian x-ray source. 

In order to gel a deep insight into the properties of x-ray heated matter, investigations 

have been carried out with low-Z matter. The simple electronic structure of the low

z elements offers a good possibility to compa.re the experimental results with theoretica! 

calculations. The dynamics of x-ray heating of low-Z matter was investigated in a previous 

experiment with the converter foil method [5]. The tempora) development of the radiative 

bumthrough of a thin Be foil showcd how the cold, solid Be is transformed into a hot 

ionized plasma. The observation of the smoothing of the cold I<-edge at the beginning 

could be treated as the thermal smoothing of the Fermi-edge. The small number of lines 

of a low-Z matter makes it necessary the correct treatment of line-broadening (electron

impact broadening dominated) which strongly a{fects the transrnission spectra far from 

the line center, too. This experiment was carried out in a modest temperature range of 30 

eV with the use of a 15 J Nd laser. 

Da Silva et al. [6) carried out opacity measurements of the medium-Z matter, Fe. 

They uscd the above mentioned high power of the NOVA laser. In the d~rect opacity mea
surements the transmission spectra are to be taken well after the burnthrough of the foil, 

when the whole matter is heated up to a practically constant temperature and density. 

Iron was taken because of its important role in the astrophysics (e.g. the pulsation prop

erties of the Cepheids critically depend on the opacities). lt was shown indeed [6j that the 

opacity of hot Fe diffcrs more than an order of magnitude from the earlier supposed values 

which can be explained only by applying nonhydrogenic models for opacity calculations 

with the ~n = 0 transitions taken into account. 

Experiments with Au microcavities 

Once we want to study radiation properties of matter at even higher temperatures, wc 

have to apply a more efficient method for convcrting the laser energy to x rays. This can 

be done if the laser light is converted to x rays aftcr an injection into a gold microsphere, 

Hohlraum. The cavity wal! is thick enough, that the emission takes place mainly towar<l 
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the interior of the cavity, i.e. the heated side of the wall radiates. Clearly enough the 

x-ray emission of a gold target is stronger from the front side than through the rear 

side, the x-ray conversion in the front side ma.y reach 80% of the incident laser energy. 

Additionally in a closed cavity the radiation is a.bsorbed and reemitted by the cavity walls 

thus confining the ra.diation inside the Hohlra.um. Similarly to the well-known Ulbricht

sphere the radiation can be efficiently transferred to an absorber[7). This possibility allows 

us to use the Hohlra.um configuration for indirectly driven inertial confinement fusion, i.e. 

heating a DT fusion capsule by the radiation up to fusion conditions, or by using this 

highly concentrated radiation for x-ray spectroscopy. Hohlraum configurations enable us 
to study properties of low-Z matter radiatively heated a.bove 100 eV. 

>absorber foil 
-"'-"f'-........... 

speet rometer 

Figure 1: Hohlraum arrangement for absorption spectroscopy 

Fig. l shows the arrangement for radiative burnthrough measurement. A laser energy 

of 200 J in a 400 ps pulsc on the 0.44 µm wavelength (third harmonie of the Asterix IV 

laser) was focused into the gold microcavity of 1 mm diameter. The absorber foil was 

glucd onto the 400 J"n diagnostic hole. A 5000 1/mm transmission gra.ting spectrometer 

with on x-ray streak camera was used as a deteclo.r. Burnthrough cxperiments for carbon 
was carricd out using 1-4 µm thick plastic absorbe~s. 
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Fig.2 shows typical burnthrough spectra of CH foils with different thicknesses. Both 
spectra was taken 100 ps after the peak of the heating pulse. Fig. 2a shows the transmission 

spectrum of a rather thick, 315 µg/cm2 carbon layer near the cold K-edge, where the 

burnthrough starts. It can be seen that the transmission is strongly enhanced below the 
K-edge as compared with the transmission of the cold material and transmission also 

starts above the K-edge. An interesting feature is that the K-edge is not so steep any 
more as in the case of cold C. Similarly to the above mentioned results with Be [5} this 
observation can be attributed to the thermal smoothing of the Fermi-edge. Fig. 2b shows 
the transmission of a thinner, 200 µg/cm2 carbon layer which is already strongly burned 

through by this time. The strongest features are the He-like ls2 - ls2p and ls2 - ls3p 
absorption lines. Between these two lines the heated foil became transparent reaching 
about 60% transmission. Even the H-like ls - 2p, ls - 3p lines appear. As compared 
with numerical simulations this refers toa temperature of nearly 100 eV in the radiatively 
heated foil. 

In order to have more direct information of the temperature in the heat wave front, 
experiments were carried out in layered burnthrough foils . In this case a B 4C layer was 
situated behind the CH foil. The boron absorption lines appear rather soon. As time goes 
on boron absorption feature will be dominated by the H-like absorption. At the later stage 
and in the case of a thin carbon layer the appearance of the self-emission of Li-like boron 
refers again to the high temperature mentioned above. Note that self-emission of carbon 
is negligible even in the case of higher temperatures according to the simulations and the 
measurements. 

Summarizing these results the closed geometry has the advantage that it can be well 
used either for the study of the early stage of the burnthrough of solid matter to highly 
ionized plasma, or for opacity measurements of the high temperature matter above 1 
million Kelvin. 

• Part of the work was carried out during a stay as visiting scientist in the Max

Planck-Institut fûr Quantenoptik, D-85748 Garching, FRG. 
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The flowing afterglow of He and N2 microwave discharge has been extensively 

employed for studying the energy transfers between long lived species (metastable) 

produced in the discharge and various reagents /l-2/. The reagents usually are injected 

downstream the discharge in a region where the electron energy is almost completely relaxed 

In this region, the density of metastable species is still sufficient to give to place chemica! 

reactions I 3-7/. In the case of low pressure discharge this region can be reached after 

residence time in afterglow of the order of ten milliseconds, and is called late afterglow. In 

N2 discharges the main species surviving in the late afterglow are the ground state 

vibrationally excited molecules, N2(X 1I:1 ,v), atomie, N('S, 2P , 20), and molecular, N2( 

A 'I:..-, ), electronic metastable states. Instead in the case of He discharges predominant 

species are the electronic metastable He (2 'S) and He:( a 'I:. • ). At shorter residence times 

in the afterglow ( early afterglow) important energy transfer processes involving electrons and 

metastables affect the relaxation of the whole electronic manifold. For instance in N2 , the 

electronic states C 'Il,. and B ,1\ decay in millisecond time scale, in spite of their short 

radiative lifetime ( 40 nsec and S µsec respectively). On the other hand, under some 

conditions, the electrons because of such coupling can receive energy by super elastic 

collisions I 8-l 0/. Because of this evident complexity the early afterglow region has not been 

widely investigated. 

Use of the flowing afterglow for the study of the early afterglow suffers the presence 
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of stray fields and of the diffusion of hot electron from the dischárge region. Such a 

situation masks the true relaxation of the electrons Il ll. These problems are removed in the 

pulsed afterglow, which benefits of the fast switching off of the electric field, allowing a 

more careful study of the early afterglow region /12/, /13/, /14/. 

We have investigated He/N2 mixture in a 27 MHz rf pulsed discharge applying time 

resolved Langmuir probe, emission and LIF spectroscopy for monitoring the relaxation of 

the electrons, radiative and metastable species. Although this study is not exhaustive of the 

elementary kinetics taking place in the early afterglow, it offers many insights into the main 

elementary processes of electrons and metastables in the common parallel plate discharge 

widely used in technological applications. 

The main experimental items of this study concern the relaxation of the following 

species: 

1) electron energy distribution fwiction, eedf, measured by Langmuir probe I 101. 

2) N,( A 'L. •. v =4) measured by LIF spectroscopy on the First Positive System according 

to the scheme /15/: 

( A 1r,.·. v =4) + hvt ----> (B 'IT. , v'=8) --> ( A 'r;, v =5) + hv6 

3) N,(C,v) and N,(B,v) distributions by emission spectroscopy on Second and First Positive 

Systems /16/: 

( C 'fl. , v') ---> (B 'rr. , v) + hve ( S.P.S.) 

( B 111, , v') ----> ( A 1r_•, v ) + hv6 ( F.P.S.) 

4) He ( 2 'S) measured by LIF spectroscopy according to the scheme / 17/: 

He( 2 ' S) + hvt ----> He ( 4 'P) ·---> He (2 'S) + hvE 

5) N:.(B 'r;,v') distributions by emission spectroscopy on the First Negative System /18/: 

N,"(B 'L,,",v') -----> N,·cx ' r,·.v) + hv6 ( F.N.S.) 

We wil! give an overview of these processes through the analysis of the experimental 

results by a model assuming a steady state condition for each post discharge sampling time 

interval. The main results wil! be compared with literature data The main conclusion of 

this study can summarize as following: 

a) The predominant process of N2(A, v=4) quenching in addirion to diffusion is : 

N2(A,4) +N2(X,v2'.2) ----> N,( B,v') + N,(X,v") 

although under some conditions ofpressure and He-N, composition the quenching by N-atoms 

as well as pooling reacrions /12, 13/ can be important. The same mechanism has been found 



by Piper /19/ to be responsible of the N2(B,v) excitation in flowing afterglow experiments. 

b) The relaxation ofN2(C,v') population, is govemed by N2(A,v) and electrons according to 

the following mechanisms : 

N2(X,v) + e (fast > 8 eV)t) -> N2(C,v') + e 

N2(A,v) + e ( slow> 4 eV) -> N2(C,v') + e 

N2(A,w) N2(A,w') --> N2(C,v') + N2(X,v") 

The analysis of the relaxation of N2(C,v') population shows that the first mechanism, 

which is predominant in the discharge is switched off after few µsec in the post-discharge. 

At longer time the excitation involves the triplet nitrogen metastable which relaxes in the 

millisecond time scale. A model considering these processes gives account for the structure 

observed on the vibrational distribution of C state. The second process by electron impact 

with slow electron is able to compete with the pooling mechanism ( third process) at least for 

the excitation of ( C, v'=O) level. A discussion of the present distributions with those obtained 

by Piper /20 I and Nadler and Rosenwaks /21 / in a flowing late afterglow will be presented. 

c) The relaxation of He (2 >s) metastable in a pure He post discharge is quite slow and takes 

place in few msec. The addition of N2 increases significantly the rate of its decay. The close 

correlation of this decay with that of N, ·(B) identifies the nitrogen Penning ionization 

N2(X,v) + He(2 >s) --> N1.(B,v') +He 

as the predominant quenching channel of He metastable. 

d) In mixtures containing about 1 % of N2 in He, where N, ionization occurs mainly by the 

Penning channel, it is possible to infer the vibrational distribution of N,(X,v) according to 

an approach employed to characterize N,(X,v) distribution of low vibrational levels in 

flowing afterglow /22, 23/. 

The various aspects of this work lead to guess that in parallel plate stainless steel 

reactor powered at about 60 watt cw, a [N2(A)]/[N2(X)] ratio of about 1 o·• can be achieved 

in pure nitrogen at pressures of 0.1-1 torr . These are favourable conditions for an important 

influence of the electron super elastic collisions with N2(A) on the eedf relaxation in the post 

discharge /8/, Il 01. 
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ABSTRACT 

Electron, ion and heavy particle collision-induced dissociation followed by volume associa
tion and surface reactions define plasma processing reactors. Whereas the knowledge and 
modelling of discharges in pure atomie and pure molecular gascs have attained a high de
gree of sophistication, the understanding of inter-molecular interactions in highly excited 
molecular gas mixtures, with a few _exceptions, is much less advanced. The principal reasons 
for t.his situation are that the dissociat.ion in gas mixtures is a function of many coupled 
parameters, including energy loading, gas composition, gas densities, and residence times 
within the reactor. 

In this paper, a systematic study is presented of the electronic, vibrational and dissoci
ation kinetics in mixtures of hydrogen and nitrogen. This gas mixture appears deceptively 
simple because much work has been performed on the pure gas <lisd1arges in H2 , and in N2 • 

Howcvcr, while there ha\•e been attcmpts to cakulatc the subsequcnt chemistry in such gas 
mixtures, the important collisional int.eractions bel ween the clcctronic statcs and the vibra
tional manifol<ls of H2 , N2 have receive<l scant attent.ion. The <lcscription of the discharge 
characteristics and the chemistry will not be correct if these cffocts are not included. The 
effects can be dramatic because the interaction is very non-linear and it influences strongly, 
the <lissociation, ionization, gas healing, discharge impedance and power loading. 

The importance of vibrational excitation in controlling dissociation and ionization in 
N2 discharges has heen elaborated upon in great detail in the literature. The electron 
impact vibrational excitation cross sections in N2 are large and are accompanied in the 
glow discharge mode, by large V-V excitation and very low V-T deactivat.ion rates. These 
propertics permit very efficient redistribution of the vibrational excitation of N2(X 1Et,v) 
by the ladder climbing mechanism. This mechanism makes an important contribution to 
dissociation at high encrgy loadings. Unfortunately, the ground state of N2 is only modestly 
accessiblc to optica] diagnostics and c\·en in pure N2 , the relat.ive importa.nce of several 
proposcd exci tation mechanisms is not clear. 

ln H 2 , the electron impact inelastic cross sections are much lower in magnitude than in 
N2 . Furt.her, the V-T quenching in H 2 is vcry Cast as comparcd to that in N2 • The electron 
energy distribution function (EEDF) in 1/2 is close toa Maxwellian distribution and for most 
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of the low pressure discharge conditions, the excitation, dissociation and ionization rates are 
dominated by direct electron impact processes. Hydrogen forms the s- negative ion by 
dissociative attachment and the rates for this process increase rapidly with the degree of 
vibrational excitation of H2. Recent studies have shown that the dissociative attachment in 
H2 is also very strongly dependent on the electronic excitation involving super-excited states 
lying in the ionization continuum. These processes have not been included in the previous 
models and appear to represent a very important additional source term for negative ions in 
hydrogen discharges, especially at higher pressures and, when the EEDF contains a higher 
energy bearn component. 

For trace concentrations of the additive in 3N2 - H2 or %H2 - N2 mixtures, N2 and H2 
can be used effectively as probes to deduce important information regarding the dissociation 
and ionization ba1ance in H2 and N2 discharges respect.ively. The mechanisms producing the 
sensitivity are the following: 

• The electron collisional inelastic losses in N2 are much higher than those in H2 • Addi
tion of trace amounts of N2 to a H2 discharge thereforc significantly alters the EEDF 
and hence the ionization balance in the discharge, even though the ionization poten
tials are quite similar. The result is a la.rge change in the dischargc impedance which 
is confirmed experimenta1ly. 

• The V-T deactivation of N2 vibrational excitation by H2 is vcry efficient as compared 
to that by N2 • The quenching efficiency of the met.astable states of N2 by H2 is also 
high, so that the processes dependent on their populations are dramatically reduced 
in importance. Addition of small amounts of ll2 to N2 drastically reduces both the 
population densitics of N2 (X'Et,vJ, and of the N2 electronic metastables and hcnce 
reduces the ladder-climbing dissociation rate and the associative ionization rates. 

lt is shown that the parametrization of, and comparison of the roles played by N2 and 
H2 as the diluents can be used to analyze the important discharge mechanisms. 

Measurement of the number densities of N, Hand NH species in %H2 - %N2 de flowing 
discharges for the gas pressure ranges of 1-4 torr, and discharge current ra.ngt>~ of 10-100 mA 
has revealed that there is an al most two-fold increase in the II alom numbcr densities (over 
that in pure H2) when ~ 10% N2 is added to the H2 discharge. Similarly there is also a 
ra.thcr sharp increase in N at.om clensities by up toa factor of thrce (over that in pure N2 ) 

when ~ 1 % f/2 was introduced in lhc N2 dischargc. Analysis of the above data using the 
assumptions of constant electron density and E/N as in similar c.alculations in the lit.erature 
fails to explain the expcrimcntal data.. For the reasons outlined above, the ionization balancc 
of the discharge needs to be taken into account in the calculations when dissociation in pure 
//2 or N2 is t.o be compared with that in %f/2 - '7cN2 mixtures. 

In order to explain the resulls, the results from a dctailed theoretica! study of dissociation 
and ionization channels in pure H2 , N2 , %N2 - H2, aucl %H2 - N2 glow discharges are pre
sented. The time evolution of elcc~ric field, electron density, vibronic population densities, 
hydrogen and nit.rogen alom number density has been simulated. The calculations employ 
the solution of vibrational master equations of H2 and N2, self-consistent with respect to 
the EEDF and the applied electric field . The EEOF in H2 , N2 and in the gas mixtures are 
calculated by the solution of the electron collisional Boltzmann transport equat.ion incorpo
rating relevant inclastic and superelastic collisions. For correct cnergy balance, neut.ral gas 
healing and the effects of gas lernperalure on the appropriate modilica.tion of V-V and V-T 
ratc roefficients of l/2 and N2 are also included in the calculations. 
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Electronegative gas discharges are widely used in many technological plasma processes. 
Hydrogen gas discharges offer an opportunity to study the simplest electronegative gas discharge. 
In addition the sensitivity of the negative hydrogen ion population to plasma conditions provides 
a stringent test of theoretical models, acts as a model for plasma-generated species in ether, 
possibly more complex, gas discharges and the relatively low electron affinity of H- makes 
experimentaJ arrangements for its detection relatively straight forward. Finally hydrogen bas 
probably the best basic collision cross section data set for any molecular gas. 

It was the need to develop negative hydrogen ion sources to produce the intense neutra! 
bearns for injection into next generation magnetic fusion devices 1 that sparked the recent upsurge 
of experimental and theoretical interest in hydrogen discharges and particularly the study of 
negative hydrogen ion production therein. 

An understanding of the underlying physics of the hydrogen discharges in ion sources carne 
about through the development of theoretical models. The main effort has been directed at 
detailed consideration of the atomie, molecular and surface processes which occur in the source 
discharge. F rom simp Ie estimates of rate coefficients this approach has now developed into large 
numericaJ models. In such models plasma transport effects are generally minimised. This work 
has been reviewed by Hiskes2 and Bacal and Skinner3. A second, more recent, approach is to 
take a simplified view of the atomie and molecular processes and build more of plasma physics 
phenomena into the modeJ4. These modelling efforts have been complemented by experimental 
studies to acquire full characterisations of the discharges in specific ion sources and so provide 
benchmark measurements for rigorous evaluation of the mode!s5·7. 

Basic Modelling Concepts 

Initia! reports8•9 of high percentages (- 30%) of the negative charge in a hydrogen plasma 
being carried as negative ions were viewed with some scepticism but eventually a sufficiently 
strong mechanism for the formation of negative ions in the volume of a hydrogen discharges was 
identified2.3 and has found experimentaJ suppo115· 7. 

It is based on the dissociative attachment of low energy electrons to high rovibrationally 
excited molecules. 

e + H2 (v*) -+ H· + H 

The rovibrational excitation 10-12 is of particular significance since the dissociative attachment 
cross section increases by over four orders of magnitude as the vibrational excitation increases 
from v = 0 to v = 6. The cross section also has a sharp electron energy threshold which decreases 
in energy with increasing vibrational number. 
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A quantitative understanding of negative ion production therefore requires an ability to 
predict the rovibrational distribution of the hydrogen molecules in the discharge. This has 
attracted much attention in the past few years particularly from Hiskes at Livermore, Bacal's 
group at Ecole Polytechnique and Capitelli's group at Bari. It is a difficult problem chiefly 
because while most of the important mechanisrns involved in establishing the equilibrium 
rovibrational distribution can be identified, even for H1. the simplest molecule, many of the cross 
sections are either unknown or poorly known. Listings of important reactions are provided in 
many publications (sec for example Ref3). 

In the plasma volume the higher rovibrational states of molecules can be populated through 
collisions of molecules with electrons and recombination of molecular ions with electrons. De
excitation of molecules can come about through collision with atoms and electrons. 

White some information on volume interactions may still be laclcing, the situation is good 
when compared with present knowledge about wal! collisions, particularly from the 
uncharacterised surfaces likely to be found in ion sources. There are several approaches to 
dealing with this lack of data. One is to make the walt parameter a variable in a fit to 
experimentally available data, the other is to model discharge conditions were wal! processes are 
relatively unimportant ie large sources operating at high power. 

A calculation of the negative ion density requires not only a consideration of the processes 
which produce negative ions but also those that lead to their destruction. In ionising 
environments where highly rovibrationally molecules are also produced, negative ion detachment 
in collisions with energetic electrons is a major loss mechanism, hut negative ions are also lost by 
mutual neutralisation in collisions with positive ions and associative attachment in collisions with 
atorns. Again many of the necessary cross sections are uncertain. Wal! losses are generally small 
since the negative ions are electrostatically confined by the positive plasma potential. 

One goal of the modelling is to produce experimentally verifiable predictions, to validate the 
model The end point of most theoretica! modelling include predictions of the negative ion and 
dectron densities, the rovibrational distribution of the molecules and the electron energy 
distribution function. Since the electrons are widely involved in many of the processes the latter 
is particularly sensitive to both atomie and plasma phenomena in the discharge. The dependence 
of these quantities the plasma operating conditions are generally modelled. While in early models 
many measured plasma parameters, sueh as the plasma potential, were required as input to 
models when comparing with experiment, the models are now becoming much more self 
contained. 

Experimental Verification 

The modelling effect has been complemented by experimental measurements of relevant 
quan1111es. Electrostatic probe5-9,13,14 and laser aided plasma diagnostie techniques such as 
photodetaehment for negative ion measurementsS-7.9 and resonance enhanced multiphoton 
ionisation15 and VUV absorption16.17, to measure rovibrational distributions and atomie 
hydrogen densities, have been developed to experimentally determine many of the quantities 
which are end points of theoretica! calculations. 

In Fig 1 a comparison between a measured and calculated electron energy distribution 
function is shown18 The agreement can be seen to be quite good. In fact in genera! the models 
do well in predicting the electron plasma parameters. 

However the theoretica! models still have some difficulty in accurately predicting the 
vibrational population, although under certain conditions the agreement can be good 19. 
Unfortunately the measurements tend to be restricted to v $ S while it is the higher v levels which 
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are thought to dominate negative hydrogen ion production. However, the disagreement between 
existing experiment and theory are significant in terms of negative ion production. 

1011 

• 
.:: 10i \ 
~ 

t tü 
·o' ~' _________ _....._. 

00 eo 

Figure 1: Electron energy distributions 
function • measured in the driver of a mult
cusp ion source. The lines are calculations 
using different initia! electron energy spreads18. 
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Figure 2: Negative ion density against 
electron temperature as measured in the 
extraction region of a multicusp ion source7. 

Experiment has provided evidence that the dissociative attachment model for negative ion 
production is correctS, 7 In Fig 2 it can be seen that there is a distinct optimum elecu-on 
temperature for negative ion production. The maximum at 0.6 eV is consistent with a production 
mechanism through v = 7-8 levels. The shift in the maximum toa higher electron temperature in 
deuterium is consistent with the isotope effects in the dissociative attachment cross sectionslO. 

The models have still some way to go in accurately predicting the measured negative ion density 
in hydrogen discharges20 There appears to be considerable inconsistencies between vibrationaUy 
excited molecule densities and negative ion densities20,21 . 

Work is continuing to resolve some of the more difficult problems. Recent developments 
including improving the atomie physics data base, incorporating more plasma physics phenomena 
into models looking at isotope effects and at pulsed discharges will be discussed along with a 
critica! survey of the experimental measurements. 
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A special interest arises nowadays in the development of effective sources of reactive hydrogen 
ra.dicals: vibrationally-excited molecules, a.toms and ions. The bea.ms of hydrogen radicals 
are of principal importance in the various schemes for deposition of hydrocarbon watings, 
for selective etching of the surfa.ces, in the pa.ssivation of amorphous silicon and polysilicon 
films [1 ]. The kinetics of hydrogen molecules, atoms a.nd ions in pla.sma.s a.nd on surfa.ces 
are of great interest in understanding the process of negative hydrogen ion formation in 
volume- and surface production negative ion sources [2]. In fusion experiments the kinctics 
of hydrogen species determine the heat losses in the pla.sma. Therefore a traditional and 
new theoretica.! a.nd experimental methods have to be employed in order to make a. rnrrect 
study a.nd optimiza.tion of the non-equilibrium propcrties of hydrogen radicals in pla.smas. 

Modelling 

lt is obvious tha.t any progress in the cha.ra.cterization of the plasma. properties is impossible 
without theoretica! ana.lysis and correct mathematica.! modelling of physical and chemica.! 
phenomena. Two theoretica! approaches have been used to simula.te the properties of therm al 
and low-pressure hydrogen plasmas. 

1. The flow of wa.11 stabilized plasmas in a. cylindrica.l cha.nnel with axial gas flow is 
considered. The MHD conservat.ion equa.tions of energy and momentum, equa.tion of con
tinuity, the Maxwell equations and Ohm's law have been treated by the method described 
in detail elsewhere [3]. lt was shown [5]. that in contrast to the argon are, near the axis of 
the hydrogen are a. strongly constricted high-temperature axial channel is realized. !'lea.r the 
channel wa.lls the hydrogen plasma ionization and dissocia.tion degrees are sharply lower in 
comparison with the corresponding axial va.lues. In the hydrogen a.rc the conductive heat 
flux on the walls of the channeJ exceeds the conductive heat flux in the argon are by more 
than an order of magnitude [5] . 

2. Detailed kinetic scheme for the calcula.tion of the rates of elementary collisional pro
cesses in non-equilibrium hydrogen plasma have been developed in [6). In the local ba.la.nee 
approximation the kinetic scheme includes the processes of electron-hea.vy pa.rticle intera.c
tions, VV-exchange and VT-relaxa.tion of the vibrationa.lly excited H2, radiative tra.nstitions 
of hydrogen atoms, chemica.! and ion-molecular reactions, electron attachment and detach
ment, electron-ion and ion-ion recombination. In the ca.lculation of the electron energy 
distribution function (EEDF) the processes of ela.stic scattering by neutra.Is and ions, and 
rota.tiona.l, vibrational and electronic excitation (deexcitation) of the molecules have been 
taken in to account. Besides, the processes of the ionization of hydrogen atoms and molecules, 
and dissociative attachment of electrons to the molecules have been used in the ca.lcula.tion 
scheme. It is essential, that the model includes complete sets of electron-impact bound-bound 
and bound-free transitions between the qua.ntum st.atcs of H2. Franck-Con<lon factors and 
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densities were obtained by means of a numerical solution of Schrödinger equation for vibra
tional degrees of freedom of H2 [6]. The numerical code obtained provides a solid basis for 
the accurate simulation of strongly non-equilibrium hydrogen plasma properties. 

Diagnostics 

l. A hydrogen wall stabilized cascaded are plasma is a. promising candida.te as a high en
tha.lpy source of hydrogen radicals for surface modification and for the crea.tion of the intense 
atomie and ion (H+ or H-) beams. A compa.rative study of hydrogen and argon casca.ded are 
plasma. have been experimentally carried out [7]. The results show, that the efficiency and 
the pressure gradients of the hydrogen are was lower, than the same characteristics of the 
argon are. whereas the electric field strength was higher. The experimental data were in a 
good agreement with the results of numerical modelling of the hydrogen and argon cascaded 
are plasma [5,7]. 

2. A recombining plasma, expanding from the casca.ded are plasma source into a. low 
background pressure vessel is used for high rate deposition of amorphous hydrogenated car
bon or silicon layers, when the monomers as CH 4 or SiH4 are injected to the beginning of 
the expanding argon plasma [8]. In the case that the plasma is used as a. hydrogen atom or 
ion source, H2 is injected in the argon plasma jet or the cascaded are is operated in H2 • In 
the expanding plasma direct electron excitation and ioniza.tion are absent due to the low T, 
[9,10] and the kinetics are controlled by heavy particle intera.ctions as non-resona.nt charge 
exchange, dissociative recombination and attachment [11]. Optica! a.bsorption spectroscopy 
has been applied to measure the absolute population densities of the first excited levels of 
atomie hydrogen H"(n=2) and argon Ar"(4s) in hydrogen-argon mixture [12,13). lt has been 
shown, that the density of hydrogen excited atoms H"(n=2) serves as an indicator of the 
presence of argon ions and hydrogen molecules in the expanding plasma. The atomie density 
of hydrogen and argon in the first excited state, and a simple kinet.ic model are used to deter
mine the atomie ground state density and estimat.e dissociation degree of hydrogen plasma. 
The kinetic scheme used does not require information on the electron energy distrihut.ion 
function in the plasma [13]. 

In Refs. [11.14] an expanding argon cascaded are plasma with different. amounts of 
hydrogen added, was studied using the Thomson-Rayleigh scattering and optica! emission 
spectroscopy. The electron density and temperature, neutra! particle density and excited 
hydrogen atoms H"(n 2 3) absolute population density have been determined as function of 
the axial position in the expansion. The admixture of a small amount of hydrogen to the 
argon flow leads to a. dramatic - up to three orders of magnitude decrease of the charged 
particles density [11]. The explanation of this phenomena is the recirculation of H2 in the 
vessel, which destructs the charged particle density by charge exchange toa molecular ion and 
subsequent dissociative recombination of the formed Ar H+ and Hj molecular ions [ 11, 14]: 

H+[Ar+J + H;·1 --+ Hi[ArH+] + H, 

Hi[ArH+] + e--+ H[Ar] + H" 

(1) 

(2) 

3. The absolute density of atomie hydrogen excited states in a magnetize<l expan<ling 
pure hydrogen plasma is measured using emission spectroscopy. In the experiments the 
cascaded are ha.s been operated under very low pressure of the order of :JO Torr. and very 
low hydrogen flow:::: 8 scc/s. The motiva.tion to a.pply magnetic field and to use low pressure 
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and gas flow is to avoid the observed strong recombination in a freely expanding plasma jet. 
Cascaded are plasma under investigation should be far from the thermal equilibrium 13]. 
The generated plasma beam wil! contains the ra.dicals and sta.bie pa.rticles with the strong 
non-equilibrium chara.cteristics of transla.tiona.l and internal degrees of freedom 15]. In the 
expansion a. popula.tion inversion is observed between the qua.ntum sta.tes 3 $ p $ 7. The 
electron density n. and temper at ure T. are obta.ined by a double Langmuir probe dia.gnostics. 
Comparing the measured population densities with the densities calculated on basis of the 
measured n. and T" using a. purely atomie collisonal-radia.tive model, leads to the conclusion 
that purely atomie recombination processes can not account fort.he large population densities 
observed. lt is argued that molecular induced recombina.tion reactions in which the nega.tive 
ion participates should be taken into account: 

(3) 

Hydrogen negative ions H- and positive molecular ions Ht either genera.led by the are or 
formed in the reactions with the participation of rovibrationally excited H~·i molecules: 

H;·i + e - n- + H, 

n;·' + n+ - Hi + H. 

(4) 

(5) 

From the above discussion it is clear, tha.t the crucia.l point of the kinetic schemes (1) - (5) 
is the presence in the recirculating plasma flow of rovibrationally excited hydrogen mole<>ules. 
Such a molecules might be generated by volume, or by surface rea.ctions. More experiment.al 
data is required to identify the source of H~·i molecules in the expanding plasma. 

4. To avoid the influence of surfa.ce phenomena in the interpretation of charged part.iele 
recombination kinetics a hydrogen microwave pulsed discharge freely localized in a spa.ce has 
been specially designed and investigated [6]. The tempora( evolution of t.he charged part.iele 
density has been measurcd by the technique of absorpt.ion of a diagnost.ic microwave beam. 
The results received show the fast exponential decay of electron density. lt has been inler
preted as a consequence of the fast dissociativc recombination. Kinetic estimation show, that 
for this case the dissociative recombination of the complex molecula.r ions with t.he eleclrons 
are the main reasons for the plasma decay [6]. 

Discussion 

Theoretica) calculations and experimcntal methods have been used to analyse the properties 
both thermal and non-equilibrium hydrogen plasma. A good agreement bet.ween the calcu
lated and expcrimental data on the macroscopie plasma properties have been oblained fort.he 
sub-atmospheric pressure are discharges. At the sa.me time several principal open questions 
remain a.bout the properties of non-equlilibrium reduced pressure hydrogen plasma. 

Il was shown, that presence of rovibrationally-excited hydrogen molecules in the re
combining plasma could strongly inftuence the mechanisms and even the directions of the 
chemica! reactions. The formation mechanisms of these excited molecules are the subject 
of special interest. Both homo- and heterogeneous collisional processes should be analysed. 
in thal respect. For the volume production of H~·j reactions of stepwise electron excitation 
and mutual neutralization of the ions (3) have been analysed as possible candidates. For the 
expanding cascaded are plasma the transport of rovibrationally-excited hydrogen molecules 
formed in the are c.ould he important as well. 

45 



The inelastic collisional processes of the plasma particles on the surfaces including absorp
tion and desorption of the radicals could be interpreted as a catalytic action of the surfaces 
to the extent that it leads to changing of the particle excitation. For the non-equilibrium 
hydrogen plasma a special interest in that respect represent the heterogeneous reactions of 
catalytic atom recombination. In that case the desorbed molecules with the large probabil
ity leave the surface with a substantial rotational and/or vibrational energy, which depends 
on the recombination-desorption rnechanisms. By the convective gas flows the desorbed 
rovibrationally-excited molecules can be transported into the plasma jet, strongly influence 
the plasma properties (see reactions (!) - (5)). In contrast to the ionizing plasma system, 
where the excitation phenomena in the volume determine practically all plasma properties. 
the recombining plasma with the cold electrons (where the excitation processes from the 
plasma volume are negligibly small), represents a special interest namely at. analysis of the 
particle excitation phenomena on the surfaces. 

Further evaluation of both theoretica! and experimental diagnostic methods are required 
for a deeper understa.nding of the mechanisms of formation of non-equilibrium characteristics 
of hydrogen plasma. 
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Generation of Coherent V acuum Ultraviolet Radiation and 
Application to Plasma Diagnostics 

H.F.Döbele 

lnstitnt für Laser- und Plasmaphysik Universität GH Essen 

45117 Essen, Fed.Rep.Germany 

Introdnction: 

Light atoms play an important role in many plasmas of technologica! relevance. This 

is especially true for hydrogen and oxygen because of the crucial influence of these 

atoms in reactions with other atoms or molecules. 

In view of the relative preponderance of ground state concentrations a.s compared to 

excited states, the former are of main concern. 

Emission spectroscopy does not allow the determination of ground state populatioDB 

directly, and complex population equilibrium models have to be adopted to extrapo

late !rom measured excited state populations to the ground state. 

Absorption spectroscopy and laser-4nduced fiuorescence spectroscopy are capable of 

measuring ground state populations. With light atoms, however, the problem arises 

that the relevant transitions are in the VUV spectra! range so that both the genera

tion and the handling of the probing radiation represent problems. 

The generation of tunable VUV radiation suitable for light element excitation bas 

been st udied in connection with fusion experiments for several years mainly in order 

to diagnose H and C atoms released in plasma-wall interaction processes. Th.ird 

harmonie generation was found suitable and was applied successfully [1,2]. 

In this contribution the method of stimulated anti-Stokes Raman scattering (SARS) 

is presented. It offers the possibility to cover continuously the spectra! range down to 

approximately 115 nm with suflicient VUV power to allow absorption and LIF d.ia

gnostics. 

VUV-Generation: 

SARS is a 4- wave mixing process similar to the well- known CARS process which is 

mainly applied to diagnose molecular populations in combustion studies. For VUV 

generation, however, the high order anti-Stokes (AS) components are of main 

concern. 

Hydrogen is ideal for this purpose because of its large Raman shift of 4155 cm -1, the 

favorable Raman cross-section and its property to be transparent to VVV. 
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The simple model of successive generation of higher AS orders from the preceding 

~upported by lhe radiation field at the fundamenlal and the Stokes frequencies- can 

not explain the high conversion rates found in the experiment. The simultaneous 

interaction of all radiation fields wilh large amplitudes bas to be considered [3). 

With the advent of BBO as a material for efficient frequency doubling it became 

possible to generate VUV light at Lyman- alpha efficiently enough to detect atomie 

hydrogen by LIF (4). It is for this short-wavelength (e.g. 220 to 230 nm) pump 

radiation of relatively small energy (several mJ), that the Raman cell shown in fig. 2 

was developed [5] . 

~J . 
~ 
~ 

Fig.2: 

Schematic view of the Raman cell consisting of a 

LNrfilled Dewar with an extension in the lower 

part. This section is crossed by a thin glass tube (3 

to 4 mm inner diameter - greatly exaggerated in 

the figure) surronnded by liquid nitrogen. The 

pump radiation is focussed into this tube where the 

Raman conversion takes place. The Dewar is 

mounted on a stainless steel cylinder with all the 

necessary connections and ports. 0-ring seals can 

be used throughout despite the short distance 

between the focussing lens (f= 12 to 20 cm) and the 

cbilled focal region. 
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With a pump energy of 6 mJ at À = 223 nm and a Hz-pressure of 1 bar 10 AS 

components are observed. The conversion efficiency (with respect to the undepleted 

pump energy) is 2.10-2 for the first AS, 2· 10-3 at the 41h AS, l • lO-t at the 71h AS and 

is finally down to 3 .10-1 at the 101h AS. The shortest wavelength we have generated 

is 113.6 nm with pump racliation at À = 215 nm. 

Absorption measurements at a multipole plasma source: 

VUV racliation tunable around À = 121.6 nm generated in the Rarnan cell as outlined 

above was used to measure ground state H in a 5 kW magnetic multipole source. 

Details of the experiments are communicated in a separate contribution at this 

meeting [6]. 
Fig. 3 shows the setup: 

Absorption Measurernent of 
Lyman-alpha Radiation 
by a Mullipole Plasma 

UV Pump Radiatlon 
(a.round 223 om) (Refereoce) 

vuv
Monocbromator 

YIJV-

Solar blind 
PWT 
(Absorption) 

The unwanted AS R.aman orders are blocked after clispersion in a prism. A thin 

MgF;-plate reflects a small portion of the probing beam onto a reference VUV 

monochromator; the remaining light is directed across the plasma source and is 

detected behind another VUV monochromator. 

Tuning the probing VUV racliation over the Lyman-alpha transition results in com

plete absorption over a large portion in the centra! part of the line. 

For the source under investigation it was found by obverving absorption at a H;-line 

close to Lyman- alpha that the motional temperature is clearly lower than what could 

be inferred from the slope of the atomie absorption line displayed in fig .4. This slope 

indicates a considerably higher temperature of the H-atoms. 

This observation suggested the assumption of two atomie component s of different 
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temperatures, whereby the concentration of the high energy atoms is high enough to 

mask the low energy contribution in the line core. 

In order to clarify this question we added a small amount of D2 - less than 1% - and 

measured the absorption at the deuterium Lyman-alpha transition - separated by 

22 cm -1 from the corresponcling hydrogenic line. 

O.t 

l 0 .7 

~ o.s . 
:::, O.l H1 •100S 

T•2700 X 
0.1 

122" 82252 

Fig.4: 

122,, 82260 8226' 82268 

tJ.v/cm·• 

3.5,.----- ------------, 

The wing behaviour of the 

transmission at H-L-a and the 

spectra! shape of the absorbance 

at the D-L-a line demonstrate 

the ex:istence of t wo atomie 

components of different energy. 

(Note the different wavenumber 

scales). 

0.5 

Da:O.&S 

H,: tt. ~X 

T•380 K 

N•e.I 

tJ.v / "m-• 
With the information on the temperature of the low energy component, the 

line-integrated density N of the hot component can be deduced (see fig.4). 

The analogous measurement with deuterium as the main medium and hydrogen as a 

"thermometer gas" is presently in progress. 
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Electron Attachment and Electron-Ion Recombination at Thennal Eoergies. 

Genera! Remarks. 

D. Smith and P. Spanel, Institut für lonenphysik 
Universität lnnsbruck, A 6020 lnnsbruck., Austria. 

Electron attachment is an important reaction process in ionised gases containing 

electronegative species; electron-ion recombination occurs in any ionised gas and it is 

especially important when molecular ions are present as is usually the case. Both processes 

result in the loss of electrons from the ionised gas or plasma; attachment produces negative 

ions as the replacement charge carriers but recombination results in a net loss ofboth electrons 

and positive ions and the production of new (ofien very reactive) neutral atoms and/or 

molecules. The speeds of these processes depend on the particular reactions involved and such 

factors as the nature of the ions and the reactive gases, the electron (nc) and ion (11;) number 

densities, and the electron <Te). ion (T;), and the neutra] (attaching) gas Cl'~) temperatures. To 

be able to assess the importance of these processes in any particular plasma situation, data are 

required on a number of specific attachment and recombination reactions, and to provide these 

data and, of course, to search for an understanding of the nature of these processes, a variety 

of experimental methods have been developed which we mention below when presenting a 

brief overview of some of the more important features of these attachment and recombination 

processes together with some interesting results. 

Electron Attachment. 
Two distinct attachment processes can be identified : (i) direct attachment in which the 

electron attaches to the molecule producing the paren! negative ion (no dissociation), and (ii) 

dissociative attachment in which the molecule fragments to a negative ion and a neutra] 

(usually radical) species /1/. The best-known example of the farmer process is attachment to 

SF6 for which the cross section, cr, maximises near zero electron energy /2/and the rate 

coefficient, 13. decreases with increasing Te in accordance with .v-wave capture theory /3/ in 

common with many such reactions, including several fast dissociative attachment reactions 141. 

There are numerous exarnples of dissociative attachment reactions. many of which are very fast 

and many which are very slow even when they are exothermic /5/. The halógenated methanes 

variously exhibit most of the features of dissociative attachment; the CC!~ reaction is very fast 

at low electron energies (temperatures) producing CJ- and CCl1 (the Jatter radical also reacts 

rapidly producing Cl- and CCl2 /6/), the CCl2F2 reaction (exothermic to produce Cl- and 

CCIFi) is slower and 13 increase with increasing 'lf, indicating the existence of an activation 

enerb'Y harrier to the attachment reaction 151, and CF ~ does not react with thermal electrons 

because this reaction is endothermic to produce F- and CF1. An essential point in these 

attachment reactions, not properly realised until quite recently, is that the 13 (and cr) generally 

vary quite differently with T g and Te (i .e. with the electron energy) /7/. This has been forcibly 
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demonstrated by a recent study of dissociative attachment to CF3Br 181 in which it is seen that 

P increase rapidly with 1f, and decreases with Te. Again the increasing p with Tg is attributed 

to the existence of an activation barrier and the requirement of an activation energy, E3 , of 

80 meV in the reaction. Thus it is clear that the proper assessment of the attachment rate to 

such species in a discharge situation requires a knowledge of 1'g and Te and how the p varies 

with these parameters. 

It has emerged during the last year or so that an unusual and especially efficient 

electron attacher is the fullerene molecule C60 191. The first crossed electron/C60 beam 

experiment / 10/ indicated that the efficiency of attachment was high over the extraordinarily

wide electron energy range fi'om near-zero to about 10 eV, but neither the near-zero energy 

behaviour nor the magnitude of the cr could be described because of the large energy spread on 

the electron beam and the difficulty of determining the flux of C60 molecules in the beam. But 

now the flowing afterglow/Langmuir probe (F ALP) experiment has been used to determine the 

absolute rate coefficients, P- for C60 over the Te range fi'om 500 to 4500 K /1 Jl. This has 

revealed an "activation energy barrier" to electron attachrnent of 0.26 eV which, following 

recent theoretica! work /12/, is attributed to a centrifugal barrier top-wave electron capture of 

this precise magnitude. Further, since these FALP studies determine the absolute p, then the 

absolute mean thermal cr can be obtained and it is seen to be about 100 A2 above about 0.5 eV 

out to about 10 eV (inferred fi'om the beam experiment). Thus C6(1 is the best known electron 

scavenger over this very wide energy range, a feature which may have application to the 

supression of electrical breakdown in high voltage devices. 

Elec:tron-ion rec:ombination. 
Several different electron-positive ion recombination processes have been identified 

1131, but they can be conveniently grouped as those involving atomie ions and those involving 

molecular ions. The former group includes radiative recombination processes in which a 

photon is emitted to stabilise the reaction, and three-body recombination in which a "third 

body", which may be another electron or a neutral alom or molecule, intervenes to effect the 

necessary removal of some energy from the system. Such processes are important in some 

ionised gases, for example, radiative recombination is important in stellar atmospheres and 

electron-assisted three-body recombination is important in dense plasmas. However, in lower 

temperature plasrnas in which molecular ions invariably exist, the more efficient process of 

dissociative recombination is the most important in which the energy released is dissipated at 

least in part as kinetic energy of the separating neut ral fi'agments of the reaction. Thus in most 

laboratory plasmas and many naturally-occurring plasmas (except highly-ionised plasmas) only 

dissociative recombination will be important and it is this process on which we will now 

concentrate. 

Dissociative recombination has been studied by a variety of processes, notably by the 

merged electron-ion beam (MB) technique /14/ using which cross sections. cr, for many ionic 

species have been obtained over a wide range of interaction energies, and the afterglow plasma 

methods, i.e. the stationary afterglow/rnicrowave cavity (SA) method /15/ and the FALP 
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method 1161 referred to in the previous section, using which the rate coefficients, a, for the 

reactions are determined. The cr data obtained from the MB experiment can be used to 

determine the 13 for the reactions (by a Maxwellian averaging procedure) over a wide range of 

electron temperature, Te. There are, however, potential problems with this technique in that it 
is difficult to control the intemal energy of the positive ions in the bearn and thus the measured 

cr can relate to the recombination of ions in uncertain rotational and vibrational states ( and 

even metastable electronic states). This problem is much less likely in the collision-dorninated 

SA and F ALP experiments in which the intemal energy stat es of the ions are generally 

collisionally relaxed, but the price paid for this is in the lirnited ranges of h Tg and Te over 

which the a can be determined. Actually, this is not a severe lirnitation because with recent 

developments, especially of the F ALP technique Il 71, ranges of Tg (=Ti) and Te can be covered 

which are appropriate to some laboratory plasmas and naturally-occurring plasmas. 

Thea for many ionic species have been determined at T=7~=7j=JOOK using both the 

SA and F ALP methods; for diatomic ions and small polyatomic ions the a are generally within 

the range 10-7 to J0-6 cm3s-I / IS, 18/, and for larger, cluster ions the a have been measured to 

approach 10-s cm3s-I / 19/. A significant amount of data are also available on the variation ofa 

with T, i.e. under truly thermalised conditions, and it is seen that in genera! the slower reactions 

have a more rapid variation of a with T than do the faster reactions / 1 SI. The most-studied 

reaction, for which there is total agreement in the results obtained by the various techniques, is 

0 2 + dissociative recombination for which a varies as r~> 7 over the wide range of T trom 

100 K to 600 K /16/. The a for No+ varies as r~J. 9 over a similar range of r 1161. Further, SA 

studies of the variation of a for these reactions as a function of re have shown that the 

identical power law relationship also applies to 7~ up to about 5000 K /20/. Very recent FALP 

studies in which Te was varied over the range JOOK to 2000K (and, importantly, r0 was 

measured using the Langmuir probe) /17/ have confirmed the above power-law relationships 

for bath the o 2+ and the NO+ reactions, thus providing data of some significance to 

ionospheric plasma chemistry. A recent SA study of the variation of a with Te for the 

recombination of cluster ions in the series HJO+(H20)n (n= 1 ,2,3) /20/ has indicated only a 

slow variation with /~, in support of genera! expectations. 

Not all molecular ions recombine efficiently. There is a growing body of experimental 

data which shows that the rare-gas hydride ions (HeH+, KrH+, XeH+) only slowly recombine 

/2 l/, results which are given credence by theoretica! predictions (no available curve crossings). 

There is aJso clear evidence from detailed FALP studies that the important interstellar ion H3 + 

in its ground vibrational state also recombines only slowly 122/, a result supported by 

theoretica! work 123/. However, it must be stated that this is a very controversial topic because 

other techniques, including recent experiments carried out using an ion storage ring /24/ , have 

apparently indicated that ground vibrational state H3 + recombines at the rate common to other 

small polyatomic ions. The determination of the a for slow recombination reactions represents 

a major experimental challenge, as does the determination of the neutra! products of such 

reactions. For the Jatter. spectroscopy combined with the FALP technique has been shown to 

be profitable /25/. 
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ELECTRON-IMPACT IONIZATION OF ATOMS, 
MOLECULES, IONS, AND TRANSIENT SPECIES 

Kun H Bec!rer and Vladimir Tamovsky 

Physics Deparunent. City College of C. U .N. Y" 
Convent Avenue and 138th Streel. New York. NY 10031 USA 

INTRODUCTION 

The ionization of an atom, ion or molecule by electron impact is a fundamental co!lision 
process which has been the subject of extensive experimental and theoretica! investigations since 
the early pao of this century. Paoial and total ionization cross sections play an important role in 
many applications including discharges and plasmas, excimer lasers, planetary and stellar 
atmosphere$. and radiation chemistry. ~1uch of the recent progress in this field has come from 
experimental studies. The final state of an ionizing electron collision process consists of a 
positively charged ion and two outgoing electrons in the simplest case. Multiple ionization 
processes and dissociative ionization processes are even more complex. This respresents a 
formidable challenge to rigorous, ab initio theories and explains why cross section calculations 
have overall not been as successful in predicting the shapes and absolute values of ionization cross 
sections as they have been in predicting cross scctions for other inelastic electron collisions. Semi
empirical and semi-classica! approaches, on the other hand, have re-emerged as invaluable methods 
for calculating ionization cross sections for complex molecular targets and have enjoycd several 
remarkable recent successes. This paper reviews the current status of ionization cross section 
measurements and discusses future directions and opponunities. 

EXPERIMENT AL ASPECTS 

The various experimental teehniques for the measurement of panial and total ionization 
cross sections have been discussed extensively in the literature [ 1,2). Our group uses a fast
neutral-beam apparatus (3-5) which is particularly suited for the generation of targets which are 
düficult to produce by conventional methods, e.g. chemically reactive free radicals. A fast (3 - 3.5 
kV) neutral target beam is produced by near-resonant charge transfer of a primary mass selected 
ion bearn which is extracted from a de discharge source. Residual ions are rcmoved from the beam 
and most molecules in Rydbcrg states are quenched before the neutra! target beam is crossed with a 
well-characterized, magnetically collimated electron beam (5 - 200 eV beam energy. up 10 0.5 mA 
beam current and 0.5 eV energy spread). The product ions are separated from the neutrals in an 
electrostatic ht:mispherical analyzer which also separates product ions of different energies (i.e. 
charge state or mass). The product ions are finally derected by a channel elcctron multiplier 
operated in the pulse counting mode. The neutra! bcam Oux can be measured in absolute terms 
using a calibrated pyroelectric detector. The "'open" design of our apparatus (i.e. the absence of 
any beam defining aperturcs after the neutral-beam · electron-beam interaction rcgion) enables the 
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quantitative detection of fragment ions which are formed wilh excess kinetic energies of up to 
several electronvolts per fragment 

IONIZA TION OF ATOMS AND MOLECULES 

Absolute partial single ionization cross sections have been measured for less than half the 
atoms in the periodic table. Reliable cross sections for multiple ionization are available for far 
fewer targets. Targets measured by more than group using more than one experimental technique 
include the noble gases, the alkalis and the eanh alkalis. The agreement between different 
measurements is best for the noble gases. For the vast majority of targelS. ionization cross 
sections have only been measured once using one particular experimental technique. The 
experimental situation is especially unsatisfactory for many simple atoms such as H, N and O 
which are interesting from a basic view point. e.g. in terms of electronic configuration and/or 
unique physical or chemica! propenies. The major problem in these cases lies in the absolute 
determination of the target beam density. 

Molecular ionization cross sections are now available for roughly 80 molecules ranging 
from the simple diatomics H1. N2. (h, CO, NO, HCI to triatomics such as H20. C02. NiO. N02 
and 502 to more complex polyatomics such as CH.t. NH3, CC4. CCl2F2. CF4. SF6 and Si2H6 to 
very complex metal- and Si-organic compounds such as TEOS and HMDSO. In many cases, the 
driving force behind molecular ionization cross section measuremenlS are specific data needs in a 
particular area of application rather than the desire to investigate molecular ionization systematically 
from a basic point of view (for which experimental investigations of a different nature are more 
appropriate, e.g. (e, 2e) experiments). Dissociative ionization processes have long posed a serious 
challenge to experimentalists due to the excess kinetic energy that can be imparted to the fragment 
ions. Much anention has bee devoted recently to the question of how to improve the reliablility of 
cross section measurements for energetic fragment ions resulting from dissociative ionization 
processes. Careful experimental studies are by now routinely combined with extensive ion 
trajectory simulations [6-8]. 

IONIZA TION OF IONS 

The vast majority of data on the ionization of ions is available for the ionization of singly 
charged ions. The data base for the ionization of multiply charged ions gets progressively smaller 
as the charge state of the target ion increases. The 1985 review of Dunn [9] provided a 
comprehensive summary of the status of this field. More recently, Phaneuf [10] summarized the 
results obtained since the mid 1980s with a strong emphasis on the ionization of multiply charged 
ions and on innershell ionization processes. The only data that have been obtained experimentally 
to date for the ionization of molecular ions are for the diatomic ions Hi+. Co+ and OH+ [9]. 

IONIZATION OF TRANSIENT SPECIES 

Studies of the ionization of transient species, particularly of chemically reactive radicals, 
have gained prominence recently in conncction with effons to elucidate the elementary processes in 
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low-temperature processing plasmas. Halogen-containing molecules and radicals play a 
particularly important role in that context The fast-beam technique used in our group is uniquely 
suited to study the electron impact ionization and dissociative ionization of free radicals which 
cannot be prepared for electron collision studies by conventional techniques such as an effusi ve or 
supersonic beam or a statie gas target. The most thoroughly studied group of targets are the 
fluorine-containing species SiF" CF, and NF, (x=l-3). We note that all species with the 
exception of the stable .N"F3 molecule are free radicals. Fîgure 1 from Ta."11ovsky et al. [i 1) sho.,.·s 
the absolute cross sections for the formation of the paren! and fragment ions from J\;°F3 for energies 
from threshold to about 200 eV. Many features found in the case of the 1'.'F3 molecule were also 
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observed for CF3 and SiF3. In all three cases the cross sections for the formation of the tri- and di
atomic molecular fragment ions were larger than the respective parent ioniz.ation cross section. The 
cross sections for the formation of atomie fragment ions are generally small. The parent ionization 
cross sections for NF2. CF2 and SiF2 are all similar in magnitude and again atomie fragment ions 
are scarce with the exception of the Si+ cross section. The parent ionization cross sections for J\"F 
and CF v.-efe found to be very similar and much smaller than the Sif parcnt ionization cross 
section. Dissociative ionization was only significant in the case of the formation of Si+ from SiF. 

COMPARISON WITH CALCULA TIONS AND FUTURE PERSPECTIVES 

A rigorous theoretica! treaunent of electron impact ionization processes is difficult due to 
the complex kinema tics involved in the process as mentioned before. As a consequence, !here are 
few reliable theoretica] calculations of absolute partial or total ioniz.ation cross sections for targets 
more complex than simple atoms. Molecular ionization cross section predictions have relied 
largely on semi-empirica! formulae and various additivity rules and on semi-classica! methods. 
Recently, there have bun renewed effons aimed at improving these methods by (1) modyfying 
additivity rules to account for molecular binding and by (2) trying to incorporate quantum 
mechanically calculated molecular structure infonnation into semi-classica] formulae. Details of 
some recent successes (and failures) of these approaches wil! be discussed at the workshop. 

57 



There are many promising opportunities for future work in the field of electron impact 
ionization processes. Among the most challenging areas are: 
(1) ionization cross section measurements for atoms with complex electron configurations where 
the cross sections might display unexpected features, 
(2) ionization cross section measurements for electron ejection from individual atomie or molecular 
shells or sub-shells 
(3) systemalic cross seclion measurements of classes of sim il ar molecules and radicals 
(4) systematic cross section measurements of entire families of molecules and radicals of 
progressively more complex st.ructure 
(5) ionization of molecular ions 
( 6) ionization of metastable targets 
(7) ionization of vibrationally excited molecules and radicals. 
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FLASH X-RA Y EXCIT A TION OF HIGH PR.ESSURE GAS ES 

E. Robert, A. Khacef, C. Cachoncinlle and J.M. Pouvesle 

GREl\.fi, CNRS/ Université d'Orléans, BP 6759, 45067 Orléans Cedex 2, France 

The need for new tunable sources in the UV-VUV region, driven by the many diverse 
applications in material processing, microtechnics, microelectronics .. . , have reawakened interest 
in studies of high pressure rare gas (Rg) plasmas and mixrures of rare gas ~lasmas In thi s work, 
the excitation of gas samples (1 0 cm0) was realized using a li near tlash X-ray source [l]. This 
high repetition rate (up to 50 Hz) source emitted strong doses ( 400 mrad at the diode window at 
25 kV charging voltage) of photons, in the energy range from 5 to 50 keV, in 20 ns duration 
pul se. 

This aJlowed to deposit hundred of µJ in gases at pressure between 0.5 and 30 bar. The 
resulting fluorescence was analyzed in tenn of time resolved spectroscopy (overall time resolution 
ofabout 2 ns) all over the spectra! domain extending from 110 to 800 nm. 

The energy deposition occured by atom care shell photoexcitation and followed the Beer 
Jaw: 

Id= Io ( 1- e-<>"<E) n 1) 

where Id represents the energy deposited, r0 the energy of the incident beam, cr(E) the absorption 
cross section of the Rg atom at a given energy E, n and l respectively the density of neutra! atoms 
and absorption length. Depending on the experimental conditions, and beside He, large amounts 
of the incident energy can be deposited in the cel! even for neon at the highest pressures (80% at 
30 bar) . 

Intense UV-VUV fluorescences were obtained in Ar, Kr and Xe. Helium was almost 
completely transparent to 10 keV centered X-rays even at the highest pressure supported by the 
rare gas cell. In the case of neon, despite the high energy deposition, no strong emission was 
recorded from 150 nm to 800 nm. Figure 1 shows the spectrum of pure argon at 3 bar. The wel! 
known second continuum peaking at 126 nm and the still controversial third continuum ( 150-3 00 
nm) can be clearly seen. In all rare gases, no significant fluorescences were observed in the visible 
spectra! domain. Only in the case of argon, weak transitions were observed that are known to be 
selectively populated by dissociative recombination of AI2 +. 

Il m 
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Figure 1: Spectrum of pure 
argon at 3 bar produced by flash 
X-ray excitation. 
II: second continu urn of argon, 
III: third continuum of argon 
interpreted as four spectra! 
components respectively cente
-red at : 
a) 200 nm 
b) 185 nm 
c) 220 nm 
d) 245 nm. 
AI•(4p)-Ar.(4s) transmons at 
697, 750, 763 and 772 nm. 

Emission from pure argon and its mixtures with other gases have been studied. The 
continuum evoluates from one single spectra! component (fig.1-a) centered around 200 nm at low 
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pressure or early time in the plasma relaxation to three spectra! components (fig.1-b, c, d) 
centered around 185, 220 and 245 nm at high pressure or late times (but still in ns time scale) in 
the plasma relaxation. The main results of the excitation of argon with admixtures are: 
- the presence of krypton (J .4%) led to the selective quenching of argon spectra! components 
centered at 220 and 245 nm (figl-c, d). 
- admixture of 1.4 °/oo of xenon has almost no effect on the shape of the argon emission. The 
afterglow reveals successively argon third continuum fluorescence, (ArXe)+ emission (at 328. and 
508 nm) and the second continuum of xenon. With increasing the relative concentration of xenon, 
the heteronuclear ion emission became srrnnger and the ë~ird cominuum of argon complerely 
disappear. This last feature might be explained by the depopuiarion of Ar+ ions needed for the 
formation of the heteronuclear ion. 
- mixtures with neon led to the production of a long-lived population of (ArNet and showed that 
Ne reacts slowly with the species at the origin of the argon fluorescence. It must be pointed out 
that in this case, Ar+ ions do not participate in the production of the upper state of this emitting 
heteronuclear ion. Excitation of Ne/Ar mixtures with neon as the main species revealed no 
fluorescence between 150 and 800 nm. Ne+ ions might be efficiently destroyed to produce Ne2 + 
states leading to fluorescence below 110 nm. 
- ad mixture of hydro gen led to new fluorescence around 300 nm and 160 nm which might be due 
to ArH or H2 bands emission, but no selective quenching was evidenced on the argon third 
continuum fluorescence. lt has also been noticed that the disappearance of Ar(4p-4s) lines with 
admixture ofH2 tends to indicate an excitation transfert between Ar°(4p) levels and hydrogen. 
- nitrogen was shown to be an efficient quencher of the three components centered at 185, 220 
and 245 nm (fig.1-b, c, d). Strong emission ofN2 second positive system was obtained. This tends 
to indicate that Ar•( 4s) could be one the precursors of the molecular species panly at the origin of 
the third continuum fluorescence. 

The intensity of the fluorescence at 185, 200, 220 and 245 nm have been measured as a 
function of pressure in pure argon. 

90 Figure 2: Pressure dependence of the 

eo fluorescence in pure argon at : 
:i ;o :- x : 185, 220 and 245 nm, 
"' o : 200 nm, 
?: The curve rep resems the best fit of 
" experimental measures by the Beer law § 
c integrated along the X-ray penetration path 

from 0 1 cm to 2 cm in the high pressure cell 

0 
(which corresponds to the observable volume 

0 IZ 15 10 ZI Z• from the spectrometer). 
Pressure Cbar) 

. As shown in figure 2, the 185, 220 and 245 nm spectra! components fluorescence 
followed the Beer law whereas the fluorescence at 200 nm was almost a constant in the pressure 
range studied (I-30 bar). On the contrary, in Ar/N2 mixtures where the b, c, d components of 
fig.! were quenched, the fluorescence at the wavelengths corresponding to the four spectra! 
components was almost independent of the pressure. 

All the results presented in this work, strongly supported a multi component analysis of 
the so called third continuum. 

This work was supported by the CNRS and the Région Centre. 
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LOW ENERGY APPROACH TO ELECTRON POTENTIAL SCATTERING 
IN THE PRESENCE OF A STRONG MAGNETIC FIELD AND A 

RADIATION FIELD 

M. Zarcone, G.Ferrante and M. Pieruccini 
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Introduction 

The elementary processes of the interaction of electrons and atoms with strong mag
netic and/or strong radiation fields are of relevant interest in solid state physics and in 
astrophysics 11-2). In this paper we deal with the elementary processes involving electrons 
simultaneously interacting with a linearly polarized radiation field and a constant quantiz
ing magnetic field. The electron collides with an ion in the presence of both fields making 
transitions from an initia! Landau level to a final Landau level and emitting or absorbing l 
photons of frequency w. We analyse the 13orn series of the T-matrix in cylindrical coordi
nates. We show that in the low frequency approximation the T-matrix may be factorized 
in terms of Bessel functions accounting for the interaction with the radiation multiplied by 
the T-matrix for scattering in the presence of a quantizing magnetic field only. 

The T-matrix 

The T-matrix series for potential scattering in the preseuce of a linearly polarized radi
ation field and a constant quantizing magnetic field may be written as 

LLL 11-1,-1, (À/a) (/!Vla)± 11, (Àab) (a IVlb) 111 (Àbi) (b IVli) 
l 1,,a 1,,b (E; - Ea + (11 + l2)1iw) (E; - Eb + l11iw) 

In the above expression ( +) corresponds to forward scattering while (-) corresponds to 

backward scattering, 1 a) =I na, sa, ka) are the unperturbed wave functions for a particle 
embedded in the magnetic field, with energy eigenvalues given by 

k 2 l 
En= T +2-y(n + 2) 

where n = 0, 1, 2 ... " . indicate the Landau level, and 2-r = hwc(a. u.) , 1 = 0, ± 1, ±2"" the 
number of photons absorbed or emitte<l, hw the photon euergy. The energy eigenvalues are 
degenerate in the quantum numbers s. 
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The ra.diation field is a.ssumed in the dipole approximation and linearly polarized along 
B. J1 are Bessel functions of order l . The argument of the Bessel function contains the ra.di
ation field parameters, and assumes different values according to the different polarizations. 
For a linear polarization along B we have: 

(±k,, - k.;) E: 
Àf; = - w2 

where e is the intensity of the radiation field in a.u. 
The low frequency approximation (31 allows us to neglect the interaction between the 

scattering electron and the radiation field during the collision. This permits a spatial 
separation of the electron-potential-magnetic field interaction from the electron-laser in
teraction. Then in the above T-matrix expression we can neglect all the terms 11hw , 
(/1 + l2)hw , etc. in the denominators. Moreover, assuming that the off-shell amplitude 
(n,, Sf, k1 IT(E)I n;, s;, k;) is a sufficiently slowly varying function of E it is possible to sum 
over all the intermediate dressed states obtaining a factorized off-resonance low-frequency 
expression of the T-Matrix 

(J ITI i}± = L J1 (À1;) {n1, Sf, kJ IT(E)I n;, s;, k;)± 
l 

The matrix element (n1 , s1, k1 IT(E}I n;, s;, k;) ± can be further approximated using the 
so called Higher Order Modified Born Approximation (HOMBA) [4-5). 

The HOMBA allows us to sum all orders of the scattering series for collisions in the 
presence of a quantizing magnetic field, obtaining a closed form for the total cross section 
not divergent at the Landau thresholds. In such approximation the N-th term of the Born 
series contains only the contributions due to N - 1 elastic transitions between the same 
Landau level and only one inelastic transition from n1 ton; and all the other contributions 
Me neglected . This approximation is particularly useful at the Landau resonance where the 
t'oupling of the energy of tbc incident particle to the two Landau levels n1 and n; becomes 
strong. 

Numerical calculations for the total cross scction in the above low frequency and HOM BA 
approximations for a screcned potential will be presented at the conference. 
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In solving the Boltzmann equation to obtain the electron distribution function (EDF) in 
ionized media in the presence of strong radiation fields, use is generally made of collision 
frequencies calculated in the absence of any external field. At the level of the given elementary 
process, the collision frequency is directly related to the corresponding cross section. At the 
present, it is well known that sufficiently streng radiation fields are able to significantly alter the 
cross section. Thus a rigorous treatment of the Botlzmann equation should require a precise 
knowledge of the collision frequencies of the elementary processes considered. On the other 
hand, in some cases, special arguments on the expected behaviour of the collision frequencies in 
extemal fields are used in approximately solving the Boltzmann equation. One of sucb arguments 
may be resumed as fellows. In a fully ionized collisional plasma in an extemal radiation field, the 
electron-electron collision frequency is not altered by the field, as the Jatter acts in the same way 
on both the colliding electrons; the same is not true for the electron-ion collision frequency. For 
this Jatter case,if the field is sufficiently strong, a reduction is expected. This expectation is based 
on the fact that the strong fields increase the electron velocity to reduce the time of the electron
ion interaction, and, eventually, a reduction of the collision cross section should result. It is 
evident that a reduction of the electron-ion collision frequency may be profitably exploited in 
solving the Boltzmann equation. To the best of our knowledge, however, such a kind of 
reduction of the collision frequency has never been investigated rigorously, nor has been clarified 
the domain of the process parameters where such a reduction is most effective. It is the purpose 
ofthis Communication to address this question. 

In particular we report the collision frequencies of the elastic scattering in a strong laser 
field (superelastic scattering), and of the momentum transfer. Below such range of laser 
intensities is considered that allows to explore the behaviour of the collision frequencies up to the 
limits ofvalidity of the theoretica! (non relativistic) treatment. 

We report calculations of the electron-ion collision frequencies based on the following 
expressions: 

( 1) 

where: m = 1l = c = 1; An = J ! (À.) the squared Bessel function of real argument corresponding 

{ A'} (A') to the case of a single mode laser field; and A 
11 

= exp - 2 I. T (when one consideres a 

chaotic zero-bandwidth field (I. is a Bessel function of imaginary argument). 
A. = {-1/ wX(k, - k.)•A). with k; and J<r the initial and final momenta, and A the laser vector 

potential. F(.9) = l for elastic scattering and F(.9) = (l-(krcos.9)/k;) for the momentum 

transfer. N stands for the target density. (da) is the field-free cross section, in Bom 
d!l ff 

approximation, evaluated for a screened Coulomb potential with a screening factor of 100 Borh 
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radii. The initia) electron energy is 100 eV, and n accounts for the number of exchanged photons 
(offrequency w = 1.17 eV). 

The Figure shows the collision frequency of momenutm transfer v!N as a fimction of the 
laser field intensity for the single mode field (solid line) and for the chaotic field (dashed line). 
The curve is given in arbitrary units, buth the value v!N = 1 is the field free value. 
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In the present work we have addressed the problem of the collision frequencies 
restricting ourselves to the elementary process, without consideration of the influence of the 
velocity distribution of the colliding electrons. In other words, we have not considered the aspect 
typical of a many-panicle medium. A rigorous account of this very relevant aspect of the problem 
requires a self-consistent solution of the Boltzmann equation, which we hope to address in a later 
moment. 
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lntroduction 

Special forms of low pressure glow discharge sources (GDS), e .g. the Grimm GDS (IJ, have 
been developed for spectrochemical analysis, particularly of metals and of the surface layers of 
alloys. Such sources are satisfactory in many cases, but improved sensitivity is desirable for some 
analyses and various forms of auxiliary discharge have been used to 'boost' d.c. GDS [2]. The 
source developed by Leis et al [3) (Fig. 1), in 
which a microwave induced plasma occurs in a 
Beenakker cavity adjacent to the obstructed 
discharge of a GDS, gives good stability and 
improved limits of detection. At constant current 
and pressure, the overall d.c . voltage faits when 
the microwave discharge takes place and less Tovi...m,wu.iow _ _ __ _ ___ - ·-

material is sputtered from the cathode. The -oiodnéiiiim-.,._=-=-·-_1·"F~~=~ 
spectra! effects may be studied using the 
'enhancement factor', F, the ratio of the intensity 
of a spectra! line in the boosted discharge to the 
intensity with d.c. discharge only, at the same 
current. Whilst resonance lines of analytica! 
importance tend to have values of F of about 50, a 
very large range of values of F occur within the Fig. 1. Schematic cross-section of the 
spectrum (e.g. 200 to 0.05) [4,51 and the overall 
effect can be seen by plotting F against the total 

Leis source. 

excitation energy of the line. The plot obtained depends greatly on the cathode material and the 
rare gas used; some features can be explained readily bul others have yet to be understood. 
Results obtained with a titanium cathode are discussed in this paper. 

Experimental 

The spectra were recorded using the high resolution uv-visible Fourier transform spectrometer at 
Imperia! College. This allowed spectra to be recorded over a wide wavelength range in a short 
period (about 5 min for the range 17770 - 35540 cm·' , with a resolution of 0.04 cm·'). This 
resolution ensures that true line profiles are recorded and the accurate wavelength determination 
minimises the risk of incorrect line identifications. 
The Leis GDS was used with a titanium cathode and argon or neon as the carrier gas. For the 
present results , the d.c. current was 20 mA; in order to keep the voltages similar for the 
unboosted d.c discharge, the argon pressure was 2.3 hPa and the neon pressure was 8 hPa. The 
forward microwave power, from an EMS Microtron 2.45 GHz generator, was 50 W, and, with 
optimum cavity tuning, the reflected power was 27 W for argon and 35 W for neon. 
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Results and discussion 
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Fig. 2. Ti I and Ti Il lines, enhancement factor, F, vs total 
energy of upper level, E. Argon carrier gas. 
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Fig. 2 shows the variation of F with total excitation energy, E, (excitation energy + ionization 
energy where appropriate) with argon as the carrier gas. Ti Il lines commence at E > -10 eV, 
but no Ti 11 lines were recorded with E in the range 13.0 • 14.5 eV or above 14.8 eV; there was 
a group of lines with very low values of F for E = 14. 7 eV. This value is significantly less than 
the ionization energy of argon (15. 76 eV), but nevertheless charge transfer (CT) is a possible 
excitation mechanism. A plot of the ratio of the intensity of Ti Il lines with argon to that with 
neon in an unboosted discharge (Fig. 3) showed that selective excitation by argon occurred for the 
lines with E = 14.7 eV, strongly suggesting CT excitation. This supports previous observations 
for iron, aluminium and copper that low values of F are recorded for CT excited lines. Further, 
the two lines from the highest levels which are less strongly excited by CT have rather higher 
values of F. 
In the case of iron (5), lines were observed for a wide range of upper energy levels and the effect 
of charge transfer with argon was more clearly marked, both as selective excitation when argon 
was used rather than neon and as a minimum value of F coinciding with the ionization energy of 
argon . Strong selective excitation also occurs with iron/krypton, and plots of enhancement vs 
energy of the upper state will be shown for this case. 
Many other detailed effects of the boosting discharge still require explanation. Thus, for titanium 
with argon there is relatively little enhancement of lines from low lying levels, whilst for many 
other elements, high values of F are obtained for low lying levels and for levels close to the 
ionization energy of the element. It is clear that factors other than the energy of the upper level 
strongly affect F. Unexpected trends previously observed for the values of F for rare gas ions [5) 
have again been obtained and wilt be discussed in more detail. 
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Introduction 

There is a great demand for exact detennination of atomie constants of rare earths elernents in 
astrophysics and technology of special materials. The existing experimental data are very meagre 
because of the difficulties encountered in introducing these elements into conventional plasma 
sources. Theoretica! values of transition probabilities are also scarce because both the structure of 
electron shell and the interactions between electrons are complicated. Furthennore the existing 
classification of spectra! lines is incomplete and often doubtful. 
The fundarnental requirement for exact determination of the transition probabilities from the 
measurernents of the intensity of corresponding spectra! lines is to obtain a homogeneous and 
stable plasma from which these spectral lines are emitted. A plasma source that meets these 
conditions was developed by applying electrical discharges near the surface of ferroelectric 
materials [ 1-4]. 

Experiment 

The plasma was generated in pure (99.995%) argon under atmospheric pressure between a 
ferroelectric plate made of barium titanate ceramics and a rare earth metal plate of the same 
dimensions as the ferroelectric plate (30 mm x 16 mm x 2 mm). Mica spacers of0.2 mm thickness 
were used to assure a unifonn width of the gas gap between the ferroelectric plate and the metallic 
electrode. The electrodes were supplied with an alternating (sinusoidal) voltage of the frequency 
of 10 kHz and amplitude of 450 V. Argon was allowed to flow through the plasma-generating 
system at a constant rate of 1 llmin. 
The gas gap of the system was projected onto the entrance slit of an Ebert grating spectrometer 
with a linear dispersion about 11 mm/nm. The light emitted from the middle, homogeneous 
plasma layer was analyzed. The radiation spectrum of the plasma was recorded in the range 250 
nm to 700 nm by using a photomultiplier coupled to an compensating recorder. The anode crater 
ofa low-current carbon are was used as standard intensity source [5]. 
The Arl and Arll lines, as wel! as the Hm and Hp lines and also the N2 and N2' bands (arising from 
trace impurities ofhydrogen and nitrogen) were also present in the plasma spectrum and could be 
used for temperature and electron concentration determination. 
Further details about the construction and physical conditions of the ferroelectric plasma source, 
as well as about its application for the determination of transition probabilities of spectral lines of 
rare earths elements are given by Kusz [4). 

Results and discussion 

The transition probabilities Ai,, may be determined from the lifetime value 't, of the upper level k 
and from line intensities of all transitions to lower levels by solving the following set of equations: 

(!) 
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Using the ferroelectric plasma source the Dyl, Dyll, Eul, Eull, Lal, Lall, LaIII, Prl, Pril, PrIII, 
SmI and SmII spectra have been obtained and the absolute intensity values for several hundred 
lines of these elements were detennined [4, 6-10]. 
Making use of equations (1 ), the values of transition probabilities were determined for lines for 
which the classification data and the appropriate lifetimes of upper levels were given in the 
literature. On hand of this values and the corresponding line intensities Boltzmann plots were 
constructed and the electron temperature was determined. The temperature value allows the 
calculation of transition probabilities for the remaining lines. One could show (according the 
Drawin criterion [ 11 ]), that for the rare earths plasmas the L TE model may be applied. 
In this way transition probabilities were determined for 133 Dyl-lines, 228 DyII-lines, 62 
PrII-lines, 66 Lall-lines and 35 SmII-lines The obtained values were compared with the literature 
data. Generally good agreement was found between our results and the literature data. Only in 
few cases the obtained values are markedly different from those reported in the literature. The 
spectrum of rare earths elements are so complex that often identification and classification errors 
may occur, which may explain these disagreements. 
The error in the deterrnination of the transition probabilities by the method described in the 
present work (e.g. from the ratios of the intensity oflines) are primarily due to the errors in stating 
the lifetime values, to the statistical errors in determining the intensities of lines and to the errors in 
the determination of the plasma temperature. Estimated calculations allow us to admit the errors 
in the transition probabilities to be less than 30"/o. 
More detailes about the line-measurernent technique by using the ferroelectric plasma source as a 
rare earths elements radiation source as well as the comparison of the results with the existing 
theoretica! literature data are presented in the paper [ 4]. 

Aclrnaw/edgemems - Tuis publication is based on work sponsored by the Polish-American 
Maria Sklodowska - Curie Joint Fund Il under project MEN/NIST-94-166. 
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ELECTRONIC STRUCTURE OF THE IONIC EXCIMER Ne2 ++ 

C. Cachoncinlle ,F. Spiegelmann and J.M. Pouvesle 

GREMI, CNRS/ Université d'Orléans, BP 6759, 45067 Orléans Cedex 2, France 
L.P.Q" IRSAMC Université Paul Sabatier ,118 route de Narbonne, 

31062 Toulouse cedex,France 

The experimental studies on the VUV-UV fluorescence of the rare gas plasmas have 
demonstrated the existence of a "third continuum" for all the rare gases[l]. If the ionic origin 
of these extremely broad ernissions seems to be now well established, the exact assignation of 
the states responsible for the observed fluorescence is still under discussion. In a previous work 
where we calculated the ~otentiel curves of the ionic excirner Ar2 -H-[2] and the rydberg states 
of the ionic dimer Ar2 + [3].we have shown that bound-free transitions in the wavelength 
domain of the "third continuum" take place in both ionic systems. 

To better understand the origin of this continuum emission in the rare gases, we performed in 
this work configuration interaction calculations on the molecule Ne2 ++. We present on figure 1 
the 24 first electronic states. They are classed in four groups in respect of their asymptotic 
energy. 

The first group is composed of the 12 electronic states correlating with Ne+(2P)+Ne+(2P) 
taken as the energy reference (0 eV). For intemuclear distances larger than 4 atomie units (3<J) 
the behavior of the potential curves is completely dorninated by the coulombic interaction 
corresponding to the repulsion of the ions. We should note here that the ground state (I)l~g+ 
which have been found to be quasi-bounded in argon, was , in the case of neon, completely 
repulsif. 

The three following groups are composed of 4,6 and 2 states correlating respectively with the 
asymptotic states Ne+Ne++(3P) (19.49 eV), Ne+Ne++(ID) (22.72 eV), Ne+Ne++(lS) 
(26.43eV). All the states of these last groups are bounded. They exhibit very similar potential 
wells with deeps lying, depending on the state considered, between 0.330eV and 0.405 eV and 
equilibrium distance in the range 4.1 to 4 .3 <IQ . For all these states, at large internuclear 
distance, the interaction is al most completely dominated by the polarisation of the Ne atom in 
the field of Ne++, such a interaction is caracterized by a attractive term in I/R4. 

This theoriticaJ results fully support the hypothesis in which the emission in neon plasma at 99 
nm comes from the doubly ionized excimer Ne2++ [4]. Especialy the spectrum deduced from 
this ab initio calculations corresponding to the transition (2)3Tig-(1)3f1u is centered at 97 nm. 
This is in complet agreement with the experimental results [!] . 

We should mention that there is no state in the Ne2 ++ system which could explain the 
longwavelength continum (160-400 nm) observed in some experiments (5) . Similar 
constatation have already been done in the case of argon and we suggest that part of the so 
called "third continuum" in rare gases could involved the Rydberg states of the singly ionic 
dimer. 
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Figure 1: Potential curves of the 24 states of the ionic excimer Nei++. 
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THE FANO FACTOR AND W-VALUE FOR X-RAYS IN XENON NEAR THE L- AND 

K- EDGES, ALLOWING FOR ELECTRON IMPACT INNER-SHELL IONIZATION. 

P.P. Santos*, T.H.V.T. Dias*, P.M. Rachinhas*, RE. Morgado.+ and C.A.N. Conde* 

• Departamento de Ffsica da Universidade de Coimbra. 3000 Coimbra. Portugal 
+on leave from Los Alarnos National Laboratory, Los Alamos, New Mexico, USA 

In a previously reponed work, the authors presented the results of a detailed Monte Carlo 

study of x-ray-absorption and electron-drift processes in gaseous xenon. The simulation included 

the x-ray interaction with the gas atoms and the cascade decay of the photoioniz.ed atoms, 

including AugerJCoster-Kronig, shakeoff and x-ray fluorescence processes. It also included a 

deterrnination of the number and energy of cascade electrons produced per x-ray interaction as 

wel! as the residual charged state of the original xenon ion. The cascade electrons that are the 

source of the eventual primary electron cloud are tracked along !heir individual paths as they 

lose !heir energy in elastic and inelastic collisions under the influence of an applied electric field. 

These Monte Carlo results provided insights into the physics of radiation detection in 

gaseous xenon detectors, including ionization, proportional and proportional scintillation 

counters [1-5]. Previously observed but unexplained anomalies in both energy resolution and 

linearity in xenon gaseous detectors (6-9] were explained in terms of the simulation results on x

ray energy dependence of the Fano factor, F, and the w-value. Both parameters were sbown to 

exhibit clear discontinuities near the xenon photoionization absorption edges. 

The previous Monte Carlo simulation, while using the total ionization cross section for 

electron impact collisions, assumed that only xenon outer-shell ionii.ation in xenon occurred. 

The present Monte Carlo calculations wi1l present results for Fano factors and w-values near the 

L- and K- absorption edges that include the effects of inner shell ionization due to electron 

impact in xenon. The results show that. while retaining a similar energy dependence to the 

previous work, the Fano factors and w-values are, in genera!, higher with inner shell ionii.ation 
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taken into account, along with the subsequent cascade decays from electron-impact inner shell 

vacancies: 
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PHOTODETACHMENT IN A DUSTY SiH4 RF DISCHARGE 

E. Stoffels, W.W. Stoffels, M.J.W.M. Van De Ven, 
J.T.F. Daemen, G.M.W. Kroesen and F.J. De Hoog, 

Department of Physics, Eindhoven University of Technology, 
P.O. Box 513, 5600 MB Eindhoven, The Netherlands. 

SiH4 rf discharges, used for deposition of amorphous Si are known for <lust formation. 
Recently, much effort has been made to unravel the formation, transport and storage of 
<lust in these discharges. One of the remaining problems is the kinetics of charging of <lust 
grains in the plasma. This issue is of major importance, as it is the negative charge on the 
<lust particles which traps them in the positive plasma glow. In this work laser induced 
electron density changes in a dusty rf discharge are monitored by means of a microwave 
resonance method and correlated to <lust formation and charging. 
Our setup consists of a capacitively coupled 13.56 MHz discharge confined in an aluminum 
cylinder (diameter 175 mm, height 50 mm). The bottom of the cylinder is rf powered and 
the other walls are grounded. Our standard plasma conditions are: 53 SiH4 in argon at 
the total pressure of 120 mTorr, rf power input of 10 Wand total gas flow of 30 seem. The 
plasma box serves also as a microwave resonance cavity. A low power probing microwave 
with a tunable frequency is coupled into the cavity and the resonance frequency is deter
mined Il). The resonance frequency of the cavity depends on the electron density inside. 
By comparing the resonance frequencies with and without plasma the space average of the 
electron densily is obtained. Using a frequency doubled Nd:YAG laser (À= 532 nm) addi
tional electrons are created by photodetachment of negative ions or laser-dust interaction. 
Their density as a function of time after the laser shot is measured using the microwave 
resonance method. This technique has a detection limit of 1012 m-3 and 1014 m-3 for the 
e.lectron and ion density, respectively. The time resolution of this method is 50 ns. 
The time evolution of the electron density in a dusty discharge is shown in figure 1. The 
electron density is high when the plasma is switched on (no dust) and it decays strongly 
within the first second of discharge operation, as the formatioo and charging of dust grains 
proceed 12] . In ligure 2 typical photodetachment signals in a <lust free (10 ms of plasma op
eration) and a dusty plasma (500 ms of plasma operation) are shown. The decay frequency 
of extra electrons in a <lust free plasma is relatively low and it agrees with the frequency 
of dissociative attachment to silane molecules. On the other hand, charging of dust is 
an extremely fast process, its frequency increasing with the dust grain size. Therefore it 
can be expected that the decay of extra electrons in a dusty plasma due to recharging 
of dust grains is much {aster than the decay in a dust free plasma. The height of the 
photodetachment signa! and its decay time as a function of time of plasma operation are 
shown in figure J. From the photodetachment signa! in a <lust free ·plasma the density of 
small negative ions (SiH;) can be deduced. This density (4xl015 m- 3 ) is reasonable fora 
weakly electronegative gas as SiH4 • However, in a dusty plasma the photodetachment sig
na! becomes· much higher. lt. corresponds to a much higher density than the one expected 
for negative ions or dust. This is not only due to laser stripping of multiply charged dust 
grains hut also to the enhancement of the effective laser beam volume when a part of the 
laser light is scatlered by the dust particles. 
At. intermediate plasma operation times (50-100 ms) only nanometer size particles are 
present [2]. As their presence cannot be evidenced by Rayleigh scattering, the change in 
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the decay frequency of the photo<lctachment signal forms a very sensitive technique to 
detect them. It also provides the only way to study the charging frequency of these small 

grains. 
This work has been supported by the European Commission as Brite-Euram Project BE 
7328. 
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Figure 1. Time ernlution 
of the electron density (in 
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Detection in the nanometer scale of particles generated in a Ar-sib4 
radiofrequency low pressure discharge. 

L. Boufendi, 1. Hermann, E. Stoffels, W. Stoffels, and A. Bouchoule 

GREMI, UFR Sciences, Université d'Orléans, BP 6759, 45067 Orléans cedex 2 

The particle formation is a genera! problem in plasma enhanced chemical vapor 
deposition (PECVD). Homogeneous nucleation and growth ofparticles are lirniting efîects 
when trying to achieve high deposition rates with good layer quality. Previous studies (1,2] 
performed using transmission electron microscopy (TEM) analysis and laser light scattering 
(LLS) showed that the dust formation is a stepwise process. The first step is the initia! 
formation of small (2 nm mean si ze) crystallites. Then, in a second step, these crystallites 
coalesce producing larger particles. Finally, the particle growth by coagulation is prevented 
due to the electrostatic charging and particles grow by molecular and radical deposition. 

The particle control in PECVD is manely based on LLS. Nevertheless this diagnostic is 
size limited due to the r6f>.... 

4 variation ofthe-Rayleigh light scattering cross section. For 
example, using the Ar+ line (À= 488 nm) the minimum radius for observation is r • 10 nm. An 
in situ diagnostic, complementary to the light scattering, has been developed by E. Stoffels et 
al (3]. They showed that particles could be detected with high sensitivity by laser heating of 
particles and recording black-body emision. In this contribution we present a powerful method 
for particle detection in the nanometer scale based on excimer laser induced particle explosive 
evaporation (LIPEE) and the results obtained conceming the initia! phase of particle formation 
in a low pressure radiofrquency Ar-SÎH4 discharge. 

Figure 1 gives an example of the LIPEE continuum emission. It is characterized by the 
atomie line emission of vapor atoms and ions and also by continuum emission due to 
recombination and bremsstrahlung. lts intensity is shown to be proportionnal to npr4 where r 
and np are respectively the particle radius and concentration. This is different from the 
equivalent formula for light scattering (npr6). We can than understand that small particles can 
be detected much more efficiently by LIPEE than by scattering. 
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Fig. l : Typical LIPEE emission for different plasma durations. 

Figure 2 Gives the evolution of the LIPEE intensity versus the plasma duration. It 
shows that, at ambiant temperature, the crystallites could be evidensed after aproximately 1 
ms. Their concentration increases while their size remains constant. When reaching a critica! 
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concentration of the order of 1010 to 1011 cm"3 the coalescence phenomena begin and the 

particles start to grow. ~---------------~ 
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Fig. 2: Evolution of the intensity oflhe UPEE signa! versus the plasma duration 

The influence of the gas temperature on the parti cl e formation is demonstrated on the 
figure 3. We can point out that the appearance of the crystallites and also the beginning oftheir 
coagulation are delayed at higher temperatures. In previous works [2] we showd also that at 
high temperatures the silane is dissociated the chemica] reactions leading to the particle 

formation are inhibited .. ~----------------~ 
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Fig. 3 : Evolution of the intensity ifthe LIPEE versus the plasma duration 
for different gas temperatures 

In this work we showed that the LIPEE is a powerful method to detect the particles at 
the first stage oftheir formation. We has shown also that the gas temperature plays an 
important role in the particle formation . 
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CONTROLLED SYNTHESIS OF NANOSIZE PARTICLES INA THERMAL PLASMA 

N. Rao, B. Mich.:el, D. Hansen, S. Jones. J Hi:twrlejn. S. Girshick and P. McMurry 

Introduction 

Department of MechanicaJ Engineering, Univcrsity of Minnesota 
Minneapolis. MN 55455. U.S.A. 

The understanding of the factors that con trol the formation of ultralïne particles in a plasma is of 
interest in both the development of a partick generation process, and in the avoid:mce of particle 
formation, e.g. in microelectronic processing reactors. Here we invesligatc particle formation in a 
thermal plasma with the aim of developing a process for the gener.ition of nanosize particles with 
a controlled size distribution. A thermal plasma process was chosen because the high energy 
density in a thermal plasma allows fast chemica! reactions, high 4uench rates and potentially 
large throughputs. 

Description of Experiment 

The experimental apparatus is shown schematical ly in Fig. l [ l ]. lt consists of a plasma torch 
mounted on the top 11ange of a w:ucr-cooled vacuum chamber. The reactants are injected into 
the plasma through a water-cooled ceramic ring mounted onto the torch. Particles are formed by 
rapid quenching of the reacting mixture in a ceramic converging nozzle downstream of the 
injection ring. The particle laden jet c:xit~ into the vacuum chambc:r which is held at a constant 
pressure by a liquid ring vacuum pump. Typical operating parameters are given below: 

Tahle 1 Representative operating parameters 

Are current: 150 - 250 A; Torch power: 3.5 - 10 kW; 
Torch gas flow rates: 30 sim Ar, 0- 7.5 sim H1; 
Reactant flow r.11es: 0-0.l sim SiCLi. 0 - 0.3 sim CH.1; 
Nozzle inlet pressure: 500 Torr; Chamher pressure: 400 Torr. 

The plasma is characterized by an enthalpy pmbe [21 which has been used to measure the radial 
and axial distributions of velocity and enthalpy in the nozzle. Independent calorimetrie 
measurements have been performed by detc:rmining tht: total c:lectrical energy input and the 
energy loss to the cooling water in the torch, the injection ring. :ind in the nozzle, and average 
values for the gas enthalpies and vdocities have hl!en derived at tht: downstream ends of these 
components. Particle size distrihutions have bt:i:n measurcd using a novel method involving a 
sampling probe inserted into the particle laden gas strcam exiting the nozzlc:, and by diluting the 
gas sample and then analyzing it on-lin.: using a Scanning Ekctrical Mohility Sizer (SEMS) [3J. 
Particles were also collected with a hypersonic impactor and characterized by transmission 
electron microscopy and di:ctron diffraction. 

Results and Discussion 

Representative enthalpy probe measurements of axial h!mperature and velocity variation in the 
nozzle are shown in Fig. 2. They ar.: in good agreement with independent calorimetrie 
measurements and are consistent with a nnzzle Ljut:nch rat.: of :ibnut 1 o7 Kis. It should be noll!d 
that there is some unc.:rtainty in th.:se Jata bc:causc .1f the unknllwn degree ,1f d.:viation from 
chemica! equilihrium. Partially frozen !low conditinns may change the dat:i. and we are prl!S<!ntly 
investigating the impact of such conditions. Typi<.::il paniek size distributions of Si, SiC and C 
particles measured with the SEMS are shown in Fig. 3. The panicle background in the absence 
of reactant injection is :ilso indicati:d. lt is apparent that the distrihution of the SiC particles for 
thi:se conditions peaks at approxima1dy IO nm. and tha1 <JO% of the panicks have diameters les.~ 
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than 16 nm. Si p:inicles. obtained without CR1 injection, have a size distrihution peaking at a 
slightly lower diameter value, whereas the pt::ik of the distrihu 1ion for the carbon particlcs 
(obLlined without injection of SiCl.1) is below 1he detcction limit of the SEMS. l}-SiC ph:ise is 
identlfied by electron diffraction, hut also presence of amorphous panicles h:is been detccted. 
These results indicate th:ll formation of SiC is most Jikely due to initia! nucleation of Si particles 
which are then carburized. 
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Fig. 2. Enthaipy probe measuremems in nozzle. 

c N"'4!Ho-

liill -.._,_ 
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Fig. 3. Paniclc size disuibutions mc:lSUred by SE'AS. 

Conclusions 

A new method for controlled synthesis of nanosized particles is presented, including a novel on
line particle analysis technique. SiC and Si particles have been obmined with mean diameters 
less than JO nm, and with narrow size distributions. The possibility of controlled variation of the 
part.iele nucleation conditions in the nozzle flow allows the study of details of the particle 
fonnation process. 
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TRANSIENT PHENOMENA IN PARTICLE FORMING DISCHARGE 
INFLUENCE OF PARTICLE GROWTH ON PLASMA PROPERTIES 
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Orléans cedex 02, France 

The recent research on dusty plasmas leads to a clear understanding of the behavior of 
dust containing plasmas and discharges. An example is the strong modüication of the eedf 
induced by the presence of dust in the discharge where this interaction leads to the so-called y' 
regime[l,2]. 

The basic understanding of the growth processes leading to particulate fonnation in 
dust forming plasmas is also in progress. In silane plasmas negative ions are clearly involved 
for initia! clustering, and growth kinetics is well established for larger sizes (10 nm). In 
between the growth process remains to be elucidated. 

This is the goal of the present study of the initia! transient phenomena associated with 
particle fonnation and growth in a low pressure Ar-Sili4 RF discharge. Time resolved data on 
crystallites appearance and coalescence and plasma properties lead to an insight on the 
crystallites-plasma interactions. 

By using the reactor box as a rnicrowave cavity the free electron concentration has 
been measured by time resolved (100 ms) resonance frequency measurements. Time resolved 
absolute measurements of argon lines intensities have been performed and these data give a 
good estimation of the electron temperature. The laser induced particle explosive evaporation 
(LIPEE) method, based on excimer laser interaction with the cloud of the condensed matter, 
has been used and is described in a companion contribution ( L. BOUFENDI & al). 
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Fig. 1 : Time evolution of the electronic density and the 750.3 run argon spectra! 
line intensity acquired in the same experimental conditions. 

The fig 1 shows the time evolution of the electronic density and the 750.3 nm argon 
line intensity obtained fora gas temperature of 100 °C, an RF power of 10 W, 30 seem argon 
flow, and a silane flow of 1,2 seem. As shown the temperature is a critica! parameter, as 
already known (3 J for the growth kinetics of the particles. From these OES data the electron 
energy is deduced by a 4p-4s équilibrium analysis developped at GREMI lab in previous 
studies. 
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The connection between the evolution of the LEPEE signa! and the plasma parameters 
has also been perfomed.The charging effect ofnanocristallites is shown by the decrease of the 
free electron concentration (the positive ion concentration remains constant, as given by 
electrostatic pro be) 

The electron concentration in argon-silane discharge is connected to the other charged 

species concentration by the charge balance relation N;°" = Nc + NpQp + N.; the two last left 

side terms corresponding to particles and negative ions. As N;°" remains constant the strong 

decrease observed of Nc is clearly connected to the charging effect of cristallites. At this size 
(nm) only one electron can be supponed by cristallites . . Before the coalescence the 
concentration of charged crystallites is of order 109 cm·3• 

The fast observed process of coalescence requires (see companion contribution 
PORTEOUS) that only a small arnount of crystallites must be negatively charged. The overall 
concentration of crystallites, whatever their charge, is required to be few tens or hundred times 
higher than the previously detennined concentration of the charged ones ( 1010-1011 cm·\ 

As deduced from spectroscopie data the electron energy is increasing in two distinct 
steps: 

1) During the initia! fast decrease of the concentration the electron temperature evolve 
in such a way that the ionisation and excitation rates remain almost constant. 

2) By. the end of coagulation phenomena , when particles reach sizes and net charge 
such that the transpon coefficient of electrons in the gas becomes strongly modified a. 
spectacular increase of the electron temperature is evidenced by the enhancement of argon 
lines excitation besides the strong reduction of electron concentration ( 1/30 of the initia! 
concentration) 
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THE DRIFT OF DUST PARTICLES PRODUCED INA SILANE GLOW DISCHARGE 

W. Böhme1.2>, M. Römheld1), S. Vepl'ck2> and R.J. Seeböckl) 

1) Siemens Research Laboratories, P.O. Box 3220, D-91050 Erlangen, Gennany 
2) Institu1e for Chemistty of Information Recording, Technica! University of Mwiich, 

Lichtenbergstralle 4, D-85748 Garching, Germany 

In order to understand particle contamination in plasma-enhanced chemica! vapour-deposition 
of amorphous silicon, we have investigated the dynamics of panicles formed in silane dischargcs 
in a parallel-plate reactor. Without dischargc the trapping forces for the particles [l,2,3) vanish 
and panicle motion is govemed by gravitation, friction (4) and thennophoresis [5]. 

Particles were formed in discharges in pure silane at pressures of 20 Pa and forward powcrs 
of 70 W at 13.6 MHz. The gas was fed into the reactor via a ring shower surrounding the lower 
electrode so that transpon of gas in to the inter electrode region was mainly by diffusion. The flow 
speed in the centre of the reactor is less than 1 cm/s as was shown by a flow simulation. The 
dweil time of the molecules in the centre is estimated to be several seconds. The drift speed of 
panicles was measured afler switching off the discharge by HeNe-laser light scatlCring. The 
scattercd light was spectrally filtered and detected with the help of a venically mounted diode 
array camera. The details of the experiment are described in [6].The plasma on-time was varied 
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Mcasured particle sinking speeds as 
function of the panicle radius taken from 
SEM micro graphs in a parallel expe
riment. The plasma conditions were 20 
Pa of pure silane; 90 W forward power 
at 13.6 MHz; both clectrodes at 300 K. 
The discharge on-time ranges from 1 to 
20 s. 

between 1 and 100 s. In a different experiment particles that feil out after switching off the 
discharge were collected on a substrate and analysed by SEM. For on-times of less than 20 s the 
size distributions were mono-<lisperse with monotonously increasing particle n1dii, R. From this 
result a correlation between plasma on-time and panicle radius was derived (6). 

In the first set of experiments both electrodes were kept at 30 °C so that no thermal force was 
expected to be present The results for the absolute value of the stationary sinking speed v, for 

different buming times are plotted in Fig. 1. As the gravitational force is proponional to R3 and 
the friction force for the present case is given by f.1 =- 4Jil p(8+1t)~/(3v,h) (4), v,ocR 

should hold if the panicle's mass density remains constant. Here p is the pressure, .!:'. is the speed 
of the particle (the gas is assumed to be at rest), and v, is the gas thermal velocity. The two solid 
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lines in Fig 1 represent the theoretica! result for pure SiH4 and pure H1. a particle mass density of 
2 g/cm3 and a gas temperature of 300 K. For R > 40 run (on-time 2 s) a deviation from the pure 
silane case is observed that is attributed to partial silane clissociation with the result of an increase 
of the fraction with lower mass. 

In the second group of experiments the lower electrode was heated while the upper on stayed 
at 30 °C. All data were taken for the identical discharge on-time of lOs. Already for lower 
electrode temperatures few degrees above the upper electrode one the particles Stan to rise 
instead of sink. The open symbols in Fig. 2 represent the measured rising speeds. The thermal 
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Measured particle rising speeds as 
function of temperature of the lower 
electrode. The discharge on-time was 15 
s in all cases which corresponds to 
R = 80 nm for cold electrodes. The . 
plasma conditions were again 20 Pa of 
pure silane; 90 W forward power at 13.6 
MHz. 

force s given by E., =-ic.YT where in the hard sphere approximation ic=S,fïk R2 t32r'J [7]. 

Here kis the Boltzmann constant and r0 is the molecular radius which was taken as 1.91 A. The 
solid line in Fig. 2 represents the theoretica! result in pure silane. For discharge on-times of 10 s 
there is already pan of the silane dissociated. So the increase of the measured values should be 
steeper than the line. On the other hand increased temperatures have a strong influence on the 
growth kinetics of particles so that the constant buming time does not really imply constant 
particle radius any more. 

In conclusion we have shown that simple application of elementary dynamics with the proper 
friction and thennal forces leads to very good agreement between measured and theoretica! drift 
speeds of plasma produced panicles. 
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MODELLING OF NUCLEATION AND GROWTH OF 
NANOPARTICLES IN LOW PRESSURE PLASMA 

R. K. Porteous •• T.Hbid" and L. Boufendi 
Laboratoire GREMI, URA 83 l CNRS, Université d'Orléans, Cedex, France 

A numerical model of particulates formation in a Ar/SiH4 radio frequency discharge bas 
been developed. This model describes the evolution of the concentration of neutra! and 
charged silicon containing species, from initia! monomers up to large size (10 - 100 run) 
particles. In connection with experimental data, the plasma parameters are rnodified in order 
to take into account the kinetics of the particle fonnation on the eedf. 
The model takes into account in a simplified way the various species and their collisionnal 
interaction: 
- neutra! and negatively charged radicals: clusters and particulates. 
- a limited number of positive ions. 
- free electrons 
The cross sections for reactions are described by simpte physical considerations for the 
various interactions: charged - neutra!, neutra! - neutra!, charged - charged. 
The model has been tested in the conditions where detailed growth kinetics have been 
obtained experimentally(l>: Argon flow 30 seem, SiH4 flow 1.2 seem, white the geometrical 
conditions are taken into account for diffusion losses. 
The preliminary results will be prese.nted. In accordance with experirnental data the 
formation of monodisperse size distribution of particulate are evidenced. A qualitative 
agreement is found with experimental data: Charging effects of small (run) systems, 
influence of the temperature on the kinetics. Nevertheless the growth of large size particles 
remains too low in comparison with experiments and that suggests a cluster inspection both 
on the collisionnal cross sections and on the initia! concentration of charged and neutral 
clusters and of nanometer sized crystallites. 

Figures captions: 

figl: Time and size evolution of char~ed cluster density. Argon flow 30 Seem, ion density is 
supposed to be constant (ni= l,5. l01

i cm· ) 
fig2: Evolution of electron density and electron temperature in the same eonditions as fig 1 
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EXPANSION OF DUSTY PLASMA 

Yury I. Chutov, Alexander Yu. Kravchenko, Anatoly G. Zagarodny, Piet J .J.M. Schram+ 

Dcpartment of Physical Electronics, Taras Shevchenko Kiev University Volodimirska St 64 
252017 Kiev, Ukra.ine ' r. • 

* Department of Physics, Eindhoven University of Technology, The Netherlands 

lntroduction 

The dusty plasma observed in space and - Jaborarory dc:vic:cs intensive invesligated at lalt time 
[l). But only the sctf-similar cxpansion of dusty plasma was invl:8tigated wilhout taking into 
account the cbaugc of dust parCiclc charge [2]. It is of inlel'ellt to invcaligatc the cxpansion of 
limitcd dusty plasma bccausc the limitcd plasma cxpaosion is csscntialty differcd from sclf-similar 
one duc to limited initial plasma encrgy [3]. 

Model 

The plasma laycr with slwp boundmy inilially consiBted of the equilibrium clcctrom and ÏOll8 with 
dcnsity De- 1Ji and tcmpcraturc Te> Ti as well as the non-<:hargcd dust particlea with dcnsity D<f is 
expanded by the sclf-consistcd clcclric field into a vacuum. It is considen:d the collisionleas plasma 
bccausc the plasma cxpansion time is Jeu the elcclron-ion collision time due to the choice of 
plasma parameters. 

The expanding plasma interacts with the dust particlea due to the large sizc of the dust particlc. 
Ibis interaction causea the change of dust particlc charge Qd gM:n by 

(1) 

where 'Ik• ft, Sk is charge, dislribution funcûon, ctfcctivc crou-sectioo of clcctron and ion 
intcracti.on with dust particlc, rcspcctivcly. The dfcctivc cro&HCCti.on sk is gM:n likc to ctfcctivc 
collccti.ng surfacc of sphcrical probc by 

S 2( 2f2iqk) 2 Q Q .tCV.t} = a 1- - - 2 atv1 >2 dq1 1(am.) and Jq1c>O. 
a""°vk 
and also at v1c > 0 and Qdqk < 0 , (2) 

S1(v1)=0 at v1c2 <2f2iqk l(am.) andf2dq1c >0. 

whcrc a is the dust particlc radius, ~ is the absolute vclocity of elcclron and ion interacting with 
the dust particle. The rcaulti.ng large charge as wdl as the large sm: of <lust particle causcs not only 
to collect the elcctrom and the ions bUl also 1hcir Coulomb coDisiooa with duit particlcs. 

PIC method was uscd for computer modcling of dusty plasma expmsion with taking into 
account the Coulomb collisiom according to [4]. Computa modcling was made for plssma laycr 
with ncxt parameters: the initial laycr sizc and the dust particlc radius rclatcd to Debye 1mgdi is 32 
and 1000, the nwnbcr of dust particlcs in Debye sphcra is 4000, the elcc1ron tberma1 vc1ocity and 
ion one rc.Latcd to the ion sound vclocity is 16 and 1, rcspcçtivcly. 
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Results 

Computer modeling shows that the dust particlcs can be strong influence on plasma expansion 
during initia1 stage of this expansion. This is confinncd by time change of both the middle clcctron 
cnergy Ee and ion one Ej as wen as the elcctron vclocity distnbution funclion F e shown in fig. I 
and 
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Figurc 2. The electron vclocity distribution 
function F e at twpi = 5 with dusty particles 
(1) and without one (2) 

fig.2, respeclivcly. As can be sccn frorn these figurcs, the dust particles accelerate lhe electron 
cooling and decrease the dcnsity of elcctrOllll, cspccially fast one. Il is of interest to notc that the 
electron cooling in expanding dusty plasma takes place al the esscnlially smaller ion healing than in 
expanding plasma without dust particles. Il is clcarly sccn at comparison of solid curves 1 and 2 in 
fig. I . lt means that the main reason of electron cooling in expanding limitcd dusty plasma is the 
fast electron adsorption by dust particles in contrast lo eleclron cooling in expanding plasma 
without dust particlcs. In last case, the elcctron cooling is caused by ion accelerali~ by self
consisted elcctric field. The change of elcctron vclocity distnbution funclion is also caused by the 
fast electron adsorplion by negative charged dust particles. 

Sorne olher effects in expanding plasma can be realized al the other density and size of dust 
particles. 
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EFFECTIVE POTENT!AL BETWEEN MACROIONS I~ 
COLLOIDAL SYSTEMS . 

• * 
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Eindhoven University of Technology, P . O.Box 513, 
5600 MB Eindhoven, The Netherlands. 

l.Introduction. 

weakly non-ideal electrolytes and other Coulomb systems, 
formed by the charged particles with a short-range repulsive 
part of interaction, are usually described by the Derja
guin-Landau-Verwey-OVerbeek (DLVO) potential [l] . This poten-
tial arises from a generalization of the Debye-Huckel theory for 
systems of charged particles with hard core. Therefore the 
DLVO potential is a purely statistica! (non-microscopie) one, 
which is obtained on basis of the Poisson equation with. 
the appropriate boundary conditions [2-4]. An attempt to a 
microscopie consideration of the potential in colloidal 
systems (CS) has been made in paper (S] , where the weakness 
of the counterion- macroion interaction (by the analogy with 
liquid metals, see e.g. (6]) was used to eliminate the 
counterion subsystem by the calculation of the partition function 
of the counterions. But the main peculiarity of colloidal systems 
with respect to liquid metals, connecting with the presence of 
two parts of the interaction potential between a macroion and 
a counterion: the short-range strong repulsive part and the 
weak Coulomb attraction outside the region of repulsion 
distances, was not taken into account . The purpose of this report 
is the consistent calculation of the effective Hamiltonian" 
which describes the es (liquid or crystal) as a one- component 
system of macroions with streng (in general) effective 
interaction. For this purpose only two propositions will be 
use: the weakness of Coulomb part of the macroion-cou~terion 
interaction VllS and the smallness of the parameter n8a, where hB 
is the density of counterions, which will be considered, 
for simplicity , as point particles (the generalization to 
finite size can be easily performed in this theory) . 

2. Model of es, small parameters and effective 
potential. 

We consider the simple two-component model of es 
consisting of the counterions with charge e>O and 
macroions with density of particles ha.. and with 
a radius of short-range interacti6n Q, (î!na:=ns>. For the 
usual es 40 t~ical values of parameters ·are : ;zz 500, 
n<l.= 10 crn- , na"'"'S'·10~2ct'>-ll . In this case 

the parameters of the Coulomb interaction in the subsystems are : 
~2 '2 ./13 2. 4 /a ~L r = .c: e n(I.: .::=: 30 r. -~ = r ~- ,a<< i. 

11a. E l<e T Q6 e i:.e,'T' oe\, 

For this estimate we used the temperature Ts300 K , e 
is taken equal to the magnitude of the electron charge , and 

E: is the dielectric constant of water. The Coulomb part 
of the interaction between macroions and counterions is also 
(rather) small: ~ "/~ 

r ,_ :ae ne = ['. :è'.-%< 1 
- Qg é IC 'î' "<4- • 

-:i 0 ~ -3. 
Since Q" 1C cm and h

6
a c:: 5·10 both our 
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assumptions are val i è. On the basis of a cumulan~ expansior
we obtain f or the effective potential between macroions in CS : 

:i. '2.. 

Yef(R)= ~11±Re e.x:p(- ~J, R>~a...; '{f(R).:-:>c, R<2a.. ; 

Z 2 = z::Z [(~+ .i) ch ~ - J_ 5~ ~ 1~ 
ef Ç RE--

j) o C../R 
D 

(l) 

Although the R-dependence of this effective interaction is the 
same as for the DLVO-potential, the effective charge of the 
obtained potential is essentially different from the DLVO one . 
According to eq. (1) Z:~-'- depends not only on the parameter X.= '7"~ 
as in the DLVO-theory, but also on the parameter~" Z!:e~lCTa.. t> 
The dependence of r.ef/: and ZOl...vo/r. on x for the values Sf!=O. 50 
0 . 75 ; l.00 is shown in Fig . l. For all values of the 0 

parameter x the effective charge in our theory is larger 
than the DLVO one: .2:8f- > 2 01...vo · 

3. Shear modulus 

we calculated the shear modulus on the basis of the DLVO 
potential and the effective potential (ll) for mono- and poly
crystals. The comparison of these calculations with expertiment 
[7] for the polycrystal case is shown in Fig.2. There is ten-
dency to the better agreement with the experimental results for the 
potential (1) .The values adopted in the calculations were Z2220 
and Z•l90 for the DLVO and effective potential (1) respectively . 

. · ~ ~Q 
:~ 
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REACTIONS OF DIMER-IONS WITH HYDROCARBONS: QUASIEQUILIBRIUM 

THEORY AND EXPERIMENT 

Introduction 

H. Kraus, A Iordan, C. Praxmarer, A Hansel and W, Lindinger 

Institut für lonenphysik, Universitat lnnsbruck, Technikerstr. 25, 
A 6020 Innsbruck, Austria 

Exoergic charge transfer processes between atomie ions A +, and hydrocarbon molecules CjHj. 

are invariably fast, i.e. k being close to the Langevin or ADO limiting values, kc. and they often 

are dissociative, showing complex breakup patterns. These pattems strongly depend on the 

difference, &E, between the ion-recombination energy, RE (A +>. and the iorûsation energy of the 

molecule, IE(CjHj). Breakup patterns as dependend on &E have been calculated for a variety of 

hydrocarbons using the Quasi-Equilibriwn-Theory (QET) under the assumption, that the total 

recombination energy, RE(A+) is used to produce excited CjH/• ions, which finally dissociate 

into fragments within about 1o-7 s. The fragmentation patterns depend on the available amount 

of &E. 

Breakup pattems obtained experimentally involving thermal reactions of atomie ions but also 
simple diatomic molecular ions agree well with calculated breakdown grapbs, as bas been shown 

by Sunner and Szabo [l]. In the present work we extended these investigations to dimer- and 

dimerlike ions as ionic reaction partners using a SIFDT (Selected Ion Flow Drift Tube) 

experiment [2]. This teclmique allows the investigation of ion neutra! reactions as a function of 

energy within the range from thermal toa few eV, mean centre ofmass energy, KEcm· 

Results aud discussion 

Checks on the product distributions of the reactions of Ar+, co+ and Kr+ with C3Hg showed 

excellent agreement with the above mentioned earlier results [ 1 }, however reactions of dimer and 

dimer-like ions yield break-up patterns, indicating that the energy, REetr. transferred to the 

neutra! collision partner is considerably less than RE, namely REeff= RE- e. The Franck Condon 

transitions, of typical dimer-ions are connected to repulsive potentials of the neutra! dimer

constituents, thus it seems that only the energy REew= RE - Erep• with Erep being e, is available 

for the charge transfer process. 

In the case ofKr2+ both the potential curves for Kr-Kr+ and the neutrals Kr-Kr are well known 

(Fig. !), indicating that an effective REeff = 11.9 eV is available for charge transfer processes 

involving vertical Franck.:COndon transitions. Also for the ions Kr.co+ and CO:co+ quite 

similar values REeff- 11.9 eV are expected in view of the similar ionisation energies IE(CO)-
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IE(Kr). The reactions of these ions both with C3Hs and C4H10 show breakup pattems, which 

occur when an energy of about 11.9 to 12.0 eV is put into these two molecules, supporting the 

above suggestion, that not the total energy RE, but only REeff is available in these charge 

transfer processes involving dimer- and dimer-like ions. While reactions of atomie ions and 

diatomic molecular ions with C3Hs and C~10 hardly show any energy dependencies of the 

product distributions, strong changes are observed in the respective reactions with dimer and 

dimer-like ions. Whether this is due to internal excitat.ion of these ions, when they drift at 

elevated energies in the buffer gas or due to other effects still needs to be investigated. 
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Fig. 1. Potential curves for the Kr2 + .system 
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THE INTERACTION BE1WEEN THE ION-DIPOLE AND THE ION-INDUCED
DIPOLE IN REACflONS OF THE POLAR ION ARH3+ 

C. Praxmam, A. Hansd and W Llndlnm 
InstilUl fllr loDCDPbysik, Unlvcrsitat Innsbruck, Tcclmikcrstt. 25, A~ lnnsbruclc, Amlria 

. Introdudion . . . . . . 
· · Many ion moleailc ~ns have mtc coefticiClllS; k, as large as the collisional limiting v8loè. ko 'lirhlch iS in the 
case of the intcraclion of an ion wltb a non;iolar molccule tbc Langevin limiting vahic kJ.. (l) bciDg typÎcl!1ly -
lx 10·9an3 s·l. · · : ' 

kJ..= 2ite(~f (1) 

Here a is the polarizabillty of the neutra! R8Clalll and mr the reduced mass of tbc reacdon partners. In the case of 
polar molcculcs kc is dcscnl>ed by tbc &VCfllge dipole orientation. (ADO) [2). 

. kADO• ~ [a112 
+ C11(1t~rl (2) 

In mucb tbc samc way as the permanent dipole of the Deutrai reactant enhanccs tbc collisional limiling value (kc 
• kAJ)()) over lq,. one CXpcáS tbat a large dipole ofthe reactant ion can causc an incrcase ofkc. lndced tbis was 
sbown to happen by Smith et al. [3) in a selected ion flow tube (SIFT) study of the Icactions of AIH3 + at SOK. 
Bogey et al. [4) oblained from mlcrowavc spectrosoopy the cxceptionally large dipole moment for ArH3 + of - 9D 
and calculations by Hob7.a et al [5] yicld )l(ArH3 ~;;; 8 D in agicemcnt wltb the result of Bogey et al(4]. The 
reactions of ArH3 + with the non polar ncUtra1s oi.. Nz. Oi and CO (CO has a very small permanent dipolc of -
O.llD) sbowed mcasured rate cocfficients k wbich c:xcecd the tbeoretically ob!ained values kç by approximately 
20%, whilc at tbc same tempcraturc the cxpcrimcnlal values obtained simultancously for tbc reactions of H3 + 
witb the neutrals CO, ~ and N2 were equal to kç to within ± 5% [3). No reacdons witb polar molecules were 
ilMstigated by Smith et al [3) Tbc signilic:antly lmxer values of the rate coefficicnts of the ArH3 + reactions CMr 

kç wcre attn'buted by Smith et al. [3) to tbc intcraction of tbc dipole moment of tbc ion wltb the quadrupole 
moment of the neutrals. · 
A becter insighl into tbis problcm surely is reached by additional invcstigatioos of ArH3 + .reactlons with polar 
molecules, providing a crucial test of the interaction causlng tbc incrcase of the mcasured ratc coefficicnts over the 
collisional limiting values kç. In the present work we report results on these kind of rcactions, wbich wcrc 
obcained using a sclected ion flow drift tube (SIFDT) at 300 K buffer gas temperaturc. Both polar neutrals S02. 
H20, NH3, CH3I, CiH5I, and non polar oncs, CO, NO (whlcb árc just barcly polar), Qi, N1 baving quadrupolc 
momcnlS, and the non polar neutrais Xe. Kr, 04 with no quadrupolc moments WCl'C used as .n:aáants. 

ResuJts 1111d Dlscussion 
Comparison of the rate coefficients with the colllsional limiting valucs (Table 1) shows quitc distiDct features. In 
the case of the rcactions of H 3 + ions there is qui te good agreement between the measured ra te coefficients and the 
calrulatcd capturc mtcs to within ± 10% in 11carly all cases. 
All the ratc coefficicnts measurcd for ArH3 + ioos .excecd tbc capture ratcs witb tbc cxception of 02 and D2. 
Within the group of non polar molecules !bere is no distinct diffcrcnce in the enbanccment of the ratc coefficicnts 
betwecn tbc DCUII1lls baving quadrupolc moments (CO, NO, Qi, N1 ,D2). and the oncs without (Kr, Xc, Cf4>, 
this cnhanccmcnt bcing on the average 23% of tbc rcspectivc Langevin ratc coefficients (sec a1so R.ebrion et al 
l7J). The enhanoemcnt of tbc rate coefficicnts of ArH3 + reactioos with polar molecules over the ADO-limiting 
valucs, k ADO seems to be somewbat bigbec, averaging at 30"/o. 
The present data, showing rate coefficicnu Cor ArH3 + rcactions which are distinctively 1arger tban the calculated 
collisional limiting values, 1q, and kADO respcctively, can be cxplaincd on tbc basis of an additive force 8Cllng 
duc to the ion-dipole/ion-induced dipolc interaction. Tbc cnhanccd rate coefficients with non polar neutrals botb 
witb and without quadrupolc momerus, k> kc rdlect the additional intcraction between the charge of the ion and 
the induccd dipol of the ncutrals. lt is the force acting between tbc charge of the ion and the induced dipol of the 
ncuttal wbicb governs tbc value of kL and tbus an additional permanent dipolc of the ion causes an additional 
force due to the ion-dipole/ion-induced-neuttal-dipole, yielding a "modified Langevin valuc" lq,,JD 
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. ( )lil Jci.,ro- 2it e ~ + f(ID/IND·D) (3) 

wbere f(IDtrND-D) is an additivc factor dcpcndent on a rclation between the ion-dipole and the ion-induced • 
ueutral-<lipole. . 
The present data and the ones in Ref. 3 are probably accurate enough to act as test cases for theoretka1 
calculations on this subject An extension of the Langevin and ADO-theory including the ion-dipolc/loo-induced· 
dipolc and DCUtral permanent dipole internction respcctivcly should yield a quantitative expression ra pndict tale 
cocfficients for rcactions of !ons with large permanent dipolc moments. 

ArB"+ e.+ -
Rad. kalo' ..., .1o9 

"" "" Product "' " k•lo' k,, .1o9 "" 1...,3,-11 ran3, · 11 R<t3 rA31 mr 1an3.·11 raa3a·1r 

-1lQ_ 1.02 0.77 1.32 NOH" 1.70 O.!S 1.94 l.9S 0.99 

~ 0.90 o.n 1.17 1.27 N,!f" 1.74 0 1.74 1.89 0.92 

.....f'Q._ 1.()2 0.82 1.24 1.16 coll' 1.9$ 0.11 2.03 2.03 1.00 

~ 1.24 1.10 1.13 1.14 CH,+ 2.$9 0 2.40 2.JS 1.02 

___&__ 0.15 0.69 1.17 KrH ... + 2.48 0 1.04 2.17 0.48 

Xe 1.U 0.83 1.33 x.w1 4.04 0 2.49 2.7' D.91 

Xeli1•1 -
1.23 1.19 0.97 

u.o 2.30 2.01 1.24 ff.,Q+ 1.4, 1.8, 4.81 4.50 1.07 

NH. 2.,6 1.88 1.36 NH + 2.26 1.47 4.39 4.14 1.06 

~ 2.00 uo 1.33 ""-W 3.72 1.63 4.93 4.48 1.10 

~ 2.13 1.61 1.33 CH,1+ 7.97 l.62 , _39 '-36 1.01 

~ 2.2, !.BO 1.2S C,H,!+ 10.0 1.91 S.16 6.10 0.96 

1.30 1.04 -

~ 0.60 0.68 0.88 1.18 '"'-W US 0 0.6S 1.79 
0.36 

D1 0.42 1.09 0.31 Ar"2!>. 0.79 0 O.SB U9 0.36 

A"'-W 
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SPIN-ORBIT STATE DEPENDENT REACTIONS OF XE+(2P112) AND 
n+ (2P312) Wim CB4 AND cos 

Introduction 

W. Recheis, H. Kraus, A Jordan, A Hansel and W. Lindjnger 

lnstitut filr Ionenphysik, Universität lnDsbruck, Teclmikerstr. 25, 
A-6020 Innsbruck, Austria 

A detailed study of Adams et al. [l] bas shown strongly differing reactivities of the two spin-orbit 
states 2pl/2 and 2p3/2 of Xe+ ions in reactions with various neutrals. Xe+(2P3;:z), having a 
recombination energy, RE, of 12.13 eV reacts fust with COS (8.7 x 10-10 cm3 s·l), wbile the 
higher lying ~e xe+<2P1;:z) with RE being 13.43 eV reacts only with a rate coefficient of2 x 
10-ll cm3 s-1 with COS [l]. On .the other hand, xe+(2P11:z) reacts fast with C14, while 

xe+(2P312) can not react at all with Cli4, because of energetic reasons. This information is used 
in the present investigation to produce state selected ions Xe+(2P1;:z) and Xe+ (2P3;:z) prior to 
their injection into the reaction part of a SIFDT (Selected Ion Flow Drift Tube) in order to allow 
for the investigation of the energy dependencies of their reactions with various neutrals, including 
the quenching ofxe+(2P1;2) to xe+(2P3;2). 

Experimental and Results 
In a conventional SIFDT system [2], ions are created in an electron impact ion source and mass 
selected by a quadrupole system bèfore entering the buffer gas filled drift section, where reactant 
gas is added in order to allow for the investigation of ion neutra! reactions. The quadrupole 
system does not distinguish between excited and non excited ions, which are produced in the ion 
source, i.e. in the case of rare gas ions Ar+, Ne+, Kr+, xe+, both spin-orbit states 2pl/2 and 
2p3/2 are present in densities comparable to the statistical ratio 1 :2. We have now added an 
octopole storage section between the ion source and the injection quadrupele system, where filter 
gases can be added in order to selectively remove ions in specific states by ion molecule 
reactions. In the. present case pure xe+(2P3;:z) is injected into the SIFDT after removing 
xe+<2P1/V by addition ofCli4 as a filter gas to the octopole system Vice versa xe+(2P312) is 
removed by the addition of COS as a filter gas. 

The injection of pure Xe+(2P11:z) allows to distinguish between charge transfer (la) and 
quenching (lb) processes ofxe+ (2P112> when Cli4 is added as the reactant gas to the SIFDT. 

Xe+(2P112) + Cli4 ---+ Cli4+ + Xe 

---+ xe+(2P3;2) + Cli4 

(la) 

(lb) 

Adams et al. [l] suggested, that in collisions with Cli4 half of the Xe+(2P112) is quenched into 
xe+(2pJ/V and the other half is reactively removed by process la at room temperature collision 
energies. This suggestion was based on the assumption that the two spin-orbit states are 
produced in the ion source according to the statistical ratio 1 :2. In the present experiment we 
could proof that 60 % of the xe+(2P112) are converted reactively to Cli4+ and 40 % are 
quenched into xe+(2P3/:z) independent of the relative collision energy (KEcm) of the reactants in 
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the regime from thermal to 1 eV. The overall rate coefficient for reaction 1, which was calculated 
in the usual way [3] shows a slight increase from - 9 x 1 o-1 O cm3 s-1 at room temperature to -
1.3 x 10-9 cm3s-1 at KEcm - 0.7 ev. 

A1so the reactions ofXe+ witb COS, 

xe+<2P112) + cos (2) k2 > cos++ Xe 
k . 

and Xe+(2P3/2) + COS . 3 ) cos+ + Xe . . (3) 
have been investigated as a function ofKEcm. the results ofwhich are shown in Fig. 1. 
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Fig. 1 R.ate cocfficient for the state-selcctive reactions xe+(2P112) +COS and Xe+(2P312) + COS as a 
function of the meao relative kinetic cnergy, KEan, between the reactants .. 

While kJ stays constant, being - 8 x 10-IOcm3 s·l, k2 increases from - 1.3 x io-11 cm3s-l at 
0.08 eV to 3 x 10~10 cm3 s-1 at 3 eV mean centre ofmass kinetic energy, KEcm. 

Conclusion . 
The addition of an octopole section to the ion source system of a conventional SIFDT, allows for 
the preparation of"pure" state-selected Xe+(2P3/2) and Xe+(2P112) ions. 
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Semiclassical analysis of the vibrational relaxation in the 
NO+-ffe collision system 
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In the last years the extensive experimental investigations of the vibrational relaxation 
phenomena in collisions between diatornic ions and neutra! partners were performed in 
lnnsbruek, Boulder and Hancsom laboratories ( see, for review, Ref. [ l],[2],[3] ). 

In the pioneering work [ I] of Ferguson a sufficiently successful attempt was 
undertaken to correlatc these experimental observations on the vibrational relaxation of 
diatomie ions and especially to explain the experimentally observed inverse temperature 
depcndcnce of the rate eonstants at low temperature by mcans of the proposed dual reaction 
mechanism. The later artiele [2] of Gislanson and Ferguson has made as main objective of the 
study the establishment of the fairly universa! correlations between the equilibrium geometry 
charactcristics of the intermediatc complexes and the probabilities of the vibrational relaxation 
and associalion proeesses. 

In or recent study [4] wilhin the framework of the serniclassical method we have 
underlaken an auempt to study the physical relevance of the specifically anisotropic interaetion 
potenlials, which are resulting from the applieation of the postulates of the model 121 of 
Gislanson and Ferguson to the functional form for the PES proposed by Tosi et al.[5]. The 
satisfactory results, conceming the vibrational relaxation of the 02+ in eollisions with He, 
obtained in that work, encouragcd us to proceed with the further scudy of this collisional 
system and with the extension of our procedure for constructing the interaction potenlials on 
other collision systems. As an interesting example in this respect, studied in our recent work 
r 6] and presented briefly here, seems to US to be the No+-He collision system, being the 
subject of the recent experimenlal studies 171. [8] in the very broad temperature range. 

The procedure of constructing of the PES for symmetrie systcms is described in our 
prcvious work [ 4] and eonsists esscntially in the parametrization of the funclional form 
suggested in Ref.[5] on the base of poslulates of the Gislanson and Ferguson model 12]. For 
the investigated here non-symmetrie system NO+-He we modified this funetional form to take 
into account more repulsive nature of the He-0 intcraction comparing to the He-N one. 1his 
procedure is discussed in more detail in the Rcf.[6]. 
The dynamica! model used is the semiclassical (classica! path) model [9], reviewed also in our 
recent publications [ IO].[ 11]. 

The results of semielassical caleulations for both vibrationally inelastie systcms (02+
He and NO+-He ) in the broad temperature range confirm our previous eonclusions [ 4] aboul 
the appLicabilicy of our procedure 10 consLruct the glohal PES fo r NO+-M and 02+-M 
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collision complexes, based on the postulates of the model [2] of Gislanson and Fcrguson. The 
reasonable agreement with both near-thennal SIFDT results [7] , obtained in the Innsbruck 
laboratory, and with the very low temperature free jet measurements [8] of Hawley and Smith 
for the NO+-He system is achieved by adding of only one physically reasonable additional 
assumption to the potential construction procedure from our previous work [4]. Our 
observations, conceming the connection between the valu'es of the anisotropy parameters and 
the values of the calculated reaction attributes, are in basic agreement with the conclusions of 
the ether recent studies. 
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A Proposed Heavy Ion Storage Ring at the Legnaro National Laboratory (LNL) as 
new tool for atomie physics. 
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During the last years great interest had been devoted to confined heavy ion 

plasmas at very low temperatures. From a theoretica! point of view, a "phase" 

transition toa "crystallized state" of the ion plasma, seems possible. The necessary 

condition to be satisfied is that the kinetic energy of the particles becomes smaller 
than the coulombian potential energy[l]. 

Very cooled ion beams accelerated to several MeV /nucleon, can be stored in circular 

particles accelerators (storage rings). The interest in storage rings for heavy ions 

carne with the development of methods of phase space particles cooling (2]. These 

methods can be applied effectively only for stored ions through repeated interaction 

with the cooling medium. In this case the confinement occurs only in the direction 
transverse to the beam (focusing forces) and, after the ion beam has been strongly 

cooled, a crystalline structure is generated and circulate around the ring. 

To permit generating and maintaining of a "crystal" along the orbit, a devoted 

storage ring is necessary. In such a ring the usual known cooling techniques must be 

applied. At present there are three cooling methods werking or under test: 

stochastic cooling, electron cooling and laser cooling. The advantages of the beam 
cooling are: a) the preparation of a ion beam with low momentum spread and low 

emittance (divergence plus spot size) b) the compensation of the emittance growth 

due to beam-target or residual gas interaction c) the possibility of accurnulating a 

beam of rare exotic ions. 

At the INFN National Laboratories of Legnaro (PO) has been studied the feasibility 

of a such heavy ion storage ring for atomie and molecu!ar physics applications [3]. 

l. Beam coolin~ techniques 

As it's wel! known, the Liouville theorem state that in the phase space the particles 

volume is a conserved quantity. However this theorem can be circumvented by 

coupling the particles of the stored beam to another system in the same way as 

coupling a thermodynamic system to a separate heat recervoir changes the internal 
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energy of the system. The concept of a kinetic gas theory temperature can be used to 
define the ion beam temperature by taking the mean square velocity spread with 

rtespect to the centra! orbit as the mean energy spread. 
a) Stochastic cooling: in this type of cooling a pick-up measures a lateral deviation of 

particles,with respect to the centra! orbit. A quarter of betatron wavelength further 

downstream, the Iateral deviation is transformed into an angular error which can 

be corrected by a kicker. The stochastic rooiing is effective for very hot ion beams, 

50 it might be applied as precooling before other cooling methods are applied. 

b) Electron coolin~ is based on energy exchange between the ion beam and a higly 

collimated and monoenergetic electron beam (transverse temperature - 0.1 eV) 

having the sarne velocity as the ions. The two beams are traveling together over a 
distance of about 1-2 m and the ion beam is cooled by exchanging his energy with 
the electrons which are warmed up. The ions and electrons interact through 
repeated Coulomb scattering. The final ion temperature is stated around Ti ~ 

Cm;/mc>Te where Te is the initia! electron temperature and in bracket is the ratio of 

the ion to electronic mass. 
c) Laser cooling: laser photons have been used to cool atoms and ions. In this kind of 

cooling technique the photon transfers momentum to the atom in a resonant 

process related to the laser frequency. By tuning the laser frequency through the 
beam velocity distribution it's possible narrow (cool) the distribution. Though this 
process has been recently applied in ion traps and atomie traps as well as in 
atomie beam, the cooling in a storage ring has 50 far not been demonstrated. 

2. Electron-ion collision experiment 

In studies of electron ion-collisions a cooler can be used as an electron target with 

excellent properties due to the high quality of the electron beam and the very low 

residual-gas pressure. The electron densities can exceedes Jü8 cm·3. 

Ina cooler can be observed different types of recombination a) spontaneous radiative 

recombination b) laser induced recombination c) dielectronic recombination d) three 

body recombination. The reason of studying these processes is due to practical 
applications and fundamental questions in the atomie physics[4). 

1. see Proc of Workshop on Beam Crystallization, Wertheim (1988) 
2. G. Brautti, A. Raino' and V. Stagno, Seventh Eur Sec. Conf. on the Atomie 

and Mol. Phys. of Ioni. Gases, 154 (1984). 
3. L. Tecchio et al., Workshop on Elec. Cool. and Rel. Topics 3-8 Oct. (1993), 

Montreux, Switzerland 
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ANAL YTICAL FORMULA FOR IONIZATION CROSS SECTIO NS 

JN ALKANES AND ALKENES. 
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Based on the Born-Bethe approximation, the formulations available to calculate the inelastic 
scattering cross scctions are only valid at high energy (more than 500 e V). In this approximation, 
the electron energy must be greater than the energy transferred to the molecule. 

Nevertheless, some authors<O tried to extend this formulation to low-energy regions 
semiempirically by introducing adjustable parameters or functions to respect experimental data. 
These parameters or functions only affect the Jow-energy part of the variation of the ionization 
cross sections. Unfortunately. these attempts have not been successful for hydrocarbons(2). 

The aim of this work is to determine, by an analytica! approach, the total ionization cross 
sections in alkanes (CnH2n+2) and alkenes (CnH2n) valid both at high and low energies (from 14 
eV to relativistic energies). 

Determination of ionization cross sections in hydrocarbons. 

Based on the Jast semi-empirical formula of VriensC3l, a new expression of the total ionization 
cross section cr~00 (E) (where nis the order in the alkane or alkene series) is obtained: 

47ta2 

0'~00 (E) = --0 A.Ln(I +0.08(E-I.))ll>,(E) 
E 

an is the Born radius, R the Rydberg energy, In is the ionization potential and Eis the incident 
electron energy. In this formula, An and <l>n(E) are parameters adjusted to fit experimental data. 
An is a constant characteristic of the molecule and depends on the generalized oscillator strength; 
the <f>n(E) functions vary between 0 and 1 and are equal to 1 at high energy. <f>n(E) determines 
the electron ionisation cross section at low energy only. 

In the case of these two classes of molecules, the additivity rule to calculate the total ionization 
cross section of the molecule from the partial ionization cross sections of the C-H and C-C 
bonds is valid(4-6)_ Consequently, only one <l>(E) function is needed for each class whatever n. 
But. for alkanes, two <f>(E) functions are introduced. Since CH4 has a particular position in the 
alkane series, because of the Jack of a C-C bond, a specific function (noted <1> 1(E)) is !hen 
introduced for this molecule and another one (<l>2(E)) for all the other alkanes (n> 1 ). 

In order to res~ect the variations of the experimental data of the ionization cross sections at low 
energies. the <l>(E) functions were deduced from available experimental results of the lowest 
molecules (CH4, C2H6 and C2H4)(7-8l, The best form of<f>(E) is the following one 

.J b) .J b' ) ( b"(E-I)) <l>{E)=a. ex!\.-~ +a'.ex!\.- E2 +a".exp --E-,-

where the constants a, a', a" and b, b', b" are given in table 1. 1 reprcsents the ionization potential. 

The determination of the An constants is made at high cnergy (when <f>(E) is equal to 1 ). Due to 
the additive rule, it is only necessary to know two An data to deduce the othcrs for all the alkanes 
or alkenes. 

A, - 2A,., + A,.2 = 0 
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The two An values were obtained with the help of experimental cross sections from Schram er 
aJ.(6) 

Constants a b (eV) a' b' (eV)2 a" b" (eV) I (eV) 

<l>1(E) 1.265 52.987 0.22 -36.67 -0.389 108 596 12.98 

<l>2(E) l.80 37.087 -8.717 10.915 7.976 -2.558 11.65 

<l>e(E) l.0754 38.743 0.086 -0.943 -0.088 -0.7956 10.4 

Tab Ie 1- Constants for the calculation of the <l>(e) functions for alkanes (<1>1 (E) and <l>2(E)) and 
alkenes <l>e(E). 

1 n 1 2 3 4 1 5 1 6 1 7 1 
1 Alkanes 4.35 8.6 12.5 1 16.4 1 20.3 1 24.2 1 29.8 1 
1 Alkenes 7.5 11.9 1 16.3 1 20.7 1 25.1 1 29.5 1 

Table 2- An constants for alkane and alkene series . 

The next figures show the variations as a function of the electron incident energy of the 
ionisation cross sections for some alkanes (figure 1) and alkenes (figure 2). For comparison 
available experimental data are also ploned(6-9), The calculations are in good agreement with the 
experimental results. 

If the incident electron energy is greater 1 ke V, the relativistic effects become high and are taken 
into account. 
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DETERMINATION OF ELECTRON-MOLECULE COLLISION CROSS SECTIONS 

IN ALKANES 

Introduction. 

A Chouki, M.C. Bordage and P. Ségur 

Laboratoire des Décharges dans les Gaz, URA n°277 du CNRS, 
118 Route de Narbonne, 31062 Toulouse Cédex, France 

As organic vapors play a very important role in a lot of industrial applications (modem particle 
detectors, combustion processes. etc.), it is necessary, to facilitate the understanding and optimize the 
working properties of the various industrial devices, to improve the knowledge of the interaction 
between the charged particles and molecules of these gases. In this work, we will focus on electron
molecule interactions. 

In alkanes. the knowledge of electron-molecule cross-sections is very poor. A small number of 
experimental determinations is available and, due to the complexity of these molecules, quantum 
mechanica! calculations are not yet reliable. For example, the only experimental data available are the 
grand total cross-section, some total and partial ionization cross-sections (not for every gas) and the 
attachment cross section. Partial information for vibrational cross-sections may also be found, but they 
are restricted to the simplest of these molecules (methane for example). 

Unlike for cross-sections, there are many experimental determinations of swarm parameters coming 
from drift chamber experiments. As these determinations are usually very accurate , and as the 
variation of swarm parameters versus the reduced electric field E/N is strongly connected to the energy 
variation of the various cross-sections, it is possible to extract cross-sections from the experimentally 
determined parameters. This is the well known swarm parameter unfolding technique introduced by 
Phelps and coworkers(I) thirty years ago. Although this technique is not able to give a single set of 
cross-sections, 1he increa.~c in constrainls during 1he unfolding process (i .e. the increa~e of !he number 
of swarm parameters used) , decreases the degree of freedom in the choice of the various cross
sections. 

Determination of electron-molecule cross sections. 
To increase 1he constraints, it is necessary to use not only the various swarm parameters (drift 
velocity , longitudinal and transversal characteristic energies, ionization coefficient, attachment 
coefficienl) in the pure gas for which we want to dctermine the cross-sections, but also to use the 
information coming from the knowledge of the swarm parameters in a mixture of this pure gas with 
another gas whose cross-sections are well known (a noble gas for examplc). 

Pai1icularly, the use of a mixture of gases allows the separation of the contribution of the various 
collisional processcs occurring at low energy (rotations and vibrations) . Another constraint. which is 
important to add in order to determine the low energy part of the cross-sections. is the variation of the 
mobility as a function of the temperature of the background gas. In these conditions and for the 
molecular gases considered here, collisions of the second kind corresponding to vibrations play a 
prominent role , and the mobility becomes a function of the gas temperature. Il is clear that the cross
sections obtained must take this variation into account. 

Other information connected to the genera! physical behavior of interaction processes must also be 
integrated in the unfolding techniques. For example, in the elastic momentum transfer cross section of 
every alkane. a Ramsauer minimum at low energy located between 0. 1 eV and 0.3 eV must be 
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included. Fu11hermore, the presence of a maximum, coming from a resonanc internccion mechanism, 
in both the elastic and vibracional processes and located ac 7.5 eV for all hydrocarbons must also be 
taken into account. 

As the number of vibrational modes increases with the molecular si ze of the alkanes (4 for mechanc, 
36 for isobutane), a careful choice musc be made among all the various modes possible. 

We have derived the cross seccions for the first four hydrocarbons (i.e . methane, ethane, propane and 
isobutane). The complete set of cross scctions for ethane is reproduced in figure 1. The cross sections 
have been extended co high energies using the Born Bethe approximation for inelastic collisions 
(excitation and ionization) and Massey's theory for che elascic collision. 

In figure 2 we have ploned the variacion ven;us E/N of the longitudinal characteristic energy calculated 
with our sets of cross sections in mechane, ethane, propane and isobucane. Our results are compared 10 

che available experimencal daca. The inrerest of this comparison is that the longitudinal characceristic 
energies were not used during the unfolding procedure. These comparisons then conslitute a good 
check of the accuracy of our cross-sections. 

--· 7 --8 ... s--- 6 
·····3·····4 
-1····· 2 

0 .1 """l 

Energy (eV) 

00~o~.---,-'-o.-· ---,~o.--~,o-· ---,-'-0,---.-'109 °' 
E/N (1 o·"v.cm') 

Figurc 1: Elcclron molecule collision cross Figure 2: Calculatcd (lines) and experirnemal 
sections in ethane . 1: elastic momentum (symboJs)(2,3) longicudinal charncteristic energy 
cransfer, 2-4: vibrations, 5:dissociation. 6: total as a funccion of the reduced electric field for che 
excitation. 7: tot:il ionization. 8: attachment hydrocarbons . 
(xlOO). 
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COLLISION INDUCED DISSOCIATION OF H1CoH· AND :&icoo· IONS. 

J. Glosik1.l, V. Skalsky1
•
1

, W. Lindin&er1 

nlnstitut für Ionenphysik, Leopold Francens Universität, TechnikerstraSse 25, A 6020 
· Innsbruck, Austria 

2lMathematics and Physics Faculty, Charles University, V Holesovickach 2, Prague 8, 
CzcchRepublic 

lntroduction 

When molecular ions are drifting in a neutra! atomie gas, energy is fed into their intemal degrees 
of freedom, and the molecules eventually dissociate. Such collision induced dissociation process 
(CID) in a multicollisional system can be described by the Linrleman - Hinshelwood model for 
unimolecular reactions [l]. Despite the multicollisional character of the process, in the low 
pressure limit CID has the second order reaction kinetics with the effective binary rate 
coefficient, ~- We studied the dissociation reactions: 

+ He -+ neo· + Bi + He 

+ He -+ neo· + HD + He 

Experiment and Data analysis 

(1) 
(2) 

The experiment was conducted with the lnnsbruck SIFDT apparatus. In the experiment the drift 
tube is divided into two sections (for more detailed description of the experimental setup and data 
analysis sec [2)). After the injection the ions pas the thermalisation section with low E/N (no 
CID), and then enter the second section - reaction region - with F./N high enough for CID to 
occur. In order to obtain the reaction rate coefficient, Je,, of the CID, the relative number densities 
of the primary and of the fragment ions were measured as functions of the reaction length. 11. 

Then kz, was calculated by using fonnula [3): 

F(Jz.) = [~COB']/([~COB'] +[COB']) = Cexp(-lz[Heg/ v). (3) 

Here C is constant, [He] is the 
helium buffer gas number density, 
and v d is the ion drift velocity. The 
mobilities of the ions (H2COW and 
H2COD') were measured. The #decay 
curves," semilog plots of the ratio F 
versus 12 for different F./N, are plotted 
in Fig.1. Note the good linearity of 
the plots, indicating the constant rate 
of the CID along the reaction region. 
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Results and Discussion 

H1COH' ions were produced from H1CO by the proton transfer from four different types of ions: 
H1CO" H/, H,o·and CH5._ The fragment ions produced in CID ofH1COH' have mass 31 arou. 
On the base of the reactivity with N10 [4] they were identified as Hco· (100%). The obtained 
~ as dependent on the average center of mass kinetic energy, Ei,, is given in the form of 
Arrhenius plot in Fig.2. When 
H1coo· was produced by the 
deuteron transfer from 0 3 • to H1CO 
the product ion in the CID was Hco· 
isomer only. Production of Hco· 
indicates that the deuterium atom is 
not placed in position equivalent to 
positions of H atorns (for ·structural 
isomers sec ref.[5]). We can suppose 
that deuteration occurs on the oxygen 
exclusively and that 
hydrogen/deuterium exchange inside 
H1coo· is not taking place prior to 
its unimolecular decomposition. The 
Je, obtained for CID of H1coo· is 
included in Fig.2. No difference in Ic, 
was observed for different donors of 
the proton and between protonated 
and deuterated H1CO. Linear part of 
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the Arrhenius plot is leading to Arrhenius activation energy E" -57 kcal/mol. The enoothermicity 
of the reactions (1) and (2) is 27.7 kcal/mol, so we can conclude that there is a harrier against 
the dissociation [6]. 

This research was sponsored in part by the Charles University, under contract No. 294/93, and 
in part by the Fonds zur Förderung der Wissenschaftlichen Forschung. 
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EFFlCIENT CLOROFLUOROCARBON'S (CFC'S) DESTRUCTION INA 
l\UCROWA VE CONTRACTED DISCHARGE 

G.A.Ask.aryan, G.MBatanov, S.I.Gritsinin, E.G.Korchagina, l .A.Kossyi, 
V.P.Silakov, N.M Tarasova 

Institute of Genera! Physics, Russian Academy of Sciences, 
Vavilov St.,38, 117942, Moscow, Russia 

High prcssure m.icr0wave (mw) discharges are unique plasma formations in which ioniz.ation 
instabilities (obscrved in many gas-discharge S)'SlelllS [IJ) rise to the strongly nonlinear stage 
followed by the quasi-stationary state characterized by extremely high plasma parameters in the 
contraction regions ("filaments" or "channels") [2-4]. The channel structures (characterized as 
the 'm.icroexplosion' regions) with an electron density n,,=1016_1011 cm-3 and temperarure r

0
=3-

lO eV occupy apptoximatcly 0.1-1 % of the discharge volume. The rest of the discharge 
volume is occupied by a cold plasma with n0=1012-1013 cm·3 and T_<l eV whicb results from 
the pbotoioniz.ation of the interchannel medium by lN radiation coming from the contraction 
region. 

This paper studies high prcssure discharges excited by a mw bcam in the air with CFC -12, -
l l (cblorofluorocarbons CF2Cl2 or CFC/3) contamination. We are aimed at botb detennining 
the efficiency of CFC destruction and finding the main dissociation channel. This problem is 
especially urgent in view of the currently discussed options ofusing mw beams for local (in the 
regions of emergency products) or global atmospbere cleaning from CFC contamination, 
whicb destroys the ozone layer of the Eartb [5,6]. 

In the considered experiments, the gas discharge was initiated by a converging beam of 
pulsed mw radiation with a wavelength A.n-2.5 cm or A.a-0.8 cm, pulse power Ps:400 kW, 
pulse dwation r:> 100 µs, repetition frcquency .f=0.1-10 Hz, and energy flux density in the beam 
focus / S: 30 kW/cm.2 

The total air pressure varied as 30s:ps: 760 Torr. Fig.! and Fig.2 present the experi.mcntal 
results. Fig.! displays the experimentally obtained energy cost of one CFC molecule 
dissociation as a function of the CFC content in air. The energy cost was determ.ined from the 
following relation: 

&,:.:P ·/·ll!,-1 /~f 
\\ilere /ltc is the total time of gas volume irradiation by a train of mw pulses initiating the 
discharge and /lNF is the number of CFC molecules that were dissociated in the time !lt.. Fig.2 
shows the typical plasma-decay time after the mw pulse as a function of the CFC content in air 
(the decay time was determ.ined for the first pulses in the pulse train when llNiJNF<<I). 

The experi.mcntal results yield the conclusion that the high efficiency of CFC destruçtion in 
!he mw putse is govemed by its specific structure, which is due to the onset of ioniz.ation 
instability. Precisely the main components of the discharge structure, namely, the channels or 
filaments are the regions where the CFC, contained therein, are practically completely 
destroyed due to the following processes: 

1. Direct dissociation by elcctron impact: e+CF2Clr+e +dissociation products (CF2Cl, CF'l' 
CFC/2, CC/2, CC/, CF. CFCI. C, Cl, Cl2, F.F~. CIF) 

2. Dissociative attachment of the electrons: e+CF2C/2..+CF2Cl+Cr 

3 .CFC-molecule ionization followed by the dissociative ion recombination (CF2ct;, CFCI; ). 
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4. CFC destruction due to their interaction with the elcctron-exited atoms and molecules of 
both nitrogen and oxygen, for example: 

CF j:f y0(1D)~COFCl+FCI 
--+-CF2Cl+CIO 
~COF2+Cl2 

At the same time, the analysis shows that essential contribution in CFC destruction may also 
come from these regions undergoing the action of the UV radiation produced again by the 
filament structurcs. The UV radiation is capable of destroying CFC both directly : 

CF2Cl2+hv--+-CFpl+CI 
--+-CF2+2CI 

and undirectly: 02+>n·~O~ +e; CF2Cl2Te~CF2Cl+cr 

or CF2Cl2+hv~CF1Cl ; +e; CF2C/2+e~CF2Cl+C/-
and CF2ct; •Cl- (+M)--+- the products of the dissociative ion recombination. 

Thus, the onsct of the ioniz.ation instability and formation of specific contraction regions 
result in the situation when the high- pressure mw discharge excited by the electromagnetic 
wave beam becomes an efficient means of destroying the CFC contamination in air. 
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Fig.2. Dependence of the plasma
decay time on the CFC percentage 
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DETERMINA TION OF A SET OF ELECTRON-NH3 COLLISION CROSS SECTIONS 
COHERENT WITH ELECTRON SWARM DATA 

M. D. Benabdcssadok and M....Ymäfi 

Universit~ Paul Sabatier, URA du CNRS n° 277, CPAT 
118 Route de Nalbonne, 31 062 Toulouse Cédex, France 

lntroduction and method or calculatlon: 
The aim of this communication is to select a set of electron-NH3 collision cross sections from the 

literature and :hen to complete iL Such a set of collision cross sections coherent with measured electron swarm 
parameters. not yet analyzed before in the literature, is necessary for dctermination of electron transpon and rcaction 
coefficients (not always available) in numerous gas mixtures of iodustrial interest involving NH3 such as deviccs for 
non-thermal nue gas trcatrnent or plasma reactors for micro-electronic applications, etc". 

Present set of collision cross sections is completed by using a classica! fitting method of cross sections 
bascd on a swarm un-folding technique. This method consists to choose an initia! set of collision cross sections 
from literature. 11len, this initial set is completed and fitted until to obwn the best coherence between measured and 
calculated electron swarm data. These data are obwned from numerical solution of Boltzmann cquation using a 
multi-term approach for distribution function development in which the effects of elastic, inelastic and super-elastic 
collisions are propcrly taken into account. As at very low reduced electric field E/N some numerical instabilities are 
observed due to the large anisotropy of distribution fuoction (because !here are very high momentum transfer and 
rotational excitation processes at low energy). a powerful Monte Carlo method [!)is used to calculate elecaon 
swarm data wilh a better accuracy at very low E/N values (E/N around w-2 Td). 

Colllsion cross sections and electron swarm data: 
The initia! set of electron-NH3 collision cross sections is chosen as following: the momentum transfer 

collision cross section Om is taken from Pack et al (2) from 10-2 eV up to 0.1 eV, from ltikawa [3) up to 10 eV, 
from Pritchard et al [4) up to 20 eV and from Jain et al [5) for Jarger .kinetic energy. Thcre are also ab-initio 
calculations of Om given by Jain and Thomson [6) between 10·2 eV up to 10 eV. The rotational excitation cross 
sections Orot• for NH3 which is a symmetrie-top molecule, is taken for four transitions from ltikawa calculations 
(7) based on Born approximation. The vibrational excitation cross sections Ovib wilh thresholds 0.12, 0.201. 0.414 
and 0.427 eV (see Henzberg [8)) are calculated using Born approximation as is considered by Takayanagi [9]. 
Excitation cross sections Oex for cenain electronic transitions are taken from measurements of Muller and Schulz 
[ 10]. 11lere are numerous measurements and semi-empirica! calculations of total and partial ionization cross sections 
of NH3 by electron impact (see e.g. the paper of Khare and Meatb [11 J wilh its references). The choscn ionization 

cross sections Oion for formation of several ions by electron-NH3 impacts (NH3+, NH2+. NH+. n+. N2+. N+, 

H2+) come from measurements of Gomet [ 12). The cross section section for dissociative anacbment (H· and NH2· 
ion formation) is taken from measurements ofCompton et al givcn by Laborie et al [12). Noting also that Brtlche 
(see Laborie et al [ 13] compilation) lias given a total cross section from 1 to 50 eV. 

Then tbis initia! set is completed and fi11ed using the elcctron swarm data available in the literature. Drift 
velocity W data are taken from Pack ct al [2) measurements from about 0.03 Td up to 46 Td and from Nielsen [ 14] 
from 0.7 Td up to 54 Td. lonization coefficients a/N come from measurements of Risbud and Naidu [ 15] from 115 
Td up to 2060 Td and dissociative attachment coefficients 11/N from Parr and Moruzzi [16] (27 Td up to 91 Td) and 
from Risbud and Naidu (61 Td up to 123 Td). There are an unexplained deviation bet ween measuremcnts of these 
last two authors ([ 15] and [ 16)). The reader interested can fiod a compilation of NH3 swann data in Gallaghcr ct al 
[ 17). To the aulhor's knowlcdge. there are no another swarm data measurements either for larger E/N ranges or for 
e.g. diffusion coefficients. 

Figures l and 2 show the final set of electron-NH3 collision cross sections leading to the best fit between 
measurcd and calculated swarm parameters. In comparison to the initia! set, cross secrion Om which is initially a 
total momentum transfer cross section is lowered to become an clastic momentum transfer cross section. Tuis 
modification is undenaken simultaneously wilh a sealing factor on Ovib in order to have the best coherencc wilh 
measured W data. Furthermore, an additional electronic cxcitation is needcd to complete excitation cross sections not 
given in the literature in order to obtain a beller fit for a/N and also W data for E/N values higher than about 40 Td 
(sec figures 4 and 5 showing comparisons bctwccn measured and calculatcd drift velocity and a1tachment and 
ionization coefficients). 
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ScaJed electron impact ioni:&ation cross sections for 
hydrogen-, helium- and lithium-like ions 

H. Deubch, Fachbereich Phy.silc, Uni11er.sität Greif.swald (Germany) and 
T.D. Märk, ln.stitut für Ionenphy.silc, Uni11er.sität lnn.sbruc:k (Au.stria) 

Introd uction 
Sealing laws are of great interest in different fields of physics, for insta.nee for the description 
of elementary processes in plasma physics a.nd in plasma chemistry. As discussed in Ref. i · 
there is a great need for sealing laws in describing electron impact ionization cross sections. 
Despite this need only a few empirica! approaches are known today [l}, [2). This paper 
presents a new sealing law for ionization cross sections for hydrogen-, helium- and lithium
like ions, based on the DEUTSCH-MÄRK-approach (3J. 

Theory 
Based on empirica! considerations, DONETS et al [2} proposcd for hydrogen-like ions that 
the electron impact ionization cross section of atoms scales with V, where Z is the nuclear 
charge. As will be shown in what Collows, it is possible to derive this sealing law also 
theoretica! using a. recently developed semiclassical treatment for electron impact ionization 
(DM approach [31). Starting from the._DM-formula for the integrated single ionization cross 
section: 

C1 = I: 9nl 7!' r~I <nl f(U) 
n,l 

where r!1 is the mean square ra.d.ius of the nl-shell [4}, 

with 

gn/ 
f(U) 

u = :.. 

is the weightÎllg factor (Cor a definition see Ref 3, 5) 
is energy-dependent part [5}, [6J 

E is energy of incident electrons, 
En1 is bindÎllg energy of electron in the al-shell 

one gets with 9nl · En1 = 50 eV for (ls)1-states [5] of hydrogen-like ions 

C1 . En1/r;1 = 3.230- 16 J(U), 
E0 /a0 

where E0 is the ionization energy of hydrogen and a0 is the BOHR-radius. 

(1) 

(2) 

Following CASNATI et.al. [î), we have developed here En1 and rn1 in terms of E0 and a,,, 
respective!y, i.e., 

En1 = 0.424 · zn•22 E0 and 
1.15 

rn1 = z1.os a •. 

By using these relations, equation (2) results in " · Z082 = 1,00 · 10-u f (U). 
Therefore the DM-approach is able to rationalize quantitatively the empirically-based [2] 
sealing !aw for the ionization cross sections of hydrogen-Jike ions. 
11.foreover, following up these considerations, the DM-approach allows the development also 
of a new and more genera.l scaled ionization cross section law. Starting from equation (l) 
and furthermore taking into account that the product of gn1 · En1 turns out to be constant, 
one gets: 
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IT En/ 
-2- = ;T 9nt Ent Çnl f(U), 

r n/ 
(3) 

i,e, the reduced cross section given on the left-hand side of (3) is independent of Z. In order 
to use this formula for atoms with higher nuclear charges Z, i.e. involving higher ioniza.tion 
energies, it is necessary to take into account rela.tivistic effects [6]. 
The values derived in reference [5] for gn1 · Ent to be used in the present ca.lcula.tions a.re: 
9n1 ·Ent = 50 eV for (ls) 1-sta.tes, gn1 · En1 = 70 eV for (ls) 2-states and gn1 · En1 = 8 eV for 
(ls )2(2s) 1-sta.tes. 

Results and discussion 
Using equ. (3) we present experimental cross sections and ca.lculated cross sections for 
hydrogen-, helium- and lithium-like ions for the whole periodic system in a sca.led manner. 
It is interesting to no te that in all three ca.ses (see e.g. Fig. l) there appea.rs to be (within the 
experimental error bars) rather streng support for the sealing law a.s expressed by equ. (3), 
i.e. experimental cross sections of va.rious targets plotted in this reduced form agree rather 
well wi th each other and there is also a very sa.tisfactory agreement bet ween the ca.lculated 
va.lues (using equ. (3)) and the experimental data points. 

~0 IS JO }5 
fldll~IO "IK/~;Jn ~gr U·Elf,.. ---• 

Fig. 1: Scaled electron impact ionization cross section of hydrogen-like ions versus energy. Solid 
curve: present results; experimental results: D He+l8J • es+; o N&+; 6. o•+; • Ne9+; e Ar17+ 12]; 
• ur•1+[9] 
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SBllIBllPIRIC BLBC'l'RON SOA'l'TBRING LHfGTHS 

OH ATOllS AND SY1DIB'l'RIC MOLBCULBS 

Igor T.Iakubov 

Institute tor High 'l'etnperatm-es. Russ. Acad. Sc:l.. 

Izhors~ 13/19. lloscow 127412. Russia 

Scattering length is the 110st important characteristic ot 
interaction ot slow electrons wi th atoms { nolecules). Up to now 

theory dOAA not g1vA l\cctu"8te valnAR nf scattering lengtlu!.-· 
Sr.:üt"r-ing 11•ne;tlw ~ be.: w.x.tracted trom the measured shitta ot 
spcc lral linea using the :Permi theory [ 1 ] • Not long ago i t was 
done tor a set or atoms and BJOlecules and the polarizability de
pendance ot acattering length was elaborated [2]. The purpose ot 
the given work is to propose on the basis or the data [2] the 
semiempiric approach to scattering lengtha eatimate. 

The atomie potential haa longrange polarization component 
V(r) = - ae2/2r4 • where ais the polarizability, and the ahort
range one. accurate appearance ot which is unknown. Paeudopoten
tial theory approrlmates it by the hard sphere or the radius a. 
The sphere has to give the same phase shift or electron wave 
tunction as the real short range component gives. The needed 
tormula is obtained by O'Malley [3] 

L = (a/a ) 112cotan[(a/a ) 112a- 1
] (1) 

0 0 

where a
0 

is the Bohr radius. So it a is given one may calculate 
L. Let ua uae Bq.(1) to calculate a 1! L-values are known. 

a = (a/a ) 112 (arctan[(a/a ) 112L- 1 ])-! 
0 0 

L > 0 (2) 

The measurement data [2) and the Karule calculation results tor 
alkali atoms (triplet L) [4) were used. Values o! a characterize 
the electron-atomic repulsion. Suppose that a is related to 
"atomie radius" e 2/I by the most simple way, 

a111e2 /I (3) 

where I is the atom (molecule) ionization potential. Figure com
pares a - values which are given by (2) and (3). The points !or 
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different particles are disposed satisfactory close to the line 
e 2/I. It allows to propose the way for estimates of L. 

However it is seen that He, N
2 

and C
3
H

8 
are described 

badly. Discuas now these cases. Atom He is peculiar as always. 
Molecule N

2 
has quadruple moment Q = 1, 13 a . u. It intluences 

strongly the l ow energy scattering becauae the parame ter 
(4/ 45)(Q/L) 2 is close t o unit ( 5 ). So N

2 
could not be conaidered 

as symmetrie. As to C
3
H

9 
it possesses dipole moment D " 0,05 

a.u. Even small dipole moment influences electron scattering 

strongly. So we conclude that the propos ed e s timates of L may 
done for molecules whicll can be considered as almost symmetrie. 
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High Order Harmonie Generation in Laser Assisted Electron-Atom Collisions 

Rosalba Daniele and Emilio Fiordilino 
Istituto di Fisica, Università di Palermo, via Archirafi 3 6, 

90123 Palermo, ltaly 

With this Communication we present results concerning the generation of high order 
harmonies dwing the collision of an electron with an atom in the presence of a monochromatic 
radiation field of frequency (J) L and intensity !. The model is developed using a second 
quantization treatment for the emitted field and a Coulomb-Volkov wavefunction[ 1) for the 

incident electron. Analytica! formulas are carried out for the differential cross sections da (with 
dw 

hw the emitted photon energy). We present results for a linearly polarized Nd-Y AG glass laser, 
hwl=l.17eV. 
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Figure l - Point line: l = 0 ; solid line l = 1 OIO W / cm2
; 

dashed line l = 1011 W /cm2
; point-dashed line/= 1013 W /cm2. 

In Figure 1 an analysis of the behaviour of the differential cross sections da for different 
dw 

laser intensity values / is presented. The results are carried out for an electron incident energy 
&; = 100 eV . 

From Figure 1 we note resonance divergences at hw =nfl(J)l, corresponding to the laser 

field harmonies. The emission increases by enhancing the laser intensity. The cross sections is 
always larger than the field free one. 
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Figure 2 shows the behaviour of du for different incident electron energy &; at the 
dw 

intensity value of I = 1010 W I cm2
. 
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Figure 2 - Dashed line: & ; = 1000 e V; solid line: & ; = 2000 e V; 
point-dashed line&; = 3000 eV. 

From Figure 2 we see that high order harmonie generation is enhanced at high electron 
incident energy. 

Details of the calculations and further numerical results will be presented at the 
Conference. 
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COLLI SI ON I NDUCED PROCESSES IN INERT GAS ATOM PLASMA. 

ARC3p
5

4.s) • HE 

Alexande.r Devdariani, Andr-ej Za.grebin, Sergej Tserkovnyi • and 
Elena Bichutskaya 

Department of Opties and Speclroscopy, St.Pelersburg Universily 
198904 St.Petersburg, Russia 

• Deparlment of" Physics, Balt.ic state Technica! Universily 
198005 St.. Petersburg, Russia 

For the heavy ex"') and light CYJ noble gas alom collisions in 

a gas ce.11 the main quenching channels or 
3
P 

0 
and "F

2 
melaslable 

slat.es are the nonadiabatic transilions 

xc 3 P J + yc 1s) -+ xc"P J + Yc 1s J 
0 0 2 0 

(1) 

xc"p J + Yc 1s J -+ xc 3 P J + yc 1 s J 
2 0 l 0 

and the radiative decay 

XC 3 P J + Yc 1s J -+ xc 1s J + Yc 1s J + l'lw 
2 0 0 0 

(3) 

induced by interatomic interaclion during the collision. 

In case of" Kr• + Ne, Ar and Xe• + Ne, Ar, Kr collisions al 
thermal CT=300 KJ energies lhe contribulion or lhe radiative decay 
channel (3) in lhe total quenching cross seclion is predominant. 

!"or the 3 P melaslabl e sla te C 1, 21 . However, the al lernati ve 
2 

proces.s of lhe nonadi abali c t ransi li ons ( 2) deler mi nes lhe 

quenchi ng of 3
P 

2 
metas:table state in case of Ne"', " Ar • • Kr + He 

Lhermal collisions [1-51. 
of the radialive 
lemperature [1,21 . 

decay 
For these collisions the relative rele 

channel i ncreases wi lh the decrease or 

For the 3 P metas:lable state the contribulion or the 
0 

radialive decay process in the total quenching cross section is: 
negligible !21 . 

The calculated Lemperalure dependencies: or rate constant KCTJ 

Cin crn3 s - 1
) are presenled !"or the processes C2J and C3J in case of 

Ar* + H~ Lhermal collisio~s on figur~ 1. 

o 200 '<00 600 T,K 
Figure 1 : The temperature dependence of rale constant: 1) process 
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" C 2) ; 2) p r ocess C 3) îor Ar + He lher mal colli si ons. 
The rale conslanl wa$ cal c ulaled on a basis oî inl eraclion 
polenlials CFig.2) and quasimolecular raë!ialive lransilion 
probabilily ACR) CFig . 3) oblained as a resull oî lhe 
mulliconfiguralion pseudopolenlial (2,6) and eîîe ct..ive Harnillonian 
!21 calculalions. 

.:; n. 
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rigure 2: The ArC3p5 4s) + He 
inleraclion polenlials . 

Figure 3 : The radialive lransilion 
probabilily. 
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Ion energy distributions in collisional RF-olasma sheaths 
M. Zeuner, J. Meichsuer, Technische Universität Chenmitz-Zwickau, 

Institut für Physik, PSF 964, 09009 Chenmitz, Gennany 

The energy transfer by ions passing through a plasma sheath is known to influence reaction rates 

as wel! as surface layer structure and morphology. For that reason investigations on ion energy 

distributions resulting from the process characteristics meet an intense scientific interest. 

We measured ion energy distributions at the grounded electrode of a parallel plate Ar-discharge in 

the parameter range of 5 .. 130 Pa and 2 .. 10 W/cm2. The discharge is powered by a capacitively 

coupled 27.12 MHz generator. The incident ions are analysed according to mass and energy using 

a commercial plasma monitor system EQP 300 (Hiden Analytical). A potential free double Lang

muir probe, placed centrally between the electrodes, provides information about the plasma para

meters/!/. 

The motion of ions in an RF-plasma sheath is deter

rnined by the spatial and time varying electrical field 

inside the sheath and by characteristics of the ions 

(Fig.!). 

For ions with a small charge transfer cross section 

(H3 +, H20+, ArH+) the transfer through the sheath 

happens nearly collision free . The light H3+-ions 

0.2 Ion en~y d'.stribu~n 

1 ' ' 

1 ~ i 
0·15 -----+---1---: .. .... i · ÁifÏ~- .J ____ _ 

1 

i 1 
0.1 ·-·-- ·--..\ .... . .. J 

i 1 . i 

cross the sheath in only a few RF-cycles and suffer a o.o5 
residual modulation due to the plasma potential with 

a resultant saddle shape of the distribution. The 

heavier the ion (H2o+, ArH+), the more RF-cycles 

are experienced transiting the sheath, with the con

sequence that the peak structure changes to a single 

peak Jocated at e *Vp. 
The large charge transfer cross sections of the argon 

ions (Ar+,Ar2+) produce a collision influenced trans-

Ion energy I eV 

Fig. 1: Energy distribution for different 

ions in an Ar-discharge (p1o1=30 Pa, 

P=IO W/cm2) 

port regime for these ions. The low energy structure is induced by ions which are produced 

mainly by charge transfer inside the sheath and suffer only a part of the sheath voltage. The 

multiple peak structures are caused by an RF-modulated electron density inside the sheath and 

ions which are produced outside the actual electrical field /2/. The multiply charged Af2+ _ions are 

able to acquire a higher energy because oftheir greater charge. 

The number of collisions, an ion suffers inside the sheath, is detennined by the ratio between 

sheath thickness d5h and ion mean free path À;on· At d5h<<Àion• a distribution typical for space 

charge limited flow results, with a single peak centred at c•Yp. At d5h>>\on• mobility lirnited 

flow is observed, and the shape of the distribution changes to a thennalised structure at low 

energy. 
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Figs. 2 and 3 show the normalised Ar+-energy distribution where RF-power and total pressure, 

respectively, were varied. Higher power density (Fig. 2) causes a distribution which is less influ

enced by collisions. At constant ion mean free path, tllis effect is produced by a smaller sheath 

thickness. The sheath thickness scales with the Debye length which is lower at higher power be

cause of the higher electron density /1/. As evident from the position of the upper peak, the 

plasma potential raises up with power too. 

The change in the transport mechanism with the total pressure (Fig. 3) is mainly caused by the ion 

mean free path which varies inversely with pressure. Because no confinement was used, higher 

pressure produces a more symmetrical discharge geometry, a lower self-bias voltage and a higher 

plasma potential . The upper end of the distribution 

shifts for that reason towards higher energy. 

The fractional energy loss, the ratio between mean 

ion energy and the maximum energy, is determined 

by the number of collisions in the sheath dsJY'Àion• 

because the energy of an ion divides up the same 

number of particles: 

Ë io n 

e Vp = 1 + dsh I :l.;00 

Under the observed discharge conditions, even at 

lowest pressure, the influence of coUisions on the 

mean ion energy remains clear (Fig. 4) . As expected, 

1 
' Fraclional energy loss 

··:->~ 
0 6 ~ - --!/~)-<.~ - . . i . 

i jj/~/ / '-._ · IOW/cm2 i 
1 

1 z .~" "-- s "'' 2 ' 
0.4 ~1;.~-6 ~;:: ; 
0.2 .1. / •. ~.~~~!". 2. 

• · 2 W/cm2 

0o 0.05 0.1 0.15 0.2 
Inverse total pressure / l!Pa 

in a collision dominated flow regime the fractional Fig. 4: Fractional energy loss of Ar' . 

energy loss varies inversely with pressure. 
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COUPLING VIBRATIONAL KINETICS OF NITROGEN MOLECULES AND ELECTRON 

DYNAMICS IN A PIC/MCC MODEL OF A PARALLEL-PLATE R:' DISCHARGE 

S.Longo, G.Gorse, M.Capitelli 

centro di Studio per la Chimica dei Plasmi and Dipartimento di 

Chimica dell'Università, Via Orabona, 4, 70126 Bari, Italy. 

Fax #080-242024 

The aim of this werk is to study the coupling of the electron 

dynamics and the molecular vibrational kinetics in a parallel-plate 

RF discharge in nitrogen, calculating the electron dynamics using a 

PIC/MCC (Particle in cell with Monte Carlo collisions) mode1<1>. 

This study generalizes a previous one realized in our laboratory 

and recently published< 2>, in which the electron dynamics was 

calculated for an imposed space and time dependent electric field 

based on fluid model results. 
we consider a discharge in pure nitrogen operating in the 

following conditions: Ptot = 0.1 torr, f = 13.56 MHz, Vrf = 200V, 

d = 3.4 cm, i.e. the same conditions considered in ref. (2) 

The following electron-molecule collision processes are taken 
into account: elastic collisions of electrons with N2 molecules, 

inelastic processes leading to rotational, vibrational, electronic 
excitation of N2 from ground state, and direct ionization of N2 

from ground state. The set of cross sections used is selected from 
Pitchford et al. CJl. The electronic excitation cross sections 

considered correspond to the following f inal states and threshold 
energies: A3!:(6.17 eV), a3fl(7.35 eVl, w3.1(7.36 eV), a.JI:c8.16 eV), 
a·l!:(8.40 eV), alfl(8.55 eV), w1.1c8.89 evl, cJflcll.03 eVl, 
E3I:cll.88 eV), a 00 1I:cl2.25 evl. and ! 13 . 0 (a lumped set of singlet 

statesl (13.0 eVl. 

The PIC/MCC electron dynamics is coupled with a space-dependent 

vibrational kinetics of nitrogen including 9 vibrational levels. 

The processes considered are vibrational excitation and 

deactivation one from/to the vibrational ground state: 

we also consider a first order deactivation process leading to 

the ground state: 
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This last process represents in a phenomenological way 

different relaxation processes, such as the wall impact 

deactivation of the vibrational excited states and the v-T 

(vibration-translation enerqy transfer with molecules or atomsl 

one. 

The v-v processes (vibration-vibration enerqy trasfer between 

molecules) have been neglected due to the low pressure of the gas 

in the device under investigation. The vibrational kinetics of 

nitrogen is calculated by solving the Master Equation: 

for the space-dependent vibrational distribution function 
(ni(x}}. The transition probabilities OOij entering in the 

vibrational Master Equation are the sum of two contributions 

arising from electron-molecule collisions and phenomenological 

deactivation. 

Because of the very different characteristic times of 

vibrational and electron kinetics, we perforrn an adiabatic 

approximation, solving iteratively for the stationary vibrational 

kinetics compatible with the f (v , xl, then calculating again 

f(v,x), and so on. 

As a result of the model, the s pace dependent vibrational 

distribution of N2 molecules can be calculated for different values 

of the deactivation rate coefficient, as well as the space-depedent 

eedf and electron-molecule reaction rate coefficients. 
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JO~ ENERGY SPECTRA PECULIARITIES IS LOW-PRESSURE RF DISCHARGES 

Anastasiya V.Mukhovatova 

Microelectronics Group, Nuclear Physics Institute, 
Moscow State University, Moscow, 119899, Russia 

A study of the ion energy distribution function (IEDF) near 
the electrodes in the low-pressure capacitive RF discharges is of 
great interest due to a broad application of these discharges in 
microtechnology processes. To consider the problem correctly it 
is necessary to solve self-consistently both an equation of the 
ion motion in electric field and Poisson equation. However, to 
unde~stand the physical processes responsible for the ion spectrum 
formation at different discharge conditions, the ion motion can be 
c onsidered in a given field E(x,t) (x/d - 0.5·(sin( · ·t+ . )+1)) 

n 
[l]. The charge-transfer collisions (~ =const) have been take~ 

into account only. It has been sht~n, that, at conditions 
considered (d · l..;-10 · , ~·~~10 MHz), the ion spectra have a complex 
structure with a nt~ber of sharp peaks. The peak formation 
mechanism has been considered in [2], however a variation of the 
ion spectrum shape with parameters of the RF discharge has not yet 
been discussed . 

In this werk, using Monte Carlo method, energy spectra of He 
ions are calculated for different RF parameters (i.e., a gas 
pressure p, electric field frequency ,, , field amplitude E , field 
gradient dE/dx, and sheath thickness d). 

0 

It is shown that a formation of the peaks on the IEDFs is as
sociated with features of the ion dynamics within a near
electrode sheath of the RF discharge. For every start position x 
of a particular ion moving within the sheath ( o

0 
is a random 

number uniformly distributed in the interval [0,2~]) there is its 
own most probable energy : that it gains before it strikes into 
the electrode (Fig. 1). Th~0~ value can be considered as a posi
tion of the charge-transfer eve nt. One can see that the extremes 
on the plot of~ (x) (Fig. 2, dashed line) result in a forma-

•. ·:·r1 
tion of the peaks on the IEDFs (Fig. 2, solid line) with positions 
of the peaks corresponding to the positions of the extremes. 

Calculations show that a pressure rise provides 
transition of ions from the peaks produced by the ions 
to the charge-transfer collisions far from electrode, 

a s mooth 
subjected 
to peaks 

c ollisions. 
within the 

produced by the ions subjected to the near-electrode 
A maximum possible energy that the ion c ould gain 
sheath is reduced, and the peak position does not 
further pressure inc rease leads to a disappearance o f 
and energy spectrum becomes monotonou s l y di pped (fig. 

change. A 
the peaks, 

3). 

An increase o f the frequen c y result s in an increase of the 
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pcak number o n the IEDFs. The maximum possible energr reduc e s . 
nn d the pen k position v Aric s (fi!5.~). 

An increase E by k times (dE/d x =co nstl leads to a 
co n servat ion of th~ spec trum shape with a coefficient of , 
proportionality k . If dE/dx#const then the proportion violates. 

Le t '"' suppose that consists of the energy gained in a 
co nst a nt time-averaged electri~ field E(x) ( ,: ." (x)) and in sine
s haped RF field. Then, the difference betwee~· the extrema! impact 
energies ,. and is - " = < eE"/ . .-) · (2 ,<: /M)

1 2 
If parameter 

/~! 1 
<=c o nst, then the spectrum shape remains u nchange d d ue 

to the conservation of the dependence (x) . 
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ELECTRON ENERGY DISTRIBUTION FUNCTION OSCILLATING RELAXATION 
IN LOW TEMPERA TÜRE PLASMA 

Michael Chjrldn Dmilrij Morozov and Vladimir Stepanov 

Introduction 

Dcpartmcnt of Physics, Pedagogical University, Ryazan 
46 Svoboda st. 390000, Russia 

In this work DC discharge plasma relaxation bas been investigated by extemal perturbation 
under conditions when clcctron energy distribution function relaxation lcngth is larger than 
the radius of a discharge channel and the prevailing mcchanism of encrgy dissipation is found 
to be elcctron inelastic collisions with atoms. Strong iransverse clcctric field takes place close 
to the wal! of the discharge tube (1) and their spatiabiislribution is connccted with non-local 
elcctron energy distribution function. These factórs influence on plasma lincar response has 
been discovercd. 

Experiment 

Modulation invcstigation on pos1t1ve column of the heli\lrn glow dischargc lias ·been 
pcrforrncd by mcans of plasma impcdance mcasuring, lmpcdance per unit length of a positive 
column z is . derivcd by excitation of waves in thei _distributcd systcm "plas~ - eanhed 
extemal conductor". Rcsults of measurcmcnlS are given in Fig.1 in the form of a locus <>n the 
complex plane (Re z. Im z) togctber wilh a synthcsized equivalent circuit of plasma. 
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p=-2.34 k.O/cm 

Rl=l.8 k!l/cm 

L1=2.34 mH/cm 

R=l4.3 k!l/cm 

C=l.7 pPcm 

L=3 73 µH/cm 

Figure 1: lmpedance per unit length of a positive column and plasma equivalent circuit. 
Points - experiment. solid line - calculatcd locus. Modulation frcquencies an: given m:ar 
points in MHz. Helium pressure is 3.5 mm Hg, discharge currcnt is 6 mA. discharge channel 
diameter is 1 mm. 
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R1L1 - circuit describes the process of step ionization; its influence when ro/2rc > 0.5 MHz is 

negligible. Plasma impedance negative real part when ro/2rc > 0.5 MHz is caused by changes 
in size of strong transverse electric field region. Relativc contribution Tl of this mechanism 

into plasma negative dynamic resistance p = dE/dJ (E - longitudinal electric field intensity, J 
- discharge current) is shown in Fig.2a. Parallel resonance RLC - circuit indicates current and 
distribution function oscillating relaxation with the long~tudinal field intensity step change. 

Resonance incrcase of impedance occurs close to frequency reverse to tempora! scale <r of 

the distribution function variations: 
'f = 5mvT 1/(eE)2 = L/R (1) 

where v - electron-atom elastic collision frequency, m,e - mass and charge of an electron, T 1 
- energy dimensional parameter. lts value defmes the rate of energy distribution function 
decrease in the energy range corresponding to ionization and excitation of atoms [2]. 
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1 ~: / 
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Figure 2: Changes in size of strong transverse electric field region into plasma negative 
dynamic resistance relative contribution (a) and cnergy distribution function parameter T 1 

dependence upon longitudinal clcctric field intensity (b). Discharge current (mA): J - 4.5, 2 -
10; discharge channel diameter is l mm. 

Concluslons 

The physical nature of oscillating relaxation is in time îf closeness to time of electron 

concentration relaxation. As a result plasma conductivity and Jongitudinal electric field 
intensity oscillations is founded to be in antiphase in case of resonance. Equation ( 1) 
fumishes the energy distribution function parameter T 1 determination according to plasma 

impedance measurements; its dependence upon electric field intensity is shown in Fig.2b. 
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FAST MEASUREMENT OF THE EEDF IN PLASMAS. 

J. I. Fernández Palop, J. Ba.llesteros. M. A. Herná.ndez, A. Dengra and V. Colomer. 

Departament of Applied Physics, Univ. of Córdoba, 14071 Córdoba, Spain. 

Introduction 

Electron Energy Distribution Function (EEDF) contains information about several param
eters characteristic of the plasma, very useful not only for theoretical studies hut a.lso for 
technologica! aplica.tions. lts measurement can be developed by the second derivative of the 
I-V characteristic of a non-concave probe inmersed in the plasma [l]. 

There are two different problems to solve before obtaining the EEDF. First, the measure
ment of the data ma.y be developed with a very special manufactured probe and during a. 
very short time, in order to avoid several experimental errors [2]. This errors can be detected 
using as a criterion tha.t the sepa.ra.tion between the maximum and the zero of the second 
derivative may be less than 0.3 E:, where E: is the electron mean energy [2]. The second 
problem is due to the noise inherent to the experimental data., which is highly increased in 
the second derivative process. In order to a.void this noise it is necessa.ry to smooth the data. 
in some way. In this pa.per we propose an excellent numerical method to develope such a 
smoothing process of the cha.ra.cteristic data.. 

The smoothing method 

When a. function y(x) is mea.sured, wha.t we obta.in is not the function itself but h(x), the 
convolution of y(x) with the instrument function, g(x) . We ca.n use the instrument function 
to eliminate the experimental noise because the noise is uncorrela.ted witb it [3]. We can 
write the measured fu.nction as: 

h(x) = hn{:i:) + N(x) 

being h"(x) the nth a.pproxima.tion to the smoothed function 8.1J,d N(x) the noise. Because 
the noise is uncorrela.ted with the instrument function, the oonvolution of it with the instru
ment function is nulL So, the nth a.proximation to the smoothed function will be [3]: 

This is the method we propose to smooth the 1-V cha.racteristic da.ta.. Althougb this 
is an iterative process, it can be sbown that a. few itera.tions are enougb to obtain a good 
smoothed function [4]. With our experimental data. we need only two iterations. The only 
problem to solve is tha.t we do not know the instrument function. However, in most cases, 
we can take a Gaussian distribution function as the instrument function. So, we only need 
to fix its standa.rd deviation, a. In order to find the minimum value we must use for a, to 
smooth our data, we define the following statistic parameter: 

i=N 

R = I: rn(x;)rn(X;+i) 
i=l 
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where rn(x;) = y(x;)-Yn(x;), rn(Xn+i) = rn(x1) and Nis the number of data. The minimum 
value of a we have to use is that for which IRI is a minimum (5]. With our experimental 
data, we have found good results for a = 15. 

Experiment and results 

We have measured several 1-V probe characteristics in a de discharge Argon plasma. The 
Argon pressure, P, was between 20 y 70mTorr and the interelectrodic current, I.i, was between 
1 and 15 mA. The measuring device was an analog to digital converter with 16 bits resolution 
and conversion ra.te of 106 samples per second. We get 200 point in ea.ch EEDF so that 
they have been measured in 2ms, avoiding probe conta.mina.tion. Figure 1 shows the second 
derivative of an I-V probe chara.cteristic measured in our experimental device. The difference 
in potential between two consecutive points is always less than 0.025V, ensuring a good 
discrimination in the energy of the EEDF. 

In ea.ch case, we have diagnosed the electron density using the EEDF area a.nd compared 
the results with those obta.ined from two other classica! methods which use different zones 
of the I-V pro be cha.ra.cteristic: 12 - V in the electron a.celerating zone a.nd the current 
collected when the probe is biased to the plasma potential, (Ip)· Figure 2 shows the good 
agreement between the values obta.ined using these methods, for P=50mTorr. Moreover, we 
have diagnosed the electron temperature by the following two methods: mea.n energy of the 
EEDF and the slope of the second deriva.tive (of the I-V probe characteristic) loga.rithm. The 
results obtained a.re in good agreement, being the differences between the values obtained 
from both methods always less than a 10%. 
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TI:IE EFFECI'S OF ANISOTROPY AND ION CTJRRENTS ON EEDF MEASUREMENTS 

Beatrice M. Annaratone, Sameer I Farahat and John E. Allen 

Dept. Engineering Science, University of Oxford, Parks Road, Oxford, OXl JPJ, UK 

lntroducûon 
A knowledge of the plasma parameters and the energy of the elei:trons can greatly 

improve the role of plasma in applications such as processing of materials and light production. 
Electrical diagnostics provide full characterisation of plasmas when supported by a proper 
interpretation, but might be misleading when the hypothesis used in the analysis is not fulfilled. 
This contribution gives evidence on two possible causes which can perturb the interpretation of 
electron collection by a probe; the ion current, dependent on the geometry of the probe, and the 
anisotropy of the plasma. The geometry of the probe has recently received consideration in 
deriving the plasma density from the ion collection part of the 1-V characteristic. In that case the 
electrons are ignored taking the characteristic at high negative potentials and the curves are 
interpreted following the radial or the orbital motion theory. Instead when the electron 
distribution is the object of the investigation a linearised ion contribution is subtracted in the part 
of the characteristic where the curvature is highest. It should be noted that in order to avoid probe 
perturbation of the plasma, in particular in the RF case, the probe is usually chosen cylindrical 
and as thiri as possible, well below the Debye length, i.e. in the range where the curvature of the 
ion characteristic can not be neglected. 

A second source of error arises from the anisotropy of the plasma depending, among other 
factors, on the dimensions of the charnber, position and orientation of the probe, electric fields 
(local and non-local) and pressure. In anisotropic plasmas the probe must be directional because 
it is impossible to derive the angularly resolved information from a spherical or cylindrical probe. 
Even with a 'planar' probe the anisotropic contribution of the electron impinging from the side 
of the probe is not taken in account by the second derivative as in the Druyvesteyn method. 

Experiment 
A cylindrical probe, r = 0.06 mm, 1 = 10.4 mm and a gridded probe, area = 15.2 mm2 

have been used to characterize an R.F. plasma generated between two parallel electrodes one of 
which was excited at 13.56 MHz and the other was grounded. In the course of this experiment 
the chamber was filled with Argon at a pressure of 2 Pa, the electrode separation was fixed at 
60 mm and the R.F. voltage on the driven electrode was 300 Vpp. The probes could be shifted 
along the axis of the discharge and rotated from facing the driven electrode to a direction 
perpendicular to the discharge axis. The gridded probe consisted of a Ta collector and two Ni 
meshes, 30 w.p.mm, 75% optica! transmission each, which could be independently biased. The 
two meshes were separated by 0.24 mm and the inner grid and the collector were separated by 
0.6Jmm. In order to reduce the R.F. voltage between the plasma and the cylindrical probe or the 
analyser, they were driven with an R.F. signal, the amplitude and the phase of which were chosen 
to match the oscillation in the plasma For the gridded probe case the two grids and the collector 
together were RF driven by maximising the floating potential of the outer grid. Only the 
fundamental frequency was compensated, the second and third harmonie measured by a divider 
probe being less than 1%. More details on the experimental apparatus and the design of the 
gridded probe can be found in [ 1, 2]. 

Results 
The effect of the anisotropy of the plasma is evident in curves a and b of the figure, 

which shows, respectively, the electron current collected by the gridded probe oriented to face 
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away) and to face 
the vessel glass. 
The driven 
electrode was 
excited with 300 

V •• giving a DC 
bias -41 V. The 
RF in the plasma, 
sv •• , was 
externally 
compensated. The 
two grids were 
DC biased at 60 
V. In this 
configuration the 
gridded probe 

was actually in slight electron anraction, the electrons being retarded inside the probe analyser 
by the repelling voltage of the collector. No negative (ion) current appeared in the 
characteristics. 

The current collected facing the glass shows an exponential decay of 2.8 eY on more 
than two cycles and a plasma potential at 57 V. The plasma density was not derived because of 
the indetermination in the collector area and in the grid transmission. The current collected 
facing the driven electrode decays exponentially with 3.2 eV. We can observe a deviation from 
exponential behaviour in the low energy part. This means either that there is a depletion of low 
energy electrons or, more likely, that there is a change in the plasma potential. 

In the same figure, curve c shows the electron current measured by the cylindrical probe. 
Note that in order to take in account the effect of the biased grids on the plasma potential the 
cy lindrical pro be was ramped keeping the grids of the gridded probe at the working potential. 
For this curve standard analysis gives V<•Jum•> = 57 eV, and n, = l.9xl015 m·1. The ion current 
subtracted was approximated by a linear least squares fit to the probe current performed in a 
region below the floating potential, chosen to minimise the chi-squared quality-of-fit parameter 
[3 ]. From the figure il is evident that the linear fitting of the ion curve is not adequate in the high 
energy part of the characteristic. Also the temperature derived from the cylindrical probe is 
affected by the contributions of electrons arriving from different directions. 

Conclusion 
The gridded probe has proved to be a reliable diagnostic for the measurement of the 

EEDF. The electron current collected is independent of the expansion of the sheath associated 
with any realistic probe geometry because the plasma sees only the potential of the extemal grid 
which is independent of the collector retarding voltage. The ion current can be kept constant or 
can be eliminated altogether. Rotating the gridded probe, it is possible to determine whether the 
plasma is isotropic or not. 
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ELECTRON KINETICS IN mE RADIALLY INHOMOGENEOUS 
DC PLASMA COLUMN 

D. Uhrlandt and R. Winkler 

Institut für Niedertemperatur-Plasmaphysik, R.-Blum-Str. 8-10, Greifswald 17489, FRG 

Introduction 

In spite of the great progress of modelling stationary as well as nonstationary electron 
kinetics in collision dominated, spatially homogeneous plasmas the description of spatially 
inhomogeneous electron kinetics was frequently done with rough approximations so far. 
Besides the use of simulation techniques, several attempts have been made to solve the 
inhomogeneous kinetic equation of electrons. A well known simplification is based on the 
assumption of an electron distribution function whose isotropic part depends on the total 
(i.e. kinetic plus potential) energy, only. Although yielding a spatially dependent distribution 
function, this approach should be only valid fora large energy relaxation length and does 
not allow the evaluation of the radial anisotropy of the electron velocity distribution function 
(EVDF). Other attempts to exactly include the space-dependent terms of the k:inetic equation 
are concemed with rf discharges. 

Solution approach of the kinetic equatlon 

The purpose of our contribution is to model the radially inhomogeneous plasma of the 
positive column of de discharges. An electric field with a constant axial component E. and 
a radial component E(r) is considered. We solve the stationary kinetic equation to obtain the 
EVDF using its two term expansion in spherical harmonies. The elimination of the radial 
and axial anisotropic components of the EVDF leads to an elliptic equation for the isotropic 
component f0 depending on the kinetic energy u and the radius r. lntroducing the total 
energy f this equation can be transformed into the normal form 

l 0 ( ru Ofo) _È_( (erf,,'fu aco) 
-; êJr NQ "(u) at +af\ NQ "(u) c3€ =S(u,fo), u =f -V(r), 

where V(r) is the potential energy. Hére, S is the collision term and qt is the total cross 
section for momentum transfer. The elliptic boundary value problem is cornpleted with 
appropriate mixed boundary conditions which correspond to the validity of the equation on 
the boundaries u=O and r=O, respectively. The numerical solution of the problem using 
standard discretization and the inspection of the fulfilment of the consistent particle and 
energy balance equation lead to an eigenvalue problern for the axial field E, at given radial 
field and column radius. Furthermore, a self-consistent rnodelling requires the determination 
of the radial electric field via additional considerations of the ion dynamics. Assurning, 
except the region close to the tube wal!, quasineutrality and ambipolar motion of electrons 
and ions the radial field has been deduced from the radial current density of electrons j" or 
the ionization rate I and the electron density n, as 

E(r)= j"(r) =-1-JI(r')r'dr', 
n.(r)bi n.(r)rb1 0 

where b, is the ion rnobility. The self-consistent solution for the EVDF and both components 
of the electric field can finally be obtained by a twofold iterative numerical procedure. 
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Results for an inert gas 

To demonstrate the method we want to describe inert gas plasmas by including the most 
important processes of excitation and ionization. The figures show first results for a xenon 
plasma in a discharge tube of 2 cm inner radius at a pressure of 1 Torr. The eigenvalue of 
E. is -19.18 V/cm. Fig. 1 illustrates the dependence of the electron density 11c, of the radial 
current density j" and of the ionization rate 1 on the radius. The isotropy f0 and the radial 
anisotropic component f, of the EVDF are represented in Fig. 2 for different values of the 
radius. More comprehensive results wil! be discussed at the poster presentation. 
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ELECTRON FREE DIFFUSION INFLUENCE ON THE EDF FORMATION 
IN A POSITIVE COLUMN OF A DISCHARGE 

Introduction 

J. Behnke, Yu.B. Golubovsky. • S.U. Nisimov *, I.A. Porokhova• 
E. - M. - Amdt - University, Department of Physics 

Domstr. lOa. 1 i487 Greifswal<l. F.R.G. 

A fonnalism fora self-consistent solution of the kinetic equation and the field equation is described 
in example of the positive colulD.Il of a discharge in neon at low pressures and small current densities. 
The model neglects electron-electron and elastic collisions in electron energy balance equation. The 
mechanisms of direct and stepwise ionization are taken into account as wel! as the free electron 
transits to the tube walls in regime of unipolar diffusion. The theory is based on the simultaneous 
solution of the kinetic equation for electrons and the equation of ion motion written in the form 

{eE)
2 

_!_j!_of0 (e.r) 2__! Y!._of.(e,r) _ "( )/,{ )- .• ·)/,( ) 
3 8ev(v) OE + 3rärT v(v) or - vv v 0 E,T tv (l 0 E,T 

Ïi(e,r) = __ v_ (eËO/o + 8/o ~) ,- + / 
v(v) OE or r = lr lr 

where e = u• + e.p(r) is the total energy of the electrons , Eis the longitudinal electric field . v(~) 
and v"(v) are the elastic and inelastic collision frequendes, b; is the ion mobility. The electron 
concentration n( r) is expressed in terms of distribution function by 

n(r) = !."" /o(E,r) .,/e - ei,:(r) de 
"" 

The ionization rate /(r) is rombined by direc.t IJ and stepwise /, ionizations according to 

IJ(r) = j"° v;(E - el"(r))/o(<, r).,/e - e.,,(r)de 
t;+e:p(r) 

/s(r) = 1(r)j
00 

11"(e - e.ç(r))/oft,r).,/:- e.p(r)de 
.!1+c..p(r) 

Here é1 is the excitation threshold. ê; is the ionization potential, v; is the direct ionization frequency. 
;(r) is the stepwise ionization efficiency i.e. the ratio of a stepwise ionization frequency toa total 
decay frequency of th(! excited states involved in the stepwise ionization processes. 
Earlier we have solved a similar problern with zero houndary r.ondition for an EDF at the wal! 
potential Ew• /o(E." r) = O. The boundary conditions more correct to solve the present problem 
are 

8/.(€.r)I -o 
IJr r:r1(e).~<l!'u: -

Thai rorresponds to the fact. that the electrons with energies less than l\'all potential E < r •. are 
t.rappe<l in potential well and the electrons with energies: >E.,, are able to leave on the tube walls 

•ocpartment of Physics. Sa.int Petersburg State University. Russia 
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in a free diffusion regime. At low pressures when an electron energy relaxation length À, exceeds a 
tube radius R the electroo kinetics has a nonlocal character and the distribution function of trapped 
electrons becomes a function of total energy é with no explicit dependeuce of radius. Electrons 
with energies near the wal! potential (E > Ew - eER) can leave to the tube walls, that means the 
distribution function has an explicit dependence on the radius in the above energy range. 
The results of the self-consistent calculations of plasma parameters at pR = 0.1 7 1 torr cm, 
i / R = 10 mA/ cm are displayed in Table and Figs.1 a, lb which represeut the distribution functions 
obtained. 

Theory Experiment 
pR eER ! .... , no Ido 1 •• 2irRJR eER !'u.· no 2r.RJR 

torrcm eV eV cm-~ cm-:.ss- 1 cm-~s- 1 cm-1s- 1 e\' 
0.1 2.61 40.ï 8.5·10" 9.6IO" l.HO" 1.94·10'0 2.8 
0.3 2.85 30.6 2.2i09 7.61014 4.5i013 l.2'1015 3.0 
1.0 4.01 2.5"5 4.!H09 3.6-1014 1.81014 0.61015 3.7 

E is longitudinal electric field, ë w is the wal! potential, 
no axial va.lue of concentration, 2:ir RiR electron flux to the tube wal!, 
lt1,, and l,0 axial values of direct and stepwise ionizations 
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Figure 1. Radial dependencies of electron distribution functions. 
Numbers near the curves are the energy \'alues in (eV) 
t:1 excitation threshold 
t:; ionization potential 
t:.., wall potent ia! 

eV cm-3 cm-1s-1 

39.6 8.HO" l.8·1010 

34.2 2.H09 1.31015 

25.2 5.3·109 0.8·1015 

02 0.4 O.G 0.8 1.0 
radius r/R 

One can see a transitional rauge of distribution funct.ion depending on total energy only to range 
of distribution function with radial dependence which obeys the fundamental mode of diffusional 
problem. A transit.ional range near the wal! potentialis shown in Fig. lb for pR = 0.1 tor r cm. 
,.\ comparison of the theory and experiment al results shows that they are in a good correspondence. 
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ON THE ELECTRON ENERGY DISTRIBUTION FUNCTION INA 
HOLLOW CATHODE DISCHARGE AT INTERMEDIATE PRESSURES 

G.M.Petrov, P.M.Pramatarov and M.S.Stefanova 

Georgy Nadjakov Institute of Solid State Physics, Bulgarian Academy of Sciences, 
72 Tzarigracbko Chaussee, 1784 Sofia, Bulgaria, 

FAX: +359 - 2/75[)ty:}5, E-Mail: ppramat@bgcict.bitnet 

The electron energy distribution funclion (EEDF) shaping in a Ne-H2 hollow cathode 
discharge with cylindrical geometty is analyzed in the energy region from zero to H2 
dissociation energy Ed and from Ed to the cathode fall potential. The spherical pan of the 
EEDF is calculated under the conditions of high currents, strong accelerating field and 
presence of a molecular gas. The vibrational and rotalional excitation, direct and Penning 
ion:ization are taken into account. The superelastic collisions and bemiioni.zations are 
neglected 
According to [1,2], the kinetic equation for the isotropic part of the EEDF f 0 in the region 

0 s e s Ed can be written a~: 

d df, 
del De~ + V Jol + ÎionRlon ( e) + ÎionRpen ( &) = 0 (1) 

where Ds = Dm + De + Dr + Di, and VG = V m + Ve + Vr + Vv are the coefficimts 
of diffusion and of dynamic friction in the energy space for: electron-rnolecular (m) and 
electron-electron (e) collisions, rotalional (r) and vibrational (v) excitation of the H2 
molecules. respectively. The second and the third terms in (1) represents the electrons yield 
as a result of the direct and Penning ionization, respectively: 

Fion = vlon(Hz)[Hz]• Rtcn(e) = 2Ed / (e + Eaf 

Ïpen = kpen[H2 ][Ne*], Rpenf&) = Ö(& -Epen) 

where r is the intensity of the sources and R is their energetic density. The Ne(2p) and 

Ne(Js) levels are considered as sources of Penning electrons and "Ion( H2 ) is the H2 
ionization rate. The solution of (1) can be written as: f = fM + fion +!,,en , where fM is the 
EEDF of the slow electrons obtained when the electron sources are not taken into accotmt, 
!,,en and fion are the solutions of (1) for the ioniz.ation and Penning electron sources, 

respectively. 1n the energy range .E1, << e a decomposition in series on a power of .E1, / e 

can be made [2]. Then v;, = tJIZEvvv and 4 = 0. Forthe fMit is found: 

fM ( e) = 2 p-l/Zn.;re.....'l/Zexp{ - { ds' /T ( e')} 
0 

where T ( e) = De / v" is the characteristic ternperature for the electrons of energy 

133 



s. Ncglecting the term D,_df0 / de in (l) at energies e >>Te. forfpen andfion we obtain 

[2): 

fpen(s) = lpene(sp.. - s) / v6; lwn(E) = lpen12Ed / (8 +Ed) - 1} / v& 

where 8 is the Heavyside function. Therefore, the EEDF is Maxwellian up to energies of 

several Te and step-wise at energies & > > Te. In the region of energies e < Ed, the 

inelastic collisions dominate. For energies e > Eton the so!ution of the kinctic equation 

!!._ { E
10

nnton ( e) i! I 2 f ( e)} = 0 can be presente<! as a decornposition in series on a 
de 

power of Eton / e << l. The solution has the form: 

f1on ( e) ~ ! 0 / { E
10

n v
10

n ( e) .fi}, where l o is the flux of primary eleclrons, entering the 

negative glow. 
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The EEDF shaping as a result of the particular clcmcntary processcs contributions under 
discharge conditions: 200A peak current 1200V peak voltage, 3Torr Ne pressure and 

20Torr H 2 pressure. is shown in Fig. l. The plasma parameters are: 3 x 1014 cm~ 
electron density and 0.2eVelectron lemperature. At s <Ed the EEDF is dorninantly formed 
by vibrational excitation. At energies & >Ed a strong dissociation of H2 begins and EEDF 
drops step-wise. At cnergies & > E;on the EEDF has analogous behavior. At energies & >> 

E;on the EEDF decreases proportionally to e-112 . 

Using the EEDF calculated estimations can be made for the elcment.uy processes 
contributions to the inversion population formation in a hollow cathode Ne-H 2 Penning 
Plasma Laser. 
REFERENCES 
l.N.A.Gorbunov et al, Sov.Phys.Tech.Phys" 61, N6, (1991), 52, .(in Russian) 
2.A.R. Arslanbckov et al. Sov.Phys. Tech.Phys" 62, N6, (l 992) .116. (in Russian) 

134 



MEASUREMENTS OF THE ELECTRON ENERGY DISTRIBUTION FUNCTION INA 
NEON AFTERGLOW PLASMA 

T. Brauer, H. Unger, S. Pfau 

(FB Physlk, E.-M.-Amdt Universitat Greifswald, Jahnstr. 15, 17489, Germany) 

ABSTRACT 

lnvestlgatlons of the tempora! behavior of the electron component in a low preasure neon 
afterglow plasma are presented. The time dependence of the mean kinetic electron energy 
and the electron density are shown also. 

INTRODUCTION 

The aim of our studies was a deeper understandlng of the low preasure afterglow, especially 
the tempora! changlng of the electron energy distribution function (EEDF) and of the 
electron denslty. The lnvestigations were carried out by a pulsed dc-neondlscharge wtth 
preasures of about 1 Torr. A single Langmulr probe was used for the anatysls of the 
decaying plasma. Since the cooling-process of the electron gas after swltchlng off is of a 
high speed the transmission time between the active plasma (E=O) and the decaylng 
plasma (E=O) must be kept very short Only in thls way it is possible, that r:Nery single 
plasma species, especially the charged particles can get a stable final state nearly 
uninftuenced from outside. With our experlmental set up it is posslble to switch of the dc
discharge in a time t-20ns. At thls time reliable measurements of the EEDF and the 
electron density are available 3" .4µs after swltching off. 

RESUL TS AND DISCUSSION 

Fig. 1 shows a slmplified schema of our experimental set up, which allows to get probe 
characterlstics at well defined time points after swltching off. The probe characteristics were 
lnterpreted with the aid of usually methods [1,2]. As a first result this analysis yields the time 
dependency of the mean kinetic electron energy and the electron density (Fig. 2 and Fig. 
3). The starting values of the curves presented In the figures were measured In an 
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equivalent stationary discharge. Fig 2 shows 
that the mean kinetic energy of the electrons 

decreases very rapidly. In contrast the 
electron density increases after sWitching off 

the discharge, reaches a maximum and then 
slowly decreases to zero. In dependance of 
the discharge conditions the density value In 
the maximum can be more or less greater 

than the density value in the actlve plasma. 
The position of the maximum also depends 
on the discharge parameters. Under our 

conditions it is located at 30".50µs. The time 
for reaching the maximum increases with 

increasing discharge current on condition that 

Another result of the probe characteristic analysis yields the tempora! changing of the EEDF 
alter sWitching off the discharge (Fig. 4). A rapid change of the shape of the EEDF takes 
place up to the time of 5".8µs. Alter that time the shape of the EEDF stays nearly constant, 
whllst the maxima of all curves move slowly against zero. 
lt is the aim of forthcomming investigations to imprO\le the experimental set up, so that we 
are able to take reliable measurements shortly alter sWitching off. 
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ELECTRON ENERGY DISTRlBUTION FUNCTIONS 
in ECR-DISCHARGES 

Igor Vinogradov•, Denis Bolshuchin*, Dirk Meyer, Klaus Wiesemann 

Experimentalphysik insbes. Gaselektronik, Ruhr-Universität 44780, Bochwn. Germany 
'St.Petersburg University, 198904. St.Petersburg, Russia 

In an ECR-discharge run in Nz/He mixtures and pure Nz in a simple magnetic mirror trap 
[l] we have determined distribution functions of low energy electrons by two methods. 
The electron ftux escaping at a mirror throat was analysed using a double retarding field 
analyser (DRA) [2] for energies between 50 eV and 2 keV yielding two dim_ensional "energy 
distribution functions" F(Eu ,E.L)· Fig.l gives an example of a measured curve from a 
Ni/He mixture as contour plot and in an isometrie view. 
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An anisotropy is dearly seen. The energy content of the electron gas is larger in the g:i.Ta
tional motion E.L than in transverse motion. By integrating these distribution functions 
along contours with E=Eu+E.L= const , energy distributions F(E) were obtained. These 
energ:i.· distribution functions could be either fitted to a power law, exponential law or to 
a Druijvesteijn distribution function depending on the plasma parameters. 

A second method was based on spectroscopie density determination of N+ ions from differ
ent NII lines using first order aproximation formula in the frame of a collisional radiative 
model [3]. Usually densities obtained from different lines show a systematic dependence 
on the wave length of the NII lines used. These deviations can be minimized by using 
an optimum value for one parameter of the distribution function: the spectral index s 
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for a power law F(E)~ E-•, the mean electron energy E 0 for an exponential law F(E) 
~ exp(-E/E0 ). In the optimized case ion- and atom densities calculated from optimized 
distribution functions do not depend significantly on whether a power law or an exponen
tial law was assumed. Comparing both methods we obtained close agreement only in the 
so called resonance case, when DRA measurements resulted in a power law with s=0.98, 
white the spectroscopie method yielded s=l.l assuming a power law. For other cases, both 
methods resulted in big differences. The reason of this is not clear to us. 

Fig.2 gives charge state distributions obtained spectroscopically using exponential func
tions optimized in the way described above. The optimum values of E0 are 30. iO, 200 and 
1000 eV for powers of 300, 500, 1000 and 1650 W respectively. With increasing power the 
ion contaiment time in the discharge increases as will be discussed elsewhere [4]. Therefore, 
the content of highly charged ions is greatly increased in the discharge. 
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CALCULATION OF THE ELECTRON ENERGY DISTRIBUTION 
FUNCTlü_N IN ~ .LOW yoiTAGE P!..A$~ _:Q~ J>JSCHARGE 

Introduction 

A Lunk and J. Maier 

Institut für Plasmaforschung, Universität Stuttgart 
Pfaffenwaldring 31, D-70569 Stuttgart 

In low voltage are discharges the relaxation of the beam electrons in front of the cathode 

sheath occurs either by particle wave interaction or by collisions with beavy particles and 

electrons. In this paper the collision dominated ralaxation of the beam electrons is discribed 

by solving the one dimensional Boltzmann, equation. The electron velocity distribution 

function (EVDF) is found by a special Lorentz ansatz, wbich includes the z-dependence of 

the isotropic part fo and the anisotropic part f1 of the EVDF. 

Model 

The starting point is the one dimensional Boltzmana equation: 

µvof+ eEz of ='î" c" +C Tz m avz "r' •• •• (1) 

with}Jthe direction eosine, C t" and C.., are the collisions terms for electron-atom (ea) and 

electron-electroa (ee) collisions. For the calculation of the EVDF we use the two-tenn 

Legendre polynomial expansion (Lorentz approximation) in the following form: 

(2) 

with TJ = m. v2/(2tcT.) und fo<TJ) = n, [mj(2JtkT,)]312 e". 

Equation (1) was solved for the conditions of a plane low voltage collisional free cathode 

sheath, which is typical for a hot catbode discharge. The EVDF in the cathode sheath can be 

found analytica!ly [l ). The calculated EVDF at the end of the cathode sheath can be evalu

ated in Legendre polynominal expansion. Comparision with the ansatz (2) yields for T] > rik: 
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where 11. = eU.lkT,, Ut • cathode voltage drop, iet - cmission currcnt deosity, fl = kT,/k:T" 

T. - cathode temperature. The functions 'P(TJ) and 'P1(TJ) are used as the boundary conditions 

for the beam penetrating the plasma. With the ansatz (2) we can split equation (1) in two 

separate coupled panial differential equations for iJlJl/iJz and iJ'PifiJz by the common 

procedure [2]. This equation system was solved numerically by the MATH/LIBRARY® 

IMSL During calculation the elcctron density ll<J and the current density j, was kept constant. 

Discussion 

An example for the relaxation of the electron beam in He is shown in Figs. la and lb. Tbc 

conditions are: n, = 3·10 13 cm·3, no= 3.6-10 1
• cm·3 , kT, = 3 eV, kTt = 0.086 cV, Ut= 16 V, 

ie1:= 0.1 Acm·2, E/N = 2.78·10 ·16 Vcm2
• Fig. la shows that the isotropic part of the EVDF 

relaxes in a distaoce of 0.5 cm and remains constant for langer distances. The rclaxation of 

the anisotropic part of the EVDF occurs in a distance long compared with the meao free path 

due to elastic collisions (1.. = 8.4 cm). The low energy part in 'P1 represents the drift of the 

electrons in the electric field. 
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Fig. la Fig. lb 

References: [Il H.v.Specht, R. Winkler, Beitr. Plasma Phys. 12(1972)185; 
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RESPONSE OF ELECrRONS TOA SPATIAL ELECI'RICAL FIEIJ) IMPULSE 

Rolf Wjnkler and Florian Sigeneger 

Institut für Niedertemperatur-Plasmaphysik, R.-Blum-StraBe 8-10, 17489 Greifswald, Germany 

Introductioo 
An effective method for solving the one-dimensional inhomogeneous Boltzmann equation bas 
been recently developed. This method is used to investigate the response of the electron 
distribution function (EDF) and the relevant macroscopie quantities in a helium glow diseharge 
plasma to the impact of a spatially embedded disturbanee in the electric field È=E(z)-l, . Both 
elastic and inelastie (conservative) collisions of electrons with gas atoms are taken into account 

Kinetic approach 
Using the well-known two-term approximation for the EDF, the Boltzmann equation is converted 
to a parabolic differential equation system for isotropic and anisotropic part fo(U,z) and / 1(U,z) 
of the EDF. The replacement of the kinetic energy U by the to total energy e =U + W(z) leads 
to the following parabolic differential equation for the transformed isotropic distribution f0(e,z): 

-l._(_l_l._ Ïo) + ..Ê...(B(U)Ï0) + C(U)Ï0 = C(U +U"')Ï0(U +U1a, z) , U"e -W(t) (1) oz .A(U) oz ae 
The coefficients .A,B,C ofthis initia! boundary value problem are determined by the atomie data 
of the collision processes and the term on the right-hand side contains a shifted energy argument 
caused by the inelastic collisions. Now the potential energy W(z) is involved in the coefficients 
and fixes two boundary curves of the relevant (e,z)-region. A detailed consideration of the 
problem shows that the isotropic distribution function can be determined in electron drift 
direction through the embedded electric field pulse and up to the establishment of the 
homogeneous state if the isotropic distribution is given sufficiently far before the field 
disturbance region. The numerical solution of the parabolic problem can be obtained by 
integration of (1) from higher to lower total energies using a modified Cranck-Nickolson method. 

Results 
As an exarnple a helium plasma at a density of 3.54·1016cm·' is considered. Two different pulse
like electric field disturbances, embedded between 4 and 9cm, are imposed on the plasma as 
shown in Fig. 2a. In case A and B a basic field strength of -2 and -10 V/em and a pulse 
amplitude of -8 and +8 V/em is used. Fig. 1 shows the normalized isotropie distribution in 
dependence on the kinetic energy U and the space coordinate z for both cases. The borders of 
the field disturbance are marked by thick lines. Tuis figure illustrates a quite different 
(nonperiodical and periodical) structure of the disturbances in the isotropic distribution and 
remarkable relaxation lengths for the establishment of the homogeneous state at different kinetic 
energies. Because of the restriction to conservative inelastic collisions, the total electron current 
density is space-independent. Nevertheless, its both parts, the field driven current and the 
diffusion current, are strongly influenced by the field disturbanees. In Fig. 2b both parts are 
presented for both pulse cases and are normalized on the constant total current density. Fig. 2c 
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shows for case B the different contributions to the energy balance which are normalized on the 

undisturbed gain from the electric field. Due to the consistent energy balance the difference 

between the gain and loss contributions in the inhomogeneous region is compensated by the 
spatial divergence of the electron energy current density. The occurring large contribution of this 
divergence term reflects the remarkable energetic spatial disturbance of the electrons. 
Systematic results conceming such disturbances will be reported and discussed in the poster 
presentation. 
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Fig. la,b: Electron distribution function 
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Modelling an RF-DC Triode Plasma 

J.H. van Breda, W.G.Ha.ije and A.G.Diast 

ECN Energy Engineering, Netherla.nds Energy Research Foundation (ECN) 
P.O. Box l, 1755 ZG Petten, The Netherlands 

fCommission of the Europea.n Communities, Joint Research Centre 
P.O. Box 2, 1755 ZG Petten, The Netherlands 

Introduction 

One dimensional particle models area proven technique to simulate low density plasmas. See 
for insta.nee [l] or [2] for applications of this type of modelling. We have modelled a parallel 
plate RF·DC triode plasma with a one dimensional particle Cloud In Cell (CIC) model. 
Binary collisions were included using Monte Carlo methods. The simulated system consists 
of a capacitively coupled middle RF electrode with a positively biased DC top electrode and 
a grounded bottom electrode. The distance between the outer electrodes was 6 cm. This set 
up is the sa.me as our experimental deposition system which is used for deposition of TiN 
coatings [3]. Argon was used as processing gas since we were interested in the behaviour of 
the system itself and not directly in plasma chemistry. 
Since particle models are from the computational point of view time consuming a model of 
the sheath bas been derived to calculate the Ion Energy Distribution (IED) at the grounded 
electrode. This reduced model approximates the spatial dependence of the potential in the 
sheath on basis of a continuous ion current from the plasma with a correction for ionization 
in the sheath. The time dependence of the plasma potential is assumed to be a sine function. 
!ons are followed from a starting cell (width t.x) in the sheath until they reach the electrode. 
In this way each starting cell leads to a partial !ED which is summed to give the final IED. 
In this sum the partial IEDs are weighed with the number of colliding ions in the cel! times 
the probability that these ions will not collide between the cell and the electrode. 

Simulations 

In the CIC simulations electron-neutral (elastic, excitation and ionization) collisons and ion
neutral (scattering and charge exchange) collisions were taken into account. The pressure 
was varied from 0.1 to 1 Torr, the amplitude of the 13.56 MHz RF power supply from 
100 to 150 Volts and the DC voltage from 0 to 300 Volts. After an ionizing collision a 
new electron and ion were introduced. The energy of the neutra! a.nd the ionizing electron 
minus the ionization energy ( 15. 7 e V) was divided over the three particles. In the case of 
excitation the electron energy was reduced by the excitation energy (11.6 eV) and a factor 
t.E = 2E(l-cos(x))m./ma where X is the scattering angle. The energy of an electron after 
a.n elastic collision was only reduced by t.E. The energy of a scattering ion was reduced by 
~E(l - cos(x)). Charge exchange collisions were included by choosing a new energy from a 
400 K thermal distribution for the colliding ion. Secondary electrons were released from the 
electrodes due to arriving ions with a probability of 0.1. 
To calculate the !ED with the reduced model the plasma density and RF bias derived from 
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the CIC simulation where used as input. 

Results 

In the figure below the dependence of the power absorbed by the plasma on the DC voltage 
is plotted for the case of a 0.25 Torr plasma and an applied RF voltage of 125 Volts. At 
low DC voltages the RF power decreases with increasing DC voltage. In this regime the 
total power is independent of the DC voltage. At higher DC voltages an increase in the DC 
voltage leads to an increase in the total power as well as the RF power. 
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Figure 1: The RF, DC and total power as function of the DC voltage 

The reduced model predicts the same IED as the CIC program except for some minor 
features, as long as the DC power is less than the RF power. In the other case the reduced 
model underestimates the high energy part of the IED. So, in experiments where the RF is 
the main power source it is sufficient to use the reduced model if one wants to predict the 
IED. 
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Electron Energy Gain and Loss in a Helium-Radiofrequency-Oischarge: 

Comparison of Experiment, Simulation and Analytica! Model• 

E. Quandt, H.M. Katsch, P. Mark and K.G. Müller 

lnstltut für Laser- und Plasmaphysik, Universität Essen, 46117 Essen, FRG 

lntroduction: The basic question of the spatiotemporal energy gain and loss of 
electrons in a RF-discharge is investigated by comparing and combining experimental 
results of time- and space-resolved plasma induced optical emission spectroscopy and 
results of computer simulation (PIC-MCC-code [1] expanded by the consideration of 
metastable helium atoms). The results are compared with an analytica! model on the 
basis of the transport equations [2). A new discharge type with a trapezoid like voltage 
profile is developed to get a better separation of ex- and y-mechanisms (ex- mechanism 
is expected over the period of voltage change and y-mechanism over the period of 
constant voltage). 

Setup: The discharge is running in helium (50 Pa < p < 400 Pa) between two circular, 
parallel, stainless steel electrodes (diameter 12 cm, distance 4 cm). The experimental 
discharge is radial confined by a floating cylindrical electrode. The discharge voltage 
has either a trapezoid like profile with an exponential rise (tri"=30 ns) and fall (t"11=250 
ns) and a frequency of 300 kHz or a sinusoidal profile with a frequency of 3.2 MHz. 
The amplitude of the discharge voltage is chosen between 160 V and 350 V. 
The experimental diagnostic consists of a Langmuir-probe (time- and space-resolved 
measurements during the voltage plateau in the trapezoid discharge) and time- and 
space-resolved optical emission spectroscopy of the atomie state 3'P-2'S (5016 A) 
during the total period (in the trapezoid and sinusoidal discharge). 
The simulation run with 5000-7000 super particles in 200 space intervals. 

Results: At high neutral gas pressure (e.g. 400 Pa), due to the small mean free path of 
the electrons, the distance between energy gain and loss of the electrons is assumed 
to be small (smaller than the spatial resolution of the diagnostic). Corresponding to the 
energy loss of the electrons, the spectroscopy shows at times of the voltage change 
(high displacement current) high emission near by the expanding sheath, low emission 
in the bulk plasma and medium emission near by the collapsing sheath (fig.1 ). This 
result agrees well with the total electronic excitation of atoms as given by the 
simulation. The gained energy of the electrons (j·E) is given by the simulation too 
(fig.2). As expected the gained energy is localized near by the position of energy loss. 
At low neutra! gas pressure (e.g. 65 Pa) the distance between energy gain and loss is 
expected to be large. Energy loss as given by spectroscopy (fig.3) and simulation (total 
excitalion) is centered in the bulk plasma. The simulation indicates in accordance with 
the analytica! model electron heating in front of the expanding sheath and in the 
adjacent part of the bulk plasma and electron cooling at the collapsing sheath (fig.4). 
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Conclusion: As supposed in the model [2) RF-healing (in the a-mode) consists of two 
mechanisms: Reflection of electrons at the moving sheath edge (sheath oscillation 
healing) that leads to healing at the expanding (+Woo.z) and cooling at the contracting 
sheath (-W0. ,) and Joule healing in the sheath range (WJ.•ttn"') and in the adjacent part 
of the bulk plasma (WJ.,.,rJ. The numerical solulion of the analytica! model gives for the 
trapezoid discharge: At high pressure (400 Pa) the Joule heating is much greater than 
the sheath oscillation healing. So additionally (W

0
.,_ + WJ·"'""' + WJ,ooik) a positive energy 

gain with different altitudes at expanding and contracling sheath results (comp. fig .2). 
At low pressure (65 Pa) the Joule healing is smaller than the absolute value of the 
sheath oscillation healing (i±Woszl) . Consequently the addition of W0 " , WJ.•"""' and 
WJ,..,,k results in heating in the region in front of the expanding sheath and cooling in 
the region in front of the contracting sheath (comp. fig.4). 

Fig. 1: emission signal (experiment) 

trapezoid discharge: p=350 Pa, U0 =160 V 

Fig. 3: emission signal (experiment) 

trapezoid discharge: p=100 Pa, U0=200 V 

References: 

Fig. 2: j ·E (simulation) 

trapezoid discharge : p=400 Pa, U,=160 V 

Fig. 4: j·E (simulation) 

trapezoid discharge: p=65 Pa, U,=160 V 

[1) C.K. Birdsall; Particle-in-Cel/ Charged-Particle Simulations Plus Monte Carlo 
Collisions With Neutra/ Atoms, PIC-MCC, IEEE Trans. Plasma Sci., 19(2), 65, (1991) 

(2) H.-M. Katsch, K.G. Müller, E. Quandt, Collisional electron heating in a RF discharge, 
J. Phys. D: Appl. Phys., 26, 2168, (1993) 
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Tll:F: f:FH:CT OF COT, f,fSlONS ON Pt,ASMA PARA:'l.1ETERS lN Rf nTSCHARGES 

A.G.Shishkin 

Dept . of Computational Mathematica and Cybernetica, 
lfosco>' State Uni versity , Vorobjovy Gory, 119899, !lfoscov , Russia 

Introduction 

In recent years, capacitively coupled radio frequency (RF) discharges have 
received great attention due to their vide uee in the materiale proceseing 
technique such aa, for examplc, ion implantation and plasma etching. The math
ematica! modele of RF diechargee ueually do not take into account the effecte 
of ion co ll~sions and even existing collisional modela deacribe only plasma 
presheath . in thie contribution a kinetic collisional model for the entire 
plasma region is formulated. Since in industrial applications of plasmas, 
ion-neutra! collisions can be more important in determioing the 100 dynamica 
than ion-ion collisions, the former collision procesa will be the focus of this 
etudy. The model developed ie relevant toa capacitively coupled RF diecharge 
in a lov frequency regime ( i e. " ·-t.: ;.;" vhere ..;,, ~s the ion plasma frequency) . 
In this case R.F diechargee can be 1110delled ae a eequence of eteady statee . 

We coneider a plasma contained betveen tvo electrodee at r = ±1, . The plasma 
is assumed to have infinite extent in the -,; and z directions and no spatial gra
diente in tboee directione . Then the kinetic equation is the ti111e independent 
Boltzmann cquation for the ion distribution function f : 

~ 1) 

vhere 8 is the spat ia 1 ly nononifonn "oorc<' of ionl! reqni r~tl "" rep lacc ionl! 
lou t to the electrodes, M .i.s the mass, q is t.he charge," is the .._ component 
of the ion velocity ii and <P(:r) ie the potential For the colll sion term in 
(1) we use the BGK operator [1]. As phase space coordinates, we take.._ and 
F: = ~M"~ + ,7rp'x~ . 

Fo"r the el~~tron density '",we simply take a Maxwell- Bol tzma= uiat.r ibution 
and cboos e thP. source funct i on s such that , if thert? were no potential t'iradiente 
in the plasma, the ion uistribution fun~tion would be Ma.xwellian [2] . The 
parameters of BGK collision operator are determ:ined by the requirement that 
it conser ves particles. The ion ue ns ity is obtai.ned by integrating the ion 
<l.i etribution func:tion oTer energy F; Then the d i meneion] .,,ee potential '/' = 
.f,(s) = - •'i'(~)/kT can be .founu from nonlinear Poisson 's equation : 

where .• = rf l , , / ' :t.s the elctron temperature , H r_.• _! tB the ileavie1de functi on , .• 
is is the point of potential maximum : .;,(.•)"' :i. :...x j,(.,; , ,, = ::·:. /L ; , \;, is Debye 
length, r .. t .. i:.; , ~·:(.,; , ·~(.: )~ are qui te ::omplicaterl ~ t C"rat ".!d i ntegra!s ~.v '?!r .:' ::ind !-.~ 
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Nulllf:rical resu~ 

Eq. (2) has been solved numerically in the region -1 :S s $ l, 0 < y < Ym.az 

(y = J(F: - qrp(x))/kT) on the mesh (400 x 100). The addl.tional difficulty is created 
by the unlr.nown parameter ii. The computations have been done for T = 2eV, 
"' = !O"cm->, 1, = 3cm for hydrogen plasma. 

In Fig.1 the dependence of dimensionless potential ~on• is presented for 
collisionless and collisional plasma with 'f' = 1 and U = <p(I) - <p(-1) = 8V (U and 
r being the total potential diff erence and the ratio of electron and source 
temperatures respectively). There the curve 1 corresponds to ' = loon (i. e 
collisionlese case) , curve 2 - ii = l (ó = ;./ L, .:1 is the mean free path for 
ion-neutral col.lisions) It can be seP.n that the shel'lths are created near 
ooth electrodes. The potential change in anode sheath ;'x - L; for curve 2 
• 8 i.n J. S time'! gr""te".' t.han for ~urve 1 This is due to th" fac"o that for 
cullisiunal ~ase ions lo~e their momentum in charge exchange and this loss 
mul!t be r"p l"ced 5o the potentüü drop for '=1 increaees 

The distribution function ver11u11 normalized velocity u (u = ,jMv'/k1') is 
given in Fig.2 at three different spatial points for collisional case. Curve 
l corresponds to • = u, curve 2 - s ~ u.;; and curve 3 - s = u. 7&. Compared 
to co 11 is ion less case the sj ze of the peak of the functj on i" signj f frantly 
reduced. 

The calculations l.Jith different values of - , ', f.I and for nitrogen plasma 
have also shown that ion-neutral collisions could lead to considerable changes 
in magnitudes of energy fluxes and especially particle fluxes. 
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RF DISCHA!lGE WITH NEGATIVE IONS AT MEDIUM PRESSURE 

LD. Kaganovich 

Physical Technica! Department, St. Petersburg State Technica! University, 195251, Russia 

Radio rrequency discharge is widely used in plasma technology. For these applications it is 
important to know characteristics of sheathes near electrodes, because they determine the values 
of ion and neutral particle fluxes. Many publications are devoted to numerical modelling of this 
discharge [1,2). We shall concentrate on anal:,,1ic theory of RF discharge with negative ions. 
which gives plain formulas for sheath characteristics and charged particles density profiles in the 
discharge. For medium pressures (p> l 1orr) the local approximation can be used. lt means that 
elcctro~ distribution functio'n and ionization frequency v, ( E) are determined by local oscillatory 
electric field E. üsually electron temperature is much smaller than ionization potential , so v, ( E) 
dependence is rather strong. The energy threshold for electron attachment usually is lower than 
the ionization potential. So we neglected the attachment frequency v, dependence on E for 
simplicity. Usually 

t,
1 <<C!l << t;', (1) 

whcre ·~'. = 4;-ceb"n' : b,- ion mobility, n,. - electron density. e - electron charge. The right 
i11t'quali;y ( 1) means tha1 in plasma reg; on conductivity current exceeds displacement one, and 
condition of quasineutralit~· holds. The left inequality ( 1) means that the time of ion motion 
through the sheath t, is larger than l/w . These assumptions allow to simplify significantly the 
equations of discharge [4). They consist of averaged over time ion transport equations and the 
Poisson equation. Let us consider a discharge with high density of negative ions n' compared 
with electron one n; in the region of uniform ion and electron density (plasma column). 

The sheath \\'idth L is important characteristic of discharge. lt is determined by the ratio 
L -'.eb, E/tl =:!j/(e<o n,) . (2) 

wher\! E - dectric lield in plasma phase. j- current density [4). Fora simple plasma (n=O) n. :n;, 
and E = E' in the sheath region. because of strong dependence of v, ( E) on E. So sheath 
characteristics in this case are rather conservative. because value of electric field in plasma column 
E' is practically independent on j. In discharges with negative ions the value of n, in sheath can 
vary considerably from n; to p•, and sheath characteristics can change significantly. Negative ions 
originate from elec1ron attachment and are sweeped out from sheath to plasma centre. Their 
density is determined by the parameter v, t, The value of i:, varies from i:,, = (4neb,n; r ' to 
i:,, = (4neb,p'r' . Therefore the structure of sheath region depends on the values of parameters 
v" ti1 and v" 't 1.:! . 

a) For small attachment frequency ( v, i: ,1 << l) the negative ion density is small everywhere 
in the sheath region. and the theory for simple plasma can be applied. The main characteristics of 
the sheath are collected in the table. 

b) For large attachment frequency ( v, t,: >> 1) the main part of the sheath is occupied by a 
region . where n, = n; and p: p' . From es1ima1e (2) it follows that sheath width is the same as for 
simple plasma (see table). 

c) In intermediate case: t,,' <.-: v. <" t .. ,' the analysis or equa1ions shows that electron 
density in sheath must be of order of n ~ = v, I 4 rceb, :- > n . lt corresponds to v. t -1 · ion motion 

time through the sheath equals to v_, ·· for this case n,. >-·n, . and sheath width is small compared 
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with cases a) and b) From estimate (2) it follows,that sheath width is proportional 11.l curren< 
density (see table) in contrast to other cases. 

For the cases a). c) ion flux r· = v_,j I ew is produced in sheath region. It must decrease in 
region of inhomogenious ion density. lf in this region diffusion dominates, shocks of ion density 
arise (see figure a.b) (3,5]. lf convection dominates. a peak of ion density arises near plasma 
sheath boundary (fig c) [3]. 

table: 
L 

a) v,t,, << 1 
2j/ewn; 

c) ·(/ << v, << ·(~1 

0.63rrjb, /wv, 
b)v,t,,>>I 

2j/eC;Jn; 

p,1 n; v, / 4rreb, p' 
V Srrj' / ew ' n'. 0.97*8;i:j' /el:l'n: v,t" Saj' lew'n'. 
L-sheath width. p, -positive ion dcnsity at the electrod~,\°-sheath vohage. 

The work "as supponed by Russian Foundation of Fundamental lm·estigations. grant 
N93-02-16873,and by International Science Foundation. grnnt N PH 4 9125-0925. 

(~:~ 
0 1 2. 

iJ 
3 X,cm 

b c 
0 

1,3 
é78 
E ... (J 

0 0 
... 0 
oo 

0 ... 'O 

0 2 N 
.Cl) d. c: 
è c:· 
ei 2 

j 3 ei 

o.? M X. tm 0 0.2 .)(, c.rrt 
Figures: densities 1-p. 2-n,.3-n. a)-model gas. p=l torr.,f= IOMKz. V=500V. v, t,, « 1 [IJ, b)
SF, . p=O. I torr , f=l3MKz, j=4 mNcm'. t;' « v .. «(,' [2), c)-SF,;. p= I torr , f-= 13Mltz. 
j= IONcm ' t,~1 << v, << t :,' [2] 
Reterences 

[ 1 J J P Boeuf. Phys Rev A 36 1J987) 2782 
(2] \:.:\.Schveigen. Sov. J. of Plasma Physics 17 (1991) 844 
[3] l.D Kaganovich. Sov J. oi Plasma Physics. to be published 
(4] A .. S Smimov. LDTsendin. IEEE Trans. PS 19(1992) 130 
(5] I.D.Kaganovich. LD Tsendin. Sov J. of Plasma Physics 8 ( 1993) 1229 

150 



STUDY OF RF ELECTRON SWARM TRANSPORT UNDER 
DENSITY GRADIENT BY DIRECT NUMERICAL 
PROCEDURE OF THE BOLTZMANN EQUATION 

Kenji MAEDA and Toshiaki MAKABE 

Department of Electrical Engineering, Faculty of Science and Technology, 
Keio University, 3-14-1 Hiyoshi, Yokohama 223, Japan 

Introduction 

The analysis of electron swarm transport under an rf field is the basis of rf discharge 
plasmas which is widely used in the industry, and is also of great interest from the physical 
point of view. The rf electron transport with the spatially homogeneous density has been 
studied using expansion methods[2, 3, 5, 6] and the direct numerical procedure[l , 4, 9] of the 
Boltzmann equation. The transport under the case of a density gradient such as in an isolated 
electron swarm has been investigated in de fields using the density expansion method[lO]. 
There exists, however, no investigation of time-dependent isolated electron swarm transport 
in rf fields. 

Theory 
The periodic behavior of an isolated electron swarm under rf fields , whose characteristics 

can he described as a form of distribution function g(r,v,t), wil! be studied by solving the 
Boltzrnann equation 

{) {) {) 
8tg(r,v,t) +v. arg(r,v,t)+a(t) . avg(r,v,t) = J[g(r,tt,t)] (1) 

where r, t1 and t are the electron position, velocity and time, respectively. a(t) is given 
by eE(t)/m, where E(t) = v'2ER cos(wt), and e and m are the electron charge and mass, 
respectively. J[g] is the collision term. Under an rf field, the distribution function g(r, t1, t) 
may be expanded in the spatial gradient of the eleclron number density n(r, t) 

00 ( {})k 
g(r , v , t)=Egk(v , t) 0 -{)r n(r, t) (2) 

where gk(v, t) is a tensor of rank k, and 0 denotes a k-fold scalar product. Each tensorial 
function gk(v. t) is normalized as 

i k {l, (k = O) 
g(v,t)dv= O. (k#O) (3) 

Considering the electron continuity, the subst itution of eq.(2) into the Boltzmann equation 
( 1) leads a system of equat ions. For k = 0, 1, the equations are described as 

{) {) 
mg0 (v,t) + a(t). {)vg0 (v,t) +w0 (t)g0 (v,t)- J[g0 (tt,t )J = 0, (4) 

{) {) 
iJtg1 

( v , t) + a(t )- {)v g 1 
( 11, t) + w0 (t)g 1(v , t) - J[g 1( tt, t)] = 119°( t1 , t) - "'' ( t)g0

( v , t) . (5) 

Here, w0 (t) is the effective ionization rate and w 1(t) is the drift velocity. In addition, the 
diffusion tensor "'2(t) will be defined under the condition of no ionization and attachment 
as 

(6) 
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Results and Discussion 
The validity of the present procedure 

is cxamined in de fields by comparing the 
swarm parameters with the previous results 
for Reid's ramp model gas.[7] The results 
containing the longitudinal diffusion coeffi
cient N DL are tabulated in Table:I and are 
in good agreement with previous. In rf case, 
the time modulation of N DL(t) for different 
frequencies at 12Td in Reid's ramp model 
is shown in Fig.!. At lOMHz, N DL(t) is 
small when the field is strong, and this may 
be understood from the de characteristics 
of ,VDL . :'lfomentum t ransfer collision fre
quency of Reid's ramp model gas becomes 
larger if electron velocity increases. And for 
this reason, the strong field causes the re
duction of .Y DL. The characteristics of the 
transverse diffusion coefficient N Dr will be 
discussed . 

......... 1.2 :'\/ ·-·. 

,• :' 

.:/ ~ ~:~, /; 
- 0 6~ \,/' \ ",/ \ 
~ o:+·· 1~~/ 50MHz '. __ , j 

0 0.2~ 
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0 1t 

rot 

Fig.l Time modulation of longitudinal dif
fusion coefficient N DL( t) for frequencies of 
lOMHz, 50MHz, and lOOMHz for ER/N = 
l2Td and ITorr in Reid's ramp model. 

Table !: C'omparisons of the mean energy (t), drift velocity vd, longitudinal diffusion co
efficieut. S DL , and transverse diffusion coefficient N Dr in de fields with previous re
sults of Rcid 's ramp model gas. MacMachon (McM), Segur (FEM,PDM), and Penetrante 
(Penet)(see ref.[ï]) . 
E/N 
(Td) Method 
12 

24 

Present 
Mc\I (6 term) 
FE\I 
PD\I 
Penet (MC) 
Present 
\k\I (6 term) 
FDI 
PD\1 
Penet (\IC) 

References 

M 
(eV) 
ö.269 
0.269 
0.2689 
0.269 
0.270 
0.408 
0.408 
0.4074 
0.4083 
0.409 

6.82 
6.84 
6.832 
6.832 
6.86 
8.87 
8.89 
8.881 
8.874 
8.89 

NDL 
(I024m-ts-1) 
0.568 

0.569 
0.569 
0.58 
0.456 
0.460 
0.463 
0.4613 
0.48 

[!] K.Maeda and T .Makabe: Jpn.J.Appl.Phys. (in press) 
[2] T.Makabe and 1\.Goto: J .Phys.D 21(1988) 887-895 
[3) '.'l .Goto and T.Makabe: J .Phys.D 23(1990) 686-693 
(4] P.J.Drallos and J .M.Wadehra: Phys.Rev A 40(1989)1967- 1975 

1.135 
1.131 
1.16 

1.133 
1.134 
1.131 
1.16 

[5) R.Winkler, J .\Vilhelm, A.Hess: Annerlen der Physik. 7.(1985)537-558 
[6] R.\\'ï nkler. \l.Dilonardo, M.Capitelli, and J.Wilhelm: Plasma Chemistry and Plasma 

Processing. Vol.7, :'llo . .3, 1987 
17] K.f .\.-ss and R.E.Robson: Phys.Rev.A, Vol.34, No.3, 1986, 2185-2209 
[8) K.Kumar. H.R.Skullerud and R.E.Rohson: Aust.J .Phys., 1980,33,343-448 
[9] K. Kitamori. H. Tagashira,Y.Sa kai: .J. Phys.D:Appl.Phys, Vol.11 ,1978 

[10] :'ol .Shimura and T .Makabe: J . Phys. [): Appl. Phys" 25, 751-760(1992) 
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Frequency effects in capacitively coupled radio-frequency glow discharges: 
A comparison between experiments and a 2-D fiuid model 

W.J. Goedheer, J.D.P. Passcbier and P.M. Meijer, FOM Instituut voor Plasmafysica. 

P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands 

W.G.J.H.M. van Sark and J. Bezemer, Debye Institute, Utrecht University 

P.O. Box 80.000. 3508 TA Utrecht, The Netherlands 

We have developed a 2-D !luid model for capacitively coupled RF discharges in a closed cylin

drical discharge chamber with height L and radius R (0 $ z $ L, 0 S r S R), in which one of 

the plates is powered. while the cy!inder wal! and the other plate are grounded. Tuis model is 

presented in detail elsewhere (!]. 

The discharge is excited by a voltage V(t) = VRF sin( ..... t}+-'Voc applied at the electrode positioned 

at .: = 0 and 0 S r S RRF. with RRF <R. VRF is the amplitude of the externally applied voltage; 

Foc is the generated autobias voltage which ensures that the average current ftowing through 

the discharge with different electrode sizes is zero [2,3]. In the simulation we start with a guess 

for V oc and compute the average current after each RF cycle. If the average current is not zero, 

V DC is increased or decreased with a small step, depending on the sign of the average current. A 

similar procedure with V RF is used to keep the average dissipated power at a prescribed value. 

The model was used to study argon discharges in a discharge chamber with dimensions L-2.7 

cm, R-9.0 cm and RRF-7.8 cm, at frequencies w/27r between 60 and 100 MHz and pressures p 

between 20 and 60 Pa. The experiments were performed in one of the chambers of the Utrecht 

UHV multichamber deposition system ASTER [ 4], with the same dimensions. 

Figure 1 shows the relation between Voc and VRF. as obtained frnm the model. This relation 

does not depend on the frequency, the pressure and the power; it is detennined by the reactor 

geometry. An interesting point is the offset at low RF voltages, close to the minimum sustain

ing voltage. There Voc vanishes, an effect which has been observed experimentally in other 

discharges as well (S]. This offset cannot be explained with modc:ls based on Kirchhoff's law 

for the currents flowing through the circuit and the space charge sheaths [3]. 

The power P dissipated in the experiment scales with the excitation frequency w, the bias voltage 

Foc and the pressure p as: P <X w 2 p t V DC (Fig. 2). 

Figure 3 shows the value of v'oc predicted by the model and the corresponding experimental 

value, for various power levels, pressures and frequencies. Good agreement is obtained; only at 

low values of J,'Dc the agreement is poorer; these values are obtained at excitation frequencies 

above 80 MHz or at low power levels. 

In figure 4 the distribution of the positive ion flux towards the grounded plate is shown for 13.56 

and 60 MHz, at a pressure of 20 Pa and an input power of 20 W. At 60 MHz the flux is more 

uniform and higher, because a Jarger fraction of the power goes into the electrons. Tuis leads to 

a higher density and a thinner space charge sheath. 
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Figure 1. v DC VS v RF as obtained from 
the 2-D model. Open symbols correspond to 
a pressure of 20 Pa. closed symbols to 60 Pa. 
Triangles correspond to a frequency of 60 MHz. 
squares to 80 MHz and circles to 100 MHz. 
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Figure 3. The measured DC autobias voltage 
vs the voltage obtained from the 2-D model 
at equal frequencies, pressures and power 
levels. Symbols are as in Fig. 1. 
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Figure 2. The sealing law which relates the 
dissipated power to the RF frequency WRF· 
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the measured DC autobias voltage V DC· 
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Figure 4. The flux of positive ions towards 
the grounded plate at a frequency of 13.56 
and 60 MHz. The pressure is 20 Pa and 
the power is 20 W. 
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DENSITY PROFILES OF THE CHARGED SPECIES INA LOW 
PRESSURE OXYGEN PLASMA 

D. Vender, E. Stoffels, W.W. Stoffels, G.M.W. Kroesen and F.J . de Hoog 

Eindhoven Technica) University, Department of Physics 
PO Box 513, 5600 MB Eindhoven, The Netherlands 

Plasmas containing significant numbers of negative ions have recently attracted renewed 
interest since the loss of charged species to the walls is affected by the presence of negative 
ions and negative ions have also been associated with particulate formation. 

We have measured the negative ion density profiles in a low pressure rf plasma in oxygen. 
The excitation frequency was 13.56 iv!Hz, the input power 10 \V and the neutral pressure 
was varied bet.ween 5 and 200 mTorr. The plasma was confined in a cylindrical cavity with 
17.5 cm inner diameter and axial height of 5 cm. A microwave resonance technique was 
used to measure the spatially averaged electron density while the negative ion density was 
obtained by measuring the density of photodetachcd electrons following a short pulse from 
a Nd:YAG laser. Axial negative ion <lensity profiles were obtained by displacing the plasma 
with respect to the laser beam along the cavity axis. The detection technique averages over 
the radial ion density profile with enhanced sensitivity near the cavity axis so that the effect 
of the radial density variation on the resulting axial profilcs is negligible under the present 
conditions. 

In the pressure range under investigation the most important mechanism for negative ion 
formation is dissociative attachment (02 + e- --+ o- + 0). The resulting negative ions are 
lost by ion-ion mutual neutralisation or by ·detachment in collisions with atoms, electrons 
or 0 2 metastables. Selective detection of the Oï density combined with kinetic modeling 
indicates that - 90% of the negative ions are o-, electrons make up bet ween JO and 20% of 
the negative charge [Ij and energy resolved ion mass spectrometry of the ions reaching the 
cavity wall indicates that - 90% of the positive ions in the plasma are Oj. 

We thus effectively have a three component plasma (made up of Oj, o- and e-) which 
may be described by the species continuity equations. These equations can be considerably 
simplified at low pressure where it can be assumed that the negatively charged species are 
in Boltzmann equilibrium and that the effect of rccombina tion on the positive ion profile is 
negligible. With n_/n. » 1 we obtain an expression for the positive ion density 

<fn+(x)/dx2 = -k;,n,no/D. (1) 

where the ambipolar diffusion coeffi.cient D. = 2D+ , the thcrmal dilfusion coefficient for the 
positive ions. The electron and positive ion proliles are then given by 

n,(x) 

n+(x) 

n.o(n - f n-of- /T, ~ n.0 (=constant since T. » T_) 

(k;,ne0n0 /2D.)(12 
- x2

) 

(2) 

(3) 

where 21 is the axial length of the plasma. The negative ion density profile follows from 
charge neutrality n_ = n+ - n.o. The excellent agreement between the measurements and 
the expected parabolic density profile is shown in Figure 1. Since gas dependenL efîects are 
negligible at low pressure, the parabolic profile is universa!, as confirmcd by measurements 
in a pure CChF2 plasma at 2.5 mTorr. Parabolic dcnsity profilcs wcrc also recently obtained 
in particle sim11lalions of electronegative plasmas [2]. 
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As the pressure is increased the density profiles become markedly asymmetrie and the 
gas dependent details of charged part icle generation and loss have to be considered. Our 
results indicate that the density profile is most affected by nonuniform ionization in the dis
chage gap. Energetic electrons are prod uced mainly by sheath heating and secondary electron 
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Figure 1: Negative ion density profile at 
10 mTorr compared to theory. Electron 
<lensity is shown dashed. 
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Figure 2: Negative ion density profile at 
100 mTorr showing the effect of enhanced 
ionization al the driven electrode. 

acceleration at the large sheath adjacent to the driven electrode in the asymmetrie discharge 
{area ratio ~3). The density of these energetic electrons decays exponentially away from 
the driven electrode sheath as they lose energy in inelastic collisions, including ionization, 
so that we may write 

rfln+(x)/dx2 = - (v;,n,/ D0 )e -(r+I)/>. ( 4) 

where À is an effcctive loss lcngth for ionizing electrons and v;, is the ionization frequency 
next to the driven electrode. This leads to density profiles given by 

n_(x) = n,0 ( ~
2

;~· ( 1 + e-2t/>. - 2e-(.+I)/>. - y(l - e- 2/f,\))- 1). (5) 

Figure 2 shows a comparison bet ween the measure<l profile at 100 mTorr and Equation 5. 
Similar asymmetrie profiles ha\•e recently been obtaine<l in lwo <limensional fluid simulations 
of electronegative plasma.~ [3]. 

The physical picture which emerges from the measurements is as follows. At the very 
lowest pressures, gas dependent effects can be ignored so that both ion species follow uni versa! 
parabolic profiles and n, and T, are uniform. As pressure is increased positive ion production 
becomes localised near the driven electrode, resulting in a shift in the density peak and 
asymmetrie ion profiles. 
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NEGATIVE IONS IN AN OXYGEN RF PLASMA 
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Oxygen plasmas have a variety of applications in industrial material processing, including 
dry etching of photoresist, oxidizing and ashing samples for chemica! analysis. Therefore 
i t is essential to understand the chemica! and physical processes in these discharges. espe
cially the kinetics of the charged particles and radicals. In this work a low pressure radio 
frequency (13.56 MHz) discharge is treated. We concentrate on the electron and negative 
ion densities and their responses to varying plasma parameters, e.g. pressure. For this pur
pose we combine the microwave resonance method with laser induced photodetachment. 
The behavior of the negative ion dcnsity can be welt described in terms of local kinetics. 
A schematic view of the setup is given in figure 1. The rf discharge is confined in a alu
minum cylinder (diameter 175 mm, height 50 mm), which serves also as a microwave cavity. 
A low power probing microwave with a tunable frequency is coupled into the cavity and 
the resonance frequency is determined. The resonance frequency of the ca•·ity depends 
on the dielectric constant of the medium, which is related to the electron density. By 
comparing the resonance frequencies with and without plasma the space average of the 
electron density is obtained. The negative ion density is determined by photodctaching 
the negative ions (X- + hv-. X + c) by means of a short (10 ns) Nd:YAG laser pulse. 
The released electrons are detected as an additional shift in the resonance frequency. The 
dominant negative ion in an oxygen discharge (O- , electron affinity 1.46 eV) is photode
tached using the second harmonie of the YAG laser(..\ = 532 nm). A small fraction of O; 
(aflinity 0.44 eV), typically 10% of the o-, is detected using the fundamental frequency 
(>. = lü64 nm). Details concerning the experimental tcchnique and input parameters for 
the model are given elsewhere [! ]. 
The dependence of electron, total negat i,·e ion and Oï density on pressure is shown in 
figure 2. The electron density is in the order of 1015 m-3, while the total negative ion 
density (mainly o-) is typically 5 to 10 times higher. Theo- ion is produced from 02 
by dissociative electron attachment to 0 2 . The molecular ion o; is formed in a charge 
exchange reaction between o - and the a 1 tl9 state of 0 2 (excita tion energy - 1 eV). denoted 
here by 0 2 (a). The shape of the pressure dependence is determined by the competition 
between two destruction processes: ion-ion recombination (O-, O; + Oj --+ 0 + 02, 03 
or 202 ) and neutra! detachment ( o- . Oï + 0, 0 2 ( a) -+ 0 2 , 0 3 or 202 ). At low pressure 
the radical and metastable densities are relatively low, so the negative ions are destroyed 
by recombination. As a result, the densities incease as p112 • As the densities of detaching 
species increase with pressure (roughly as p2

), the neutra! detachment becomcs quickly 
dominant, which results in a maximum at 30 mTorr and a decrease of the ion density 
at higher pressures. The calculations show that the negative ion density is only weakly 
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dependent on electron temperature (T.). The curves presented here have been calculated 
using T. = 3 eV. 
The positive ion density has to equal the sum of the electron and negative ion densities. 
As the balance equation for positive ions is different from the one for the negative ions, 
an appropriate electron temperature must be established in order to match the two charge 
densities for every condition. The positive ion density is determined by the ionisation ra.te , 
which is very strongly dependent on T. and by the loss rate to the electrode. Knowing the 
negative charge density the ionisa.tion rate and consequently T. can be obtained . The cal
culated T, values and trends are very closP ro the ones expected for an rf plasma (see fig. 3) . 

Figure 1. A setup for the microwave 
rcsonance and photodetachment mea-
surements. 

Figure 2. Measured electron 
(squares), total negative ion (dots) and 
Oï (tria.ngles) densities as a function 
of pressure at JO W rf power level. The 
solid and dashed lines indicate the total 
nega.tive and 02 densities, predicted by 
the kinetic model. The 02 <lensity is 
enlarged 5 times. 

Figure 3. The ionisation constant 
(Á"ion• solid line) as a function of pres
sure, determined by introducing the 
known charge density into the positive 
ion balance. The corresponding elec
tron temperature (T,) is indicated by a 
dashed line. 

fl] E. Stoffels, W.W. Stoffels, 
D. Vender, M. Ka.ndo, G.M.W. Kroe
sen and F.J. De Hoog, submitted to 
Phys. Rev . E. 

\-

... -~ • 1 
" 

• ~-

!. 
ë .s • c 
0 
1) 

! 
!!! 

158 

4 

2 ... 

.......... ---

• 
"~ ..... .. • .. 

······ ········· ······ ... . 

•• • • • • .... 0 =-~~~~~~~~~~~---' 

0.00 0.01 0.10 0.11 0.20 

pNaaure (Torr) 
4 

' > 
1e-16 ' ' 

3 .!. 
' ', ! 

"' 2 ~ 
1e-17 " Q. 

E 
! 

1e-18 0 
0.01 0.1 

pressure (Torr) 



CURRENT WA VEFORMS OF HYBRID a.-y RF DISCHARGE 

Introduction 

Igor Odrobina and Milan Hain 

Institute of Physics, Comenius University 
Mlynska dolina F2, 842 15 Bratislava, Slovakia 

Basic properties ofRF glow discharges depend strongly on which ionization regime, alpha or 
gamma, is prevailing. This contribution presents a study how the current waveforms respond 
to the processes in the discharge when both regimes are present, i.e. when the discharge 
operates at the hybrid regime. The numerical simulation was made for 1 MHz RF discharge at 
0.95 torr in argon, of300V-amplitude. The computed total current waveforms are in an good 
agreement with those obtained experimentally in sirnilar conditions (!]. 

Computational Model 

The fluid model similar to [2] has been used. Electron and ion transport is described with the 
continuity and momentum-transfer equations in a parallel-plate geometry. The equations are 
coupled with Poisson's equation and this set is solved explicitly in time. The potential 
waveform between electrodes is supposed to be given. Continuity equations where solved by 
conservative hybrid method of characteristics [3]. 

Results 

As can be seen from Fig.1. in condition been simulated both regimes of ionization are 
simultaneously present in the discharge. The precursors correspond to the ionization by wave 
riding electrons during the sheaths expansion. They are followed by ionization maxima due to 
secondary electrons. The associated oscillating quasineutral bulk of electrons can be seen in 
Fig.2. The total current waveforms during one RF cycle calculated for three different 
secondary ernission coefficients are shown in Fig. 3. As the secondary emission coefficient is 
increasing the ionization by secondary electrons becomes more dominant and the discharge 
becomes similar to an oscillating DC discharge. This is in correspondence with the decrease of 
phase shift between the total current and the applied potential (Fig.3.). The current spike (e.g. 
curve 1, Fig.3) appears when the bulk of electrons arrives to the temporary anode (phase 0.67, 
Fig.2). 

The arrival of the bulk of electrons to the temporary anode results in a collapse of sheath 
capacitance and the potential is redistributed. In the pure gamma regime where the resistance 
of the bulk plays minor role the collapse results in sudden acceleration of entire bulk of 
electrons and the increase of sheath size. Sudden rise in the electrostatic energy accumulated 
in sheath is fed from extemal power source which results in appearance a pronounced current 
spike. If during sheath expansion an important part of energy is dissipated by wave riding 
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electrons, i.e. the resistance of electron bulk is higher, the sheath expansion leads to a less 
pronounced current spike. 

The calculations indicate that the current waveforms and the phase and amplitude 
dependencies of the current spikes can provide, at least in similar operating conditions, an 
more detailed information about the discharge mechanizm. 

ELECl'RON DENSITY (1o"m-oi 

n-,.,,;wrrril"r.-r-.:::rnrrr2.r!;MLoo 

~0.76 
!il 
~0.60 

0.75 
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0.25 

Fig. l . Computed spatio-temporal variations 
of the ionization rate for y=0.01. 

Fig.2. Computed spatio-temporal variations 
of the electron density; the sarne conditions 
as Fig. L 

-8'-'-~~......_....._._..~~ ................ ~~~~-300 
0.00 0..211 O.llO 0.75 1.00 

l"llACl'IOll or RP' CYCLI! 

Fig. 3. Computed current waveforms for three different values of secondary ernission 
coefficients; (1) r=0.01; (2) y=0.02; (3) y=0.05; and the applied RF voltage (dotted line) 
Asterisks mark the appearances of current spikes. 
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Characterization of lnductively Coupled RF Dischaiges 

B.M. Annaratone, G.F. Counsel!•, P.C. Johnson•, B.H. Chen and J.E Allen 
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lntrodudion 
Inductively generated plasmas are widely used in plasma processing of materials in 

particular as a dense source of ions or reactive gases and in processes where highly energetic 
ions are undesirable. Typical is the so called "barrel configuration" where an inductive coil 
is wound around a large glass tube. Also new developments in lighting research have led to 
plasma bulbs without intemal electrodes because in this way the lamp life-time is greatly 
increased. The electrodeless lamp consists of a coil surrounded by a concave glass vessel 
filled with Ar-Hg. 

When the coil is RF excited an oscillating magnetic field is generated and the 
associated electric field causes an induced plasma current. The parameters of these inductive 
plasmas, such as the electron energy distribution function and the plasma density are of 
fundamental importance in any possible application. A theoretica! analysis of the vacuum 
electric fields in these broadly defined inductive plasmas would indicate that the capacitively 
coup led "E discharge" is in genera! greater than the inductive "H discharge". However 
experimentally, above a threshold in power, the "H discharge" is, by far, dominant. The 
relative importance of the inductive and capacitive coupling which produces abrupt change 
of regime is still object of research. In this kind of plasma electrical measurements are 
difficult because of the absence of an electrode for the return of the current and because the 
high density of the plasma heats significantly the probes. 

This contribution describes the production of E, pure H and a 'E + H' discharges and 
their characterization using double probe measurements. 

Experimental Appanitus 
The plasma was obtained in 38mm diameter tube around which a 7 turn, 70mm in 

Jength, coil was wound. The coil was fed with a 13.56 MHz current supplied by an RF 

70 -.r-. 

Fig. 1: 1) Copper strip wound in a coil, 2) Sliding 
copper mesh to screen the axial electric field, 3) Slit to 
allow the magnetic field to penetrate, 4) Glass tube, 5) 
Matching unit, 6) 13.56MHz generator and amplifier, 7) RF 
voltage probe, 8 )RF current probe, 9) Sliding ground 
contact for the screen, 10) Support for double probe. 

16 1 

generator in matched 
conditions. The power was 
increased up to 500 W while 
the pressure of the Argon in 
the tube was varied from 0.5 
to 100 Pa The axial electric 
field between the tums of the 
coil could be shielded by 
sliding, while the plasma was 
on, a copper screen around the 
glass tube, intemal to the coil. 
The edges of the screen were 
slightly overlapped to screen 
completely the axial field, but 
of course insulated to let the 
magnetic field penetrate inside. 
An air gap had to be left 



between the coil and the screen to avoid 
introducing a capacity which could short 
the RF current to the plasma. The screen 
was grounded. In this plasma axial and 
radial measurements of the plasma density 
and of the electron temperature have been 
performed by the use of Tungsten 
symmetrie double probes, 3mm long, 
0.5mm radius and 5 mm apart. The double 
probe analysis has been performed 
following [1,2]. In most of the cases the 
ion current was in saturation, otherwise 
the probes were RF extemally driven on 
the fundamental frequency. · 

Experimental results 

3.0 

1.0 

IU 

0.0 +----,---..-----..-----.--------< 
0 

Figure 2: Axîal scan of the plasma density in 
pure H regime; P = ITorr, power =IOOW. 

The three regimes: H, E and E + H could be obtained at the same pressure and the 
same applied power using a hysteresis in the plasma-power relation. At a typical pressure of 
about ITorr, increasing the power slowly a pure E plasma appeared at about 10 Wand could 
be maintained up to about 200 W. The E plasma became elongated from the coil region to 
other grounded surf aces in the proximity of the glass tube. At about 200 W a very bright E 
+ H plasma appeared, a large part of the visible emission being confined inside the coil. This 
E + H regime could be maintained for powers down to 20 W. The pure H discharge was 
obtained by sliding the screen inside the coil to shield the axial electric field . The screen 
eliminated completely the elongated discharge leaving a strong visible emission confined 
inside the coil which could be seen through the copper mesh. The H discharge could not be 
ignited with the screen inside the coil for power up to 350 W. This should be related to the 
vacuum 'electrostatic' field (3]. Given the pcculiar properties of this H plasma in which the 
oscillating electric field does not generate RF fluctuations in the 'electrostatic' or 'scalar' 
plasma potential the double probe did not need to be compensated by extemal driving or by 
the use of RF chokes (no variation of ion current was observed even in the non saturation 
case, [ 1 ]). The double probe measurements indicate that the electron temperature is fairly 
constant, at about 3 eV in the three regimes, for P = 0.5 and ITorr and power varying from 
25 to 1 OOW. The electron density at the centre instead is strongly dependent on the discharge 
regime, for P = !Torr and power=50W being n; = 0.53, 2.83 and 7.23 x 1011m·1 respectively 
for the E only, H only and E+H regime. It is evident that the E+H mode is not just the mere 
superposition of the E and the H regimes. 

Typical measurements of the plasma density along the axial profile in H mode are 
presented in fig. 2 for 1 OOW at 1 Torr. Here the electron temperature was uniform at 2. 73eV. 
Il is possible to observe that the plasma density is strongly confined inside the coil. The 
authors are aware that the high value of the ion saturation current can, in part, derive from 
electron photoemission due to the high Iuminosity of this discharge. 
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CHEMICAL QUASI-EQUILIBRJA IN HYDROGEN-IODINE RF-PLASMAS 

EXPERJMENTAL INVESTIGATIONS AND KINETIC MODELLING 

Introduction 

S. Gundermann, F. Miethke, A. Rutsc:her, H.-E. Wa.gner 
E.-M.-Arndt-University, Depa.rtment of Physics 

Domstr. lOa., 17487 Greifswald, F.R.G. 

Chemlcal qua.si-equilibria. of the sta.bie reaction products cha.re.cterize under some conditions the 
sta.te of non-isothermai ree.ctors and ca.n be expressed by electronice.lly modified ma.ss action la.ws 
[lj (2]. The forma.tion of these equilibria. wa.s investige.ted in deta.il for the system hydrogen/iodine 
in rf-discha.rges. Especia.Uy the transition to the Equilibrium of Eledronic Ca.talysis, which is 
connected with a va.nishing ioniz11.tion degree in the closed reactor, could be studied simulta.neously 
together with the ioniza.tion degree of the discha.rge by microwa.ve dia.gnostics. The experimenta.I 
investiga.tions are in excellent e.greemcnt with the results of 11. kinetic model. 

Expcrimcntal 

The experimental setup is shown in fig. l. The rf discha.rge opera.ted in a. closed qu11.rtz tube ree.ctor 
(T), which wa.s prepued under high va.cuum conditions. The tube wa.s filled with 11. deflned input 
ga.s mixture of iodine a.nd hydrogen. For the detection of the concentr11.tion of pla.sm11. electrons the 
reactor was loca.ted inside the resonator ca.vity (R) of 11. microw11.ve device. The microwa.ve energy 
from the genera.tor (M) wa.s tra.nsfered by a.n a.ttenu11.tor (A) a.nd slotted wa.veguides (W) into the 
pla.sm11., using inductive probes. The microwa.ve signa.Is were an11.lyzed by an oscilloscope (0) a.nd 
the voltmeter (VJ. For the detection of the iodine component the a.bsorption of the line À = 480nm 
wa.s used. It wa.s emitted by a Cd-la.mp {L) a.nd registr11.ted by the SEV (S) of a. monochrom11.tor. 
After the pla.sma. chemica.! synthesis of H J these molecules could be fully decomposed into H2 a.nd 
J2 by the uv-ra.dia.tion of a. mercury la.mp (UV). Therefore it wa.s poSllible to genera.te a reversible 
cycle of the overa.11 chemica! process. 

Results and discussion 

Exempla.ry in fig. 2 the rel11.tive J2 concentr11.tion is shown a.t different 11.vera.ged concentra.tions n, 
of the pla.sm11. electrons, st11.rting from the sa.me J2/ H2 ga.s mixture (for details see the fig. legend). 
Independent from the a.veraged ioniza.tion degree an identica.l composition of the stable ree.ction 
products is formed (zJ, = 0.547, ZH, = 0.326, ZHJ = 0.127) . The sarne finite composition is 
produced at 11. va.nishing ioniza.tion degree by the excita.tion of the mixture in a. very fa.int TESLA 
spark discharge (fig. 2, open circle). This pla.teau reflects the Chemica.! Equilibrium of Electronic 
Ca.ta.lysis llJ 12]. It doesn't depend on the total ga.s pressure. 
This pla.teau is only determined by a few elementa.ry processes. It was formula.ted a kinetic model, 
which describes sufficiently the pl11.te11.u of the qua.si-equilibrium. 
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Figure 1: Experimental set up 
(T: tube reactor, L: Cd-la.mp, 5: monochroma.tor a.nd SEV, 
(." 1 ·: Hg-la.mp, M: microwa.ve genera.tor, A: a.ttenua.tor, W: waveguide, R: resonator ca.vity, 
0 : oscilloscope, 'V: voltmeter) 
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? :.fure 2: Dependence of the rela.tive J 2 concentra.tion on the a.vera.ged concentra.tion of pla.sma. 
~~~:~ rons 

.3.eactor diameter: 9 mm, length: 120 mm, tube tempera.ture: 360 K, 
· ' · i:equency: 4SOkHz " . 610 kHz, input mixture: ZJ,o = 0.61, :t:H,o = 0.39, n = 4.1 1016cm - 3 ) 
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Influence of Boundary Conditions on the Simulation of 
Electropositive Low Pressure Radio Frequency Discharges 
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Introduction 

Discharge-based processing techniques like plasma-etching (PE) or plasma-enhanced chemical 
vapor deposition (PECVD) represent important steps in the manufacturi.ng of VLSI 
microelectronics or solar cells. It is thus desirable to include the simularion of such processes in 
the general framework of technology oriented CAD. In recent years, numerous attempts have 
been made to define mathematica] discharge models which are both physically adequate and 
computationally efficient. In our paper, we focus on one frequently overlooked detail, namely the 
influence of the chosen boundary conditions on the model behavior. 

Model and Boundary Conditions 

We consider a typically fluid-dynamical plasma model based on a two-moment approximation of 
the Boltzmann equarion' ·' , describing an electropositive Argon-like discharge of 250 mTorr 
neutra! gas pressure. The electrode distance is 1 Ocm, the applied voltage is 1 SOV at 13. 56Mhz; all 
other parameters are identically to those used by Park1

. Our basic assumptions are: we consider 
only one type of ions, created by an Arrhenius-like ionization process, and a temperature linear 
energy loss. We assume that electron and ion diffusivity and mobility are constant and 
independent of the electron temperature. 
The mathematica] representation of this model consists of two drift-diffusion equations for the 
electrons and ions, respectively, coupled to Poissons's equation for the electrical field. In 
addition, we have an energy equation for the electrons. 
We consider now three types of boundary conditions for this model which all have been used in 
the literature: 
( 1) Electron density, ion density and electron 
temperature are set to a fixed value at the 
electrodes. No explicit secondary electron 
emission is considered. u 

(2) The electron current density at the 
electrodes consists of reflected electrons and 
those secondary electrons which are emitted 
due to ion bombardement. The ion current at 
the electrodes is determined only by ion drift . 
The electron temperature is set to a fixed 
value at the electrodes. 1

•
4 

(3) The same like (2). but with VT, = 0 at 
the electrodes. This disables any heat 
conduction out of the plasma. s 
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(vlh is the thermal electron velocity at the 
electrodes, y the secondary electron emission 
coefficient.) 

J, = n. v.,,14 - y J, J. = n. v.,,14 - y J, 
'\In.. = O '\In,= 0 
vr, = O VT,=O 

V = O [VJ V = 150 sin(oit) (VI 
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Fig. 1 shows a comparison of the spatial electron temperature profiles for the considered boundary 
conditions (1)-(3). Secondary electron emission was neglected. 
The difference between the assumption of a constant electron temperature (2) and a zero 
temperature gradient (3) at the electrodes is very small and restricted to the area near to the 
electrodes. The boundary conditions (1), on the other hand, have a much more drastic impact, 
they increase the electron temperature by nearly a factor of five. 
The reasons for this behavior can easily be explained. Models (2) and (3) vary only in the 
boundary condition of the energy transport equation; (2) assumes a thennal contact to the 
electrodes, (1) models an adiabatic situation. The small difference in the results reflects the fact 
that energy conduction in the plasma is altogether small, most of the energy dissipated by Ohmic 
heating is consumated locally by the energy loss processes. In ether words, the energy diffusion 
length is small. 
The boundary conditions ( l ), ho wever, influence the physics of the part iele transport equation. 
The assumption of a fixed electron density at the electrodes is actually identical to the assumption 
of spurios electron emission from the electrodes. Once created, these electrons gain exceeding 
energy due to the high sheath field. Although their number is small, they can increase the electron 
temperature drarnatically. 

The validity of this explanation can be corroborated by the fact we can create a similar 
phenomenon also by setting the electron emission in the ether models unequal to zero. 
Fig.2 shows, for different y, the time averaged ionization rate for boundary conditions (2). With 
increasing secondary electron emission the ionization peaks become both higher and broader, the 
integrated ionization rate increases significantly. 
From our results, we can conclude that boundary condition ( 1) are very sensitive to an unphysical 
parameter and therefore not an appropriate choice. Boundary conditions (2), although physically 
questionable, lead to a reasonable description of the sheath physics and may thus be tolerable for 
practical purposes - especially because often they lead to an improved convergence of the 
numerics. High-quality simulations as preprocessor for TCAD-applications6 

, however, require 
higher precision and thus the correct choice of boundary conditions. In that case one should use 
boundary conditions (3). 
'. S K. Park, D.J. Economou, J.Appl.Phys. 68 (8), 15 Octobcr 1990 
· M Mcyyapp1111, T.R. Govindan, IEEE Trans. on Pl. Sc" Vol. 19 .No.2.April 1991 
'D.B Graves, K.F. lensen, IEEE Trans.Plasma Sci" PS 14:78, 1986 
• E. Gogolides, H.H. Sawin. J.Appl.Phys. 72 (9), 1 November 1992 
' IJ.Il Graves. private communication 
• il.P. llrinkmann, R. Fürsl, !'roe.Il, XXI lnt.Conf.on Phcnomcna in Ion. Gases, Bochwn. 1993 

166 



Plasma-sheath resonance in a radio-frequency plasma reactor 

Victor P. T. Ku. Beatrice M. Annaratone and John E. Allen 

Plasma Physics Group, Department of Engineering Science, 
University of Oxford, Parks Road, Oxford, OXI 3PJ, UK 

~The existence of sheath-plasma n~sonance in a capacitively coupled discharge charnber 
which contains a cold, approximately collisionless plasma, has been demonstrated. This resonance 
is observed in the frequency range between the operating frequency and the electron plasma 
frequency. Tuis can be considered as a method of evaluating electron densities in plasmas. 

Introduction 

The sheath-plasma resonance was first studied by Takayama et al. 1 who imposed an RF voltage 
of variable frequency on the resonance probe in a DC plasma Since then many revised theories 
of sheath-plasma resonance have been reported by other investigators, and this technique bas 
become a powerful tool for the measurement of electron densities both in space2 and laboratory 
situations. However, the sheath-plasma resonance occurring in plasma reactor may weaken the 
conventional "driven" Langmuir probe technique3 which is used in laboratory plasmas. Counsell 
et al.• have successfully compensated the first two RF harmonie voltages that appear within the 
sheath surrounding the probe to achieve more precise plasma parameters. Nevertheless, it was 
found recently' that the plasma itself can generale harmonies of the driving frequency (13.56 
MHz) in RF voltage and current waveforms up to the electron plasma frequency that will make 
probe diagnostics difficult. In this paper we present the behaviour of sheath-plasma resonance at 
different harmonies in a parallel-plate plasma reactor. 

A simple theoretical model'·6 is that of a cold, non-uniform plasma slab placed in a capacitor with 
a variable layer of vacuum between the slab and the capacitor plates. lt is shown that this system 
can exhibit two types of resonance. One of them is known as series (sheath-plasma) resonance 
at frequency where the cold plasma behaves inductively and resonates with two sheaths together. 

This resonance is given by roi>< /{l +[p/(d-p ))} 112 
( COpa·angular electron plasma frequency; d

distance between condenser plates; p-plasma thickness). Titus, the series resonance is clearly 
below the electron plasma frequency. The other higher frequency resonance is called parallel 

resonance (antiresonance) and is equal to (J),,.. The model explains well the fact that transmission 
of RF current circulating in system is maximum at the series resonance, and minimum when 
parallel resonance occurs. 

Experiment 

The experiment is performed in a parallel plate plasma reactor'. Of the two electrodes, 1 OOmm 
in diameter each, one is grounded and the other is driven with RF voltage at 13.56 MHz. The 
power supply is coupled to the driven electrode directly through a DC blocking capacitor and 
consequently a highly sinusoidal input voltage can be maintained. The distance between 
electrodes can be easily changed to study the dependence of sheath-plasma resonances on plasma 
length. The chamber is filled with Argon at pressures from 0.06 to 0.5Pa. A cylindrical probe is 
placed inside the plasma with the Tantalum tip of radius=0.075mm and length=3.2mm; used 
either as a Langmuir probe for measuring plasma parameters or as a voltage pick-up probe. When 
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used as a voltage pick-up probe, it is connected to a spectrum analyser (by a short 500 cable 
which matches the impedance of the analyser) for monitoring the plasma voltage spectra. By 
using the probe to scan the plasma volume, the frequency and the space potential magnitude of 
the resonances are obtained. 

Results and Dist:ussions 

The pick-up probe reveals that the 
series resonance relies strongly on the 
discharge pressure, and that this 
resonance wil! disappear if the 
pressure lies above the threshold. The 
spatial dependence of different series 
resonances are shown in the figure. 
Here the driven electrode voltage is 
400V"" with distance between the two 
electrodes being l 2cm and pressures 
of 0.19, 0.27, and 0.48Pa for 
resonance at the 4ih, Sth and 6th 
harmonies respectively. Obviously, 
the figure shows that this resonance 
can distribute large AC electric fields 
inside the plasma, and also that the 
apex shifts from the centre to the 
driven electrode as the resonance 
frequency increases. The higher the 
resonance frequency the smaller the 
voltage magnitude. Particular 
mechanisms of this phenomenon are 
still under investigation. however, the 
main idea is the relevance of sheath 
thickness to resonances while the 
resonance frequency is low. If the 
pressure is over 0.5Pa the series 
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Fi&ure Spatial distributions of the voltage 
at series resonance, distances are measured 
from the grounded electrode. 

(sheath-plasma) resonance wil! disappear. In this case the Langmuir probe method is more 
credible. According to the formula for series resonance, the plasma average density at the 6th 
resonance is of the order of IO"lm', which is in agreement with the value obtained from 
Langmuir probe measurements. 
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ANALYTICAL DESCRIPTION OF THE ELECTRIC FIELD IN 
THE SHEATH OF A HIGH FREQUENCY RF DISCHARGE 

R.J.M.M. Snijkers, L.P.J. Kamp, G.M.W. Kroesen, F.W. Sluijter and F.J. de Hoog 
Department of Technica! Physics, Eindhoven University of Technology, 
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Introduction 

The ion density in the sheath of a high frequency RF discharge may be considered time 
independent due to the fact that the ions can not follow the oscillations of the electric field 
in the sheath (wp.ion• < WRF < ..ip.el•ctr.,.,). The field is described by Poisson's law where 
the space charge is due to the positive ions. The ions are also accelerated in this field and 
consequently the sheath bas to be treated as a self-consistent system. The oscillations of the 
electric field are caused by the time dependent voltage across the sheath. Electrons, which 
can follow the oscillations of the electric field, compensate the positive ion density near the 
glow side, so that the remaining space charge region near the electrode side corresponds to 
the instantaneous voltage drop across the sheath. This means that although the positive 
ion density is constant, the thickness of the space charge region is oscillating 1 . The electron 
density at the edge of the space charge region drops very rapidly and may be treated like a 
step 2. The position of this step depends on the instantaneous sheath voltage 1 (figure 1 ). 
Based on these assumptions, the time dependent 
electric field in the sheath can be derived analyti
cally and the energies of ions which have crossed the 
sheath can be calculated (numerically). The energy 

0 1.ro 
Y,(d,_) 

of the ions at the electrode depends on the phase i 
when they entered the sheath, their mass, the Bohm c 

velocity and the sheath voltage modulation. In 
the high frequency case the ion energy distribution 
(IED) in the collisionless sheath is saddle shaped 
between a minimum and a maximum energy 3. In 
the case of higher pressures, when collisions in the 
sheath become important, the !ED can be calculated 
numerically with Monte Carlo simulations 1. 

Figure 1: The ion (solid line} and the 
electron density (dashed lint} at a cer
tain RF phase. The sheath thickness 
(y,) and the densities n are nonna/

Model 

The ion density profile in the ionic DC sheath can be ized to the maximum sheath thickness 
calculated self consistently from Poisson's law, the (d,.m=) and the densities at the sheath-
conservation of the ion flux and the equation of presheath edge (No}, respectively. 
motion and is given by: 

[[ 
9A2y2 9 8lA2y2] l/J [ 9A2y2 

ni(y)= l+--+Ay -+-- + 1+---Ay 
4 2 16 4 

9 81A2y2 ] 1/3 ]-' 
2+-l-6- -l 

where ni(Y) is the normalized ion density and y the normalized position in the sheath. A2 is 

givcn by w,2 i !f- = •~Nofo (No is the density al the sbeath-presheath edge, d. the shcath • "• .O eom,u,,0 

thickness, mi the ion mass and ui.o the Bohm velocity) and is a sealing parameter of the 
sheath. This density profile also can be use<l in the high frequency RF sheath. In tbis case 

169 



the ion density at the electrode (y = 1) is deterrnined by the average energy of the ions at 
the electrode, according to conservation of the ion flux in the sheath. The average energy 
in the collisionless high frequency RF sheath is given by te(Vma: + Vmin) + ~m;vf.o where 
Vmar and Vmin are the maximum and minimum instantaneous sheath voltage. The position 
of the electron front which determines the edge of the space charge region, is irnposed by 
the instantaneous sheath voltage. From the time dependent space charge region the time 
dependent electric field in the sheath can be derived 1• In normalized dimensions this is given 

by l{l(y , y,(Ç)) = ~ B [p1fs(y) _ p-1/s(y) _ pifs(y,(Ç)) + p-11s(y,(Ç))] 

f or y,(Ç) $ y $ 1, 

= 0 for 0 $ y < y,(Ç), 

where y is the normalized position of the ion and y,(Ç) the normalized position of the electron 

front at a certa.in RF phase Ç. Pis given by 1 + !B2y2 + By..jl + ~B2y 2 and the constant B 

by (:;;.~' + 2) J~ -1 where ü;.c1 is the average velocity of the ions at the electrode. The 

electric field for a certain sheath is shown in figure 2. It can be proved that this solution is 
close to self consistency by calculating the averaged potential at every position in the sheath 
from the time dependent electric field. From the averaged potential, the averaged energy of 
the ions can be derived at every position and subsequently the ion density. The difference 
between the calculated density and the density assumed at the beginning of the calculation, 
is small (see figure 3). lt may be concluded that the description of the electric field is close 
to self consistency. IEDs calculated with the model show good agreement with experiments. 
Also in the case collisions become important and collisional effects are shown in the IEDs 4 • 

r 
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Figure 2: The time dependent electric field in 
the sheath of a high frequency plasma in Ar. 
The field is drawn for 6 different positions of 
the electron front : y,(Ç)=O, 0.1, 0.2, 0.4, 0.6 
and 0.8; with No=6 1015 m-3 , v •. m."=100 V, 

V,.m;n=O V and u;.o=2.20 UP m/s; ~ in 
this case is 7.14 . 
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Figure 3: The ion densily profiles in the 
sheath of a high frequency plasma in argon. 
The solid line represents the assumed densily 
profile according to the model and the dashed 
line represents the derived profile from the 
averaged potential in the sheath. The sheath 
conditions are the same as in figure 2. 
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THE BOUNDARY SHEATH OF RF-DRIVEN LOW-PRESSURE DISCHARGES 

R.P. Brinkmann and R. Fürst 

Siemens AG, Corporale Reasearch and Development, ZFE BT ACM 31 
Otto-Hahn-Ring 6, 81730 München, FRG 

Introduction 

RF-driven low pressure discharges are used fora variety of semiconductor processing techniques 
like plasma-etching or plasma enhanced ' chemica! vapor deposition. Recent years have seen 
numerous attempts to analyze the physics of such discharges; especially the boundary sheaths 
have found interest because of their strong influence on crucial process characteristics.!1

•21 
In this paper, we present a uovel model for the boundary sheaths of electro-positive RF
discharges at low-to-medium pressures (p :S 500 mTorr). We make no use of adhoc assumptions 
(like, e.g" the specification of Bohm's velocity for the ions at the sheath edge), but attempt a 
self-consistent solution of a complete set of hydrodynamica! plasma equations. 

The Plasma Model 

We start from a staudard macroscopie plasma description, restricted to a planar geometry. 
Inertia etfects neglected, the electrons are modeled in terms of a simple drift-diffusion equation; 
denoting the electron density by n and the field strength by E, it reads 

on a ( an) . - - - µEn + D- = n. 
8t ax 8x 

(1) 

The mobility µ and the diffusion constant D are assumed constant, their ratio eD / µ is the 
Einstein temperature T; the halance of ionization and recombination is denoted by n. In the 
ion model, we include inertia etfects but neglect diffusion, and formulate a continuity equation 
for the density p and an equation of motion for the velocity v 

op à . at + ax (pv) = p, (2) 

Ot•+vav=..:_E _c +lvlv. (3) 
8t 8x m .X 

Mass and charge of the ions are denoted by m and +e, respectively, .X (mean free path) and 
c (polarization speed) describe the effects of ion-neutra! collisions (including charge transfer); 
ionization is incorporated in the charge production term p. Finally, the electromagnetic field 
which couples the electron and ion components is described by Poisson's equation 

8E 824' 
to OX :; - f}xl = ep - W. ( 4) 

The boundary conditions state that the plasma is bounded by a material electrode at x = 0, 
and assumes bulk properties for x --+ oo. The first assumption demands 

-µEn-D
0nl = -J T nl (5) ox o 211'm. o 

and some regularity conditions for the ions, the second one states quasi-neutrality and that the 
total current through the sheath can be written as the sum of a de part and a superimposed 
harmonie modulation 

ön J -e(µnE+Dax)+epv 
00
=-J-.Jsiunt. (6) 
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Time Scale Seperation 

To simplify the stated plasma model, we assume that i) the electron motion is fast compared 
to the external rnodulation, that ii) the ion motion is slow compared to the extemal field, 
and that iii) and the electron energy is small against the sheath potential. In the resulting 
description, the sheath structure is deterrnined by the sta.tionary ion equations 

a 
ax(pv)=p, (7) 

v 8v = .::_(E) _ c + lvlv, (B) 
ax m ). 

where the field (E) is defined as the period average of the insta.ntaneous field E(x, t) , which 
in turn is determined from Poisson's equation and the electron pressure balance, 

8E 
fo- = ep - en, (9) 

ax 
Ton 

En+--= 0, (10) 
e ax 

under the boundary condition of asymptotic quasi-neutrality and the charge constraint 

Q(t)=: [ ep-end:r=Q-Jcosflt. (!!) 

Derivation of the Sheath Equation 

l ' nder the abov.- a.ssumption that the Einstein ternperature T is rnucb smaller than the sheath 
potential, one can solve equatious (9-11) explictely ernploying an a.symptotic length scale 
expansion. The same assumption also allows to explicitely perforrn tempora! averaging; in the 
final result we can write the mean field (E) as 

J Top 
(E) = --ro - --r" (12) 

tof! e 8q 

whcre ro and r, are two tal>ulated functions of u = eflq/J an<l t = Jt0fPpT/J, with the 
quant.ity 'l l>eing defined as q = f

0
" p dx - Q / e: Neglecting further the ionization in the sheath, 

we can express the ion continuity by epv = -J;, and finally obtain a single differential equation 
fo:- the ion density p( q ). 

( J? _ Ir,) 8P = c +];fep J; - ___::!__r
0

• (13) 
c2p2 m Öq ). ep mt0 fl 

Discussion 

l" ~ing the techniques of asymptotic time and length scale expansion, and without invoking any 
a.:!ditional adho,- assumptions, we have reduced the hydrodynarnic descript.ion of the boundary 
sl:.eath of a. RF-driven low-pressure discharge to one single differential equation (13) . In the 
presenta.tion, """' will analyze the physical contents of this equation further, in particula.r in 
c,>mparison with Bohm's well-known results . Furthermore, we wil! present numerical solutions 
ft'<" some ty pica.! 'ases. 
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NUMERICAL A.'..U ANALYffCAL COMPUfATfON OF THE 1'.'EGATIVE BIAS 

FOR RF PLASMA REACTORS. 

R. Deutsch and E. Räuchle 

Institut für Plasmaforschung, L'niversität Stuttgart, Pfatîenwaldring 31. 

D- '0569 Stuttgart. Gennany 

The model uf equivalent circuits can be useJ [J-41 to calculate the electric 

behaviour of parallel plate plasma reactors for frequencies, small in comparison 

to the ion plasma frequency, with good agreement benveen the theoretica! and 

experimental eurrent and voltage ,;ignals as functions of time for low pressure 

glow discharges [5]. In the computations the current-voltagc characteristics 

and the dependence of the sheath capacitance on the voltage are used, which 

result from the collisionless $h<.>ath theory hased on the Boltzmann distribution 

uf the electrons and a dynamic ion beam satisfying the Bohm criterion [ 6 - 7]. 

Tuis theory is useJ here to cumpute the negative bias in capacitively coupleJ 

plasma reactors. 

A stationary negative hias is ac-hicved whcn the charge tlow to the coupling 

capacitance during a pe1·iod vani:;hc~. In thb c-ase at each of the two clcctrodes 
t+T 

Jllt') dt' = 0 ( 1) 

with the c-ummt Htl and the pt"riod T. l!sing the well known current voltage 

characteristics from the collisionlcss sheath theoty [ & J 

( t;(t). u .) 
1=Is(1 - exrf 4...'_kT __ :t /) . (2l 

e 
with tht' ion ~nturation current Is . the tloating putential C1" the voltage l'(t) applicd 

to the sheath, the elementary charge q and the elcctron tempernture Te. the 

integral 11 l was computed for a Jriving extemal sinus voltage with the amplitude l!0 . 

There results 

with 

ê = 
7f./,., + arcsinfl - e·oc:=.c;2 

rr.1-. arcsin:'\ · C'ocf3 G1 

~, 7-. 

f3) 

<11 = _r-;.xr r- ex sin î l dt. (~::' = J ~xr [- ex sin î l dt . ex= r-fk.. 
are sin ~ - .:u-c sin ë e 

ü 8 is the bias voltage !the statiunary part of the voltage between the elec

truJes l and :: the ratio of the active electroJe areas. 
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- 2 -

In devices used in plasma technology the electron temperature is of the 

order of a few eV, the applied RF signal is of several hundred Volts, therefore 

usually :x • 1. From eq. ( 3) one obtains for oc - co the following relation: 

- (E·l7î) U8 = - U0 sm E + 1 2 (4) 

In this limit U8 does not depend on oc e.g. on electron temperature. It is 

dt'termined only by V0 and E. The dependence of !Ual/u
0 

on E resulting 

from t'q. () l is plotted in fig. 1 for different values of ':i.. With an increase of 

E the bias voltage increases, but it is always less than U0 . It increases also 

with an increase of :x. approximating the asymptotic curve ( 4) plotted as 

dashed line. The limit for e -· co and ex- "" is IUal/u
0 

= 1. 

E 

Fig. 1 The dependence of the nonnalized bias voltage (3 

on the ratio E of the active electrode areas. 
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Introduction 

The structure of the cathode sheath has a very significant influence on the mechanism of vacuum are 
functioning[ 1]. lt is also known that thermo physical mercury properties are not rypical and , as a result, 
traditional (Lengmuir sheath) methods bring us to some contradictions, connected with transportation of 
the particles and energy in the plasma. In this paper, we shall suggest non-standard method, which will 
describe the mechanism of continuous electric current in near cathode region of mercury are. 

E:1perimeotal Data 

In the experiments of the Kesaev[ l J it was found out that thcrc is a threshold current (l --0. l A), whereas 
discharge voltage oscillates with periods J o-7_3•1 o-6 sec and cathode potential drop was not biggcr than 
18-20 V at the same time. The value of such a threshold current in [2,3) was about 0.6 ... 2.5 A. In work 
[ 1 J Kesaev connected these highly frequent voltage oscillations with cessation of functioning of one spot 
and appearing a new ( thus spot life time t can be obtained). He also connects causes of the spot's 
disappearing with some "inside non-stability" of spot , which mechanism is not given. This non-stability 
leads to spot's division processes in time of accordingly big currents. Il is also considered that "restorable 
mechanism " of are existence consists in current redistribution between disappearing and again appearing 
spots. Nevertheless, the physical understanding of the "inside non stability" is not clear yet. Below wc 
will show that this phenomenon is connected with cathode sheath inslability. 

The model of plasma double sbeath 

In [4] it was offcred to use the double sheath in analysis ofprocesses on mercury cathode and also was 
shown the possibility of conservation of energy balance in this plasma. In this case plasma of are on 
mercury divides into two qualitatively different regions (the model of these processes is on the fig. I ). 
The first region, which is in direct contact with the cathodc and between boundaries 1 and 2, is the 
emitter of electrons. As these electrons !hen proceed through the double sheath (boundaries 2 and 3) 
with a potential drop Ush they pick up energy in !he second extemal region of the plasma with 
boundaries 3 and 4. In turn, the extemal plasma emits into the ion sheath. which brings energy to the 
first region. The current towards the cathode is short-circuited because of the ion flux from the first 
plasma region that contacts with mercury elcctrode. 

The system of equatioos and its solution 

Considering assumptions that spot is round, the processes ofmercury atom excitation are 

neglected, ion and electron temperatures are equal in region 1 and different in region II the 
following system of equations can be obtained: 
Equations of current density j for the corresponded boundaries 1, 2, 3: 

jiJ=eniJV;rf4 {l) 

er.iefPP(-U}J) Uh=U.w:-rdE (2) 
i;3"'en;2V;rf4 Usc::11ln[(MlmJ112j {3) 

Energy equation of plasma electrons in region r 
U;+lT1=(1-S)(eUsh+U;+2T1J -S(eUhh+2Tj) +eU1-U0 1-Uu2 f.IJ 

Energy equation of plasma electrons in region Il : 
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S(eUsh+(2)eUhh+2T1)={1-S)(U;+2T1J+2Tei-eU2 +a.i(,U ; (5) 
U0 1=(2T q'a. 1){(1-a.1J •T11T0 -nq'n rJrT ofT1J}-2T1 (6) 
Uai=2T1[a.2•(1-a.1Jla.1+(1-a.2)(,}, t:,=eGIMII. S=je:z!Ue2+J;J) (7) 
n 11n0 =(f a!T1J-4(,jl(eV;7"oJ n:z!n i=(l-a.1)-4(,jl(eV;'P' 1J) (8) 

Energy balance: of the cathodc according to [5] 
q;+qa+qJ'lr+qG+'f/ (9) 
l = 7t;.2J (10) 
q;=J;1(U;+Usc+2Ta), q0 =(UgJ_+2T1}jaJ. qrjqJ. 

qG=(J..s+2T)GJ/l, qr=nT rrs-ToJ rc/2 [r{ii arcrgfhiik2jl 
where rd- Debay radius; E - electrical field in the field on the boundary with plasma cathode; Usc -
screening sheath potential drop; Ua I • Ua2 - accordingly volt equivalent heat flows which are carried 
out by atoms to cathode from region I; Uï- ionization potential of the mercury atom; a.1. a.2- order of 
mm:ury atom ionization in region 1 and Il correspondingly; n; - ion concentration; n0 - concentration 
of S>lturatcd steams of mercury when the temperature of cathode is Ts; n J. n 2 - concentration of 
men.:ury heavy particles in regions 1 and IJ that are dctermined from equation of flow's conservation of 
hea'y particles on the boundaries 1 and 2; V;r- heat ion velocity; S - fraction of the electron current 
density in the double sheath; À r. a - accordingly, coefficients of heat conductivity and thermo 
difusitivity; qT_ heat density taken out by heat conductivity of electrode material; T1 - heavy particle 
temperature in regions 1 and Il (thcy are considered equal); Te2 - electron temperature in rcgion II. To 
detennine a.1. a.2 - two Saha relations for regions 1 and Il should be also added to this system of 
.:qu.iri..,ns. 
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The -iependence of double sheath potential drop Ush vs. spot life time 1 for the different current 
dens:. --es (j=/. /. /, 1.4.2.3· Jo-I A!cm2J, for 1-0. / A and G-200 µg!sec is shown on fig. 2. As one can sec, 
1. ·,n ."'.l.:reases slightly in the beginning, whereas its sharp bound is observed when r reaches its 
.:nr: ... ~I ,·alue 'er that makes further spot existence impossible. In considered conditions current density 
Je!ir,,.,,. ';:r· The behavior of Ush is caused by the instability of the sheath processes, conditioned by the 
;h-. ~hange of cathode plasma concentration and energy in the time. Thai is. if aspot appeared with a 
~ir. .::urrent density. order of plasma ionization would be unessential (a.-ur2) in a short period ofits 
ex:=e and. thus. the cathode would be heated mainly by the alom flow. Value CJ./ is kept to be low 
in~-'-~" 1 while Ush is insignificant. In ter plasma in region II becomes fully ionizationed. and, thus, 
0111' =--:- ~hanging Ush further change of energetic plasma parameters and ion flow in a sheath is 
~~i:>ie. In this case. sharp growth of Ush is conditioned by the cxponential dependencies of 
~on ... -=tration of near electrode plasma heavy particle vs. cathode temperature and their ionization 
deg>= \"S. plasma particle temperature. 
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SHEATH STRUCTURE IN PLASMAS CONTAINING NEGATIVE !ONS 

J. I. Fernández Palop, J. Ballesteros, M. A. Hernández, A. Dengra. and V. Colomer 

Department of Applied Physics, Univ. of Córdoba, 14071, Spain. 

Introduction 

This pa.per deals with the study of the structure of the sheath nea.r a plane probe (negatively 
biased respect to the plasma) inmersed in a. plasma. containing nega.tive ions. 

The classical Bohm criterion [IJ and the generaliza.tion given by Braithwaite and Allen 
(2) are va.lid only if the probe potentia.l is large compa.red with the electron and nega.tive ion 
tempera.tures. In this case, the probe potential ia greater than the Bohm criterion (potential 
at the sheath edge) and the model Ïll solid. On the opposite, if the probe potentialis small, 
it could be less than the Bohm criterion and the model fa.lis in a contra.diction. In plasm&e 
without negative ions the most interesting case is the first one beca.UBe the floating potential 
is usually grea.ter than the electron t.empera.ture and therefore in the whole ion sa.tura.tion 
region the potentialis grea.ter than the electron temperature. In plasma.s with negative ions 
the floating potential could be less than the electron and negative ion temperatures so that 
a new expression for the Bohm criterion is needed. 

Hipothesis of the model 

We will consider a non collisional sheath region nea.r a plane probe which is n.ega.tively 
biased respect to the plasma. The probe is placed at x = 0 and the plasma in the region 
x S 0. The plasma is neutra! and consits of positive ions, electrons and negative ions, being 
their densities in the umperturbed plasma n+0 , n 00 and n_0 respectivelly. H the electron 
and negative ion temperatures are given by T. and T_ respectivelly, we will consider the 
following expresions for the particles densities nea.r the probe: 

l ( e</> ) [ ( e(tf>(x) - <f>(O)) ] 
ne,-( x) = 2n•o,-o exp kTe,- 1 + erf kT •. - > 

where T. and T_ are the electron and nega.tive ion temperatures, tf>(x) is the electric potential 
(referred to the plasma) and </>" n+• are the potential and the positive ion density at the 
sheath edge (end of the sheath and beginning of the qua.si-neutra! region). The symbol "erf" 
in the Jast equation means the error function. In our model we will not a.pproximate this 
function by 1, as is ma.de by most authors, so that the model will be valid for all the possible 
values of the probe potential and not only for those which are greater than the electron and 
negative ion temperatures. We can evaluate the Bohm criterion genera.lizing the equation 
given in [1] for plasmas containing negative ions: 

_!____ (dn+ _ dn. _ dn_) > 
0 

n00 d'1! d'1! d'11 "'="'· -
being '11 = -et/>/ kT. the dimensionless potential. Frorn this equation we have obtained a 
new expression for the Bohm criterion which depends on the probe potential. In most cases 
(if the system dimensioas are mucb larger than the Debye leaght) the Bobm criterion is 
satisfied with the equality sign [l]. 
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Results 

Figure 1 shows the Bohm criterion ('11.) fora particular value of 'Y = T./T_ as function of 
or0 = n_0 /n.,,, for some values of the dimensionless probe potential (ll'p)· As in the Bohm 
criterion given by Braithwa.ite a.nd Allen [2), we obta.in multivalued functions for 'Y ~ 5+ J24 
and 'Y 5 5 - J24, a.lthough in our case these conditions a.re necessary hut not sufficient, for 
obtaining multivalued functions, because we also have the probe potential as a. pa.ra.meter. 

The new expression for the Bohm criterion permits us to find the floa.ting potentia.1 in 
pla.smas conta.ining negative ions. Figure 2 shows the dimensionless floa.ting potential ('11" I) 
fora hydrogen plasma (Ht, H_) as a function of or0 for some values of 'Y· 

Fina.lly, we can solve Poisson equation and obtain the potential distribution, electric field 
distribution, densities distributions, . . . From these distributions, we have been able to 
obtain the sheath thickness. Following Nachma.n & Thanh [3), generalizing their treatment 
for the case of plasmas conta.ining negative ions, we define the shea.t edge as the point in 
which the following increment is ma.ximun: 

Figure 3 shows the shea.th thickness ($,) as a function of the dimensionless probe potentia.1, 

in units of the Debye lenght, defined as: À~=~(:;:+ :r:)-1 
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CHARACTERISTIC TIMES FOR THE EVOLUTION OF THE 
SHEATH: PLASMA/ELECTRODE 

P. Bauernfcind. H. G. Lcrgon, and K. G. MOllcr 

Institut für Laser- und Plasmaphysik, Universität GH Essen, 45117 Essen, Gennany 

Introduction 

Growth and relaxation of the sheath plasma I electrodc are of great importance in non-stationary 
plasmas as in pulscd or high-frequcncy discharges very oftcn bcing applied e.g. in plasma 
treatmcnt of surfaccs. The propertics and parameters of these discharges among other parameters 
are govemcd by the charactcristic times for sheath growth and relaxation. Moreover, character
istic times are of importance in plasma diagnostics of these discharges using Langmuir probcs. 
Altogethcr, thcy are of fundamcntal signilicancc for the confinnation of sheath concepts. 
Characteristic times for the growth of the shcath plasma / probc in the plasma of a positive 
column in Argon rccently ([1],[2]) have been mcasurcd applying a ncgative voltage pulsc toa 
small orificc probc held on plasma potential during the unperturbcd situation. The ion currcnt 
flowing through the orificc during the pulsc has been cvaluatcd. Characteristic times bctwccn 0.2 
and 0.8 µs for the growth of the quasistationary spacc charge shcath (scc also Ref. (3)) rcsultcd 
from these measurements dcpending on discharge currcnt and pulsc voltage. 

In this paper a difîercnt sheath is investigatcd in a different plasma using an improved ion 
analyzcr. the tcmporal growth of a positive spacc charge sheath is measured in front of a large 
grid-elcctrodc cncircling cylindrically a de discharge in parallel platc geometry bcing operatcd in 
Argon. Here, great importancc is attached to the possibility of the distinction of the growth of 
the quasistationary space charge sheath from that of the quasistationary pre-sheath and to the 
experimcntal dctennination ofboth the corrcsponding characteristic times for these sheath states. 

--= .-1-- sheath 
plasm~ • r~rarding fidd grid 

:::::--:: . / :=:::::::::: ,.--..... ,--
:::::::::_:: --i:::-- detector 

orific~ pro~~:::::--:: __s
:=:::::::::: 
~ • ion analyzer 

~ :-- grirl~lecrrode 

fig.,J, Ion analyzcr and grid elcctrodc (schematically) 

Experiment 1nd Discussion 

The front surface of the ion analyzcr undcr application, scc Fig. 1, containing a small orificc 
(0 = 0.03 mm) is arranged in the plane of the surface of the grid-electrodc scrving as orificc 
probc (0 = 5 mm) for the extract ion of posilive ions. In this experiment the orilice probc is 
conncctcd elcctrically to the grid-elcctrodc. During the unperturbcd plasma situation both are 
held on the potcntial of the plane plate anode which is ncar plasma potential (0.3 V higher). 
Starting from this situation both orifice probc and grid-elcctrodc are pulscd by a rcctangular 
negative voltage pulsc of voltage Up= -24 V and ofvariablc pulsc length lp. This voltage pulsc 
causes the evolution of the positive spacc charge shcath undcr investigation accclerating the ions 
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into the ion analyzcr where they have to pass a retarding field of voltage u." to reach the detec
tor. The build-up of the sheath is examined by recording, applying a multi channel scaler, and 
evaluating the ion current signa! at the detector in the following way: for a constant value of re
tarding field voltage u ... the pulsc length lp of the voltage pulse is decreased until the ion current 
signa) vanishes at a corresponding pulsc length tp•. This pulse length is too short to develop a 
sheath stage being able to accelcrate ions to an cnergy larger than that corresponding to the pre
sct Ure1. The exact value oftp* is found from the mcasuremcnts by extrapolation. For different 
Urc1 different tp• result, see Fig. 2. The discharge current is 5 mA, the pressure 8.0 Pa. The 
mcasured data are approximated by two straight lines. Thus, two regions may be distinguished 
The left, for Uret / Up S 0. 944 is interpreted to represent the last phase of the growth of the 
quasistationary space charge shcath with the characteristic time la taken from the interccpt of the 
two straight lines, the rcgion on the right, for 0.944 < u", I Up$ 1.0 is interprcted to rcveal the 
devclopmcnt of the prc-sheath with the characteristic time !pre = t' - t., wherc t' is found from this 
straight line al u ... I Up = 1 dcscribing the characteristic time for the cvolution of the total sheath 
including that of the prc-sheath. These interprctations will be discusscd further. 

Results 

t */, 2,S 
P µs 

1.s 

0.5 

-·-·····-······-·--· . 

o...._~~~~~~~~~~~~~~~~~ 

0.8S 0.9 0,95 LJ ret/u p 1 

~ tp* versus normalizcd retarding voltage Urc1 /Up 

t' 

ts 

The following characteristic times have been found for the growth of the quasistationary 
total sheath t' 2. 7 µs 

- space charge sheath Is 0. 9 µs 
- prc-sheath lpre 1. 8 µs 

after application of a voltage pulse of -24 V. A distinct transition is found in the evolution from 
the quasistatiooary space charge sheath to the quasistationary pre-shealh indicating a defined 
sheath edge. 

Support by Sooderforschungsbcrcich 191, A2 der Deutschen Forschungsgemeinschaft is 
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MODELLING OF A LOW-PRESSURE Ar/01 REACTIVE MAGNETRON 
DISCHARGE. 

Introduction 

W.Trennepohl, J.Bretagne, G.Gousset, D.Pagnon and M.Touzeau 
Laboratoire de Physique des Gazet Plasmas, (U.A. 73 du CNRS) 

Bat. 212, Université Paris-Sud, 91405 ORSA Y Cedex, France 

Magnetron discharges are currently used together with reactive gases for high speed deposition 
of materials such as ceramics (oxydes, nitrides" . . ). The interest of this type of discharge is that 
it works at very low pressure, typically in the range 1-lOmTorr. This situation promotes the 
transport of sputtered material from the target to substates on which films are deposited. 
Using the scheme of previous workslll, we present here a model fora D.C. magnetron discharge 
in a reactive Ar/02 gas which was used for deposition of Cr20 3• This model was developed in 
parallel with plasma analysis by Optica! Emission Spectroscopy (OES) in which we particularly 
studied the behaviour of characteristic Jines, such as those emilted by Ar*, 0*, Cr* and er•• 
excited states, versus the discharge parameters. This model is used as a guide for the 
interpretation of expcrimental results and fora comprehensive approach of this type of discharge 
in which the interaction of the reactive gas/plasma with the cathode, the substrate and the walls 
plays a key role. 

Basis of the model 
From previous work'll, we developed a model for the magnetized region of the plasma that we 
consider as similar to a negative glow. In this model wc consider that secondary electrons 
emitted at the cathode are accelerated in the collisionless cathode sheath and, then, trappcd by 
the magnetic field region in which they deposit their energy until they escape through collisions. 
We simultaneously solve the Boltzmann equation for the electron energy distribution function 
(eedf) of these trapped electrons and an ensemble of kinetic equations for plasma species, i.e. 
radiative and metastable states for argon, metastable Oi{a) and 0 2(b) molecules as well as atomie 
oxygen states including those which are observed by OES. This coupling must be considered, 
especially due to the influence of the dissociation degree of oxygen on the eedf. 
We introduced an empirica! escape rate, proportional to the Larmor radius, for plasma electrons. 
We also include in the model ionic species with both positive and negative charges. In fact, we 
consider the following ions: Ar+, Ar++, 0/, O+, 0 2- and o-. Positive ions are extracted 
towards the cathode with a characteristic velocity determined through the modified Bohm 
criterion taking account of the non-maxwellian character of the eedf. Negative ions are only 
quenched by volume re<:ombination through mutual recombination reactions. 
One particular aspect of this model is that it applies to low-pressure conditions (about 1 mTorr). 
In this situation the mean free paths of neutra! particles are much larger than typical dimension 
of the plasma. Thus we considered two distinct approximations in the kinetic equations 
depending of the lifetimes of plasma species: 
- for long-lived and metastable states, species are considered as created within the plasma and 
distributed homogeneously over the whole volume betwecn the target and the substrate. They 
can interact with these surfaces or escape towards the chamber walls on which we consider that 
they are quenched. 
- for radiative states, we consider that species are produced and destroyed within the magnetized 
region. 
For cross-sections and collision rates we look, for argon, data previously used by Guimaraes et 
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a/ll1, for molecular and atomie oxygen species, electronic cross-sections used by Gousset er afi21 
and collision rate between heavy particles data recommanded by EliasonPl. 

Resulls and comparison with experiment. 
As typical experimental conditions we consider a circular magnetron cathode with 15 cm in 
diameter, an average value of the magnetic field in front of the cathode was taken to be 0.03T. 
Typical pressure values were about 1 mTorr and discharge voltages of about 600 V; thus, we 
considered in the model that secondary electrons entering in the negative glow have the 
corresponding energy of 600 eV. 
We used the model to deduce the densities of the various species versus the relative 
concentration of molecular oxygen introduced in the discharge and versus the discharge current. 
Extensive results wil! be given and particularly for metastable and long-lived species. Note that 
for the conditions that we used (discharge current Iimited to 3 A), the dissociation degree of 
oxygen is limited to about 10% and the relative concentration of 0- negative ions, which are 
largely dominant over Oi, is also limited to 10%. Here, we shall focus our attention on the 
behaviour of Cr* lines, particularly on the resonance one emitted at 425.4 nm, and on the O* 
line at 777.4 nm (transition 03~P...03s5S). 
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We report in Figure 1 experimental results 
which were obtained for the Cr* 425.4 nm and 
0* 777.4 nm lines for a pressure of about 1.2 
mtorr and a discharge current Id varying from 
0.5 to 3 A. Let us emphasize that the present 
results correspond to an hysteresis effect: the 
0* line was observed only for an increasing 
discharge current while the Cr* one was only 
observed when Id decreases. The power values 
a indicated in this figure correspond to line 
intensities assumed to vary as Id". 

Fig. !. Experimental variations of Cr* 425.4nm 
and 0* 777.4nm line intensities versus r.. 
The behaviour of the Cr* line is rather easy to interpret: we must consider the cumulative effects 
of the excitation frequency which varies as r.. of the sputtered Cr density in the plasma phase, 
which also varies as I. and also of a sligth increase of the discharge voltage. 
For the O* line, the model can explain an experimental power value a greater than l, only when 
wc take account of an cxcitation process additional to the two usual dissociative excitation from 
0i(X) and electronic excitation from 0(1P)). This process corresponds to the production of 
03p5P through elcctron excitation from the long-Iived 03s5S state. 
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THEORETICAL CALCULATIONS OF THE AXIAL DISTRIBUTION OF 

METASTABLE ATOMS IN AN ARGON MICROWAVE PLASMA 

Evghenia. Benova.1 and Ivan Zhelyazkovt 

t Depa.rtment of Physics, Institute for Foreign Students, BG-llll Sofia., Bulga.ria 

* Fa.culty of Physics, Sofia. University, BG-ll26 Sofia., Bulga.ria. 

Introduction 

At low ga.s pressures the ba.sic elementary processes in microwa.ve produced plasma. columns 
are the direct ionization a.nd diffusion to the tube wa.lls [l]. At higher pressures the step-wise 
ionization start to play a dominant role. Since in the la.tter case the ionization process occurs 
from the meta.sta.bie states, their distribution becomes important in the discha.rge modelling. 

Theory 

Following Ferreira et al. [2] we consider the ionization from the ground state of argon, the 
excitation of the four 3p'4s levels of argon (meta.sta.bie sta.les 3 P0 and 3 P2 , and resona.nce 
sta.les 1 P1 and 3 Pi) and the ionization from the metasta.ble levels. The rate constants for 
ionization and excitation ha.ve been calculated a.ssuming a Maxwellian distribution with an 
electron temperature determined from particles' ba.la.nee equa.tions. With this tempera.ture 
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Figure ! : Theoretica) axial distributions of 3P2 + 3 P0 meta.sta.bie sta.tes. The continuous 
curve corresponds to the case of collisions between meta.sta.bles, the da.shed one - to the 
circumstances when this process is ignored . 

from the ba.la.nee equations for the wave power and pa.rticles' energy one derives a relationship 
between the electron density and the squa.re<l wave electric field [3]. This relation together 
with the local wave dispersion equation and Poynting's theorem yields the axial profile of 
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the electron density [4]. From the particles' balance equa.tions one can extract a. rela.tion 
between the densities of the metasta.ble sta.tes and the electrons which makes it possible the 
finding the axia.I profiles of the a.toms in metasta.ble sta.tes. This procedure has been a.pplied 
to the sta.tionary state of a.n a.rgon plasma. column with radius R = 0.45 cm, sustained by 
a microwa.ve power S ~ 110 W a.t a. wave frequency w/21r = 2.45 GHz and contained in a. 
Pyrex tube of thickness d = 0.15 cm (with permittivity f-d = 4.8) at a. gas pressure of 1.8 
Torr a.nd a gas temperature Tn = 300 K [5]. The column is shielded by a metal enclosure 
with a radius of 2.0 cm. In figure 1 we present the a.xial distributions of 3 P2 +3 P0 metasta.ble 
states (considered as one state with an effective energy of 11.63 eV). The continuous curve 
shows the metastable distribution obtained by taking into account the ionization due to 
the collisions between argon a.toms in metastable sta.tes. The dashed curve illustrates the 
sa.me distribution when this process has been ignored. In the second case we obtain a. more 
homogeneous a.xia.I distribution of the meta.sta.bie a.toms with larger densities. 
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INVESTIGATIONS OF THE ELECTRON KINETICS IN CYLINDRICAL 
MAGNETRON DISCHARGES 

Introduction 

E. Passoth, J.F. Behnke, M. Tichy" ,P. Kudrna" 
E. - M. - Arndt - University, Department of Physics 

Domstr. lOa, 17489 GreifswaJd, F.R.G. 

Magnetron discharges are widely used in the thin film deposition technology. The plasma of 
the cylindrical magnetron discharges (water cooled copper cathode, diameter 1 cm and length 
15 cm. coaxial stainless steel anode with a diameter of 4 cm, axial homogeneous magnetic field , 
B, 100 .. . 400 G, pressure 1.5 Pa) is very suitable for the investigation of the charge carrier kinetics 
in crossed electric (E,) and magnetic fields (B,). By means of the azimuthal E x B - drift the 
electron kinetics is determined strongly by collisions while the ion motion is nearly collision - free 
in the negative glow (NG) and the positive column. 

Experiment 

With a movable cylindrical probe (probe axis perpendicular to the discharge axis) the LANGMUlll 
probe characteristics have been registered by a computer supported technique in the radial direct 
ion. The axial B, values of magnetic field have been varied between 100 G and 350 G. The 
radial distributions of the electron temperature u,(r/ R.) = U, / U,0 and of the electron number 
density g.(r/R.) = n, / n,m have_ been measured by using the second derivative of the LANGMUlll 
probe characteristic and the electron probe current at the plasma potential respectively. In case 
of deviations from the MAXWELLian distribntion of electron energies (at lower magnetic fields) the 
temperature of the main low - energy elfl:tron group has been taken. The inftuence of the magnetic 
field upon the probe characteristic bas been assessed [1,2]. The main experimental results can be 
summarized in the foUowing statement: Thl' electron temperature decreases very strongly from the 
sbeatb edge ( U,0 ) to the anode sided end of the NG. The slope of the electron temperature radial 
dependence in the positive column depends on the magnetic field strength ( Figs. 1 and 2). For 
magnetic field strengths greater than approx. 250 G the measurable part of the EEDF is close to 
MAXWELLian. The electron density increa.ses from the sheath edge to the anode sided end of the 
:-IC and decreases in the direction to the anode (Figs. 3 and 4). 

Analysis of the experimental results 

The master equation system wh.ich we have used for the description of the plasma parameters 
of the cylindrical magnetron discharge consists of the balance equations of the total corrent, of 
the electron, ion and metasta.ble particle flow, of the electron energy as well as of the Po1ssoN -
equation and ofthl' equations of the momentum transfer for the electrons and ions (3]. The stepwise 
ion.ization over the excited states is also considered. 
Using the radial distribution of the electron temperature and of the electron density from the expe
riment, the radial field strength and the potential distribution, the deviation from quasi neutrality 
near the sbeath edge, the different cunent densities as well as the energ_v inpnt in the NG plasma 
via the sheath has been estimated. As an important boundary condition at the anode sided end of 
NG the ruinimum of E, al E, = 0 bas been found. 

• 0.p&rlment of Elcctroai<s and Vacuum Pby>ics. Faculty of Mathematics and Ph)·sia, Cllarles t!nivenity, Pragae. 
Czecb Republic 
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With a 64!t of initia! conditions at the sb.eath edge the master equation system describes the radial 
beb.aviour of the plasma parameters in the cylindrical magnetron discharge. 
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CHARACTERISTICS OF A H.F. ATMOSPHERIC 

ARGON DISCHARGE 

Introduction 

F.J.G. Vázguez and J. Cotrino 

Departamento de Ffsica Atómica, Molecular y Nuclear 

Facultad de Ffsica. Apdo. 1065, 41080 Sevilla (Spain) 

We use a three level model (TLM) for the Argon atomie structure, in which the 

ground level (s), first excited level (p) and the continuum (c) are taken into account. With 

this model we obtain the electronic density n. and the first level population density n, of an 

Argon plasma as a function of the electron temperarure T. and the neutra! temperature T •. 

We assume that the eedf is Maxwellian. The TLM was already used for Hidrogen (1) and 

Argon (2). In this paper we develop that of reference (2) and we study the different physical 

solutions related toa homogeneous and non homogeneous (with ambipolar diffusion) plasma. 

We have also considered the radiation transport in the approximation of Walsh (3) for the 

sp spontaneous emission. With these results from the TLM we make an electron power 

balance from which we will be able to calculate some characteristics of the discharge, such 

as electric field amplitude inside the discharge column as well as the absorbed power by 

electrons from the external power source as a function of T., n. and n.,. 

Non Equilibrium Model 

Depending on whether we take into account ambipolar diffusion or not, we may have 

two different kind of solutions; NH solutions (non homogeneous), obtained when we choose 

T. = 1300 K and a radious of the discharge column a = 0, 15 cm; H denotes homogeneous 

solution when diffusion is neglected. Figure 1 shows n. "-0-J as well as its equilibrium 

behaviour from Saba equation. Solutions H and NH give a reasonable agreement with some 

results obtained with several MIP devices working at 1 atm and can be usefull to understand 

them. 

CHARACTERISTICS OF A M.I.P DISCHARGE 

The equation that describes the local power balance for elctrons can be exprcssed an 

0 = O'"' + Od + Om.1 + O...i ,where 0 = e2Ec1/lm,v'" is the absorbed power (eV/s) from the 
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H.F field per volume unit and E.1r = Ep11.n/l.41(11elf2 + w2) 111 
, where E,11.41 is the r.m.s 

intensity for the electric field, is the effective electric field intensity usually used when 

describing H.F discharges. The terms IJdlf, IJei. 81ao1 and IJ...i represent the different power losses 

mechanisms taken into account per volume unit. It must be pointed out that "elf is the 

effective electron-neutral collision frequency for momentum transfer, which for the argon 

case is a function of the electron energy. When we analyze our results fora H.F discharge 

with three frequencies 2.45 GHz, 600 MHz and 210 MHz for the cases Hand NH, we note 

that for all frequencies ()/n,, (n, = total number of particles), increases as the n,b grows, 

however it decreases when n."" grows. Similar behaviour is observed for E.afn, with n.b and 

n." . Figures 2 and 3 show O/n.(n.) and E.n/n,(n.) for both cases Hand NH. We see how the 

necessary energy for mainteining electrons in the discharge volume becomes bigger or 

smaller depending on the possible n. solutions (H, NH) adopted. 
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Surface waves in a large diameter microwave plasma 
E.Bluem, S.Béchu, G.Miche~ C.Boisse-Laporte, Ph.Leprince, J.Marec. 

Laboratoire de Physique des Gazet des Plasmas (associated to the CNRS : UA073). 

Bit 212, Université Paris-Sud, 91405 ORSA Y cedex, FRANCE. 

We are interesting in the description of a microwave plasma (2.45 GHz), excited via a 

surfaguide, in a great diameter structure, rag 1 : plasma 120 mm, extemal diameter of the quartz 

tube 125 mm, surrounded by a metallic cylinder of intemal diameter 188 mm. 
Plasmas are created in Ar I 02 discharges, low pressure (0.1 to 1 O Torr), with a Dow rate (0 to 

200 seem). fora wave power ranging from 100 to 2500 W, plasma length varies from few to 200 

cm. 

Theoreûcally, we solve the Maxwell's equations in our 120-125-188 structure, to obtain the 

electromagnetic field distribution r11 : structure dimensions are so that several modes, with 

different azymutal symetry, can propagate. We study the propagation of these different modes 

versus different parameters, as electron density and collision frequency for momentum transfer ; 

especially, we have access to dispersion and phase curves, giving us the wave number and 

attenuation coefficient versus the ratio w/CA1fJ (where wp is the e1cctronic plasma frequency), as 

well as radially profiles of each electromagnetic field components. Phase curves are plotted, flg 2., 

for 2450 MHz. Guide modes exist below a critica! electron density (in our case, 1011 cm·l). At 

the opposite, plasma modes exist above a critica! electron density (in our case, 3 101 l cm·l). In 

the 120-125-188 structure, guide and plasma modes can't propagate together. This large diameter 

plasma is sustained by plasma modes, also called surface waves, and not by guide modes which 

can propagate in the empty cylinder. 

In order to control and describe the spatial plasma distribution ( excited species, energy 

transfer".). es:perimental spectroscopie (actinometry". ) and electromagnetic (antenna, HF 

interferometry, Langmuir probes) measures are made simultaneous : 

- Azymutal antenna measures exhibit a multimode propagation : the TM*30 has especially 

been displayed. 

- 30 GHz interferometric measures, as well as probes measures (ne, Te), inform us about 

average electron density in the discharge : typically, fig 3, argon, ne is around a few 1O11 to a few 

1012 cm·3 . 

- We have measured both radially and longitudinally emission intensity (Ar : 811.S run, 750.4 

nm and 0 : 844.6 nm and 777.4 nm). The radial emissivity (local measurement) is detennined by 

deconvoluting the signa! l(y), integrated over a line, using Abel inversion : we can notice, fig 4, 

that the emined intensity depends strongly on the electric field, which is classically, in surface 

wave, minimum in the center of the plasma (2). 
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Longitudinally, at low power or high pressure (typically for LpJasma < 30 cm), the emission 

intensity is classically decreasing from the gap to the end of the column. When the plasma length 

is Jonger, several modulations appear on the emission intensity, located always at the same place 

of the plasma column. It may traduce a beat phenomenom due toa multimode propagation. 
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Microwave induced plasmas as excitation sources 
for molecular spectroscopy 

part 1: the case of high (atmospheric) pressure. 

E.A.H.Timmermmrf1!, A.Rodero, M.C.Quintero, J.Jonkeri1!, F.H.A.G.Fe'/11, 

A.Sola, A.Gamero and J.A.M. van der MuRel'i'1• 

Depanamento de Ffsiea Aplieada, Universidad de Córdoba, 
14071 Córdoba (Spain). 

(t) Deparnnent of Physies, Eindhoven University of Technology, 
P.O.Box 513, 5600 MB Eindhoven. 

Introduction 

For years mainly inductively eoupled plasmas (ICPs) [IJ and mierowave indueed plasmas 
(MIPs) [2] have been used as excitation sources for the detennination of atomie species by 
excitating atomie and ionie levels from the ground state. Line intensities emitted in the 
radiative deeitcitation processes have been used by means of eonventional atomie emission 
spectroscopy to estimate populations of species, both relative and absolute. 

Molecular species have a rather low dissociation energy (typieally 5 eV). Therefore they 
will get destrueted easily in an ICP, in whieh the heavy partieles have a temperature of 
approximately 7000 K. A MIP is a more suitable eandidate for the purpose of molecular 
exeitation, since it has a substantially lower heavy partiele temperature (800-5000 K. 
depending on HF power and pressure). 

In this paper two different high (atmospherie) pressure MIPs and their use as an exeitation 
source for moleeular spectroscopy are discussed: 
• The first plasma is a surface wave diseharge (SWD), i.e. the plasma is produced and 

maintained by the energy transport of propagating electromagnetic waves [3]. The 
plasma is sustained by the guide-surfatron, a widely used surface wave launcher [3]. In 
a quanz tube (1.5 mm of intemal diameter), a capillary plasma column of a few 
centimeters long is produced in düferent mixtures of argon and molecular gases. 

• The second MIP is produced by a completely different device: a coaxial torch integrated 
into a waveguide line device [4]. Now the plasma is not a SWD but a simpte resistive 
discharge dissipating the HF energy. The discharge appears as a-ilame into the open air. 

Since in both MIPs the HF energy is transferred by waveguide structures (WR-340 at 2.45 
GHz), high HF power levels can be employed. Although melting of the quanz tube 
restricts the power to 400 Watt in case of the guide-surfatron, whereas no limitations are 
found for the torch (up til) 1 kW). 
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Results 

Measurements using the MIP produced by the guide-surfatron show that some parameters 
of a pure argon plasma (absorbed HF power P...,= 150 W, argon flux [Ar] = 1 sim and 
total plasma length L, = 10 cm) are approximately given by T,.. = 5200 K, T,.. = 1700 K 
and n. = 4.1<>2° m·3, where T..., is the excitation temperature of the atomie state population, 
nonnally considered as an estimation of the electron temperature T., T,.. is the rotational 
temperature of the molecular species, nonnally identified as the heavy panicle temperatu
re, and n. is the electron density of the plasma respectively. These are typical values close 
to the guide-surfatron gap (the energy transfer zone in the plasma close to the guide) and 
decrease slowly towards the end of the column. 
The injection of some H20 by letting the argon first flow over a water surface, increases 
T,.. to 3200 K and decreases the plasma length to about 2 cm. The injection of a few 
percent C02, N2 or 502 quickly leads to melting of the plasma tube. In the obtained 
spectra of the plasmas containing 502 (dissociation energy 5.66 eV), S 1 and 0 1 lines are 
seen (besides Ar I lines). In the region 300-1000 run no bands of 502 or SO are found. 
which indicates that 502 gets completely fragmented. 
Adding some C02 (dissociation energy 5.45 eV) does not lead to the emission of spectra! 
bands of C02 or the dissociation products CO and CO+, which indicates that also C02 gets 
completely fragroented. A very dominant band is found at 516.52 nm (position of the band 
head), due to the short-living C2 molecule. 

Using the plasma torch results in a completely different plasma. Because expansion takes 
place into the open air, strong interaction with air occurs. The experimental plasma 
parameters (pure argon, [Ar]= 3 sim, P...,= 320 W, L, = 5 cm) are given by T,.. = 4000 
K, T..., = 6000 K and n. = 1()21 m·3 (all values obtained just outside the nozzle). Measure
ments show that the torcb is not very sensitive for the injection of molecules (up to 30 % 
of N2 or C02 can be injected before the plasma becomes instable). Also in this plasma 
C02 completely gets fragmented. The injection of C02 leads to a spectrum dominated by 
CN bands of the violet system (B2l:-+A2n), even if no N2 is injected. 

In summary, high pressure MIPs are not adequate for the excitation of molecular species, 
since complete fragmentation occurs. Moreover reassociation takes place, creating 
molecules which are not present in the original sample. Other discussions and experiments 
are now running in Eindhoven and Córdoba. 
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Microwave induced plasmas as excitation sources 
for molecular spectroscopy 

part II: the case of low (reduced) pressure. 
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Introduction 

In a previous contributed paper. we have analysed two different types of microwave 
induced plasmas (MIPs) at high (aunospheric) pressure as excitation sources for molecular 
species. This paper deals with the same subject in the low (reduced) pressure regime. 
Since in this case the plasma is far from local thermodynamica! equilibrium (LTE) and the 
difference between the electron and heavy particle ternperature is large, it can be e11pec1Cd 
that fragrnentation of molecules by thermal dissociation will be Jess. 
Only a surface wave discharge (SWD) created by the surfatron [l]. a well known low 
pressure launcher, has been used (microwave frequency v = 2.45 GHz). Comparable to the 
guide-surfatron described in pan J, the capillary plasma is created in a quanz tube. 
although its intemal diameter is substantially larger (varied from 6 till 15 mm) 

Results 

Compared to the high pressure regime especially the rotational temperature is significanlly 
lower, typically T'°' = 1000 K (using P,bc = 100 W, [Ar] = 0.30 sim and p = 3 torr). Using 
these conditions the plasma length is about 30 cm fora tube with 10 mm inner diameter. 
The experimenL~ concern the introduction of molecular gases (N2 and/or CO,) into the 
argon plasma and pure plasmas of C02 and N2• The intensities of the molecular bands. 
both original and associated, have been studied as a function of the gas composition. the 
pressure and the position in the plasma. Some of the results are: 
• In case argon is used as the main gas, more or less the same behaviour as the guide

surfatron in part 1 occurs: the introduction of some molecular species reduces the 
plasma column length drarnatically. The introduction of C02 in the argon plasma leads 
to strong emission bands from the óv = 0 branch of the Swan system of the C, radical. 
while emission spectra of CO and co· are absent 

• lf pure C02 is used the Swan system can be seen at high pressure (p > 5 torr) only. 
However, at low pressure the bands of the Ángström system of CO (B':I:~A'n) are 
present. From this it can be concluded that in this case the fragmentation is only panly. 
Because C02 does not show signicant emission activity in the studied region (300-1000 
nm). nothing can be said about the amount of C02 that is not dissociated. 

• The introduction of N, into a CO, plasma leads to decrcasing C2 or CO emission. Also 
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intense spectra of the first and second positive system of nitrogen (B3n~A;:E and c'n 
~B3n respectively) can be observed, see figure 1. These bands can also be seen in 
Ar/N~ and Ar/CO.JN2 plasmas if the pressure in the discharge tube is low enough (p < 5 
torr). 

• The ratio of the intensities of the atomie lines and the molecular bands hardly depends 
on the axial position in the plasma. 

Generally, the kind of (association) molecules which can be observed strongly depends on 
the pressure. 
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TYPE AND DEGREE OF EQUILIBRIUM EXISTING INA IDGH 
PRESSURE SURFACE WAVE ARGON DISCHARGE. 

lntrodnction. 

M.D.Calzada, ASola and AGamero. 
Departamento de Ffsica AJ>licada, UDiversidad de Córdoba. 

14071 CÓRDOBA (SPAIN). 

From a Thermodynamic point of view, LTE implies that only radiation escapes from the 
plasma, existing proper balances for any energy /particle interchange mechanisms other than 

· emission/absorption of photons. That implies the equality among all characteristic energies 
of the equilibrium distnbutions and an unique temperature in the discharge [1]. 

Mainly inductively coupled plasmas (ICP) have been regarded from the above topic, 
resulting that an ICP is usually considered to be in LTE or near enough to LTE (close-to
L1E) (2). Microwave induced plasmas (MIP) are also being submitted to this equilibrium 
analysis, above all from its utilization as an alternative to ICP as excitation source for 
atomie and molecular determination in spectrometry. The present work deals with the 
research for elucidating the type of equilibrium, and its extension too, of a surface wave 
discharge of pure argon at 2.45 GHz (microwave range), similarly to what has been done 
with ICP. This MIP is a particular class of propagating wave discbarge, whicb is produced 
and maintained by the HF energy transported by a high power electromagnetic surface 
wave. The guide-surfatron is the launcherused in our experiences for this pwpose [3], wbicb 
allows to inject relatively high levels of microwave power into the plasma. Conventional 
emission spectroscopy techniques have been utilized for determining some characteristic 
magnitudes in the discharge, namely the electron density, n., by means of Stark broadening 
of H,, the electron temperature, T" vla line-to-continuum intensity ratio method, the 
excitation temperature, T_ vla the well known Boltzmann-plot method for the "top" of the 
energy diagram of the atomie levels, and the rotational temperature, T..., of some molecular 
species present in the plasma. This last temperature is usually assimilated to the heavy 
particle temperature, T ". 

In our experiences, a capillary plasma column of 12 cm long is produced in a quartz tube 
(15 mm of internal diameter) when the microwave power injected reaches 250 watt The 
light emitted by the plasma is radially picked up by an optical fiber and sent to the 
monochromator. The measurements are made for different positions along the plasma 
column axis, z. The acquisition data process is completely controlled and automatized by a 
computer vfa an A/D converter. Other theoretical and experimental details are omitted 
because they are supposed known. 

Results and disalssion. 

The following figures summarize some main experimental results obtained for the capillary 
plasma column. An important former result, already known in this class of discharge at low 
(reduced) pressure, is the equivalence of different columns produced by different powers 
when they are compared by setting the origin of the axial distance z at the end of the 
column. The electron density decreases quasi-linearly from the launcher to the end, where 
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a "critical" electron density avoids the wave propagate beyond this position (Fig. 1). This 
axial profile of n. makes possible to determine a principal equilibrium parameter, e, the 
average microwave power necessary to maintain a pair electron-ion in the discbarge, this 
parameter being found to be e = 4.<1.10·12 w, in very good agreement with other comparable 
results. 

The plasma column has resulted in a two-temperature (2-T) plasma (Fig. 2), in which the 
heavy particle (argon atoms and ions) and the free electrons are two separated groups of 
particles almost independent with a different kinetie temperature, this fact being regarded 
as a first deviation from LTE. However, the excitation dynamie of the intemal atomie states 
is ruled by free electron collisions in sucb a way that the Saha-Boltzmann atomie state 
distribution function (ASDF) reflects the Maxwellian electron energy distribution function 
(EEDF); SO, T,..;::; T,. 

Tuis applies for the "top" of the energy diagram of excited atomie levels (or "excitation 
space"), which retains Saha-Boltzlllann equilibrium. Only the low energy part of the diagram 
or "bottom" (levels 4p down) are depopulated respect to the equilibrium values (Fig. 3). This 
confers to our plasma a "recombining" cbaracter whicb is more ostensible at the end of the 
plasma column. Fig. 4 shows the deviations from the LlE populations of the atomie levels 
in terms of the parameter b(p), defined as the actual population of an excited atomie level 
(with principal quantum number p) relative to the S-B equilibrium population, b(p) = 
n(p)/nss(p), for different positions along the plasma column. This situation is normally 
called partial-LTE (p-LTE) with 4p levels in "saturation" regime and 4s levels (not studied 
experimentally) in "caoture-radiative-cascade" regime (probably). 
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SOME CHARACTERISTICS OF A BOOSTED GLOW DISCHARGE SOURCE USING 
A MICROW AVE SLAB-LINE CA VITY 

Michael Outred, Mark Rümroeli, Dominic Spillane and Edward Steers. 
University of North London, Holloway Road, London, N7 8DB, UK. 

lntroduction 

Low pressure de glow discharge sources (GDS) are frequently used for spectrochemical analysis; 
an auxiliary discharge is sometimes employed to improve the analytica! performance[!]. This may 
be a secondary de discharge, (thermionic or cold cathode), a radio fcequency discharge or a 
microwave induced discharge. High frequency discharges have the advantage that they do not 
require additional electrodes in the plasma so possible spectra! contamination is avoided. 
The microwave boosted (MB) GOS source developed by Leis er al (2] using a Beenakker TM010 

cavity is convenient for analytica! applications but somewhat inflexible for fundamental studies. 
A more convenient form of MBGDS [3] employing a slab-line cavity (4) has been developed. The 
overall spectra! properties are similar to those reported for the Leis source [2,5] (the intensities 
of atomie lines of the sample are greatly enhanced whilst those of ionic lines excited by charge 
transfer (CT) are reduced.) In the present paper, studies of the dependence of line intensities and 
de discharge voltage on microwave power are reported. 

Experimental 

In this flexible MBGDS, different forms and diameters of discharge tube may be used, the location 
of the cathode relative to the slab line cavity may be varied, the gain of the cavity can be altered 
and end-on and side-on observation is possible. Plane or hollow cathodes may be used. 
The form of the source used for the present results is shown in Fig. 1. The hollow cylindrical 
anode block and the cylindrical cathode block are separated by a length of uniform fused silica 
tube, diameter 20 mm. This slots into the slab-line cavity. Microwave power is supplied from a 
2.45 GHz power supply (EMS Microtron Mk 111), and the forward and reflected powers are 
measured using Hewlett Packard Power Heads. The de discharge is run from a constant current 
power supply [KSM HVI 2200). The GOS is connected toa high vacuum system that reaches a 
pressure of 10·6 mbar before the source is filled with a research grade rare gas (argon or neon). 

Slab line To mk:J_.,. 
cavity 1 generator 

!;.::""" ·-fl-~ -~! 1 :n -1 ...... 
1~ ; L~ 18 
.,-l ·. ~=--~, ......,_ .... 

Figure 1. Microwave boosted glow discharge source using a slab line cavity. 
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Results and Discussion 

When the supplementary microwave discharge is initiated, the de discharge voltage falls; 
increasing the microwave power supplied and hence the net microwave power (the difference 
between the forward and reflected power) produces more charge carriers and the de voltage falls 
further. The voltage fall causes a decline in the sputtering (the process by which cathode/sample 
atoms enter the discharge), so that after initia! great enhancement, the intensity of atomie sample 
lines may fall again somewhat. The variation with net power of the enhancement factor, F, 
( defined as the ratio of the iotensity of the line under boosted conditions to that under unboosted 
conditions for a given current) for atomie lines shows good correlation with the variation of the 
de voltage (fig. 2). 
lonic sample lines which are excited by charge transfer are reduced in intensity under boosted 
conditions, by an amount dependant on the net microwave power. As can be seen in fig 3. the 
majority of the intensity drop occurs below 15 W after which the intensity levels off. The 
differences in these initia! changes in F indicate one or both of the following: 
i. The total populations of the ·upper levels differ. 

ii. The charge transfer excitation cross-section depends differently on the energy of the colliding 
particles, for different upper energy levels. 

The final value of F depends on the extent to which processes other than CT contribute to the 
excitation of the upper level concerned. 
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Figure 2. Voltage and enhancement factors , F, 
vs against net power for Cu 1 lines. 
Current: 10 mA, pressure: 2.6 hPa, 
cavity/cathode spacing, D: 1.2 cm. 
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Figure 3. Enhancement factors , F, vs net 
power for some Cu Il lines. 
Current: 10 mA, pressure: 2.6 hPa, 
cavity/cathode spacing, D: 1.2 cm. 
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INFLUENCE OF PLASMA RESONANCE ABSORPTION ON THE AXIAL 
STRUCTURE OF SURFACE WAVE SUSTAINED DISCHARGES 

Yu.M. Aliev*, S. Grosse**, A.V. Maximov*, H. Schlüter** and A. Shivarova**"' 

** 
*** 

Lebedev lnstitute, Russian Academy of Sciences, 1179.24 Moscow, Russia 
Experimental Physics II, Ruhr-University, 44780 Bochum, Germany 
Faculty of Physics, Sofia University, 1126 Sofia, Bulgaria 

Introduction 

The usual treatment of axial electron density profiles n.(z) of surface wave (SW) sustai
ned discharges gives (essentially) linear dependencies on the axial coordinate z, see e.g. [l]. 
Though the role of radial density inhomogeneities has been recognized and studied (e.g. 
[2-4]), its effect on n. ( z) has not been deduced. Strong radial drops of electron density may 
lead to local plasma resonances wp(r) = w, associated with sharp peaks of the radial com
ponent of SW electric field strength (at sufficiently high gas pressure pand wave frequency 
w), as demonstrated in [2[ . The existence of plasma resonances may change the absorption 
of SW energy drastically, as compared to the situation when losses are predominantly due 
to collisiona.l damping via axial component of electric field strength. The change in the 
absorption characteristics through the energy balance equa.tion - accounting also for the 
energy transfer to plasma oscillations - leads to changes in the axial profile of n.(z). In 
particular noncollisional energy transfer may occur as pointed out previously {4,3]. 

Thin Plasma Layer 

The effect of resonance absorption on the axial structure of the discharge is shown by a 
simple model of a thin plasma layer (of thickness 2a), demonstrating the basic feature. In 
this case the dispersion relation simplifies to: 

w = w, · (k,a)'h (1) 

k, is the wa.venumber, w, the plasma frequency defined with a density averaged over the 
transverse density profile. The decrement of SW damping -y is given by the sum of the usual 
collisional one plus a term accounting for energy transfer to plasmons: 

(2) 

LN is the density inhomogeneity scale at resonance position. Discharges in the diffusion 
regime shall be considered below. Under the assumption of (approximate) constancy of the 
energy losses per electron (0) and employing the group velocity for the thin layer from (!), 
one could approximate the wave energy ba.lance equation [5] with: 

d ( y2 ) 
dz Av+ B(y) = -y (3) 
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with y = wp2 /w2 (with y » 1), A = aw/2 and B(y) = 7rW~/y. In case v ~ B, the usua.l 
linea.r a.xial density profile results: 

dw2 w2 
_P_::::::--•IJ 

dz 2A 
(4a) 

For B » v the density gradient becornes steeper (neglecting corrections due to changes in 
LN): 

dw2 w 2 2 
_P R:--·-·B(y) 

dz 2A 3 
(4b) 

Thus towards the end of discharges n.(z) bends off the linear axial profile, decreasing faster 
with growing z. 

Plasma Cylinder 

The full forrnulation for the cylindrical case is not presented here. But when the approxi
rnation of a thin cylinder is used for sirnplification in showing the trend, an equation sirnilar 
to (3) is obtained describing a behaviour qualitatively as before. Now 

A = '!!:!.. · 2Ï (5a) 
2 

and 
7r LN 1 

B(y) = 
2
Ï 2 w-;; y (5b) 

with Ï (see e.g. (11) a slowly va.rying function in the order of 0.2 and a the discharge radius. 
Again for v > Ba linear profile [1] is obta.ined and for B » v a steeper a.xial density decay 
with: 

dwp2 R:-~ (~)
3 w2 

LN (w) 2 

( 6) 
dz 6f aawp 

This type of behaviour is also predicted by nurnerically rnodelling the cylinder case, ernploy
ing a "nonlocal" kinetic approach [6] which also incorporates noncollisional energy transfer 
due to plasrnon excitation [7]. e turns out reasonably constant indeed. As exarnple, for 
2.45 GHz, p = 1 Torr argon and a = 5 mm considera.ble deviation frorn the linear profile of 
n.(z) to steeper deca.y is predicted when w/wp ~ 0.22. 
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A SELF-CONSISTENT HIDRODYNAMIC MODEL FOR MICROWAVE 

FLOWING DISCHARGES IN OXYGEN 

M.J.Pinheiro, B.F.Gordiets1 , G.Gollll8ett and C.M.Ferreira. 

Centro de Electrodini.mica., Instituto Superior Técnico, Av. Rovisco Pa.is, 1096 Lisboa 

Codex, Portuga.1 

t- L.P.G.P., Université Pa.ris-Sud 91405 Orsa.y Cedex, France 

The modeling of non-isotherma.1 pla.sma.s in presence of gas flow is of grea.t importa.nce 

in order to describe a.nd understand the hea.vy-pa.rticle kinetics,tra.nsport and thennal ba.l

a.nee. Tb.is work is an extension of prev:ioua modeling (1-3] wich included the axial continuity 

and transport equa.tions for all the species 0 2(X3E), 0(3 P), 0 2(a1A), 0 2(b1E), 03, 0(1 D), 

o- and Ot and the populations of the vibrationals levels for 0 2(X3E, v) along with the 

homogeneous Boltzma.nn equa.tion for the electron energy d.istribution function (EEDF), for 

a DC or microwave plasma in the presence of a gas flow. However, the thermal ba.la.nee 

was not included. In the present work, the above mentioned equa.tions are solved together 

with a. 1-D equa.tion for the heavy pa.rticle kinetic energy yielding the ra.dia.lly avera.ged gas 

temperature, TJ. The most important ga.s heating source terms are ta.ken into account. The 

radial continuity and transport equa.tions for the charged pa.rticles e, Oj and o- a.re uaed in 

order to calculate the electric field (4]. The wal! tempera.ture, T", and the electron density 

profiles a.re taken from experiments with surfa.ce wave discha.rges. 

Fig.l gives T" (curve 1), T, (curve 2-experimenta.l and theoretica!) a.nd T, (curve 3). 

Fig.2 shows the ca.lcula.ted heavy-species concentration profiles in good agreement with ex

perimenta.I data (1,2]. We represent the concentrations of: l-02(X3E), 2-02(a), 3-0(3P), 

4-02(6), 5-03, 6-0(1D) and 7-0- (FD is for direct flow; E, G and F holds for: ga.s entry 

into the pla.sma region, gap of the surfa.tron device a.nd plasma end, respectively). The 

experimenta.l data a.re; 0 2(X)-open circle; 0 2(a)-closed circle and 0(3 P)-cross. The fit

ting of [0(3 P)] is ach.ieved taking an appropriate atomie recombination probability at the 

wall, "'11 (3]. The tabula.ted va.lues show the importance of va.rious mecha.nisms for gas 

beating. Among the most important are the dissociation reactions with thresholds at 6 

eV (%dis3P) and 8.4 eV (%dislD). The chemica! reaction between neutra.Is (o/ochem), 

02(a1A) + 0 2(X3 E) --+ 202(X3E) contributes 5 - 10 %. Negative-positive ion recombi

na.tion (%npir) is a negligible heating channels a.nd vibrationa.l rela.xa.tion (% V) is impor-

1 Permanent addrea&- Lebedev Physical Inatitule, Moecow-RuBBia 
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ta.nt nea.r the plasma edge. Nevertheless, the most striking fact remains tha.t agreement 

with experimental data ca.nnot be obtained unless we take into account the energy re

leased back to gas phase due to atomie reassociation a.t the wall (o/oarw) , (source term: 

Q..,(eV.cm- 3.s- 1) = !5.177[0]~,8, with u the average atomie velocity and (1 - .8) the wall 

accommoda.tion coeflicient for thermal energy). At 2 torr, in a tube 16 mm in diameter, 

with a gas fl.ow of 75 seem and an a.pplied frequency of 390 MHz, the best fitting of T;oo1. 
to 'Tgcq (to within 1 3) is obta.ined with ,8 = 9.68 x io-2(T..,/300)1·5 , for 400 < T.., < 900 

K. 

1 "°° 10'" 

1 G f'I) F ,·, D1 
1017 

1 •> 
1200 1 •> 
~ I 10" 

E: 1000 
10'" 

1 
F 

1 
10" 800 

1013 

600 

10'1 

400 
10" 

200 1010 

-10 0 10 20 JO 40 -10 0 lil 20 JO 40 

.ms POSmmr (cm) .aJlll POSmOll (am) 

Fig.l Fig.2 

z(cm) %chem %npir %dis3P %dislD %arw %V 77 

1.55 4.09 0.49 16.31 31.43 30.72 17.00 7.49(-2) 
12.35 9.08 0.86 9.11 20.46 51.14 8.75 1.08(-1) 
29.55 10.11 0.22 14.35 26.21 33.99 15.17 7.46(-2) 
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EXPERIMENTAL STUDY OF AN ATMOSPHERIC PRESSURE HELIUM 
MICROWAVE PLASMA TORCH PRODUCED BY THE T.LA. 

STRUCTURE 1: ELECTRON DENSITY. 

A.R.odero, M.C. Quintero, M.C. Garcia., A. Sola. and A. Gamero. 

Introduction. 

Departamento de Fisica Aplicada, Universidad de Córdoba. 
14071 CÓRDOBA (SPAJN) 

The atmospheric pressure helium microwa.ve-induced plasma (MIP) is becoming a.n impor
tant source of excita.tion for atomie emission spectroscopy (AES). Thls study presents the 
first experimental results in a. high-power, a.tmospheric pressure helium MIP by using a. new 
excita.tion structure producing a. plasma torch by axial injection (TIA) [1]. The TIA is a. 
new design based on a. waveguide structure where the gas is delivered by coaxia.l injection. 
Compared to previous torches using dielectric tubes, the TIA structure avoids tube erosion., 
the subsequent contamination of the discharge a.nd possible melting when high microwa.ve 
power is used. 

This la.uncher excites a. very reproducible plasma. of a.bout 10-20 mm long depending on 
the microwa.ve power injected and the gas flow used in the discha.rge (it reaches 17 mm at 
900 W with 3 !/min.) and a.bout 2 mm of diameter. The end of the plasma. torch is very 
unsta.ble because the flow becomes turbulent in this part. This fact excludes spectroscopical 
measurements a.t any point of the discharge other than its few first milimeters, in our case 

up to 10 mm. 

This first pa.per is devoted to the cha.racterization of such a. novel discharge in terms of 
its electron density, N •. Thls magnitude bas been obtained spectroscopically at the axis of 
the plasma. and evaluated as a. function of the axial position, microwa.ve power and flow ra.te. 
Three spectroscopie methods have been employed to estiroa.te the electron density at the 
beginning of the plasma. torch (z = 0) [2}. The results are shown in the ta.ble for 300 W of 
incident power and 3 1/min of flow ra.te. 

Methods 1 N. (cm-3) IJ 

H13 line Stark Broadening 3.8' 1011 

Isola.ted 667.8 nm Hel line Stark Broadening 2.6' 1014 

Forbidden/a.llowed intensity ra.tio 447.l run Hel lines 5.5' 1014 

The high sta.bility and reproducibility of the plasma. torch in this part only induces an 
experimental error estima.ted less than 5 %. The diferences among these va.lues are not 
dra.ma.tic and possibly due to systema.tic errors of the methods. So, only the well esta.blished 
H13 Sta.rk Broadening method bas been choosen to make the a.xia.I study. 
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MODELLING OF A LOW-PRESSURE MICROWAVE SUSTAINED 

XENON PLASMA COLUMN 

Tsvetelina Petrova and Ivan Zhelyazkov 

Fa.culty of Physics, Sofia University, BG-1126 Sofia, Bulgaria 

Introduction 

The modelling of low-pressure microwave discharges includes two key parameters: the ef
fective collision frequency for momentum transfer v and the wave power B required for the 
maintaining of an electron-ion pair in the discharge [1,2]. The estimation of these two quan
tities is the most difficult part of the modelling. 

Theoretical basis 

Here, we present a theoretica! calculation for v in xenon based on an assumption for 
Maxwellian distribution function. Bearing in mind particular experimental data, namely 
those of Tuma 13] (plasma column radius R = 0.4 cm, wave frequency w/27r = 3.025 GHz 
and gas pressure p = 1 Torr), by using an appropriate algorithm [4] we calculate the axial 
profiles of the normalized electron density and wave power (Fig. l ). From the experimental 
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Figure l : Theoretica! axial profiles of the normalized electron density N = n/ncu<off and 
S. = S/s0 for w/27r = 3.025 GHz, R = 0.4 cm, tube thickness d = 0.1 cm and permittivity 
éd = 4.0; ( = vz/wR is the dimcnsionless axial coordinate. 

column length (/ ~ 35 cm) with the found v from the plasma density axial profile we deter
mine the electron density ncar the exciter nuc· Since that xenon column has bP.en sustained 
by a wave power S ~ 50 W, we can estimate the quantity ():::: S/7rR2ln •••. Having derived 
() we may calc:ulate from the S.- ( curve in Fig. 1 the wave power necessary to sustain a 
xenon column with arhitrary length, and pa.rticularly that for I = 35 cm. Thus we can chec.k 
the applicability and selfconsistency of the approach used {4]. Moreover we can caJculate 
the electron density at the column end, n..,d, as well as the magnitudes of the wave field 
component amplitudes on the plasma-glass interface at any point along the column length. 
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Calculation of v and estimation of () 

The collision frequency is defined as 

2 100 3/2 df 
v = -3 duvc(u)u du' 

0 

(1) 

where vc(u) = nn u.,.(u) J2u/m. is the electron-neutral collision frequency and /(u) is the 
electron energy distribution function, u.,.( u) being the cross section for electron-neutral 
elastic collisions as a.function of the electron energy u [5] . Here, nn stands for the neutrals 
density. For Tuma's experimental set-up we assume Tn = 300 K (thus nn = 3.22 x l016cm-3

), 

~~ :·: 1 
u 4.0 

~O J.O 1 
_.. 2.0 

{ 1.0 

0.0 '--- ~~~~~ ..... ·~~· ~~~....,. 
0.0 C.8 1.6 2.• 3.2 • .O 4.6 

KÎ• (eV) 

Figure 2: Ratio v/nn fora xenon plasma. as a function of the electron temperature K.T •. 

while for the electron temperature ( calculated from the magnitude of the pR product) we 
have 1<.T, = 1.6 eV. The results of the numerical calculations according to ( l) are presente<! 
in Fig. 2. For 1<.T. = 1.6 eV one obtains IJ = 8.59 x 109 s- 1

. This IJ determines the 
dimensionless column length (exc = 1Jl/wR = 39.54 - from Fig. 1 for this (." we obtain 
noxc = 4 .. 55 x 1011 cm-3 . Accordingly. (}:::: 6.15 x 10- 12 W. The wave power necessary to 
produc:e a xenon plasma column with a length z is S(z) = S.(()s0 , where s0 = 311 mW. 
For:: = 35 cm one obtains from Fig. 1 (with S. = 152.2) Sexc :::: 47 W - very close to the 
experimental value of 50 W. 
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GAS FLOW AND DISCHARGE CHARACTERISTICS 
IN REACTIVE MAGNETRON SPUITERING OF NITRIDES 

Jozef BrCka and Ivan Hotovy 

Department ofMicroelectronics, Slovak Technica! University 
Ilkovifova 3, 812 19 Bratislava, Slovakia 

Introdnction 

Reactive magnetron deposition is a complex process, kinetics ofwhich occurs in several stages: 
transport of gas into reaction zone [! ], conversion of molecules into active states (ionization, 
dissociation, excitation, etc. [2)), transport of active particles towards the surfaces (target, 
substrate and chamber walls), their interaction with surfaces [3] and pumping out of the chamber 
the resultant products. Behaviour of process and thin film properties will be affected then by 
extension of each stadium. Moreover, such process is in a great extend non-linear and can result 
in hysteresis of technologica! parameters. Gas flow conditions and composition of gas mixture 
can play a significant role in these processes. 

Experiment 

The relations between partial pressure of nitrogen and its flow in the chamber during the 
deposition process in magnetron discharge are deterrnined by gettering effect of the nltrogen by 
sputtered metalic atoms on intemal surfaces of the chamber and substrate electrode, 
consumption of nitrogen atoms on reactive surface of Nb target and by pumping speed of 
nitrogen. Consumption of nitrogen and its partial pressure for optima! NbN film deposition [ 4] 
can be defined [5] for constant total pressure and power using measurements of Ar flow as a 
function of nitrogen flow (Fig. 1 ). 
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Figure 1: Argon flow as a function ofnitrogen flow in deposition chamber for neutra! gas and 
discharge at power of300 and 450 Wand pumping speed ofnitrogen: (J) S = 45 l.s-1 ; (2) S = 
651.s-l; (3) S = 1151.s-1 . Total pressureofmixture was Ptot = 0.5 Pa. 

Figure 2: Typical voltage-current characteristics of magnetron discharge (Nb target), nitrogen 
content in argon!;= 2 %, 10 %, 20 % and total pressure Ptot = 0.5 Pa. 

Figure 3: Comparison of experimental and calculated deposition rates of NbN films in 
dependence on nitrogen content (!;,) in gas mixture and various discharge currents. 
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To avoid the hysteresis of the deposition process a real purnping speed has to be higher than its 

critical value (S'?:.Sk), which is given by relation ~ = max(àO(Nz)/àp(Nz)), and it 

should to be maintained during deposition. From data in Fig. 1 the dependences of 

P ( Nz ) = f ( 0 ( Nz ) ) and CO ( Nz ) = f ( 0 ( Nz ) ) can be derived, from which metalic. 

nitride or transition deposition modes may be defined for given vacuurn system and 
technological conditions. It is evident that stabil deposition conditions can be achieved with high 
pumping speeds, when transition mode is not so significant due to the elimination of hysteresis. 
Further, model of "poisoned surface" of the target can be used to investigate relations between 
discharge parameters (Fig. 2), deposition rate (Fig.3) and target surface. In Fig. 4 and 5 the 
fraction of poisoned surface (8) is calculated as a function of nitrogen content (!;) and discharge 
current, respectively. 
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Figure 4: Poisoned fraction (8) ofNb target as a function ofnitrogen content(!;) in gas mixture 
with total pressure Ptot = 0.5 Pa for various discharge currents {ly). 

Figure 5: Poisoned fraction of Nb target as a function of discharge current in gas mixture with 
total pressure Ptot = 0.5 Pa. Nîtrogen content was parameter of model. 

Conclusions 

The niobium nitride fraction of the Nb target surface is significantly growing when a content of 
nitrogen is higher than 2 %. On the other side, the increasing of the discharge current reduces 
nitridization of the Nb target. Higher total pressure has a moderate influence on nitridization of 
the surface. Optima! and stabil mode of the NbN film deposition strongly depends on the flow 
rate of reactive gas and pumping speed in the vacuum system. 
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CHARACTERIZA TION OF ARGON AND OXYGEN HELICON PLASMAS 

A. Goullet, A. Gcanjer, F. Nicolazo, G. Buisson, G. Turban and B. Grolleau 
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Introduction 

A RF helicon reactor is developed in order to deposit SiOit films. The helicon plasma is 

operated in Oxygen and the TEOS introduced in the diffusion chamber, above the silicium 

substrate. We report results on the argon and oxygen plasmas obtained before introduction of 
TEOS by optica! emission spectroscopy (actinometry) and a Langmuir probe introduced in the 

diffusion plasma. The effect of the magnetic field and the RF power is investigated in detail. 

Experiment 

The reactor consists of a helicon plasma source (inner diameter 14 cm) and a stainless steel 

diffusion chamber (30 cm in diameter and height). The RF (13.56 MHz) argon or oxygen 

Helicon plasma source is created at low pressures (1-10 mTorr) in a glass tube via an Helicon 

antenna [IJ. An extemal magnetic field is applied on the helicon source (via a solenoid) but not 
on the diffusion chamber. According to the RF power (0-500 W) and to the magnetic field (0-

120 Gauss) the discharge is either in a capacitive (low power) or an inductive (high power) 

mode. The passage from capacitive to inductive coupling go along with an increase in the 

electron density and is usually referred as the "jump" [2). The power required to observe this 

jump depends on the pressure and the rnagnetic field but generally occurs around 200 W. 
Two kinds of diagnostics are developed : a Langmuir probe (0.5 and 0.1 mm in 

diameter and 5 mm in length) is set on the axis of the diffusion chamber yielding the electron 

density, the floating and plasma potentials and the electron temperature at different distances 

from the helicon source. The light emilled by the plasma is analysed via an optica! fiber and a 

monochromator (JY HR 320) at different positions : above the Helicon source and at different 

positions on the diffusion chamber. In oxygen plasmas, 5 % argon is added as actinometer in 
order to try to monitor oxygen atom concentration by actinometry. 

Results and Dlscusslon 

Argon plasmas : The evolution of 11c. deduced from the ionic pan of the probe current, is 

ploned in Fig. 1 as a function of the RF power for different magnetic fields (p=I mTorr). 

Surprisingly. a jump is obscrved at B = 0, disappcars for B= 40 Gauss and reappears for B = 
80 and 120 Gauss, conditions for which the Helicon wave can be coupled [ I ]. The electron 

temperature (assuming a maxwellian EEDF in the diffusion chamber) is almost independent of 

Band slightly increases from 5 to 6 eV with the RF power. The intcnsities of different neutra] 
(430, 750.4 nm) and ionic (434.8 nm) argon lines have been recorded under the same 
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conditions (cf Fig. 2) and the evolutions of IAr are very similar to those of llc· By definition 
l Ar a ne < <IV e >, so that it both depends on llc and Te· Since Te only slightly depends on the 

RF power IAr varies as ne. to a first approximation which is very convenient to follow the 

plasma density when probe measurements are difficult. Ata fixed power (400 W) and B (80 
Gauss), ne and Te decrease as the pressure is increased (from 1to10 mTorr). 

"· 
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,~ 
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•' . ' 
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Figures 1-2: Variations of ne and I Ar with power in the diffusion chamber at JO cm 

from the source (argon plasma at 1 mTo") 

Oxygen plasmas: Because of negative ions o-. the density of positive 0i+ ions (n+) dcduced 
from the ionic current of the probe is no more equal to ne. The evolutions of n+ in Oi are 
similar to those obtained in argon, exccpt that, at given RF power, that n+ is two to three times 
less than in argon. Electron temperatures around 6 eV are also measured. The ratio 
Io(844nm)IIAr(750nm) is almost constant in the capacitive mode then, in the inductive mode, 
increases with the RF power and the magnetic field strength. Comparing the experimental 
values of IolIAr with values predicted from a simple calculation (assuming a mawxellian EEDF) 
we be lieve that actinometry is valid in the inductive mode (P > 300 W) while the contribution of 
dissociative excitation can not be neglected in the capacitive mode. A rough estimation of the 
atom rate ([0]/[02]+[0]) can be deduced from the actinometry signa! ((3]) yielding atom rates 
up to 25 %. 

Conclusions 

This preliminary study pointed out the similarity between the evolutions of electton density and 
argon Iines and that Helicon sources are very effective atom sources. 
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NUMERICAL STUDY of the ELECTRON DISTRIBUTION FVNCTIO~ 
in ECR MIRROR DEVICE 

Alexey Kasheev 

Microelectronics Group, Nuclea r Physics Institute, 
Moscow State University, Moscow, 119899, Russia 

Electron cyclotron resonance (ECR) 
plasma-generation techniques that are being 

is one of several 
developed to obtain 

more anisotropic etching and more control over deposition with 
higher degrees of uniformity over larger areas. In spite of lts 
wide industrial using there are still some unresolved problems 
c oncerning physics processes in such devices . 

The whistler instability is an elec tron microinstability that 
is driven by temperature anisotropy of the electron velocity space 
distribution. It is well known that a mirror-confined plasma, 
which is inherently anisotropic if the electrons are heated to 
energies greater than the plasma potential, may be whistler 
unstable. Unstable microwave emission in a reg i me near 
electron-cyclotron frequency has been observed in a wide variety 
of mirror experiments (1). 

The growth of the whistler instability - described by a WKB 
theory - is largely determined by the stepness of the velocity 
space gradient at the electrons loss boundary and the anisotropy 
degree of the electron temperature, and these parameters can be 
self-consistently calculated with use of the bounce-averaged 
quasilinear equation. 

The Fokker-Planck equation for the electron distr i bution 
funct i on f can be written as [2) 

:! + ~ -7r + 7"· (-; c:E+~ ·B> r + rJ = s., c11 

here v is the velocity, m - the electron mass, and E and B are the 
electric and roagnetic fields. The flux r is due to small-angle 
Coulomb coll i sions, S is the electron s~urce function. 

The bounce- average theory of Eq.(l) is presented in [2,3) and 
yields ar à [ àf àf ~I ~ 

at 
-D av + D ae + D + 

0 dV V'/ ve " 
:$ ( D , ;;; 

of 
D~9 

àf 
Df/) N <c v> f ( 2) t av + ae + + ' ·=· 1 •• ~r. 

I 2 2 2 ect 
where · is bounc e time , v=/ v . + v - 9 i s the angle 
b e tween . the statie magnetic fi~ld -:s ~nd elect r on v e locity v, ~ 
i s the e l e ctrostatic poten t i a l, v j and v~are the parallel and 
pe rpe nd icul a r velocit i es with r e spec t to t he appli ed s tati e 
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magnetic field . The D's are the diffusion coefficients integrated 
~long the bounce orbit, including both Coulomb collisions and ECR 

last term is diffusion arising from the t+~ Ö term in Eq.(l). The 
the source function due t o ionization of background 
having concentration N_. The electrostatic potent i al 
the assumpt i on that th~ electron and ion fluxes into 
are the same. 

neut ral gas 
is found from 
the loss area 

The whistler instability increment is presented in [4] and 
e quals 

" [-_l + (l+î~/T , _)(: )/ .l/kvT 

exp[-( - )2 /k2 v 2J ---'_l __ · ___ _ 
• T c ?. ki / . 2 + ..2 / ( • . .., ) 2 ' 

( 3) 

here is the instability frequency, which can be obtained from 
the dispersion relation 

. 2 / . ; ( ,.: . ) = 0 
~' -

and the wave vector is obeyed the following condition 
z l 2 

k < " ;: ( T _,,_IT . - l ) / c . 

( 4) 

( 5) 

rn Eqs. ( 3-5 l: ". - the plasma frequency, · ' - local gyrofreque n c y, 
c - speed o f li~ht, T - temperature, v = ' i2T/m . 

T 

50-------~~l ~ tropped eledro,n.3 , · An example of the resul ts of the ECR=t . 
simulation is shown in Fig. l. Here the~40 

electric-field strength E=7 . 5 V/cm, neutra!~ 
gas pressure (Ar) p=6.0.· 10-" Torr, mirror ~30 1 

ratio R=2. The steady state parameters~ 
los,; r.one 1 obtained from the simulation a re: electron .220 11 - 3 :> 0reo 

c once ntration N =2.3 · 10 cm, mean electron .~ 
~ ~ 

energy ~g =2 . 9 e V, !, =26.2 eV, electrostatic ~ 10 \ 
potential ! =0. 26 iV, Coulomb collision ~ 
frequency •. = 3 · 10~ rad:

1 
The instability g,:_00 10 20 JO 40 50 

inc rement · calculated from Eqs . ( 3-5) paralle l ener'jy ( eV) 

r =4 10
3
rad.

1
The increase of the elec tri c -field strength to 9.0 V/cm 

l e ad s t o sl i ght c hanges in elec tron concentration and parallel 
e ne rgy but s ignif i cant increase of pegpen~icular el e ctron energy. 
The instability increme nt : =6 -. · 10 r ad canno t be furthe r 
s uppressed by Coulomb col l i sion in the case and we should 
i nco rporate el ec tron-whistl e r wave i nte rac tion operator to t he 
diffusion coefficient of Eq.(2) to obtain correct steady-state. 

[l) R.C.Garne r et a l, Phys . Fluids 82 (2), 1990, pp.24 2-252 
[ 2 ) I.Be rnstein, D. Baxter, Phys. Fluid s 24, 1981, pp.108-126 
[ 3 ] H.Be rk, J .Plasma Phys 20, 1978, pp. 205 - 219 
[ 4 ] A.B . Mihay l o v s ky, The o ry o f Plasma Instabil i t ies, At omizdat , 

! 9 75, vo l . l, p . 203-2 24 

211 



SELFSTABILISATION OF AN ECR DISCHARGE 

Dirk Meyer, Igor Vinogradov •, Klaus Wiesemann 

Ruhr-Universltät Bochum, 44780 Bochum, Germany 

•University of St. Petersburg, Russia 

In an electron-cyclotron-resonance (ECRl discharge running in a simple magnetic mirror trap we 

observed "resonance" states which occur under special magnetic field configurations. 'These states 

lead to a dramatical increase of x-ray emltted from the plasma. The diamagnetism produced by the 

hot eiectrons is also increased and the plasma becomes more stable. Changing the magnetic field 

strength only a few per cent the "resonance" state is immediately destroyed. The exact knowledge 

of the magnetic field conflguratlon is important lor lurther discusslon of the observed phenomena. 

The two independently adjustable coils of our device are normally operated at 1
1
nner" 963A and 

louter= 443A, i.e. close to the "resonance" described above. For this configuration the lines of con

stant 8
0 

are plotted lor the fundamental (n" 1,8
1
= 0.348Tl and the first harmonie (n = 2, 8

2 
= 

0.17 4Tl resonance zones, see Fig.1. The picture gives a contour plot of 18 
0
1 of the vacuum field. The 

first harmonie (n = 2) resonance zones cross at a certain point on the z-axis. Under the slmple as

sumption of a Gaussian density profile lor the hot electrons located in the centre ( r=Ocm, z=32cml 

of our ECR device we calculated the diamagnetic 8-field. The superposition of the statlonary B 
0 

-

and the diamagnetic 8-fleld is given in Flg.2. First the slmple magnetic mirror Is turned toa mini

Jr.<Jm-8 configuration under the infiuence of diamagnetism. Il in the vacuum f ield 8 
0 

contour surfa

ces of constant 18
0

1 cross each other or come very close to each other, such a closed contour of 

constant 181 is produced already by superposing a very small dlamagnetic field. The situation where 

the plasma core is surrounded by a resonance surface is well known lor improving ECR-heating and 

piasma confinement /1/. In the simpie magnetic mirror trap this effect , i.e. closing the contour

lines. seems to be responsible lor the seltstabilisation of the discharge above a threshold 121 lor in

coming microwave power. In rrn.iltipole devices this "resonance" state due to diamagnetism is not ob

served because a minimum-8 configuration with closed-lines Is already established. 

When pulsing the discharge power in this "resonance" mode damped relaxation oszillations of about 

200Hz are exited. These oszillations are strongly pronounced in the x-ray flux integrated over an 

e<'e!"QY range from 10keV up to 350keV, but also other quantitles like VLN-line intensities, the di

amagnetic 8-field, the eiectron flux out of the mirror show oszillations of the same frequency, see 

Fg.4. Two time resolved measurements are given in Fig.3 as an example. In the "non-resonance" 

case the signal is simply saturated at about 10ms after switching on the discharge. 
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~ 

In the "resonance" state , the average amount of highly charged lons is lncreased, which indicates 

improvment of the particle confinement. However, the nature of these relaxation oszlllatlons is up to 

now not well understood. 
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MONTE CARLO ANALYSIS OF TRANSPORT OF o-, 02" AND 02+ IONS IN 02 
DISCHARGES 

A. Hennad and M....Yl!IWl 

Université Paul Sabatier, URA du CNRS n° 277, CPAT 
118 Route de Narbonne, 31 062 Toulouse Cédex, France 

latroductlon and method of calculatlou: 
Nowdays, one of lhc main lintitation of non-thennal discharge modeling is the lack of basic data (collision 

cross sections and transport and reaction coefficicnts) needed for electrical model (e.g. analysis of space charge effect), 
microscopie model (e.g. analysis of distribution functions of electrons and ions from solution of Boltzmann 
equations) and also kinetic model (e.g. evolution of chentical species in the plasma). 

So, the aim of this communication is to determine coherent sets of ion-molecule collision cross sections 
and associated transpon coefficients (drift velocity, longitudinal and transvcr5c diffusion coefficients) and reaclion 

cocfficients of o- and 02- and 02+ ions in 02 discharges under non-thennal cold plasma conditions. Such ion 
swarm parameters are calculated over a wide range of reduced electric field E/N (E being elcctric field and N gas 
density).These data are necess&rY for modeling of discharges of industrial interest such as, for example, impulse 
corona discharges in flue gases used for non thennal plasma pollution control [ l ]. 

Ion swarm parameters are calculated using a powerful Monte Carlo method of simulation in which, are 
propcrly included the effects of elastic and inelastic collisions (momentum transfer, symmetrie and asymmetrie 
charge transfer, vibrational and electronic excitation and also ionization and detachment processes). The effect of 
thcnnal motion of gas, which substantially affects ion transpon at low E/N values, has been also taken into 
account. Initia! sets of o-10i. 02·10i and 0i+1oi collision cross sections taken from literature and then have been 
completed and fitted before to be uscd for swarm parameter calculalions. Wc have updated mainly the clastic 
momentum transfer and also symmetrie and in a less degree asymmetrie charge transfer cróss seclions by using a 
classica! ion swarm un-folding tcchniquc for collision cross section fitting, in order to have the best coherence 
hetween drift tube measurcments and Montc Carlo calculations of ion swarm parameters. 

Collision cross sectlons aud ion swarm parameters: 
The ion-molecule collision cross section data are chosen as following: 

Q:LQZ;_The vibrational cross section Ovib is taken from Moran [2], the asymmetrie charge transfer cross section 
O'act from Lin [3] (up to 4 eV) and for higher ion energies from Vogt 141 whilc ionization cross section O'ion is 
taken from Utterbacht (5). The momentum transfer cross section Om is calculated using Langevin relation for 
energies lower than 0. 1 eV since at low energy range, polarization intcractions (ion-induced dipole interactions) are 
the dominant processes and using Okada (6] data for higher energies. Detachment cross section Odct comes from 
Roche [7]. 

QlJQ2;. References or Ovih and O'ion are the same as 0·102 system. Om is calculated using Langevin relation at 
low energies and a relation inversely proponional to energy at higher energies. Odet comes from Bailcy [R]. The 
symmetrie charge transfer cross section Osct is calculated using Langevin fonnulae at low energy and is completed 
using measurements of Rutherford and Turner given by Bailcy (8]. 

Q2±LQ2; Here also references of Ovih and <Jion are similor to previous cases. Om has the same shapc as 02·102 
sys1em hut the amplitude is slightly higher. The shapc of Osct is taken from Moran [9) and completed at low energy 
with Langevin relation. 

The collision cross seclions fitted to obtain the best agreement het ween Monte Carlo calculations and drift 
tube measurements of ion swann parameters are shown in figures 1, 2 and 3. 

Then, these fitted cross scclions allow us to obtain transport and reaction coefficients over wide range of 
E/N as is shown in figures 4, 5 and 6. These figures show the very good coherence hetween present Monte Carlo 
calcula1ions and measurcd ion swarm data over all the E/N range wherc experimcntal data are available. For examplc, 
the relative differcnces (lcss than 1%) bc\ween calculated and mean measurcd drift veloci1y (figure 4) are largely 
inside the expcrimental inccnitudcs (i.c. 2%). A similar obscrvation can be done conceming rclative differenccs for 
diffusion coefficients (figurc 5) which are also lowcr 1han experimental incertitudes (i.e. 10 % or more) and also 
conceming coefficient of asymmetrie charge transfer (figure 6) 
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Kinetics of a Low Pressure N2 - 0 2 Discharge 

J.Nahorny~ D.Pagnon, M.Touzeau and M.Vialle 
L.P.G.P. - Université Paris-Sud 91405 Orsay Cedex France 

B.Gordietsfand C.M..Ferreira 
Centro de Electrodinä.mica - Instituto Superior Técnico 

1096 Lisboa Codex Portugal 

The aim of this work is to investigate the processes leading to the production of oxygen 
and nitrogen atoms and NO molecules in a N2 - 0 2 low pressure glow discharges. The ki
netics of such a nonequilibrium medium is complex because numerous species are interacting 
together. The concentration of N and 0 atorns and NO molecules are measured as well as 
the plasma parameters: electronic concentration, reduced electric field, gas temperature and 
vibrational N2 temperature. This set of data is compared to the results of a kinetic model. 

EXPERIMENT 
The measurements are performed in the positive column of a N2 - 0 2 flowing discharge 
created in a 16mm i.d. pyrex tube. Typical conditions are: Pressure = 2.0 Torr; discharge 
current 1 = 5 - 80mA; Total mass flowrate q = lOOsccm; mean gas velocity v = 4ms-1; gas 
composition /J = ~ = 0 - 1; N9 = !N2) + 102). 

The reduced el~tric field E / N9 is determined by measuring the maintenance electric field 
E with 2 electrostatic probes and the gas temperature by the rotational distribution of the 
N2(C3

7r"- B3 7r9 ), 337nm band. The electron concentration n. is measured using a resonant 
microwave cavity. 

The vibrational temperature Tv of N 2(X, v) molecules is determined by the meaBurement 
of the vibrational distribution of the N2(C37rv, v') states, assuming that these states are 
excited by electron impact N2(X, v) + e - N2(C, v') + e with excitation rates proportional 
to the Franck·Condon factors Q,," of the transitions. 

The concentration of NO molecules is determined by mass spectrometry. The relative 
concentration of N atoms is mesured by a 2 photon Laser lnduced Fluorescence technique1•

2
• 

The concentration of 0 atoms is determined by actinometry by adding a small percentage 
of Argon into the flow. 

MODEL 
A one dimensional kinetic model for a flowing N2 - 0 2 discharge is developed. It includes 
self-consistent calculation of the vibrational distribution N2(X, v ), gas temperature, concen
tration of neutra! atoms and molecules produced (N, 0, NO ... ), concentrations of electronic 
excited states and concentrations of the different positive and negative ions. 

The model contains 430 reactions describing the production and loss processes of the 
species and the thermal balance of the discharge. The input parameters are: gas pressure; 
neutra! gas composition, discbarge current and mass flow rate. 

"supported by C.N.Pq. - Brazil 
1 permanent adress Lebedev Physical Iostitute Moocow - Russia 
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RESULTS AND DISCUSSION 
The theoretica! results depend on some parameters and rate constants which are unknO\m. 
Of particular importance is the value of the rate constant k of the process3

: 

N2(v > 12) + 0 ...! NO+ N (1) 

which is the main mechanism for the relaxation of the vibrational energy and for the creation 
of NO molecules in the discharge. The value of kis v~ied between 10-13 and io-11 cm3s-1 

in order to fit the experimental results. The other adjusted parameter, the probability ï for 
destruction of 0 on the wall is taken ï - 10-3 . With these values a good qualitative and in 
many cases a good quantitative agreement is obtained between theory and experiment for 
n., Tg, E/N9 , Tv , [N], [NO], [O]. The variation of the vibrational temperature versus the gas 
composition is reported in fig. 1. The discrepancy for small 0 2 percentage can be explained 
by the fact that in these conditions N2(C) can be populated by energy pooling reactions. 
Fig. 2 shows that the experimental and calculated values of NO concentrations are in good 
agreement for I = 15, 30, 80mA and é = 0 - 0.7. 
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SELF-CONSISTENT ELECTRON AND VIBRATIONAL KINETICS 

IN STATIONARY Nr02 DISCHARGES 

V.Guerra. and J.Loureiro 

Centro de Electrodinä.mica. da. Universida.de Técnica. de Lisboa., 

lnstituto Superior Técnico, 1096 Lisboa Codex, Portugal 

This work analyses the coupling between the electron kinetica and the kinetics of 

N2(X1Ei) and 0 2(X3E;) vibrationally excited molecules in stationary N2 - 0 2 discharges, 

as well a.s its in.fluence on the production of dissociated N and 0 a.toms and of NO. 

As it is well known fora discharge in a. pure molecular gas, this coupling, which is ma.inly 

ca.used by the superelastic collisions of electrons with vibrationally excited molecules, pro

duces an increase in the high-energy tail of the electron energy distribution function (EEDF), 

thereby a.ffecting the whole discharge kinetics. On the other hand, the non-equilibrium vi

brational distribution function (VDF) ie determined by the mechanisms of e - V, V - V 

and V - T energy exchange processes. Other mechanisms such as the dissociation by the 

V - V and V - T processes, the atomie rea.ssocia.tion and the vibrational de-excitation due 

to collisions on the wall are known to play an important role in N2 discharges (1). 

Here, we extend the previoue study to the case of a. discharge in N2 - 0 2, which ie a very 

interesting medium with large applica.tions in plasma processing and interest in the Earth's 

atmosphere. For this purpose, we present a self-consistent analyeis based on simultaneous 

solutions to the homogeneous electron Boltzmann equa.tion, two systems of vibrational rate 

balance equations for the populations of N2(X, 0 ~ v ~ 45) and 0 2(X, 0 ~ v' ~ 15), and 

the rate balance equations for the concentrations of N(4S), 0(3P), and NO(X 2 11.) species. 

In Fig.1 we present the EEDFs (with the norma.liza.tion f0
00 f.,/U du = 1) calculated 

for E/p = 11.6 V.cm- 1Torr- 1 , Tv(N2) = 4000 K (full curves) and Tv(N2) = T6 = 500 K 

(broken curves), in pure N2 (A) and in a mixture 50%N2 - 50%02 (B). The values of 

Tv(02) in (B) are self-consistently determined in the present model: Tv(02) = 557.6 K 

and Tv(02 ) = T6 , for the case of the full and broken curves, respectively. In Fig.l we also 

represent the EEDFs in pure 0 2 for Tv(0 2 ) = 1000 K and= T8 , which are indistinguished 

in curve C. Fig.l shows that the effects of e - V superelastic collisions in increasing the 

high-energy tai] of the EEDFs are by far more effective in N2 than in 0 2• On the other hand, 

for the sa.me vibrational excitation conditions, an increase in the fractional concentration of 

02 produces an enhancement of the tai!. 
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Fig.2 presents the VDFs of N2 (i.e., Óv = [N2(X, v)J/[N2J) for E/p = 11.6 V.cm-1Torr-1
, 

Tv(N2) = 3500 K (A), 4000 K (B), and 5000 K (C), in pure N2 (full) and in a mixture 

90%N2 - 10%02 (broken). This figure shows that relatively low concentrations of 0 2 , A8 

small as 10%, are large enough to produce a. ra.pid fall off in the VDFs. This behaviour is a. 

resu.lt of the effects of near-resona.nt V - V(N2 - 0 2 ) exchanges at v,.., 28 and of V - Tex

changes for v > 30, and it originates a strong decrease in the rate of dissociation of N2 by the 

V - V and V - T processes. We note that in a. discl:iarge in ·pure N2 , the ra.te of dissociation 

by the V - V and V -T mechanisme largely exceeds that due to electron collisions, except for 

high values of E/N, typically la.rger than 2 x 10-15 V.cm2 (i.e., E/p > 38.6 v.cm-1Torr-1). 

Calcula.tiona of other relevant quantities, such as the concentrations of N, 0, and NO 

species, will be made a.vail&ble a.t the conference. 

[1 ] J.Loureiro and C.M.Ferreir&, J.Phys.D: Appl.Phys. 19 (1986) 17; J.Loureiro, Chem. 

Phys. 157 (1991) 157. 
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TWO DIMENSIONAL STRUCTURE OF IONIZATION WAVES INA LOW 
PRESSURE DISCI-IARGE 

.Jürgeu Bdulkl', Ju rij Golubovskiy • and S. I. Nisimov • 
llepartmcnt of Physirs. IJniversity GreifswaJd, 17187 GreifswaJd, Germauy 

·) Departm<>nl of Physics, llniversit.y St. Petersburg, 193164 St. Petl'rsburg, Russia 

In the r.onveutional descriptio11 of strialions oue cousiders them as a oue-dimensional structure. 
This paµer demonstrales a. two-dimensiona.l rhara.cter of striatio11s. The experimental research was 
carricd out in ncocn at p = :l lol'r and i/ R = 5mA (R = !cm). The clcctron distributiou 
function ( ELJF) was mcasurcd with:; microsccond time rcsolution in 15 points along tbc striat.ion 
l<'ngth and in .5 points over the radius as wPll as the measurements of the Jongitudinal electric 
lield f.'11 , the cenler-wall potential dilf<'r<'nr.e and the currenl on the tube wa.11 have been made. 
The st.riation wavelength À wa.' (i rm a nd corre
sponds t.o the lcngth À = t 1/cJ:.,'0 on whicb an 
Plcrtron moves in the field Eo and accumulates the 
<>ncrgy t:1. <'<1ual to lhe excitation threshold. This 
d~tl'rmines the mcrhanism of the strat.ification in a 
disrharge wlten thP ener~ losses by e(a.,tic collisi· 
ons a.re 111>gler.tible. 
Fig. 1 displays 1.he potential prolile and the dis
t.rilrntio11 f111u:tio11s at. the discharge ax.is. One can 
s<'<' tha.t the st rnrture of the EDF is cbanging as 
a function of the distance from the rathode. The 
rra.so11 for the a1>pearl'nce of a second maximum 
in tl11• l·: IH' isl the accelcration of <'i<'ctrons in the 
stro11g clert.rir li<'ld, whcreas thr 111a.xi111u111 in the 
sma.11 energy rnuge is cansed by the presenr.e of 
slow di.·trons afLP.r cnergy losses by inr.lastic colli
sio11s. IJdt•r t.he <'Xperi111<•ntal r.o11clitions whcn cla
stic rollisions do nul rontrihutc to tll<' fomoation 
of tht· fo:DF th<' second maximum rloes nol disap
(l<'M. Wlw11 lh<' •econd maximum is close to the 
<'Xritation thrcshold il va11ishrs hy means of incla
stic rnllisions. 
Fig. '2 J>r<'S<'llls 1.he lwo-Jimcnsio11al potential pro
fil" i11 th" stratum. The potential lidd has a com
plirat.ed rnlll1•J slructure. The c.111ipotential curves 
are show11 i11 fig. :1. There ar" potentia.I well• of 
s1n"ll tkpth ( o.!; - 0.8\/ in radia.I and lo11gitudi-
11a.l direrlio11s. Additional the renter·wall potential 
cliffcrP11u• is pro11ortio11al to the axial longitudinal 
li~l1l f.'0 . Tl1t• tlistrihution f1111rtio11s mca.,ured alo11g 
1.hr t'•111ipot<'nlial rnrvt-s ar!' similar. This jnstifies 
t.he no11lor:d rha.rakl.Pr of lhe l·:))F fonna.tio11 in the 
polt•nliol wt•ll of rnmplirakd ronligurntion. The 
1u1.al t·111•rgy [ 1IPsrrilws full.1· lill' distrihution func
Liun. 
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The rea~on for the lw<>-<ii111e11sio11al insti<hility origiu eau he showm from the analysis of til<' iou 
111otiu11 Pq11a.t.io11 wriltPn in ll1<) form 

whcrn the co11rc11tra.tio11 n( <,0) an<l the ionization [( '{') are functions of the poteotial. Uy linearizinfi: 
1.ltP Mp1at.io11 in t.he 11eil.r-axial ril.nJ\e over small potential disturbances of Lhe form 

Û'{J = .P(r) exp (;t - ikx) 

onr. rcu1 ohtain 

!~"iJ'l> + (-l_iJ"1 _ _ l_OI + 1.:2 + .!_! iJ ,.iJn ) ol> = 0 
"ilr ilr dJ;11 il.; "IJ;11 il.;; n 1· i)r br 

Il follows frn111 th<' cqnat.ion lhaL lor rcrl;l.În 11(-,,) and /( <p) " incrrose of ahernaliug mo<les is 
pussibll'. 
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Fig. :' : Tupolo~y of ~•1u ipotf'11lial curves in t.l1e stria.tion 
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THEORETICAL AND EXPERIMENTAL INVBSTIGATIONS CONCERNING THE 
INFLUENCE OF THE GAS TEMPERA TURE ON THE DYNAMICS OF THE 
POSITIVE COLUMN OF A NEON GLOW DISCHARGE 

K.-D WELTMANN, H. DBUTSCH, H. UNGBR, C. WILKB 
(FB Physik, B.-M.-A.-Universitit Greifswald, Domstr. IOa, 17489, Germany) 

INTRODUCTION 
As well known it is possible to influence the concentration of metastable atoms and in 
connection to that the plasma bebaviour by means of irradiatioo, PENNING-effect and a 
change of the gas-temperature respectively. In this paper we report about the influence of the 
gas-temperature on the dynamics (statie characteristic and impedance behaviour) of the 
positive column of a low pressure glow discharge. Fwthennore, in addition to that we 
developed a nonlinear equivalent circuit which bas been built on the basis of a theoretical 
description of the plasma and whicb reflects the nonlinear dynamic behaviour of this plasma 
in the oscillatiog regime. 
BASIC EQUATIONS 
To model the dynamic behaviour of the plasma of the positive column we started from the 
following set of balance equations, which consists of the balance equation of the electrons, 
the balance equation of the excited atoms (metastable and resonance atoms) and the current 
balance equation: 

I dN, N, 1 P, 
--+----=0 
N2 dt N T,N N2 

_!_ dM + M_l_ _ P • = O 
N1 dt N T_H N1 

(1) 

i = t!0 r~ 11: n, b, E 

The dates of the elementary processes enter into these equations via the mean life times of 
particles, via the production rates and via the mobility of electrons. Furthermore in order to 
consider the influence of the gas-temperature on the plasma of the positive column we 
introduced the following gas temperature dependent coefficients [ I] concernillg the mobility 
I>, of ions and the diffusioo coefficient D,., of metastable atoms: 

= 3.23•10-22 vlf7] + 3.39•10-21 + 7.43*10-21 _!_ + 2.22.10-11 __!_ 
~ T ~ (2) 

RBSULTS AND DJSCUSSION 
At first we calculated (pointwise) the noolinear statie current/voltage characteristic of the 
positive column in dependence on the gas-temperature by solution of the statie balance 
equation system (1) (with d/dt=O). Fig. I shows the results of these calculations in 
comparison with experimental values. lnterestiog to note is tbe sufficient agreement between 
experiment and theory and the up to now unlcnown intersecting point of the noolinear statie 
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characteristic in dependence on the gas-temperature . 
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At second we started to consider the influence 
of the gas-temperature on the impedance
behaviour (Z(f)=dE/di, where f is the 
frequency of the extemal perturbation di of the 
current i and dE is the response function of 
the electric field strengtb in relation to the 
perturbation of the current). 

In Fig. 2 one can see the influence of 
the gas-temperature on the impedance 
of the positive column. The double 
structure is based on the relation of 
stepwise ionization to direct 
ionization and changes in that way 

R• that with increasing gas-temperature 
the semicircle of the stepwise 
ionization decreases and that one 
conceming the direct ionization 

Fig. 3: equivalent circuit increases. This behaviour is caused 
hy the loss of metastahle atoms with 
increasing gas-temperature. 

At third, starting from the nonlinear equation system ( 1) and using the algorithm developed 
in 12,31 we found the nonlinear equivalent circuit (fig. 3) valid for higher gas-temperaturcs. 
The two delayed effects (dNe/dt and dM/dt) of the plasma are represented by an inductance 
L and a capacitance C and the oonhnearities are represented by the nonlinear resistances R. 
REFERENCES 
lil A.RUTSCHER, S.PFAU, Beitr. Plasmaphys. 3 (1967) 187 
12) H. UNGER, K.-D. WELTMANN. H.DEUTSCH, J. WESCH, C. WlLKE, Contrib. Plasma 

Phys. 33 (1993) 169 
13] K.-D.WELTMANN, H.UNGER. H.DEUTSCH,J.WESCH, C.WILKE, Contrib. Plasma 

Phys. 33 (1993) 265 
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EXPER.IM:ENTAL RESULTS OBTAINED DURING A TRANSIENT 
PROCESS IN AN ELECTRONEGATIVE PLASMA. 

J. 1. Fernández Palop, J. Ballesteros, M. A. Hernández, A. Dengra. and V. Colomer. 

Departa.ment of Applied Physics, Univ. of Córdoba, 14071 Córdoba, Spain. 

Introduction 

Although nowdays there is a great interest in the study of electronegative plasmas, there is a 
lack of experimental data. which permits the contrast with theoretical models. In this paper 
we exhibit results obtained in a de discharge in the Ar+l2 mixture during the transient 
evacuation process of the 12 from the discharge chamber. The measurements have been 
made using a Langmuir probe. From the 1-V probe characteritic we obtain the EEDF for 
the plasma diagnostic. Argon input 

Experimental device 

Figure 1 shows the experimental device, wich 
consists of a cilindrical tube 31cm inner di
ameter and 40cm height, which includes two 
circular electrodes (Sem diameter), being the 
distance between them 15cm, a va.cuum sys
tem and a system for introducing Ar a.nd 12 

into the chamber. 
First of all, both the Argon introducing sys

tem and the vacuum system work during a 
long time to ensure a constant value of the 
system pressure. When the pressure is steady, 
opening a valve, we pennit the h get into the 
discharge device, until the device is saturated 
of h. Then we close the valve and begin the 

Figure 1 

MeaSUl"ement circuit 

Cathode 

Pro be 

Pirani 

measurement process. Vacuum syslem 

During this process, both the vacuum system and the Argon introducing system keep 
on working, so that we continually remove Ar and 12 from the chamber and introduce Ar 
in it. The interelectrodic current, Id, is maintained constant during the whole process. 
In the first moments there is so rnuch 12 into the plasma tha.t the discharge is unstable 
and we get nothing when rneasuring the I-V probe characteristic. In a certain moment 
we begin to obtain reasonahle results. From this moment, we begin to measure 1-V prohe 
characteristics continua.lly, so that a characteristic is measured each 6 seconds, a.lthough the 
data of characteristic which are use to obtain the EEDF are collected in 2ms. 

Results 

We have applied the following steps to treat each 1-V probe characteristic: smooth the 
experimental data, obtain the EEDF, get the electron density (n.) and temperature (T.) 
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a.nd get the dimensionless floa.ting potential. The method a.pplied to obtain the EEDF hu 
been developed in [1). Due to the low values of the electron tempera.ture (a.bout 0.2eV) we 
have in our system, we can not mea.sure the second peak, in the second derivative of the I-V 
characteristic, due to the negative ions (2). 

Figure 2 shows the tempora.! evolution of EEDF during the tra.nsient proces& (we have 
plotted only one each five until the steady state is reached) 

Figure 3 shows both the electron density and tempera.ture evolution. As can be seen, the 
electron density grows until the stea.dy sta.te is reached, a.ppea.ring two different zones in the 
evolution. On the opposite the electron temperature decrea.ses during this process. 

Finally, the dimensionless floa.ting potentia.1 is shown in Figure 4. This results are com
pared with those obtained theoretically from a. numerica.l model developed in [3). 
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GAS-PHASE MODEL OF AFTERGLOW KINETICS IN NITROGEN 

V.Lj. Markovié*, Z.Lj. Petroviéf and M.M. Pejovié*• 

Matice Srpske 47/IV-18, 11000 Belgrade, Serbla, Yugoslavia 

Introduction 

The la.te nitrogen afterglow is studied by measuring the breakdown time delay vs afterglow 
period - memory curve [1], accompanied by the homogeneous gas-phase kinetic model. 

Experiment 

The time delay measurements were carried out fora gas tube made of molybdenum glass 
and filled with Matheson research grade nitrogen at 6.6 mbar pressure, at glow current of 
111 = 0.5 mA and overvolta.ge of D..U /U. = 50 %, using the circuit shown in [2). 

Results and discussion 

The long time variation of the breakdown time dela.y as a. function of the a.fterglow period -
memory effect has been associated most often to the long lived N2(A3 E;!") metasta.ble state 
[1,3). If we asswne that the breakdown time delay is inversely proportional to the nwnber 
density of active particles in the inter-electrode space, i.e. [N] ex 1/td, and represent it 
in the form (1/[N]) vs r, i.e. f.i vs r in a linear-linear scale the strwght line indica.tes a 
second order deca.y. Since the N2(A3 E;!') decay is governed by the first order processes, 
(especia.lly by the collisions with nitrogen atoms) and has a very small effective lifetime, it 
is not possible to explwn the long time beha.vior of breakdown time delay by the tempora.! 
decay of the N2(A3 E;!') population. 
On the other hand, it is reported that N(4 S) are present a very long time after the glow 
is tumed off and decay by the surface recombination on contwner walls [4). If it is the 
second order process in the number density, N(•S) is a possible carrier of the "memory 
efect" in nitrogen. Also, nitrogen atoms recombining on the surface of cathode and forming 
N2(A3 :E;!") by the surface-cata.lyzed excitation [5], provide initia! secondary electrons that 
determine the breakdown time delay in the late a.fterglow. 
The loss rates of the density of nitrogen atoms [N](r, t) during the a.fterglow are given by 
equation: 

(1) 

The first term on the right-hand side is the volume recombination loss of N, whose influence 
is negligible under our conditions !4). The second one represents surface recombination, 
treating it as a gas-phase process ('Y is the "surface" recombination coefficient). 
As the formative time can be neglected and the proba.bility of starting a discharge from a 
single charged particle is P ::::: 1 at overvoltage of 50 %, the experimental va.lues for the elec
tron yield are obtained as Y::::: 1/ t;i. If we assume a first order recombination of nitrogen 
atoms on cathode and the Langmuir-Hinshelwood mechanism, ·for Y in the inter-electrode 
space we obtain: 
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Y = k · (J = kLH [NJ V" (2) 

where 9 is the !ractional coverage, k, J:LH - rate coefficients and Vc - the volume of the 
inter-electrode space. 
Under our conditions the concentration of atoms in the inter-electrode spa.ce is estimated to 
be [No] = l.6· 1013 cm - 3 ::::i 0.01 % (N2J, on the basis of the available data for similar current 
densities [6]. By fitting the theoretica! curve to the experimental data, we determined 
'Y = 3 · 10-13 cm3 s-1 and kLH "' 10-10 s-1 • The agreement is shown in Fig. 1. 
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Fig. 1. Electron yield Y in the inter-electrode space vs T 

Most of the available data known to us were obtained by applying the gas-phase numerical 
model that assumed an uniform distribution of concentration [4]. Under such conditions 
the surfa.ce processes in equation (1) are treated as volume losses. Thus, the homogeneous 
gas-phase kinetic model cannot take into account a density gradient to the tube walls, 
and besides, describe the recombination as a. two stage process (the settlement of atom 
number density on surfa.ces plus surfa.ce rea.ction due to the surfa.ce diffusion). All these 
problems can be overcame only by the macrokinetic diffusive model, which is now under 
consideration [7). 
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NUMERICAL MODELLING OF ATMOSPHERIC PRESSURE LOW-FREQUENCY 

GLOW DISCHARGES BETWEEN INSULATED ELECTRODES 

R. Ben Gadri*· A. Rabehi, F. Massines* and P. Segur 

Laboratoire des Décharges dans les Gaz, URA au CNRS n°277 
118 Route de Narbonne, 31062 Toulouse Cédex, France 

*Laboratoire de Génie Electrique de Toulouse, URA au CNRS n°304 
118 Route de Narbonne, 31062 Toulouse Cédex, France 

One of the solutions to increase homogenisation of surface treatments and to avoid the 
drawbacks of low-pressure discharges (mainly the high cost of equipment and the strong 
outgassing of polymer surfaces) is to use glow discharges working at the atmospheric pressure 
(APGD). So it is important to try to obtain stable and continua! glow discharge at atmospheric 
pressure. 

The goal of this work is to contribute to a better understanding of the mechanisms of the 
transition between a filamentary and a glow discharge at atmospheric pressure. Up to now, 
experimental techniques were mainly used to carry out this task and to try to understand APGD 
behaviour. lt is obvious that a better understanding of this type of discharge could be achieved 
with the help of realistic numerical modelling. To reach this objective, APGD numerical 
modelling is carried out and a strong connection with the experimental characterisation is made. 

Experimental and numerical Model 

One of the methods to obtain APGD< 1) is to use a helium discharge with at least one electrode 
coated by a dielectric (this condition is always fulfilled when polymers are treated). An 
oscillating source with a frequency higher than one kilohertz must also be used. 

Using two plane electrodes, 4 cm in diameter and covered with a layer of alumina . Massincs et 
aJ(2) showed the efficiency of APGD to increase polymer surface wettability. The frequency and 
the amplitude of the applied voltage as well as the gap length were varied to study their effects 
on the stability of the discharge and therefore on the surface treatment. 

The discharge is characterised by the measurement of both the applie<l voltage and the discharge 
currenl. This electrical measurement appears to be sensitive in characterising the plasma and 
determining if the discharge is a filamentary silent discharge (FSD) or an APGD. lt has been 
shown that when the discharge is of the glow type, there is only one current pulse each half 
period and the shape of the pulse is exactly the same from one period to the next. 

The numerical model is based on a solution of the electron and ion continuity and momen1um 
transfer equa1ions coupled to Poisson's equalion. As is usual in the case of high pressure 
discharges. electrons and ions are assumed to be in equilibrium with the electric field. A one
dimensional model can be used since the dischargc is diffuse. The model is also self-consistent 
and gives the space and time variation of the electric field and of the elec1ron and ion densities. 
Tempora! variation of gap voltage, memory voltage and current densi1y is also obtained and 
compared to the corresponding experimental values. To solve the convection-diffusion equations 
for electron and ion densities we used a numerical scheme initially developed by Patankar<Jl. 
The data conceming the electron transport parameters and ionization coefficient were calculated 
from a numerical solution of the Boltzmann equation. The ion mobility and lhc sccondary 
cmission coefficient were obtained from Ward's paper (4). 

The charge accumulation on the dielectric as the discharge develops is carefully laken into 
account an<l lhe voltage boundary conditions for <lielectrics are derived by considcring the 
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equivalent circuit of the gas gap in series with the equivalent capacitance of the dielectrics. 
Furthermore, to obtain coherent results, the experimental electric circuit must be integrated 
inside the numerical model. 
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Figure 1 shows the numerical results fora 10 kHz frequency, an applied ,·oltage amplitude of 
1.5 kV and a gap length of 0.5 cm. These results are in good agreement with the e:<perimental 
measurements. In both cases, the discharge is in a stationary state since it is made of a 
succession of identical tronsient discharges which occur at each half cycle of the applied voltage. 
In the case of silent discharges, the charge, build-up at the dielectries, gradually induces a 
memory voltage which decreases the gap voltage and quickly reduces the applied electric field 
to such an extent that electron loss mechanisms (attachment, recombination) gain o,·er electron 
production mechanisms (ionisation, detachment) interrupting the cmrcnt flow and stopping the 
discharge. At the next half cycle, the sign of the applied rnltage changes and 1hc memory 
voltage adds to the external voltage. The gap voltage again becornes g radually gre:ller th:m the 
breakdown voltage, and a new discharge is initiated (Fi2. I ). The use of <m oscillatin2 ,·olt:i!!e 
allows the discha~ge to be switched on a·nd off dcpending ·on i1s valuc at a giYen time. - -

The characteristics of the spati,11 distribut ions of ckctric fi<!ld and ion and ekctron <lcnsitie:\ 
shown in Fig. 2 are rather typical of glow disch:irges and quite similar to tho>e reponeJ in many 
other publications. In fact, we can distinguish the four regions that characteri; e a g l<'w Jischarge 
i.e. the catbode fall , the negative glow. the positivc column and the anode fall. 
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INVESTIGATION OF LUMINOUS LAYERS IN Ne 
( I. Calculation of Spat lal Dlstrlbutlon of Exci tation uslng Monte Carlo Si1ulatlon) 
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lntroduct ion 

The lumineus \ayers phenomenon was discovered first in 1921 by Holst and Oosterhuis · 1 ' . 

We have made a detai led study of it from a new viev-point. Dur report is divided into t110 
parts. In this paper I. we describe the behaviors of electron swarm in Ne using the 
Monte Carlo si11u\ation (MCS). In particu\ar, we report the resu\t of ca\cu\alion on the 
spat ia\ d istr ibut ion of exc i tap on. 

Si11ulation 

In the present stucly, a type of MCS using the so cal led flo'T-MCS method proposed by 
Yamamoto et alm. is adopted. The method can collect the information at all the 
col\ isions. Therefore. we can describe the lu1inous layers phenomenon by this method 11ore 
precisely than the previous method"'. The set of electron col! is ion cross sections of Ne 
used in this study is the one su111narized by Hayashi '" · ' " . In these cross sections, the 
exci tations are divided in to seven kinds. In our ca\culalion. one hundred thousand of 
e\ectrons are 1 iberated from the cathode. The gas pressure is 10 Torr, and the distance 
of the plane parallel electrodes is 1.2 cm. The initia! energy of electrons is taken fro11 
the range of 0. o-o. 1 eV wi th an equal probabi 1 i ty. 

Resu 1 ts and D 1 scuss 1 on 

The spatial variation of excitation. the mean energy of e\ectrons. and the spatial 
variation of the 1ean velocity of e!ectrons are shown in Fig. ! as functions of the 
distance x along the e\ectric field direction. The open bars show the nu1ber of total 
excitations, and the ful 1 bars the sura of excitations to the two metastab!e states 1

S 3 , 

and ' ss. The mean energy of electrons <é> increases with x firs t . Then, at a certain 
value of x. < é> decreases suddenly, and the excitations are observed simultaneous \y. 
These behaviors are known wel 1 as the non-equi 1 ibrium of the e\ectron energy. The spat ia\ 
variation of the excitations for each excitation level. and that of ionization are shown 
in Fig. 2. Fig. 3 shows the spat ia\ distributions of the exci tat i on in the lateral 
direction perpendicular to the electric field. lYe can observe the layer structure c\ear\y. 

Conc lusi on 

The behavior of e\ectron srar11 in Ne is studied by MCS using the electron col\ is ion cross 
sections classified to seven kinds of excitations. In parti cular. we collected the data 
at the generation of the exci tations. 
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INVESTIGATJON OF LUHINOUS LAYERS IN Ne 
(Il.Experimental observation of the spatial distribution of visible emission) 
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1 n troduc t ion 

Luminous layers pbenomenon in Ne gas was reported by Holst and Oosterhuis ; 1'. M.Hayashi " '. 
and J. G. A. H01scher ' 3). In the preceeding paper 1. results of our computational 
si11ulation have been reported ' ' 1. la this paper, experiments on the voltage-current 
characteristics and the spatial distribution of visible 1 ight emisson are reported. The 
observed e11ission distribution is co11pared with the calculated spatial distribution of the 
excitations by Honte Carlo simulatioo"1. The nu11ber of luminous layers varied with the 
magnitude of the applied voltage, and the existence of instability regions on the voltage
current character i st ic curves was recogn i zed. 

Experlaental procedure 

A gas fi lied discharge tube was cyl indrical Jy shaped, 2. 9 cm in diameter and 6. 5 c11 in 
length. A pair of plane para! lel electrodes of diameter 2. 2 c11 and of gap length 1. 2 cm 
were placed in the discharge tube. The cathode was equipped with a filament for the 
purpose of ther11al electron emission. The current was started by control I ing the fi laaent 
current Ir. The current between the t10 electrodes tas suppl ied fro11 a constant current 
source (Takasago. CCP150-0IM), and the voltage tas measured by a digi tal voltmeter 
(Keithley 2001). the current by a picoaueter (Keithley 410A) . The 11easuring circuit is 
shorn in Fig. 1. 

Results and discussion 

The voltage-current characteristics at the filanent current value lr=0. 8 Ais shown in Fig. 
2. Because of hysteresis phenomenon in the vol tage-current characteristics. the 11easured 
points for increasing current (Ü) are different frou those for decreasing current Cel. 
The nu111bers 2. 8 and 9 in Fig. 2 correspond to sy11bols a. b and c in photographs in Fig. 3. 
respectively. 
Tbe results of Fig.3 •ere obtained successively with an increase in the current. in other 
words. a decrease in the voltage. They are suuarized as fol Iows. 

<DThe number of the 1 ayers decreased. 
®The for11s of the layers varied to the ones 1ith circular are boundaries only. 

lle consider that the cause of® is influence of the space charge effect due to the 
i ncrease in the current. 
fïg. 4 (a) is another photograph of the lu11inous layers si mi lar to the ones in Fig. 3. 
There can be seen four lu1inous layers bel1een the electrodes. Fig. 4 (b) is the spatial 
distribution of the excitations calculated by HCS with the same experi11ental conditions as 
in Fig. 4 (a). Each point corresponds to the excitation of Ne to the higher levels than 
18. 38 eV. The visible light was emitted by the transitions fro1 these excited Ne levels 
to one of the three levels 3 P2(Q.1). 3P1(Q.2) and 3 Po(Q.3) . Both the results agree well. 
and thus il can be said that the 11echani s111 of the luminous Ia.vers is clarified. 

Conc 1 us i ons 
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1. The luminous layers in Ne gas 1ere observed. They are compared 1i th the results of HCS. 
We confirm the agreement bet1een the experimental results and the results of the 
si mulat ion. 

2. Further detai led studies of the lu11inous Iayers are being carried out OOI' for wider 
ranges of current and voltage. 
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Numerical modelling of the surface glow discharge 

Faculty of Electrical Engineering, CTU, Prague 

1. Rosenkranz, S. Pekárek, M. Zátek 

On the base of presented model it is possible to determine the basic parameters of 
the surface glow discharge as a function of technologica! parameters of the discharge 
chamber (dimension and material of electrodes, nature of the gas, etc.). 

The cross section of the discharge chamber is shown in Fig. 1 and the 
corresponding mathematica! description together with the boarder conditions is shown 
in Fig. 2. The potential in infinity was replaced by the potential of outer electrode 
the potential of which was found on the base of equal charges on anode and cathode. 
Laplace's equation for potential was solved numerically for various dimensions 
of the discharge chamber. The electrostatic field distribution is shown in Fig. 3. 

The equations of motion for electrons and ions werc solved numerically by the 
Runge-Kutta method. The collisions of electrons and ions with gas (neon) were taken 
into account. The example of trajectories of electrons emitted from the cathode is 
shown in Fig. 4. 

The acceptable values of the coefficient of ionization for homogeneous electric 
field were cxpressed as a function of kinetic energy of clectrons. This the probability 
of ionization collisions of electrons with the atoms of the gas in the non homogeneous 
electric field was taken into account, and consequently the trajectories of ions 
in the discharge charnber could be determined. The cxarnple of trajectories of ions is 
shown in Fig. 5. 

On the base of study of the motion of electrons and ions we can test if the condition 
for the self sustained discharge is fulfilled and therefore we can dctermine 
the breakdown voltage. 

Fig. 1. Cross section of the discharge chamber 

<l> ... potential 

Fig. 2. Mathematica! dcscription of the discharge chambcr 
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glass 

equipotentials 

Fig. 3. Electrostatic field distribution 

3 4 cathode 

Fig. 4. Trajectories of clectrons 

3 4 

Fig. 5. Trajcctories oi !ons 
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SOME CHARACTERISTICS OF HIGH VOLTAGE AND HIGH FREQUENCY CORONA BRUSH DISCHARGE 

V. I.Milj evié 

INTRODUCTION 

Corona discharge has long been studied and is relatively well-known /1/ . The 

application of corona discharge is also well-known, for example, in electro

static filters, and probably, is the most wide-spread opportunity in the ozo

nizators used for ozone production. 

In the mentioned corona disharges DC, AC, and superposed DC and AC high volta

ge power supplies are usually utilized. 

In this paper, preliminary results of corona discharge are shown where specia

lly constructed "brush-shaped" electrodes are used - Corona Brush Discharge 

(CBD). Tesla Coil (TC) is used as a power supply. 

Tesla Coil is a high-voltage, high-frequency generator /2/ . The theoretica! /3/ 

and experimental /4/ investigations have shown that frequencies of tesla Coil 

depended on primary and secondary circuit parameters and the spark duration in 

the primary circuit. 

EXPERIMENT 

Experimental device is shown in Fig.1. lt consists of electrodes (BE) connected 

to the Tesla Coil (TC). There is a great number of pins on the electrodes -

Brush-shaped Electrodes (BE). Distance between the electrodes is 15 cm and the 

inner radius of the electrodes (where the pins are located) is 8 cm. Rings on thE 

electrodes are used for electrostatics protection because they prevent breakdown 

from the edge of the electrodes. A monochromator (dispersion 3 nm/mm) with acce

ssories for photoelectrically recording the spectra! line intensites was used. 

The CBD was located 15 cm from the slit of the monochromator. 

When Tesla Coil is connected to the brush electrodes, corona discharge is esta

blished and it completly occupies the space between the electrodes - Corona Brust 

Discharge (CBD). A uniform bluish light is emitted between the electrodes. The 

light is intensified iomediately next to the brush electrodes only. Fig.2. sche

matically shows cross-section of CBD . Corona brush discharge enables high effi

ciency electron collisions in the whole volume, i .e. high efficiency of excita

tion and ionization of the operating gas in CBD . 
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Fig.3. shows second positive system of N
2 

in the wavelength range of 330-360 

nm, for the following operating conditions: air at the atmospheric pressure, 

disharge voltage (TC): UTc""" 250kV at f•200kHz. 

BE 

01111111111m111110 ceo-
O""'"'"'"'"tj'O 

BE 

FIO.I FI0.2 

Fig.1. Schematic view of the experimental setup: BE - brush electrode, 
M - monochromator and TC - Tesla Coil . 

Fig.2. Schematic view of the corona brush disharge: CBD- corona brush disch. 

(2) 

FIG.3 

CONCLUSIONS 

(1) 
Fig.3. Part of the CBD spectrum, of the N

2 
se

cond positive system: (1) 337,1 nm and (2) 

357,7 nm. Operating conditions: air at atmo

spheric pressure, TC: UTc"" 250kV at f=200kHz. 

CBD represents h i ghly effic ient corona discharge at the atmospheric pressure. 

It can be used in lasers and in plasma chemistry. 

Further work is in progress. 
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PROPERTY OF PULSE-INDUCED CORONA DISCHARGE 

Fumiyoshi Tochikubo and Tsuneo Watanabe 

Department of Electrical Engineering, Tokyo Metropolitan University, 
1-1 Minami-Osawa, Hachioji, Tokyo 192-03 JAPAN 

Recently, plasma-induced chemical reaction has been applied to the re
moval of pollutant gases at atmospheric pressure. A pulse-induced corona 
discharge with short risetime is one of the effective reactor because this 
reactor makes only electrons possible to be energized from the electric field 
in a very short time[l,2]. From the viewpoint of radical formation and 
successive chemical reaction, it is important to investigate the behavior of 
high energy electrons. In this report, we investigated the behavoir of high 
energy electrons in a pulse-induced corona discharge in a wire-cylinder elec
trode configuration experimentally by time-resolved optical emission spec
troscopy, and theoretically by continuity equation. 

The experimental arrangement is shown in Fig.l. The electrode config
uration consists of thin corona Wire with diameter of 0.5 mm and length of 
1 m, and four cylinder electrodes made of stainless steel with diameter of 
80 mm and length of 230 mm. The cylinder electrodes are placed in the 
silica glass tube in series with spacing of 20 mm. A periodical pulse voltage 
is applied to the wire electrode, and the cylinder electrodes are grounded. 
The optical ernission around the wire electrode is collimated on the en
trance slit of monochromator from the spacing between cylinder electrodes 
by a lens and a optical fiber. The signal from a photomultiplier is moni
tored on the digitizing oscilloscope. Fig.2 shows the time-resolved optica! 
emission from discharge at the capacitance charging voltage of 20kV in a 
pulse-induced corona discharge in atmospheric air. The risetime of applied 
voltage is quite short and is about 10 ns. The optical emission of second 
positive band (337.lnm) of N2 appears simultaneously with the voltage ap
plying, and continues for about 80 ns. We cannot find out ernissions in 
other phase. This fact suggests that high energy electrons exist only in a 
very short time after the pulse voltage applying. 

Theoretica} work was also performed by continuity equations for electron, 
positive and negative ions with Poisson equation in wire-cylinder electrodes 
in atmospheric oxygen. The diameters of wire and cylinder electrodes are 
0.5 and 30 mm, respectively. A streamcr channel of 200 µm in diameter is 
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assumed in this study, so that the one-dimentional continuity equations is 
adopted(3]. We considered ionization, electron attachment, recombination 
between negative and positive ions, and photo-ionization. Applied voltage 
pulse is given as V.,pp = V(l - exp(-t/r)), where r is 5ns. Fig.3 shows the 
calculated electric field, electron density and net-ionzation rate at V=30 kV. 
Streamers propagates from the wire electrode toward the cylinder electrode 
with time. The duration time of ionization is about 30 ns. This alm.ast 
agrees with that of first negative band of nitrogen in the experiment. 

This work is partially supported by a scientific grant of the Asahi Glass 
Foundation. 
[l] S.Masuda. and H.Na.ka.o, IEEE Trans. Industry Applications, 26 (1990) 374 
[2) G.Dinelli, L.Civitano and M.Rea., IEEE Trans. lndustry Applications, 26 (1990) 535 
[3] R.Morrow, IEEE Trans. Plasma Science, 19 (1991) 86 
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Fig.2 Time-resolved optica! emission from 
pulse-induced corona discha.rge in air; (a) 
Applied voltage, (b) second positive band 
and (c) first negative band of nitrogen. 
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OXYGEN DISSOCIATION 
IN THE HIGH VOLTAGE NANOSECOND 

GAS DISCHARGE. 
Starikovskaya S. M. 
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Moscow region, Dolgoprudny, Institutsky per., 9, MIPT, 
141700 RUSSIAN FEDERATION, Fax.(095) 408-53-36 

lntroduction. 
Active particles generation studying in different types of gas discharges is 
now very important problem. The high voltage nanosecond gas discharge in 
the form of high velocity breakdown ionization wave (BIW) [1] gives unique 
opportunity for generating high exited cool plasma in the big volume of 
the gas. In this work investigations of dissociation efficiency in the BIW in 
technica! pure oxygen at the pressure range 5 + 40 Torr have been performed. 

Experimental facilities. 
The discharge tube of 20 cm length and 4,65 mm inner dia.meter with the 
plate stainless electrodes at the ends is ma.de of quartz. This tube is inserted 
into the gap of the centra! wire of the coaxial electrical cable connected with 
nanosecond voltage generator. The tube is surrounded by coaxial metallic 
screen connected to the grounded electrode. Voltage pulses with U=-15 kV 
altitude, 25 ns duration and 8 ns rise time are used to initialize the BIW. 
Experimental setup has been descrihed in detail in resent publication 12] . 
The tempora! behavior and modification of electrical potential along the tube 
is monitored with the aid of the calibrated capacitor detector. The detector 
is moved in the gap in the metallic screen. 
It is known that ozone formation in the discharge afterglow depends 
on the efficiency of the dissociation processes in discharge. Under the 
certain conditions ozone measurements gives information about 0 - atoms 
concentration in discharge. Such a conditions realized in the BIW in oxygen 
under the low va.lues of repetitive frequency of high voltage pulses. The ozone 
concentration is rneasured using UV - absorption technique. 

Results and discussion. 
R.estored values of the 0- atoms concentration in one pulse are represented 
in Fig.1.The form of the [ü](P) plot is analogous to the BIW velocity v (P) 
and stopping energy W(P) beha.vier against gas pressure [2], hut maximum 
values of this dependencies are reached at different pressures: at Po= 23 Torr, 
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P" = 10 Torr and at Pw = 15 Torr respectively. To explain this effect we try 
to analyze reduced electric field changing in the discharge tube. 
Estimates of E/P value can result from distribution of electrical potential data 
handling. Assume that potential t/J changes along the tube only but not along 
its radius. In the case oflinear dependency of t{J(:c, t) vs :c coordinate it may be 

h h 1 . fi Id . . . 'bl ~ 11 E cp(:c2 ) - cp(zi) s own t at e ectric e est1mat1on 1s poss1 e as io ows: = 

where cp(z1) is value measured by capacitor divider. 

7.0 

4.3 

P,Torr 
1.6 

15 25 35 45 

Fig.l. 0-atom concentration in one 
pulee. D - repetitive freeuency v = 
JO Hz, a - v = 2 Hz. 

150 IEl/P, V /(cm·Torr) 

10 20 30 

Fig.2. Reduced eledric field for the z = 
10 cm. D - P=l3 Torr, • - P=JO Torr. 

Reduced in such a manner values of E/P for the pressures P=l3 Torr 
and P=30 Torr represented in Fig.2. In the region optima! for the BIW 
propagation (P=13 Torr) reduced electric field is reached E/P=l30 V /(cm· 
Torr ). More optima! conditions for the dissociation are reached as the pressure 
increase. At the pressures P 2: 40 Torr BIW propagation is difficult because 
of ionization decreasing ahead the BIW front [lj. 

Conclusions. 
Represented experimental resl!lts indicated tbat region of effective dissociation 
in the BIW lies on the ascending branch of the curve u (P). There are 
two processes this region determined: E/P reducing to optima! values and 
reducing BIW velocity with the pressure rise. 
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ON THE EXCITATION OF BALMER LINES IN Ar/SiH4 , Ar/H2, 
Ar/H2/SiH4 CASCADED ARC EXPANSION PLASMAS 

G. Dinescu·, R.J. Severens, M.C.M. van de Sanden, S. Brussaard and D.C. Schram 

Department of Physics, Eindhoven University of Technology, P.O.Box 513, 5600 MB, 
The Netherlands, • lnstitute of Physics and Technology of Radiation Devices Institute of 

Atomie Physics, Magurele, Bucharest, Romania 

Cascaded are free expanding plasmas have shown good results in obtaining silicon based (a
Si:H) films at high deposition rates [l]. The mechanism of deposition is not yet understood. 
Tberefore spectra! studies are important because they can give information on the processes 
taking place in the plasma and on the surface. Also they can be used to develop methods 
to monitor the deposition process. 

The experimental set-up consists of a cascaded are plasma source and a spectra! mea
suring system. The thermal plasma generated in the are (T = 1 eV, p = 0.5 bar) expands 
supersonically and afterwards subsonically into a vacuum vessel maintained at low pressure 
(p = 0.1 - 1 mbar). The discharge is sustained in Ar, and H2 is added in the middle part of 
the are column. SiH4 is admixed in the vacuum vessel in the early stage of the expansion. 
Spectra in the spectra! range 3500-7500 Áhave been recorded at 32 cm distance from the 
nozzle exit just in front (1 cm distance) of the sample holder. The spectra presented in fig. 1 
have been recorded for the settings: I = 75 A, p = 0.2 mbar and flow values A) Ar/H2 
(scc/s) = 60/10, B) Ar/H2/SiH4 (scc/s) = 60/10/0.5, C) Ar/SiH4 (scc/s) = 60/0.5. 

As shown in fig. 1 a low emission intensity results from feeeding the hydrogen in the are 
(case A and B) and a high emission intensity if no hydrogen is fed in the are (case C). 
The effect of adding hydrogen in the are channel is known. For H2 percentages above 10%, 
the ionization is transferred from Ar ions to H ions [2] and the chemica! energy is carried 
out from are by tt+ ions. However, as was shown by De Graaf et al. [3], these hydrogen 
ions are quickly de.~troyed by a chain of charge exchange with rovibrational excited molecules 
contained in the recirculating flow and a subsequent dissociative recombination of the formed 
molec.ular ion. This results in a lower excitation of the hydrogen Balmer lines in cases A and 
B. Consequently the chemical energy cannot be carried over long distances and the emission 
will be low. The presence of high quantum number Balmer lines encountered in the case 
of Ar/H2 plasma is caused by the residual three particle recombination process of hydrogen 
ions leaving the are (n. ~ 1017 m-3 ) . Lower levels could be specifically populated by the 
described process [3]. The molecular Fulcher er spectrum is absent showing there are no 
specific mechanisms able to populate the upper electronic state of H2. 

In the dissociation of SiH4 by means of charge exchange with Ar+ and subsequent dis
sociative recombination of the formed molecular ion, the Balmer series can not be excited 
since the chemica! energy contained in t.he reaction is insufficient. As T, ~ 0.2 eV and 
n. ~ 1018 m- 3 [4], the relatively large emission in case Cis again explained by the charge 
exchange of t.he Ar+ ions left from the are with recirculating rovibrational excited molecules 
and subsequent dissociative recombination of the molecular ion. 

The absence of emission from high levels in the case of Ar/Hi/SiH 4 plasma suggests that 
there is a low remaining content of H+ ions which we assumed to be essential in producing 
high level excited Balmer lines. From probe measurements it is known that the electron 
density in this plasma is approximately an order of magnitude lower than in case C (n, ~ 1017 

m - 3
) [5] . If t ne Balmer line excitation is totally due to three particle recombination, the 
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Figure 1: Spectra measured for different plasma compositions at 32 cm from the exit of the 
are. left: global spectra! range 3500-7500 À; right: the SiH spectra! range 

dependence on n, is cubic. Therefore the emission of t.he higher Balmer lines disappears in 
case B compared to case C. Since the emission of Ha and H11 is only slightly affected, this is 
another indication that also in case H, H0 and Ho is mainly due to reci rculating rovibrational 
excited molecules. 
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A PROPOSED NOVEL SCHEME FOR CONTINUOUS WAVE • XUV LASING 
BASED ON A PLASMA JET 

M. Pöckl. H. Störi, and F. Aumayr 

lnsritwFur Allgemeine Physik, TU Wien, Wiedner Hauptstr. 8-10, A-1040 Wien, Austria 

A novel scheme to achieve continuous wave (cw) lasing in the XUV spectral region is proposed. It 
is based on recombination pumping (1] in a freely expanding Li plasma produced in a high 

pressure, high temperature plasma jet. Stationary cw-lasing at 72.9 nm can be expected by 
inverting the Li m (2-3) Balmer-a transition following three-body recombination of bare Li3+ 

ions. 
In order to determine appropriate conditions for XUV - laser activity in a plasma jet, a time

dependent, zero dimensional collisional radiative model has been developed. In the hearing region 
in front of the nozzle coUisional-radiative equilibrium has been assumed, white behind the nozzle 

the jet has been treated as an adiabatically expanding plasma sphere. Assuming an initia! 

temperature and pressure, the tempora! evolution of plasma radius, expansion velocity, 
temperature, electron density and the relative densities of uO atoms and Liq+ (q=l.2,3) ions can be 
described by a set of coupled non-linear ordinary differential equations where the initia! values of 

the relative densities of heavy particles are detennined by the collisional-radiative equilibrium, and 
the initia! value of the expansion radius is given by the geometry of the nozzle. The relative 

population densities of excited Li2+(n) states are calculated in a quasi-steady-state approxirnation. 

Calculations have been performed assuming different initia! conditions with temperatures 
ranging from T 0 = 50 000 K to 300 000 K and pressures from p0 = 1 to IO bar. The calculated 
maximum cw-gain values range from several 10-7 cm·1 to several 10-2 cm·1. In fig. l the electron 

density Ne, the plasma temperature T and the gain coefficient G32 for the Li III Balmer-a 
transition are plotted as a function of the expansion time t for the case of a T 0 = 180 000 K, 10 bar 
Li-jet. The internal diameter of the nozzle has been assumed with 1 rrun. The time t corresponds to 
a certain distance z from the nozzle downstream the jet which can be estimated by ta.king into 
account both the velocities of expansion and plasma flow. As can be seen from fig. ! population 

inversion stans shortly downstream the neck of the nozzle and remains positive up toa distance of 
several millimeters. In the case shown, the resulting gain coefficient reaches a maximum value of 
about l.4xI0·2 cm·1 and is therefore comparable to other cw-discharge lasers like the Ar-ion 

laser. 
Besides the problem of a high quality optica! resonator for 72. 9 nm radiation, the feasibility 

of such a concept strongly depends on the possibility of continuous formation of a plasma of 

sufficiently high temperature and density in a plasma jet. Hence an estimation of the required cw
pumping power is of interest. Ta.king into account the intemal energy of a highly ionized 
180 ()()() K, 10 bar plasma which flows with speed of sound through the nozzle, as well as 
energy losses due to radiation and thennal conductivity. we estimatc the necessary power which 
has to be deposited within the plasma 10 be abou1 200 kW. Plasmaje1s with electrical input powers 

of 100 kW to several MW are available [2] but additional healing by a cw-laser (e.g. C02) would 
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probably be necessary. However, the resulting power density exceeds the capacities of even the 
most advanced wall materials. The only way to circumvent this problem would be the use of a gas 

blanket, surrounding the Li - are. This would case the situation in several ways. First, the 

temperature gradient will be reduced, thus reducing the losses due to thermal conductivity. 

Secondly, the internal surface area of the nozzle hearing the thermal load would increase by more 
than an order of magnitude, reducing the power load even funher. Thirdly, the blanket gas would 

be heated by the are, carrying away a fraction of the energy lost by the jet due to thermal 

conductivity. Another aspect to be considered is the high viscosity of hot, highly ionized plasmas. 

Viscous drag could make it difficult to reach a sufficiently high velocity of the plasma jet Again a 

cold gas blanket seems to help solving the problem. Finally, if additional laser - heating is 

required, a gas blanket offers the advantage of improved accessability of the honest part of the 

plasma. 

Fig. l : Tempora( and colTCSJ>Ollding estimatcd spatial evolution or elecuon density N
0 

(solid curve). tcmpenuure T 

(dashed curve) and gain coefficient G32 for the Ll rn (2-- 3) 72.9 nm transition (dotled curve). 

In summary we are fully aware of the formidable technologica! problems for realisation of the 
proposed scheme. However, we are convinced that these problems can, at least in principle, be 

solved. More details of the model which has been used to estimate the gain cocfficient and the 

pumping power requircments, as well as a possible experimental set up wil! be presented at the 

conference. 

Work has been supported by Ausrrian Fonds zur Förderung der wissenschafrlichen Forschung. 
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ABSORPTION AND STIMULATED EMISSION BETWEEN THE 
ELECTRONIC STATES OF C AND C 2 RADICALS IN AN EXPANDING 

THERMAL PLASMA 

D.K. Otorbaev, M.C.M. va.n de Sanden, A.J.M . Buuron, J.W.A.M. Gielen a.nd D.C. Schram 

Department of Physics, Eindhoven University of Technology, 
P.O. Box 513 , 5600 MB Eindhoven, The Netherla.nds. 

In a recombining plasmas the atomie and molecular excited states are populated by the flux 
of particles going from the ionized states to the ground electronic state of the neutrals. In 
this situation the conditions favorable for the population inversion between quantum sta.tes 
can occur. In this paper absorption spectroscopy bas been applied to measure the absolute 
densities of C and C2 radicals during the deposition of carbon coatings by an expanding 
thermal are plasma. A stationary population inversion between the electronic quantum 
states of the C1 molecule is observed for the first time. 

The measurements are carried out in the expanding thermal plasma produced by a cas
caded are, described in detail elsewhere [!]. In the cascaded area thermal plasma in argon 
is created in a cylindrical channel. This plasma expands into a low pressure vessel through 
a conically shaped nozzle. The plasma conditions under which the experiments have heen 
performed are the following: background pressure 20 - 200 Pa, argon flow ra te .58 - 116 scc/s, 
hydrocarbons are injected either at the end of the are channel (nozzle), or directly into the 
vessel with flow rate 3 - 6 scc/s, are current 45 A, are voltage 70 - 80 V. The measurements 
of the spectra! line intensities are performed by the optica! system, which consists of one 
reflective concave mirror, a.nd a system of a plane mirrors and lenses. To measure the density 
of the states a method of reabsorption with a mirror (which is identical to the method of 
two identical light sources (2)) have been used. For the determination of the line absorption 
function Ai [2], the mirror reflectance coefficient r = r(.X) should be known. Coefficient. r(À) 
is measured using a spectra! line for which the plasma is optically thin. 

The method was first applied to measure the argon density in the first excited state 
Ar(3p54s) in a pure argon plasmas. In the similar condition the Ar(3p54s) density was 
recently accurately measured using an external bright light source [3]. The absorption of the 
spectra! line À = 696.5 nm (Ar(3p54p--+ 3p54s)) is used to determine the absolute density 
of Ar(3p54s. 3 P2 ) state. The averaged over the plasma cross section absolute density of the 
Ar(3p54s, 3 P2 ) state is nAr(4•) :::'. 2 · 1017 m-3

. This value is in good agreement with detailed 
measurements of Buuron et. al. [3]. 

To measure the C2 molecules density in the expanding plasma the Swan system of C2 

(cfn9 , v' = 0 --+ a3n. , v" = 0 transition) has been used. The values of line absorption 
function Ai [2] obtained for the band-head of the Swan system of C2 (d309 , v' = 0 -+ 

a3Il., v" = 0 transition) in both argon/methane and argon/acetylene plasmas are shown 
in Table. As can be seen Cor all the conditions with methane injection into the reactor , 
a negative absorption takes place. The negative values of Ai give fairly large population 
inversions. The total density of the excited C2(d3TI9 , v' = 0) molecules Cor the experimental 
conditions, presented in Table, give nc,(d'Ol densities in the range from 2 · 1018 m-3 up to 
1.5 ·1019 m-3 • Overlapped molecular spectra] line absorption has been trea1ed as in Ref. [2]. 

For the conditions with a ncgativc absorption only the density of the upper state of 
the t.ransition can be determined . At the same time, when acetylene was injected into the 
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reactor the absorption was positive, and the absolute density of C2 molecules in the lower 
state C2(a3Ilu, v" = 0) can be derived. For the conditions, presented in Table, nc,(a'OJ was 
in the range 3 to 5 ·1018 m-3. Note, however, that the measured AL values, as well as the 
molecular densities are averaged across the plasma beam, and the local absolute values for 
the absorption function and for the densities may be even larger. A major principal differ
ence between the injections of methane and acelylene to the reactor is the sign of AL. As an 
explanation it seems reasonable to assume that with the acetylene injection into the reactor, 
the direct collisional and/or thermal dissociation reaction: C2H2 -+ C2 + H2, becomes most 
important. Probably this reaction mainly populates the low-lying electronic states of C2 and 
H2, which gives posit.ive absorption. 

Gas mixture Flow rate C,H, Axial position Pressure AL 
(scc/s) injection (mm) (Pa) 

Ar 58 - 70 40 + 0.29 
CH4 /Ar(1:20) 61 nozzle 70 50 - 0.25 
C H4 / Ar( 1 :20) 61 nozzle 70 100 - 0.36 
CH4 /Ar(1:20) 61 nozzle 70 200 . 0.30 
C H4 / Ar( 1 :20) 61 vessel 70 100 - 0.06 
C2H2/Ar(l:20) 61 nozzle 70 100 + 0.16 
C2H2/Ar(1 :20) 61 vessel 70 100 + 0.10 

Attempts have been made to apply the same method to the atomie carbon absolute 
density determination by using the spectra! line À = 247.9 nm (C(2p3s, 1 P1 -+ 2p2, 1 S0 )). 

In order to measure the reflectance coefficient of the mirror, the same carbon line emission 
was used, hut in a specific experimental regime, where the plasma is thought to be optically 
transparent for the radiation. Averaged across the plasma beam, the carbon density was in 
the range of nc = (2 - 9) · 1018 m-3 . 

In order to understand the mechanism of the population inversion between the elcctronic 
quantum states of C and C2 radicals in an expanding plasma, more additional experimen
tal information is required. Although in the case of rapidly recombining plasma the upper 
quantum states of the radiative transitions is easily populated, the queslion remains about 
the mechanisms and efficiency of depopulation of the lower states of radiative transitions: 
C2( a3 Il.) and C(2p2, 1 S0 ). Since the radiative transitions from these states to lower lying 
st.ates are forbidden, the only collisional quenching has to be considered. Another additional 
reason for the depopulation of the lower quant urn states of C2 and C might be {ast clustering, 
which a~ has heen shown [4] is very effective in expanding plasmas. 
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EXPANSION OF PLASMA JET INTO VACUUM VESSEL 
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252017 Kiev, Ukraine 

lntroductlon 

Expandiog plasma are: uscd in many industrial applications. For these applications, a good control 
of the plasma parameters is vcry crucial. In accordancc with dW, cxtcnsive cxpcrimental and 
thcorcûcal rcacarchcs have been pcrfonncd to study somc intcrcsting features in free cxpanding 
plamw. Thcsc are: the coupling betwccn the ionization-rccomb phcnomcna a ·d the flow 
propcrlicsc.But in many phyaical cxperimcnls the plasma jet cxpands into a vacuum camera and 
the ûrlluence of camera walls can be significant 

The aim of this paper is numcrical calculation of the supcrsonic expanding argon plasma jet 
into cylindrical vacumn vesscl. 

Model 

In Ibis model the plasma is considcrcd as a thrcc-phase medium, which COllBÏSll! of ~utral atoms, 
ions and elcctrona. The local elcctron conccntration n, equals the local ion conccnlration n, , but 
the tc:mpc:raturea of the elc:ctrons T. and heavy particlcs r;. are diffcrmt. 

The plasma flow is asswnc:d to be axisymmc:tric, two-dimc:nsional and non-isothcnnal. 1t is 
dc:scribcd by the following cqualions 

{ 8; +(wV)w )+VP=O, 

011
n + v( wnn) = n;n;rr - n.n1rr;. or 

on,+ v( wn,) = n,n)rr; - n;11irr, 
or 

o(n/î;) + V(11tE;w)+ V(P,w)= Q.,1, 
or 

o(n,E,) + V(n,E.w)+ V(P,w) = -Q.,1 +Q, 
ot 

in wbich p is the plasma mass density, P = P, + P, + Pn is the sunuruuy plasma pressure, 
P;, P,, Pn is the ion, electron and neuttal alOltUI partial prcssure" "•, 11; , nn dcnotc the 

den&ities of electrons, ions and neutra! atoms, respcctivcly; E • , E; are full clcctron and ion 

cnergies, w is the vector of the plasma velocity. 
The tcnn Q,1 is the volumetrie cnergy exchange ratc betwcen clc:ctrons and heavy panicles duc 

to elasûc collisioos. lt can be cxpressc:d by [ l] 

Q,; = 3n, m, v.nk(T., -1},), 
m1r 

wben: m, and m11 are the elc:ctron and heavy pal1iclc mass, v,;, dcnotes the avcrage clastic 

collision frequency betwcen electrons and heavy particles. 

248 



Both the total rccombinalion ratc r" for thrcc particlc recombinalion and the ratc cocfficicnl 
for ionizalion r, are gMn acconting to [2]. The coacsponding cnagy source for thrcc partidc 

rccombination in the elcctron cquation is givcn by 

Q =-H,(n~,,Ii-n;n,r"). 

Results 

The calculations kussed in d1Îll paper are pcrfonncd fur the supc:noniç argon plamna jet 
expanding into vacuum vcssc:l with lcngth L=0.2Srn and radius R=O. lm. Typical valucs of plasma 
parameters at the ~• enter are nexi: 

T,, = lleV, T; = 0.26eV, n. = H>22 m-3, n" =no= 1()
23 m-3, Wo = 3x104 ml c. 

Fig.1 il1ustratcs a thrcc dirnensioml dislnDution of the c1cctron dc:mity aftcr the plamna flow 
rcflection frorn camera waDs. It is sc:eo tbat the shock wave is crcatcd. Bcsidcs, the rotaûvc motion 
of plasma is appcan near the vcsscl angk:a. 

The calculatcd axia1 profilcs of the clectron tempcraturc and the plasma wlocity at diffc:n:DI 
time is shown in fig.2. 

ZA\ 
Figurc 1: Threc dimcnsional impn:ssion of 
the sp$al. profile of thc clcctron 
density in the cxpamion at 
t =8Ro !w0 
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Figurc 2: Compariaon of the calculatcd axial 
profile& of the clcctron tcmpcrature ( 1,2) and 
the plasma axial vclocity (3, 4) at diffc:n:DI 
time: the solK1 lincs - t = 8J?o I w0, the daahca 
linea - t = 4Ro f Wo . 

It is sccn that the elcctron tc:mpeu1twe dccreasca , and axia1 vclocity U weakly increasea at thc 
.increasc of u:ial coordinarc z. Ma the rcflcction of thc plasma flow fullD the YCllSC1 wan (at 
z=0.2Sm), the rcgion of the revc:nc plasma flow ia crcatcd bebind thc lhoc:k w.vc. Therc is the 
intensive incrcasing of the clcctron tcrnpcraturc in drll rcgion whidl ~ the ionisaáon ratc 
incrcasing. 
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ON A TWO-DIMENSIONAL SIMULATION OF THE DYNAMIC BEHA VIOUR OF 

IDGH PRESSURE MERCURY DISCHARGES 
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To perform efficient electronic power supplies for gas discbarge lamps, it is necessary to have a 

good knowledge of the discharge's time-dependent behaviour [l ]. For this purpose, bath 

measurements and numerical simulations concerning different physical quantities, namely 

temperature profile, line intensities, net emission coefficient, ... (2-3] have been performed for high 

pressure discharge lamps operating in the dynamic regime[3-5). 

All these works, excepting reference [ l ], concern only an axially uniform are column. The 

electrodes as well as the region behind them are neglected. The latter is however very important for 

a good understanding of the mercury distribution in the burner. In the present study, we deal with a 

two-dimensional simulation of the dynamic behaviour of high pressure mercury discharge. 

Model 

The simulation of are properties is performed with a time dependant two-dimensional code. 

The mass, energy and momentum continuity equations are solved in order to calculate time 

variations of axial and radial temperatures, velocity distribution as well as electric field of vcrtical 

operating discharges. Numerical resolution is done in cylindrical geometry using a finite element 

scheme. 

lt is assumed that the electric field is purely axial and magnetic forces are neglected. Besides, 

the discharge is supposed to be in L.T.E. Under such assumptions, all the discharge properties can 

be deduced from the temperature distribution. Thus, the required material functions namely thermal 

and electric conductivities, specific heat of are plasma as well as net emission coefficient are 

assumed to be fully described by the local temperature only. It is also assumed that convective flow 

is laminar, and that electrodes have a cylindrical shape. 

Results 

Calculations are performed for several discharges with different mercury load and operating 

vertically under AC or DC supply . Specific are tube parameters are the following : 
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Figure 1: Variation of the axis tcmperature for 
are column and at Jmm abovc lower electrodc during a 

complete cyclc of the AC lamp current 
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Figure 2:.Variation oflhe mercury lossbehind 
elcctrodes as function of the total mercury amount 

The variation of the axial are temperature both in the middle of the positive column and a few 

mm above 1he lower electrode during a complete cycle of the AC current is sbown in figure 1. 

These resulls are given for an operaling frequency of 150Hz and a current value of 3.00A (rrns). 

The axis temperature is nearly constant in the are column and increases towards both electrodes. 

The maximum difference between the electrode hot spot and are column temperature is about 

1500 K. Tuis corresponds to an electric field strenglh close to its maximum. In figure 2 we present 

the variation of the mercury amount behind the electrodes as function of the total mercury amount 

introduced in the burner. The hot gas coming out of the are channel, heat the region bebind the 

upper electrode. Thus, the mercury amount in this region is less than that behind the lower 

electrode. The difference between the two regions increases when the total mercury amount rises. 

This is due to the increase of the hot ga~ flow coming out of the are channel and healing the upper 

zone. 
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NON-L TE MECHANISMS IN HIGH PRESSURE NA-XE DISCHARGES 

SándorHolló 
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Váci Ut 77. Budapcst, H-1340 HUNGARY 

There exist several indications that L TE is not valid even approximately in high pressure discharges. 
Earlier work of Waszink [ l] proved that close to the wall of a high pressure steady-stale sodium are electron 
temperature deviates significantly from that of atoms and ions due to rcabsorption of radiated energy. In a detailed 
multi-fluid model for atrnospheric argon discharge Kovitya et.al. [2) proved that close to current zero L TE and 
non-L TE predictions differ significantly because of transient behavior of electrons. More recent works on high 
pressure ICP plasmas repon similar results, too (3]. 

In this work a consistent time dependent model was set up accounting for all imponant phenomena 
quantitatively. 

The Model 
There are two major mcchanisms that proved to be responsiblc for non-L TE effects in high presswc 

discharges: electron temperature deviates from that of heavy particles. so electron encrgy balance has to be 
considcred separately, rnoreover. collisional ionization-rccombination is not in Saba-equilibrium duc to uanspon 
proccsses. so dctailed ioni.zation kinctics is to be taken into account. For a cylindrical high prcssure sodiurn-xcnon 
dischargc the following assumptions wcre made: (IJ ambipolar dilfusion of electrons and ions is considered; (ii) 
only Na is ioniz.cd, Xe acts as buffer gas controlling transpons, (iii) kinetics of ioni.zation is considered only, 
cxcitcd states of Na are supposed to be in equilibrium with electron tcmpcrature. 

The panicle balance of elcctrons and ions is: 

~; +~: (rf;) = an;[S(T.)11o-nn • r 

Heren; is the Na ion or electron conccntration. f1o is the Na atom conccntration, S( T.) is the Saha-function, a 

is the recombination coefficient 121. and r, is the ambipolar ion flux: r, = -/JkiJ/iJr[(7; + T)n;] with /J 
being the friction coellicient of Na ions with Na and Xe atoms. T. and T are the electron and heavy particle 
tcmperatwcs. respectively. 

Energy balance of clectrons is: 

c ar.. _.!..~(d 0 T.) = aE2 
- er- AI - T)-U 

' IJt r iJr ' iJr ' ~' ' "" 

wherc c, and À.
0 

are the specific heat and heat amductivity of clcctrons. Note, that thcy should includc the 

contribution of excited states. l'irst term on RHS rcpresents Joule-healing of the elcctron gas with u being the 
electrical conductivity of the elcctron gas, and E the axial electric field. Next term is duc to energy gain and loss 

via ioniation and rccombiaation, where &, is the specific ionization encrgy. ç characterizes tbc heat transfer 

hom the elcctron gas to the heavy particles. l'inally U,.. is the cncrgy term due to ernission and absorption of 
radiation. Detailed radiativc transfer is solved for calculating this term. A method described in [4] is used in which 
scveral line broadening mccbanisms are included and detailed emitted spectra are obtaincd. 

Finally. the cnergy balancc ofatoms and ions is: 

iJT 1 iJ ( éJT) c ---- rÀ. - = r(T_-T) • IJt r iJr • or ~ • 
Boundary conditions: all gradients are zero at the axis; ion fl1L'< and electron heat flux are set to zero at 

the wall (sec (2)): tcmpcrature of the heavy panicles is cqual to the prescribed wall cemperaturc. 
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Resulu 
Three types of results are compared here: detailed non-equilibrium (DNE; full set of equations are 

solved), ionization is in equilibrium at the electron temperaturc (eLTE; electron energy balancc of electrons and 
heavy particles are solved, with careful attention to include ionization energy into electron specific heat and beat 
conductivity), and LTE approach. For all cases DNE prowd to be indistinguishablc from elTE, i.e. ionization is 
fast enough in this system to drive the elcctroo-ion concenttations very close to the Saba value. In the figures oniy 
eLTE and LTE are comparcd. 
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distributions In DC ~. 

Tube radius: 3 IWD. 

Current: 3.0 A. 
Operating pressurcs: 

0.1 bar Na, 4.0 bar Xe. 
Wall tcmperaturc: 1400 K. 

Elc:ctroo temperatWe 
differs from gas temperature 
significantly at the wall, as in 
[!] . 

Flpn: 2. 
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diffcrencc in the reignition 
peaks. Close to current zero 
clcctron tcmperature and 
electron collision frequency is 
low. so coupling in betwecn 
electrons and hevy particles is 
weaker than at higher cum:nt, 
higher electron temperaturc. 



THE NONEQUILIBRIUM PROPERTIES OF ffiGH-DENSITY PLASMA 

Victor A. Zhovtyansky 

Department ofR.adiophysics, Taras Shevchenko University, Kiev 252017, Ukraine 

lntroduction 

It is weU known that the dense plasma reaches the local thermodynarnic equilibrium (L TE) state at 

a lower threshold value of electron density Ne if a self-absorption of (resonance) radiation takes 
place. But another aspect of this situation are deviations from L TE as a result of radiation transfer 
in spatially nonuniform plasma. Especially as near the boundary at least any dense plasma is 
nonuniform. 

Simple models 

The effect of resonance radiation transfer can be illustrated in the model calculations for plasma of 
free-burning and wall-stabilised electric arcs. For the first of them the real smooth temperature 
profile was approximated by the "step" in Ref. [I]. Another simple model includes exponencial 
profile oftemperature Tin the near-wall plasma (Fig. !): 

T(p) =To -(To-Tw) exp(-p/R), 

where To and T w are the temperatures of nondisturbance plasma and the wal!, p - distance from 
the wall and R - characteristic lenght. Typical for electric are between copper electrodes 
(discharge current i=30 A) parameters of plasma are taken into account. 
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Figure 1 : Model approximation for a simulation of 
radiation transfer in a plasma of wall-stabilised 

electric are. The constant copper content Xcu = 

3.3% along the space coordinate is considered. To= 

9000 K, Tw = 5000 K; R = 0.3 - 3 mm. 

The collisional-radiative mechanism of population includes individually the group of resonance 
(wlèl energies E=3.79 and 3.81 eV) and metastable (E=l.39 and 1.64 eV) copper atom levels. 
Radio.ation transfer was accounted. This calculation shows that the population "temperatures" of 
the r..mited metastable T1--0 and resonance Ti..o levels differ essentially from the local temperature 

of pmicles Te (Fig. 1 ). This effect is caused by the resonance radiation influence. Therefore the 
pfilT'....illl L TE model (PL TE) is assumed. 

Plasna spectroscopy problems 

The nonequilibrium properties of high-density plasma under consideration should have essential 
inlk1ence on the spectroscopy diagnostic of the plasma. There are two reasons at least. The first 
group of them is connected with advantagelly volume properties of plasma. With respect to 
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deviations from L TE the resonance radiation transfer has to be taken into account. lt should be 
included in collisional-radiative mechanism of level populations too. Sueh approach for 
detennination of radial distribution of cooper vapour from electrodes in free-buming electrie are 
plasma was developed in Ref [!]. This problem is computed by itteration process. In the first 
stage L TE assumption is used. And in the next stages of this process should be satisfied 
simultaneously the Dalton equation in PLTE model and the radiation transfer condition at each 
point of are radius. The next problem is the self-absorption of the spectra! lines used in 
temperature measurements. ·In this case the iterration process should be continued until computed 
radial profile of this lines wÏth account of absorption wil! coincide with experimentally observed 
profiles. Especially essential this circumstance is in temperature measurments if the spectra! lines 
oftwo ionization stages are used. This provides very good aecuracy. But the resonanse transition 
of higher stage of ionization should be included in analysis. Moreover, results of well known 
calculations for helium in PLTE [2) should be reexamined. It is essentially important because of 
good pronounced radial structure of helium plasma as a result of its high heat transfer. The 
second reason is connected with nonequilibrium ofnear-wall layer in bounded plasma as shown in 
Fig. 1. And just through this "filter" are implemented spectroscopy investigations. The more thin 
is the layer, the more complicated is problem of its spatial identification by methods of Abel 
transformation. It is especially danger in the case of essential addition of nonequilibrium radiation 
to genera! emission of plasma. 

Electric probe measurements 

Just as in a low-density plasma electric probe is very useful instrument in a dense plasma But in 
this case the diffusion regime is typical for the cylindrical probe. In this regime 

d <<)..<<R<<L, 
where d is the near-probe Langmuir layer size, À is the ion free path length, R is the probe radius, 
L is the characteristic ioniiation length The theory of diffusion probe was based on the L TE 
assumption [3). Peculiarity is the ion current saturation value does not depends on the probe 
radius. This allows to identify easy sueh regime if the double probes of different diameters are 
used. We have examined experimentafiy the diffusion probe from viewpoint of nonequilibrium 
properties of its near-probe layer. It is due to the resonance radiation transfer in the layer. The 
comparison of independent spectroscopie and probe measurements in pulse helium and argon 
plasma have been founded such effect. This may leads to the difficulty of the probe measurement 
results interpretation. 

Conclusion 

Having the spatial limitation and temperature gradient the real high-density plasma exhibit 
essentially nonequilibrium properties. Assumptions of L TE even in electric are plasma are 
exceptions to this rule and should be analysed specially each case. 
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Modelisation of the initial phase of an electrical breakdown 

lntroduction 

M. Ai:ache, M. Fitaire 

Laboratoire de Physique des Gaz et Plasmas, Université Paris X1 
Bat 212, 91405 Orsay CEDEX, FRANCE 

The breakdown of a DC electrical discharge between two parallel plates is considered as an 
infinite succession of electronic avalanches [!].In this paper, we report a study by simulation 
of the role played by photoelectric effects at the cathode in the initia! discharge formation 
process. The avalanche growth is described by numerical simulation using a MCC-PIC method 
[ l ]. 

Kinetic Model 

Tbe physical processes used to modelise the electronic avalanche are: 
1. Gas ionisation (e + X-- > e + e + X' ) 
2. Gas excitation and deexcitation ( e + X --> x· and x· -- > X + hv) 
3. Electron secondary emission at the cathode (K) (X• + K--> e+ X and hv + K-- > e) 

The UV photons due to their high energy are very efficieot to produce a photoelectric effect; 
but, in most cases, they are strongly reabsorbed by the gas (resonnant radiation). If N1(t) is the 
number of atoms excited on a j level at timet, the equation of transport of radiation [3,4} is 

(1) 

where Bj is the decay factor. Assuming that all deexcitations are radiatives, the number of 
photons emitted after one electronic avalanche is 

(2) 

The angular distribution of radiation being isotropic, the number N .... of photons emitted by the 
gas and reachiog the cathode depends on the discharge geometry by a factor !],: 

(3) 

A photoelectric effect at the cathode is taken into account in the model if the photons energies 
lrC larger than the work function of the cathode material and if the photon flux is higher than 
1 threshold 

(4) 

E.quation (4) can be written, using (l) (2) and (3): 
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(5) 

Solving equation 5, one obtains the time necessary to produce an electron at the cathode by 
photoelectric effect foUowing an avalanche itself generated by one initial electron. Equation 5 
has been solved for Argon and for several electrical fields values. 

Fig 1: 
gas Ar; 
p=lTorr , 
Excited level 
:IP,, 
Threshold:y"·1 

.c 
a. z 

Nb of photons reachlng the cathode 

1E4 ·································· · 
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Figure 1 shows that the time necessary for the ignition of the secondary electronic avalanche by 
a photoelectron is of the order of lO'ns; this value is to be compared to the calculated time for 
ignition by ionic bombardement which is of the order of 10 µs. A short time of reignition 
supposes the creation during an electronic avalanche of a great number of excited states N;(O) . 
This number depends on the reduced electric field Elp and increases with the initia! number of 
electrons k...,. This model is able to describe the evolution of the system with these two 
parameters. The aim of the study is to show the influence of the photoelectric effects at the 
cathode on the gas breakdown, particularly on the time necessary for the electrical discbarge to 
be establisbed. 
We have already observed (5) that the use of electron sources reduces this time by several orders 
of magnitude. 
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ON THE ACCURACY OF THE WANNIER FORMULA DURING 
NONSTATIONARY PERIOD OF IONIC TRANSPORT 

T. $jmko, V. Martisovits and J . Bretagne1 

Department of Plasma Physics, Comenius University 
Mlynská dolina F2, 842 15 Bratislava, Sloval<la 

The aim of this contribution is to study the ionic transport in a cold gas during the 
transition towards a steady state in high external electric field. Homogeneous assembly of 
ions is initially at rest when the constant electric field is suddenly switched on. 

The Convective Scheme method [1] has been implemented to obtain the time evolution 
of 3D ion distribution fun ction. The only assumption made was that of axial symmetry 
of the distribution function . Care has been taken to elimioate finite velocity mesh effects. 
The designed procedure was justified by testing various well-studied models ranging from 
inelastic Reid's ramp and step models for electrons to elastic rigid-sphere, Maxwell's and 
charge-transfer models for heavy ions. 

As an illustration, the accuracy of the Wannier formula [2] for the mean energy of ions 
in steady state (t -+ oo) was tested. Results are presente<l in Fig. 1 for rigid-sphere and 
Maxwell's model for wide range of m/M, the ion-to-neutra! mass ratio. The values agree 
with Skulferud's results [3] to better thao 0.2%. 
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0.88 0 ~-~~~~--~~~~~ 
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m~ m~ 
Figure 1: The comparison of rigid-sphcre and Maxwell's model results 

The dimensionless relaxation t imes for the drift velocity, tbe meao energy a nd the Wannier 
formula are reporled in Fig. 1, 2. The relaxalion time is defined as an instant after which 
the mentioned quantities are less than 1% deviated from their final values. Here, v ... (oo) 
denotes the collision frequency for momentum transfer at steady state. 

As a second example, Fig. 3 reprcsents the accuracy of the Wannier formula for the case of 
i,>ns in the parent gas, where both the rigi<l-sphere and the charge-transfer intcractions take 
place. The relaxation times for the Wan nier formula are plotted also in Fig. 3. The reason for 
''bserved threshold-likt> behaviour 11c11.r probability for diarge transfer 0.71 is the overshoot 

1 LAboratoire J , Physique ties Gaz et des Pl;u;ma.• , \Jniversi té Paris-Sud, 9110;) Orsay Cedex. Fran<.e 
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phenomenon [4) during the transient stage: for this value the over-relaxation exceeds 13. 
The overshoot for charge-transfer interactions was discussed elsewhere [5j. 
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Figure 2: The comparison of rigid-sphere and Maxwell's model results 
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Figure 3: Results for concurrent both rigid-sphere and charge-transfer interactions 
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A New Type Plasma Instability in High Electric Fields 
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The qua.ntum statistica! investlgation of plasma oscillations under the infiuence of strong 
electric fields ca.n be performed by the dieledric function in the random phase approxima
tion. The latter can be expressed through the correlation functions (1). Lipavsky et.al[2) 
have given an alternative Ansatz for relating the correlation function and the Wigner 
function, which, in fact, is exact for the Hartree-Fock approximation for the self-energy. 
This ansatz is superior to the Kada.noff-Baym ansatz in the case of high external fields: 
(i) it ha.s the correct spectra! properties, (ii) it is gauge invariant , and (iii) it preserves 
causality. As a consequence, quantum kinetic equations derived with this ansatz coincide 
with those obtained with the density matrix technique (3], and it reproduces the Debye
Onsager rela.xation effect [4]. Using this generalized ansatz one finds an a.dditional field 
dependence in the RPA dielectric function [5]. 

A first approach is to evaluate this field dependent RPA with a displa.ced Ma.xwellian 
distribution 

/w(p) = n.\
3
(TE)exp [~1:n~B~;] 

including the field dependent electron temperature TE and the drift momentum Q. This 
results in (5) 

[ID(<~+ mwTi- Q · K)./P) 
2m11T mKvr 

- w (--+ ) fJ ( 
-K mwTi - Q · K .JP)] 

2m"T mK"T 
{!) 

with .,jlJ = ka . The thermal velocity is "T = Ja'!{& and the im·erse Debye screening 

length is K. Furtber, we have introduced the dimensionless field parameter a = lJ.ffi · 
À~&>, and w(x) rea.ds w(z) = e-"

2
erfc{-iz), wbere erfc stands for the complement of 

error function. First, in the limit of va.nishing fields (which also coincides with the case of 
wave propagation perpendicular to the field), the constant a vanishes, and one finds the 
well-known result for the quantum RPA dielectric function for Maxwellian pla.sma.s and 
can be rewritten in terms of 1Fi functions [l]. 

lt is noteworthy that Im[c{K,w)] becomes negative at certain frequencies and fields. 
This behavior suggests the existente of unstable modes. Recall that the mean field energy 
Q gained from (or lost to) a longitudinal test wave with amplitude Ei in the plasma can be 
expressed as Q = ~wlE112Im(<(K,w)). Thus, a change of the sign in the imaginary part 
of the dielectric function indicates a change in the direction of energy transfer. This can 
be interpreted as a propagating wave ga.ining more energy from the surrounding plasma. 
than losing to it, thus being unstable. This interpreta.tion is further confirmed by studying 
the excitation spectrum lmc1(K,w), which is plotted in Fig. 1. 

The instability found in our work has another origin than the ones discussed conven
tionally [6]. Nonnally one would attempt to calculate the intluence of the applied electric 
field on the distribution function a.nd, with the help of the Penrose (7] criterion, sea.rch for 
regions wbere an instability may occur [4] . 
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Fig.1: The spectral function of the excitation spectrum Imc1 of quantum RPA dielec
tric function vs. frequency for wave vector K = 0.00384aö1

• The assumed temperature 
is T = 16000 K. The deviation from the field free curve (solid line) is plotted for three 
different field strengths: E = J08V /m ( dashed line), E = 109V /m ( cha.in line), a.nd 
E = 1010V /m (dash-dotted line). It is chosen the case E = 109 V /m as an insert in order 
to illustrate the oscillating behaviour at special field strengths. 

In order to obta.in more physical insight in the nature of the instability we consider 
the long wave length limit, which corresponds to the classica} expression of (1 ): 

w
1 

[ eE. kJ l(k,w) = 1 - -1 1+6 i --2 + O(k2
) . w mw 

(2) 

The energy transfer takes the form 

2 eE· kw~ 3 Q = -3coE1 ~ + O(k ), 

where the negative sign indicates the growth of wave. This instability can be understood 
as a nonlinear Landau damping for small k in high electric fields. This is confirmed by 
the fact that this energy transfer is completely independent of collisions. In the Appendix 
of [5] we give a physical derivation of this nonlinear Landau damping in high fields. 

The instability disco,·ered in the present paper follows from using the GKB ansatz, 
which is an exact relation in Hartree-Fock approximation of self energy. Had we used the 
older KB-ansatz[8], no instability would occur. This underlines the care required when 
working with nonequilibrium Green functions. 
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SPATIAL RELAXATION OF ELECI'RONS INTO HOMOGENEOUS STA~ 
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lntroduction 
An important subject of current interest with respect to the theoretica! treatrnent of real discharge 
plasmas as wen as to the further development of the kinetic description of the electron 
component concerns the electron kinetics in spatially inhomogeneous plasma regions. Such 
inhomogeneities occur e.g. (i) in plasmas due to the introduction of grids, constrictions or probes 
leading to spatial disturbances or to standing and moving striations, (ii) in the interface between 
the plasma and its enclosing material wall and (iii) in front of the discharge electrodes. In order 
to improve the understanding of the complicated behaviour of the electrons in spatially 
inhomogeneous regions the relaxation of the electron component to homogeneous states in a 
helium and a model plasma uuder the action of an electric field is comprehensively studied. This 
investigation is based on an accurate and very efficient approach recently developed for the 
solution of the one-dimensional inhomogeneous electron Boltzmann equation under the acrion 
of elastic and inelastic electron collisions with gas atoms and of an inhomogeneous electric field 
in weakly ionized, collision dominated plasmas. 

Main upects or the kinetic approach ad the nlaxation model 
Starting point of the spatial relaxation study is the inhomogeneous stationary electron Boltzmann 
equation 

v·V1/- e0Ë·V,J • C"(f) + "f:,C1:"'U> 
m 1: 

for the velocity distribution function /(v,.i)with the electric field Ë and the collision integralsC" 
and C1:"'. When assuming the electric field to be of the form Ë=E·l:• performing the two-term 
expansion /(v,v1 /v,z.)=fo(v,z.)+(v

1
/v)J,,(v,z.) with v=fVI of the velocity distribution f in 

Legendre polynomials and introducing the kinetic energy U=mv2f2 instead of v finally a 
parabolic partial differential equation (with additional difference terms due to the inelastic 
collision integrals) is obtained for the isotropic part fo(U,z.) of the velocity distribution /. The 
transformation of this equation into its standard form by introducing the total energy e (i.e. the 
sum of kineric and potential energy) instead of U shows that this equation can be solved as an 
initia! boundary value problem in a nonrectangular region of e and z if the isotropic distribution 
fo(U,z.) is given at a certain spatial position. 
Using this finding the following relaxation model bas been studied: An appropriate isotropic dis
tribution (e.g. a solution of the spatially homogeneous Boltzmann equation in the same plasma) 
bas been chosen as one boundary value for the isotropic distribution fo at a certain space 
position, e.g. at z. = 0. For a fixed value of the electric field strength E the initia! boundary 
value problem is solved up to the relaxation of the isotropic distribution / 0(U,z.) into its 
corresponding spatial ly homogeneous state determined by the fixed value of the field strength. 

Results md diJcussion 
As an example the following figures illustrate the spatial behaviour of the kinetics in electron 
drift direcrion in a helium plasma with a gas density of 3.54-IOcm.a at the three field strengths 
E = -2.5, -4 and -10.3 V/cm starting always from the solution of the spatially homogeneous 
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kinetic equation at a field strength value of -3.2 V/cm as one boundary value for the isotropic 
distribution. Fig. 1 shows the strongly periodic space evolution of the nonnalized isotropic 
distribution in a region relatively close to its boundary distribution at the field strength 
E = -10.3 V/cm. Fig. 2 represents the space evolution of the nonnalized electron densityn(z) 
for the three field cases. A quite different (periodical and nonperiodical) space evolution of the 
electron density with large and very different relaxation lengths for the establishment into the 
homogeneous state can be observed for the three field cases considered. 

Fig. ! ···--!lllllr-0.14 
0.1 

"' "' .E 

1.3 

1.2 

0.9 

1.6 

Finally Fig. 3 illustrates the spatial relaxation 
in the electron component from the energetic 
point of view by showing the ratio of the 
energy gain from the field and the total energy 
loss in collisions at each space position. The 
deviation of this ratio from the value one 
characterizes the degree of the energetic 
disturbance of the electron component in the 
spatial relaxation process. Again a very 
different relaxation behaviour with large 
spatial relaxation lengths can also be ob
served from the consideration of the local 
energy gain and loss processes in the three 
field cases. 

~ 1.4 ... 

More comprehensive results conceming the 
spatial relaxation of the electron component 
will be reported and discussed in the poster 
presentation. 
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SLIDING SURFACE DISCHARGE ON A CONDUCTING SURFACE 

Introduction 

S.V. Mitkti' A.V. Paramonov, F.A. van Goor• 

V.N. Ochkin and W.J. Witteman• 

Lebedev Physics Institute, Russian Academy of Sciences, 

Leninsky pr. 53, 117924, Moscow, Russia 

*Department of Applied Physics, Twente University, 

P.O. Box 217, 7500 AE Enschede, The Netherlands 

Because of a large number of applications, including VUV line sources, there exists considerable 

interest in methods to initiale high-power, long-sized surface discharges in a channel of any 

configuration and at enhanced repetition rates. In [I) we proposed a surface discharge on a solid 

state conductor operating as a high-brightness light source. It was shown that the radiative 

properties of such a discharge are similar to those obtained with a Fonned Ferrite Plasma Source 

(FFPS) and an exploded wire. The most attractive feature of a surface discharge on a conductor is 

the much more stable delay time before discharge ignition, than that of a FFPS discharge. This 

opens the possibility of synchronious operation of an array of surface discharges. We report 

theoretical and experimental investigations ofthis new type ofsurface discharge. 

Experiment 

The experiments were carried out in air under nonnal conditions, with an lxl0x70 mm sample of 

high-conductive Ni-Mn ferrite. After application of a voltage larger than 0.8 KV·cm-1 across the 

electrodes, the appearance of a plasma channel can be observed. The velocity of the anode

directed plasma front was observed to be larger than that of the cathode-directed plasma front. 

The velocity, v, of the anode-directed plasma front as a function of the average field, E, in the 

discharge gap is depicted in figure 1. Jt has been measured with a high-speed streak camera. The 

velocity of the plasma front depends on the average electric field according to V = k(E-EJ, with 

k = 83 cm2V-ls-l and Ec = 0.8 kV·cm-1. 

Theory 

To understand the observed phenomena, an analytica! model has been developed based on the 

following assumptions: 
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a. The tangential component of the electrical field ahead the plasma front is much larger than 

elsewhere; 

b. This field accelerates plasma electrons to energies sufficient to ionize the cold gas ahead the 

plasma front. Photo ionisation is less important. 

1 
>" 
.è 
"ü 
0 
öi 
> 
i: 
0 

<tl 

"' E 
~ p: 

1.00 

0.50 

0.00 

0.50 

• • 
• 

• 
• • • 

:/ 
.~ 

/. 

1.00 1.50 2.00 

Average electric field E, [lcV/cm] 

Fig. 1 The dependence of the plasma front velocity v on the average electrical field E. 

c. The electric current continuity condition is provided by a current flow through the conductive 

body. 

The results of the calculation are also shown in figure J . The calculated values of k and Ec are in 

agreement with the experimental values within 10%. The formalism does not contain free 

parameters or restrictions on the composition, pressure and temperature of the gas used, so thal it 

can be applied in a wide range of experimental conditions. 

[1]. S.V. Mit'ko, V.N. Ochkin, A.V. Paramonov, and A.P. Shirokikh, Proc. VIII of the 'All-Union 

conference on low temperature Plasma Physics', (Minsk, 1991 ), p. 97. 
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ELECTROSTATIC INSTARILITIES OF A PLASMA FLOW 
IN THE INHOMOGENEOUS MEDIUH 

ttubarev Y.V., ICirdyashev R.P. 

Moscov Institute of Instrument-Making, 
20, Stromynka st., Moscow, 107846, Russia 

The laboratory and space experiments /1-4/ have demonstrated 
that the main physical "processes in magnetoplasmodynamic accelËra
tors /MPDA/ depend on the distributions of relative gradients of 
~&~netic field intensity VH/H, a~bient gas pressure bcfore cvi t 
c!1ing on the discharge ~P/P ar:d concentration of charJed ;>.:>rtic
les Vn/n along tho MPDA discharge and plasma flow. The diffc:cnt 
acceleration mechanisPs and plasma osc1llation modes cun be reali
zed by varying the relationships of the mentioned ~agnitudes. 

The relativa gradients of the plasma parameters being e~ual, 
accelcrating forces acting on charged and neutral ~articles are 
aligr.ed with a plas::la flo1o1 centreline. As a conscquence, 'tl:e 
charge electro-cohlpcnsating exists and the plasma motion is ar.alc
gci:s the neutral gas one /3/. In t!':at situation the plasma flo:·r 
a~d àischarge parameters get extremal valces, the anisotropy of 
char~ed particles pressure is absent and high-frequency o5cillati
ons and plasma azimuthal irregularities are either suppresscd o= 
stabilized. The above-mentioned features presented in the figure 
are oost usually evident in a plasma flo1o1 at the gas pressure 
P -10-3 Torr. In this case the plasma potential as related to the 
catho<ie amounts to 'f- 0 and the azimuthal Hall current is a 
mini~ura. Because of gas sealing clots and spacing waves as in a 
resonator, the regular ion-sound oscillations formed standing 
~aves along a plasma flow in the frequency range cf 50 to 150 kHz 
are gencrated. 

With hreach in the optimum conditions on plasma accelcration 
the plasraa flow potential ranges up to important magnitudes: ~' 0 
for p < 10 -3 Torr and 'f.> o for p > lo-3 Torr. The plasi:.a 
motion becomes turbulent with the wide spectrum of random noise 
oscillations and azimuthal spoke waves. The electromagnetic radia
tion in the investigated frequency ranges of O.l to 200 MHz and i 
to 10 GMz are generated by the MPDA plasma flow due to exitatio~ 

of electron plasraa oscillations. Under the experimental conditions 
the beara-plasma instability realized because of charge incompensat
ing and electron acceleration into a plasma flow by electrostntic 
field ta~e place /5/. As is obvions from the experimental distri
butions of the electric and magnetic fields, the rnagnetic field 
lines arcn•t equipotential, resulting in run away electrons and 
high-frequency turbulent phenocena. 

The measured intensity of non-equilibrium electromagnetic 
fields excited by the plasma flow decreases to the thermal radia
tion level in the frequency range of 1 to 5 GHz. The thermal 
radiation is induced by plasma layers vith electron concantration 
ne"' iol2 cm -3 and temperature Te~ 5-10 ev. The non-equilibrium 
electromagnetic radiation from outer layers of the ~lasraa flow is 
2-3 orderB of magnitude more than the thermal level. The gas pre s
sure dcpcndcnceo of the electromagnetic radiation intensity ~ s 
~iven in the riuurc are attributable to the critical magnitude of 
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the electric field 
density for run a~ay 
electrons with plasma 
collisions. The influ
ence of gas pressure 
on plasma ~rave inc
rement are f ound to 
be in the MPDA operat
ing modes. 

The electromag-
net ic radiation measu
rements can be trea
ted as an efficient 
control of the plasma 
acceleration in an 
ambient gas medium 
by revote sensing 
procedures. 
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The spatfal dlstributfon or gain in a He-Ar o.oi sputtered Cu HCD-laser. 

T.M. Adamowicz and F.E.G. Rodenburg:I: 

Institute of Micro- and Optoelectronics, Warsaw University ofTechnology, 
00-662 Warsaw, Koszykowa 75, Poland. 

*Faculty of Technica! Physics, Eindhoven University ofTechnology, 
POB 513, 5600 MB Eindhoven, the Netherlands. 

lntroduction 

In most sputtered metal HCD lasers the population inversion is by charge transfer. Lack of 
knowledge of the charge transfer rates and of the distribution of the reactive species makes 
modelling difficult Measurements of the spatial distribution of the gain give a better insight. 

Experimental 

We present the spatial distribution of the gain, measured with a modification of the method 
proposed by T.M. Adamowicz,[l] which yields all lasing features of the active medium and the 
optica! losses of the laser cavity. 
The oscillator is a 20 cm long helical cathode, twisted of 
2.5 nun wire. lts diameter is 3,0 mm, its pitch 5,0 mm. 
Measurements were carried out for 2 configurations of 
10 cm length, see fig. l. AU cathodes are of oxygen-free 
copper. The support of the lasing cathodes enables 
movements in two perpendicular directions. 
The oscillator and lasing cathodes are placed in tandem 
in a discharge tube with Brewster windows. The 
calhodes can be independently exciled with 1 Hz 
current pulses, to avoid overheating. The halfwidth of 
the pulses is chosen as to avoid time tags due to 
transport times within the active medium. The laser 1ube 
and an attenuator were placed inside a symmeuical 

LJ•m=(ê) 
Rect.angular Helical (H) 
Slotted (RSJ p =pitch 

RS25 : d=2,5 mm H30 : d=3,0 mm ; 
RS30 : d=3,0 mm w=3 mm ; p=4,5 mm 
RS40 : d=4,0 mm H40 : d=4,0 mm ; 

w=2 mm ; p=3,0 mm 

resonator, consisting of two identical mirrors ( T=0.35 Figure l. The front view of the calhode 
%, R=6 m). Adjusunent of the mirrors to obtain configutations. 
maximum laser output power near the oscillator '-----------------' 
lhreshold current, ensures that the laser beam coincides with the symmetry axis of the oscillator. 

Results and dlscusslon 

In fig. 2 it is shown how the catho<le shape and pressure influence the spatial distribution of gain 
in a HCD. The gain is highest near the bottom of an RS cathode. There the cavity losses are also 
higher than in the centre of the slot because of the screening effect The step in fig. 2a is caused 
by He density changes caused by gas refill during the experiment. 
Fig. 2b shows lhat the gain is dependent on the pressure. A higher pressure causes the gain to 
decrease because the Cu sputtering rate is lower for high density sheaths. Also the high pressure 
decreases the diffusion rate of Cu into the centre of the cathode. At very low pressures the low 
amount of He-atoms in the slot causes a decrease of the gain. 
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Figure 2. Dcpendence of gain on position and 
pressure. 
upper left corner: 
a) the spalial disuibulion of gain in a 4,0 mm 
cathode, 
at the left: 
b) the horizon tal disuibulion of gain versus 
pressure, 
upper right corner: 
c) the gain versus pressure for variously shaped 

14 
and sized cathodes, with discharge currents of 

'---------------------' 1=3 A (RSJ and 1=8 A (H) 

A narrower slot decreases the Cu diffusion length. It is clear that this allows a higher pressure 
and thus a higher gain, figure 2c. Note that the screening effect forces the slotwidth to be at least 
twice the waist of the laser beam. The H-cathodes result in a higher gain, because of the higher 
discharge current possible. 
The authors kindly acknowledge the technical support from H. Cicsielski. 

Conclusions 

From the measurements it can be concluded: 
a) pressure effects due to therm al gradients play an important role in the disuibution of the gain. 
b) the highest gain is present in the bottom of the slot where apparently the product of ionization 
of He and the sputtered Cu density is highesL 

1. T.M. Adamowicz, Laser Technology IV Conf" Szczccin, Poland, 26-30 SepL 1986 
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Negative dilferential conductlvity in gas mixtures in the presence of 
reactive coHisions 

lntroductlon 

Slobodan 8. Vrhovac and Zoran LJ. Petrovlé 

Matice Srpske 47/IV-18, 11000 Belgrade, Serbia, Yugoslavia 

An extended momentum - transfer approximation is applied to momentum and 
energy balance equations descnbing reacting particle swarms in gas mixtures. Transport 
coefficients of charged particlcs undergoing both inelastic and reactive collisions with a gas 
of neutra! molecules are calculated. Special attention is paid to the way in which ionizing 
and attachment collisions influence the drift velocity. Criteria are obtained by the means 
of momentum - transfer theory for phenomenon of negative differential conductivity 
(NDC) [1, 2) (here we limit the definition to the drift velocity decreasing with the applied 
electric field) in gas mixtures when both ionization and attachment are present. 

Theoretica! evaluadon 
Consider a swarm of electrons of charge e and mass m moving in a neutra! gas 

mixtures under the influence of an applied electrostatic field È. Momentum exchange in 
inelastic processes is not ignored. We consider only single ionization. Recoil of the 
resulting ion is assumed negligible. 

We extend the momentum - transfer theory (3, 4] to include gas mixtures by taking 
appropriately weighted sums of collision terms in momentum equations. We also assume 
that the stage of evolution of the swarm is the hydrodynamic limit. lf mfm. < 1, wherem. 
is the mass of neutra! particle, momentum and energy balance equations give the following 
equations for average velocity <J and mean energy t of the electron swarm: 

eE !m<o>2 2~ v• + ~A:Tv -~ A. 2 L.J•2 .L,,. 
e= • • 

2 ~ dv~ ~ 1 
v + -t L; -- + L; v 

where T is neutra! - gas temperatu~e a'.1d A: is • 3 • de • • 

(d~--- (1) 
(2) 

Boltzmann's constant. The summatJon m Eqs. 
(1) and (2) is over all molecular species. In Eqs. (1) and (2), v:(c) denotes momentum -
transfer collision frequency for elastic and inelastic collisions, while v. =2L(m/m.)v: . 
Likewise, v~(t) and v~(c) stand for the ionization and attachment collision frequencies, 
respectively. The quantity A.(c) is 

~ 111~1 l 
A. = L; v10!J.E. +v.c. + L,, v"!J.t" 

1 
(3) 

Here the collision frequency for inelastic process (i) is v ,. . The threshold for these 
inelastic collisions and ionization is denoted by !J.E! and c~. In Eq. (3) index (s) denotes 
all possible ionization channels with excitation energy 11c!_ and v!. denote the 
corresponding collision frequency. We can find <o> and e by solving Eqs. (1) and (2) for 
the given value of the field. If we assume that the distribution of electron velocities is very 
nearly isotropic, c "3/2kT1a3f2kT,, where T and T1 denote diagonal components of the 
1emperature tensor, then tbc expressions lor the transport coefficients simplify. For 
example, drift velocity is 

1 2 d W= <.>(E) - -- -[vA(c(E))-v1(e(E))] 
e 3 dE 

(4) 

Results and dlsc:usslon 
Several criteria for NDC, i.e. dWfdE<O, are obtained by differentiation of Eq. (2) 
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written for a single pure component or a mixture. It is assumed that the mean energy 
monotonically increases with the increasing field. To illustrate these criteria, consider the 
NDC in two different physical situations: -

(a) gas mixtures, elastlc colUslons only: 
From Eq. (2), we obtain that the criterion for NOC is 

1 -(1 -~ kT) ~rE v:<e> (E ..!!.v:<e>)-
1

] < o (5) 
2 e dlne • • m. 

lt is clear, for binary gas mixtures, tbat m1 ":~ and rapid increase v~ with E/N will induce -
a negative slope of W versus E/N, i.e. an NDC. 

We have performed a number of calculations using model and realistic cross 
sections to explore previous conclusions. We have obtained that momentum transfer results 
agree qualitatively witb Shizgal (5] and our Boltzmann calculations (6) in He - Xe and He -
Kr mixtures (Fig. 1). lt has been suggested in the literature [2] that it is necessary to have 

inelastic processes for NOC to occur. Tbis conclusion was based on the momentum 
transfer theory fora single gas. Sbizgal bas, however, shown that in mixtures of two atomie 
gases under conditions wben inelastic processes are negligible NOC takes places. Our 
theory predict NOC under those circumstances and simple physical explanation is that the 
elastic process of the low mass particles plays the role of the inelastic process in Robson's 
theory.a Tbus we may conclude that the explanation of NDC in rare gas mixtures, as 
observed by Shizgal, does not require additional physical explanation to the one offered 
by Robson (2) and Petrovié et al (1), only the extension of equations to mixtures. 

(b) pure gas, elastlc, 
lnelastlc and lonlzatlon 
colllslons: 

From Eq. (2), we see 
that the criterion for negative 
slope of average velocity w 
versus E/N is 

d ( ') dO~ (6) 
de es~ •-;i; < 0 

w h e re s1 =1 + v1/v a n d 
o~ = A/V.. When ioniiation is 
not present, Eq. (6) is identical 
to the NDC criterion proposed 
by Robson [2J. The conditions 
when non- conservative 
processes can induce the NOC 
will be discussed in greater 
detail. 
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MODEL CALCULATIONS FOR CAPILLARY DISCHARGE XUV-LASERS 

~1• M. Hebenstreit2, T. Neger2, and F. Aumayr1 

1 lnstitutfQr Allgemeine Physik, TU Wien, Wiedner Hauptstr. 8-10, A-1040 Wien, Austria 
2 lnstitutfiJr Experimentalphysik, TU Graz, Petersg. 16, A-8010 Graz, Austria 

Practical applications of laser systems emitting in the extreme ultraviolet (XUV) or soft X-ray 

(SXR) spectra) region critically depend on their costs and si ze [ 1). In order to avoid powerful 
pump-lasers capillary discharges have been investigated as an altemalive to laser generated 

plasmas in recent years [2-4]. In a capillary discharge device a fast current pulse through an 
initially evacuated capillary forms a highly ionised plasma by ablating material from the solid 
capillary walls. Assuming electron three-body recombination as the dominant pumping 
mechanism, population inversion of the n=2 - n=3 transition in hydrogen-like ions should occur 
if a sufficiently high number density of fully snipped ions can be generated and a subsequent rapid 
cooling of the plasma is achieved. 

In order to invcstigate appropriate conditions for laser activity it is necessary to obtain a 

better understanding of the tempora! behaviour of a capillary discharge plasma, especially of its 
ionisation and excitation kinetics. For this purpose a fully time-dependent, zero dimensional 

collisional-radiative model has been developed. Although it is impossible to take count of a 
number of processes such as compression of the plasma column, diffusion, or plasma instabilities 
within the framework of a zero-dimensional model, it should deliver, however, relevant fenrures 

of capillary discharges in view of XUV or SXR laser activity. As capillary wall materials different 

light elcments from Li (Z=3. ÀHa=72.9 nm) to 0 (Z=R. Àtta=I0.25 nm) have been investigated 
yiclding promising results cspecially in the case of B and C. 

The tempora! evolution of variables such as discharge current, electron/ion temperature, 
electron/ion density or population densities of ex.cited states of different ions can be described self 
consistently by a set of coupled, non-linear. ordinary differential equations [5]. The variables 

discharge voltage and discharge current are govemed by the electrical circuit equation. The electron 
temperarure is calculated from the energy balance for the plasma column taking into account ohmic 
heating and energy losscs according to radiation and thermal conductivity. The change of the total 

ion density is due to material ablation from the capillary walls and ax.ial outflow of the plasma. The 

relative population densities of the considered excited levels of the different ions are calculated 
from a system of rate equations taking into account all relevant atomie processes such as electron 

impact (de)excitation, electron impact ionisation. three-body recombination. radiative 
recombination and spontaneous emission. Funher more we consider hearing of the ions by elastic 
collisions with clectrons. In a following step the resulting small signal gain is evaluated using the 

calculated population densities. Details of the model and its assumptions can be found in ref.[5]. 
As a typical result wc show the case of a 100 kV. 10 nF discharge in boron. The total 

inductance of the circuit has been assumed to be 25 nH. As can be seen from fig. ! the ringing 
period of the discharge is about IOO ns and the maximum current is about 50 kA. The electron 

temperarure reaches its maximum of more than 400 e V after about 12 ns. when the plasma density 

272 



is still rather low and the discharge current has not yet reached its maximum. Due to thermal 
conductivity, plasma radiation, and the ablation of cold material the temperature decreases rapidly 
yielding favourable conditions for population inversion at the end of the first half-cycle of the 
discharge. At t "' 42 ns, shortly before the temperature reaches its first minimum, the gain 
coefficient shows a significant peak with a maximum value of about l.55 cm· 1. The achieved 
maximum electron density is about 3x1Ql8 cm·3. A systematic study for elements from Z=3 to 

Z=8 will be prcsented at the conference. 
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PUMPING PROPER~IES OF TVA - THERMIONIC VACUUM ARC -

DEVELOPED IN TITANIUM VAPORS 

G.Musa,A.Popescu,A.Baltog,I.Mustata,Gh.Dinescu,E.Raiciu,G.Leu* 

Institute of Physics and Technology of Radiation Devices 

P.O.Box MG-7, Magurele-Bucharest, Romania 

*Faculty of Physics, Bucharest University 

The reactivity of titanium for residual gases in a pumped 

down vacuum vessel has allowed the development of titanium 

pumping units as various types. They are based on several 

titanium evaporation methods like sputtering (magnetron 

sputtering), titanium evaporation of a heated filament or a 

titanium sample evaporated using electron bombardment. 

TVA - thermionic vacuum are discharge - is a discharge which 

can be maintained in vacuum conditions in any mP.tal vapors 

including titanium vapors. Such a discharge ensure high rate of 

evaporation of titanium and the deposition of Ti on the walls of 

vacuum vessel pump down the residual gases - by the known 

physical and chemical processes evidentiated in titanium ionic 

pumps (1)-(4]. We built and studied such a small ionic pump 

founded on TVA in titanium vapors. 

Ti-TVA-pump 

Fig. 1 a 

Whenelt 
cylinder 

T ungste n ~zalUZJE"Z.2~ 
filament "' 

Carbon 
crucible 

Details of TVA mounting 

Fig.lb 
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In fig.la it 

arrangement and in 

vacuum are is 

is shown sehematieally the experimental 

fig. lb details of the eleetrodes. Thermionic 

ignited between a heated cathode - 0.2 mm 

diameter tungsten wire mounted inside a 12 mm diameter Whenelt 

cylinder - and an anode - a carbon crucible with a diameter of 

8 mm eontaining titanium. The intereleetrodic distance is of 

3 mm. At a pressure lower than s.10-4 torr a high voltage is 

applied between the heated cathode and the anode. Due to the 

electron bombardment, Ti mel ts and starts to evaporate. At a 

eonvenient rate of evaporation, in vacuum conditions, the 

established steady state density of Ti atoms in the interelec

trodic space is enough to ignite the thermionie are in titanium 

vapors - TVA. 

The pumping unit is formed !rom the described TVA electrodes 

mounted inside a glass ball of 50 mm diameter. This TVA-Ti 

pumping unit was used together wi th a vessel of 3 1 volume and 

a vaeuum gauge (see fig.la) to evaluate the pumping speed. We 

caleulated roughly the pumping speed using the equation: 

dp/dt = - Sp/V, 

where p is pressure, V - the total pumped down volume, S -

pumping speed. The resulted pumping speed tor air was 2.5 l/s 

for an used power of 120 w and g 1/s for 240 W. For neon was 

0.25 l/s at 120 w power. 

The effieient use of the evaporated titanium must correspond 

to the condition: one absorbing titanium layer deposited on the 

wall of the pump to one adsobed layer of residual gas, namely: 

4R2nv/4 .~nm/ót.l/M.NA· In this relation Mis the atomie mass ot 

Ti, NA - Avogadro 's number and v the mean speed of residual 

molecules. Cooling of the wall of the pumping unit is necessary 

for better werking conditions. 
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THE SEPARATION OF CURRENTLESS NON-ISOTBERMAL MULTISPECIES 
PLASMA INTO REGIONS WITH DIFFERENT ION COMPOSITION. 

l.D. Kaganovich and L.D.Tsendin 

Physical Technical Department, St. Petersburg State Technica! University, 195251, Russia 

The study of multispecies plasma propenies is imponant for practically all modem plasma 
applications. The multispecies currentless plasma with hot electrons is considered. It is obtained 
that the separation of the plasma into the regions with different ion composition is a universa! 
property of such a plasma. 

The detailed analysis of the transpon problems for multispecies non-isothermal plasma 
was performed recently for discharges in electronegative gases. The positive column [1 -3], and 
capacitively coupled RF discharge [4) were investigated. The obtained profiles of ion densities 
consisted oftwo regions of different ion composition. The first one is situated near the discharge 
bciundary; negative ion density (n) is small here compared with electron (n,) and positive ion (p) 

densities (see figures 1 of [4-6]). The second region is situated in the discharge center, and n, 
values are small here compared with n, p ones. These regions are divided by narrow transition 
region where ion density profiles have a very steep slope; practically ion density shocks are 
fonned in this region. It is well known that shocks are formed in systems, which are described by 
non-linear transpon equations, where the signa! propagation velocity depends non-linearly on ion 
density [7]. So let's study the signa! propagation in non-isothermal currentless multi-species 
plasma. We shall consider collisional situation, where charged panicles fluxes are described by 
diffusion and drift in electric field: 

on"+2._(-D éln"_z eb n °~\=0. (1) ot ox 11 àx m m '"Tx' 
We assume, that Debye radius is small, and a qusineutrality condition is hold: 

:Lz.n. = o , (2) 

where n
0

- density of charged panicles of specie et; D •• b
0 

- diffusion and mobility coefficiems, 

D
0 
=b. T, ; z. -panicles charge number. We shall neglect temperature gradient and assume that r. 

is constant (x). If the electron density is not too small compared with ion ones: b,n,>>b,n,, from 
equations ( 1) and (2) it fellows that due to large electron mobility electrons are trapped by 
electric field and Boltzmann distribution n, = n. cxp(e9l / T,) is fulfilled. In the gas discharge 
plasma usually electron temperature is large compared .with ion ones. So the drift in electric field 
is the main mechanism of ion transpon. For plasma with two species of ions densities p (with 
charge number equals unity) and n (with charge number Z= ±1), there are two transpon equations 
and quasinetrality condition: 

àn _ .Q_(d0 Zn àn,) = 0 . (Ja) 
àt àx n, àx 

àp_..§..(~~)=0 (Jb) 
àt àx n, àx 
n, = p+Zn (Je) 

where d
0

=b
0 

T, . Let's analyse the small signa! propagation in non-homogeneous plasma: 

on:/ox =const{x) , n° /n: =const(x). The ion and electron density variations nQ are taken in the 
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form: n. =lln"exp(-irot+ikx). The solution of the equations system (3) (for kL>>l, 

L=[8 In n°jaxr') splits into two modes with frequencies: 

ro, =-Derik2
, Der(n'ln:)= (d.n° +d.p0 )/n: , (4a) 

ro 2 =uerk, Uer(n/n:)=Zd,d0 n:/(L(d.n°+d.p0
)) . (4b) 

The first mode is analogous to ambipolar diffusion. The combination of equations (3) gives the 
diffusion equation for n. : 

. ~- ~ (D.r an,)=0. (5) . 
ot ox ox 

For n'l n; =O the equation (5) is usual ambipolar diffusion equation. If nï n; » 1, D,, is large 
compared with ambipolar diffusion coeflicient. The physical description of second mode is much 
more complicated. If n°/ n; << 1, u" is the drift velocity of ions with density n. 

If n°/ n: » 1, u,, is small compared with drift one. It is result of coupling of equations in system 
(3). Under our conditions ro 2 <<CD 1, and divergence of effective electron flux r, = -D.,. à nJ ox 

is small for the second mode. So r, is practically const(x). Substituting à n"j o x from expression 
for effective electron flux r •• equation (3a) takes a form : 

on a ät- ~r.= o , r.(n n.) = Zd. nr. /(d.n +d.p) (6) 

Linearisation of equation (6) results in expression (4b) for u,, . Signa! propagation velocity 

u,,(n/ n.) depends on ion density n. lt means that during non-linear evolution of plasma 
inhomogeniety shocks of ion density can be formed [6]. The expressions for velocity and width of 
these shocks are obtained in [6]. The equations (5) and (6) are valid for analysis of non-linear 
study of evolution also, because in the place of shock fonnation n. changes are small. The 

duration of shock formation is proportional to (ouer/on)"' . The maximum (ouer/anr' is at 
n=O. It means that shocks are formed preferably in regions where initial values of n are small. 
Even if such regions were absent initially, they arise during an evolution (6]. Such plasma 
separation into regions of different ion composition is a sort of self-organisation process. For 
constant ion mobilities, Z=-1 and fixed n, the flux r.(n) is monotonous function, it means that at 

moderate n / n, only moving shocks exist in this system. But or ./on-+ O for n / n,-+ oc and 
asymptotic stationary shocks can be formeel, wruch divide regions of electron -ion ( n / n, < 1 ), and 

ion-ion (n/ n, »l) plasma (1-3]. 

The work was supported by R.ussian Foundation of Fundamental Investigations, grant 
N94-02-04761,and by International Science.foundation, grant N PH 4 9125-0925. 
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CONTROL OF THE MOVING PLASMA PARAMETERS 
EXTERNAL MAGNETIC SYSTEM 

BY THE 

Y.V.Kubarev, s.E.Rosinsky, N.N.Kholin 

Moscow Institute of Instrument-Making 
20 Stromynka str., Moscow, 107846, Russia 

The results of the investigations of control of the parameters of 
a plasma jet, created by the magnetoplasmadynamic accelerator /1-
3/ with the help of the external magnetic system (EMS) are descri
bed in the given paper. The EMS permits not only to deflect /4,5/, 
but also to scatter, rotate and focus the jet. It exemplifies a 
truncated cone with the windings on its surface. The axes of the 
windings are mutually perpendicular. 

The concentration of the charged particles n and electrons tem-
perature Te, ions velocity Vi and plasma jet potential ':P pl 
were measured with the help of Langmuir directed probes /6, 7/, 
which are mounted behind the EMS. 

HPDA EMS DLP 

Fig. 1 Experimental setup 

The diagram of experiment with the ro
tation and scattering of the jet is 
shown in Fig. 1. 

The EMS created a rotary magnetic 
field with the frequencies î1 = (100 f 
lOOO)Hz and the induction B=(10~15)mTl, 
which is comparable with the maynetic 
field of the HPDA. The experiments 
were carried out with the 
plasma jet of the accelerator 
working with various working medium 
consumptions m and discharge 
currents Ip• 

The distribution of the main parameters of the plasma jet (n, Te, 
V1 and 'f'p1l in the cross-section both in an undisturbed (with 
EMS being switched off) and rotatable scattering jet (with the 
EMS being switched on) was investigated. 

The measurements showed that in an undisturbed jet with the small 
working medium consumption (m = 0.25 mg/s) with the increase of 
the diecharge current from 1 A up to 4 A the concentration of the 
charged particles and the ions velocity increase, and the tempe
rature does not chanye practically. The jet potential is positive 
only in the axis region. It decreases with the growth of the disc
harge current and becomes negative along all the cross-section. 
With the use of the EMS, which leads to rotation and scattering 
of the jet the concentration of the charged particles, the playe1 
ions velocity and electrons temperature in the axis region consi
derably decrease and are distributed more uniformly on a radius. 
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The jet potential increases, becomes positive and equalizes in 
the cross-section. The rotary magnetic field takes electrons out 
of the jet and makes the jet more scattered. 

The graphs of distribution of concentration of the charge partic
les n, the played ions velocity Vt and plasma potential .)l?pl 
in the cross-section of the jet with the following parameters: 
the working medium consumption m=0.25 mg/s, pressure inside the 
altitude chamber P = 2·10-4 Torr, voltage and discharge current 
inside the accelerator constituted Up = 80 V and Ip = 3 A, are 
shown in Fig. 2. 

n-10 15 , m-3 Vt, km/s 
'Ppl, v 

8 
" 
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xundisturbed jet 

o rotatable jet 

-2 
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0 

Fig. 2 

2 x, cm 

9 

6 

3 

The increase of the working medium consumption leads to the inc
rease of concentration of the neutral particles in the jet,vari
es the conditions of efflux /4,8/. The role of recharge and 
recombination increase. It leads to the decrease of concentrati
on and charged particles velocity and increase of the potential. 

The pursued investigations make possible to control the main 
parameters of the plasma jet,to change the value and the sign of 
its potential, that may be use for technology. 
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RECOMBINATION DOKINATED DISCHARGES INCLUDING DIFFUSION 

R N Franklin & J Snell 
City Universlty, Northampton Square, Londen ECIV OHB 

Recent interest in discharges in electronegative gases stimulated 
by their use in plasma processing has led to a convergence of 
theoretical and experimental work. (1-6] The inclusion of ion 
diffusion in a systomatic way in the theoretical treatments has not 
been carried through until now. This paper seeks to add to 
understanding by Mt setting the ion temperature T; to zero. 

The expected effect. would be to smooth the sharp transi tion from 
the central ion-ion plasma to the outer electron-ion one. That 
this occurs is seen in Figure 1. A result which it is not so easy 
to anticipate is th~ relati vely streng dependence of the eigenvalue 
). , which relates the ionization rate 110 to the discharge transport 

parameters, on th" ratio "?: "" T;/T. where T. is the electron 
temperature. 

The descriptive equations are the standard ones for particle 
generation and los:.s and for particle transport of electrons, 
p~sitive ions and ~egative ions. These can be reduced to four 
first order diffe.::-ential equations in the normalized electron 
density G, negative ion density N, positive ion flux F, and 
negative ion flux ~. as functions of the normalized radius X, 

G' ). 
( f.p - i:: .... ) ~ 

(1) 
C. + c,:c -t- 2. N 

N' ~ F ... ~~ +C.-C+N)~ NFp 
(2) 

v C..+C..\,+21\/ , 

F' • + Y'r/X G - IN (N + G), (3) 

F' . ~ ~.1x PG - IN (N + G). (4) 

I~ can be shown in t:he t:' = o limit that N' = o at X = O requires 
S~(N0 + 1) (2N0 + 1 .: = (N. + p + N

0
P)/I. as found in [3] but now 

I = I('!:). (I(O).:.:, N('t;', O) = N
0
). P =. attachment rate)/.._ 

/ ionization rat·-", 
0 

V.; . 

F~llowing [3], att>:nmpts were made to integrate inwards numerically 
from the outer boumdary, but the problem proved intractable. The 
s:..:ccessful solutiorns were obtained by integrating outwards from the 
~ntre and are shcr.~m for one value of Pand~ in the range 0.01 to 
~.l in Figure 1 wllJere they are compared with the t = o case from 
: 3} · The gradua: smoothing of the negative ion distribution is 
seen and from equil't:ion (4) above, using the result that I ('C') is 
~~ strongly depell".àent on 't: , it can be shown that 

5 I N ( N - 1 ) XdX '"" J IN ( '(;' ) 1 N ( ~ ) + 1 j XdX • 
0 0 

!'a.ble I shows the variation of ').. = )/~ rb1/ /"'p T., (where rb is the 
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discharge radius, and f<;p the positive ion mobility) with 7:'. In 
typical discharges T1 = 1 - 3 T1 the gas temperature and 
T. = 3 - 8eV which means that 'L is typically in the range O. 01 to 
0.1; for this range I decreases by 6% while Àincreases some four
fold. It has to be remembered that Y'.; (T.) is strongly dependent on 
T. and so the implied variation of T. may well be less than 50%. 

Fuller details for a range of values of P will be given elsewhere. 
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1 
(X0 = 0.6). 

Table I - f. (X., 't' ) 

Xo\'t' 0.0 0.01 0.02 0.05 0.1 
0.2 6.36 8. 08 10.59 18.83 33.23 
0.4 8.37 11.27 14.86 26.19 45.56 
0.6 14.07 20.62 27 . 62 48.82 83.04 
0 . 8 40 . 94 62.98 85.10 150.94 259.64 
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FCT CALCULATION OF GENERALIZED CONTINUITY EQUATIONS 

Peter Pirgov and Gaston Hendriks 

lnstitute ofElectronics, Tzarigradsko Shossee 72 1784 Sofia, Bulgaria 

lntroduction 

This werk was initiated from the numerical simulation of shock tubes. MHD generators, plasma 
rail annatures, corona discharges and other physical problems. The ( systems of) equations 
describing these processes like the Navier-Stokes equations, the propagation of turbulence (kr-e 
model), the MHD inductive law for magnetic field propagation and the Vlasov equation can all be 
written in the form of generalized continuity equations. The steep gradients of dynamic properties 
in these processes will result in very small grid-spacings and a long cornputation time in most 
numerical methods. 
In this manuscript we use the Phoenical Low Phase Error SHAST A FCT algorithm, first 
described by Boris and Book [Ij, to solve the generalized continuity equation. The FCT 
positivity-preserving finite-difference technique is specially designed to solve continuity equations 
when the characteristic scale lengths for the desired solution are as small as or smaller than the 
computational zone size. Phoenical FCT algorithms can use non-uniform meshes and various 
curvilinear coordinate systems [2) and yield results essentially identical whit those of flux 
uncorrected schemes in the absence of large gradients. 
A two dirnensional Phoenical LPE SHAST A FCT scheme for Cartesian and cylindrical 
coordinates has been explored and optimized. To give an example of the algorithm we calculate 
the Navier-Stokes equations for compressible gases. 

Calculation procedure 

The generalized continuity equation we use for the Phoenical LPE SHAST A FCT scheme has the 
form of eq. ( 1 ). The scalars and vectors in this equation are the density term R, the velocity vector 
W, the gradient term P (pressure), the diffusion vector Q and the source-term S. The explicit 
form of the tliv and grad operators depend on the dimensions and coordinate system of the 
simulation. 

iJR ( -) --+V• KW +VP-V•Q=S 
iJt 

(1) 

The Navier-Stokes equations of conservation of mass, momentum and energy (2) can be written 
as a system of generalized continuity equations by defining the density-, velocity-, gradient-, 
dilfusion- and source like terms. In this system ofequations only the "densities" (according to eq. 
1) are considered as independent variables and the other terms as a function of these known 
"densities". 

8:, +V•(pv)-V•(DVp)=Sp 

opv ( ) ---+V• pv®v +VJJ-V•t =S -01 ,, ,." 

a;,E +V•(pHv)-V•(t" •v+kVT)=Sp6' 
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Example: Breaking of a diaphragm in a shock tube 

In this example we show the use of the algorithm fora gas dynamic simulation in cylindrical (r-z) 
coordinates by simulating shock tube dynamics. A shock tube is a very usefull device to create 
specific temperature and pressure conditions to study for example combustion reactions (3]. The 
tube has two parts, containing a high pressure and a low pressure gas, seperated by a diaphragm 
that can be broken at command. In this example we use the noble gas argon (R=208, C.=312) 
with initially pressures of 11.0 and 1.0 Atm. The initia! temperature is 500 K, which also is the 
constant wall temperature. We use the laminar values for heat conduction and viscosity (k=0.1, 
µ=10"') . The tube has a length of 1.0 m. and a width of 0.2 m. By assuming axis symmetrical 
conditions we calculate only half the tube width. The simulation grid has a size of20x200 equally 
spaces grid points. Figure 1 shows the pressure distribution in the shock tube at four time steps. 

~ ~ 

] .. ..§" time: t = 0.001 s 
" " 1: ~· 

"' tl -
" ~" it " 

Figure 1: Pressure distribution in shock tube 

Conclusions 

The Phoenical LPE SHAST A FCT method introduces very small numerical errors in the 
simulation properties at steep gradients. Therfore it can be used for the simulation of gas 
dynamics including small effects like viscosity and heat conduction. 
The method can be used for any system of generalized continuity equations. Il should be used for 
simulations where dynamic properties have very steep gradients (fe. the electron density in 
streamer propagation) and other methods could introduce large numerical errors. 
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PECULIAR FEATURES OF THE GASEOUS DISCHARGE CONTRACTION IN 
NARROW LONG SLITS 

Alexander Arefjey and Nicolay Anitov 

Depanment of lndustrial Electronics,State Radioengineering Academy, 
Gagarin Str .. 59/ J ,390005,Ryazan. Russia 

1 ntroduction 

A current distribution in an are discharge at low pressures within the perforated plate 
with a narrow long slit has been investigated [ 1-2] . The app!ication of narrow long slits in 
srrong current high voltage gaseous discharge devices is caused with the aim to decrease 
the local current density in the discharge narrowing at the expense of the cross section orifices 
in perforated plate enlarging supposing uniform current distribulion over the slit cross section. 

Experiment 

The investigmion has been carried out on an experimenta! apparatus containing within 
the discharge space a p!ate with a s!it <40 x 3 mm> . On one side of the slit there are 25 
Langmuir probes. diameter 0,3 mm, which stick into the discharge space of the s!it 
approximetly 0,5mm. 

f 
~ I1114:r 

0.5 
d. 

0 
1 

c 
.S: 
:; o,s î! 

0 
1 

q5 

0 

probe number 

Fig urè 1: Discharge current distribution ;dong the slit perforation ar different 
h,·.:irogen pressure:I - 80 Pa . 2 - 30 Pa. 3 - 10 Pa. dischargecurrent - 75A. 
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The experimental apparatus was provided by pulse high power supply. which ensures the 
commutation of rectangular current pulses 100 mes duratoin and 100 Hz frequency.While 
the discharge current flowing the ion current flows through the probes, the ion current 
magnitude being proportional to the discharge current density at the place of the respective 
probe. As a filler hydrogen was used. The investigated pressure was 10 -80 Pa (Q,06-0,6 
mm of mercury column>. The results of the investigation are ploned in figure 1. 

The relation of the instant ion current signa! magnitude probe to the signa! magnitude 
on the probe placed at the maximum filling point is taken on the ordinale axis. The shown 
slit discharge current filling distributions are taken after 50 mes frorn the pulse beginning. 
The curve of the slit perforation current distribution at the pressure 80 Pa is shown in fig. ! ,a. 
The peculiar feature of this distribution is the most intensive discharge current filling of the 
middle section in comparison with the edges. This feature takes place over all the 
investigated interval of the discharge current (from 3 up to IOOA ).whereas the current 
increasing calls the curve peak growing. 

The slit discharge current filling becomes rather different if the gas pressure decreases. 
The slit middle section filling becomes less intensive and the edge sections are filled more 
intensive <fig. l.b> . lt is typically that the filling at low pressure depends on time (in the 
current pulse duration >.At the first moment of the current flowing <up to 3 mes> the slit middle 
section is mainly filled. lt points that the discharge initiation takes place through the midlle 
section of the slit. Later the current distribution reforming occurs and the edge sections of 
the slit are most filled <fig. l ,c). During the pulse the opposite edges of the slit exchange 
the filling, therefore rhe distribution peak is observed in both edges of the slit. 

Conclusion 

The presence of the slit discharge current filling disproportion is usually explained 
due to the contraction of the plasma column caused by the action of the intrinsic magnetic 
field <Pinch-effectl . But according to the results of this investigation the slit perforation 
discharge current filling disprorortion is observed even at the slight currents when the 
presence of the Pinch-effect is in doubt. More probably the disproportion is explained 
by the action of the potential falling. which occurs in the contrncted discharge before 
the narrowing of the discharge gap. The specific conditions of the contracted slit 
perforation discharge existance result in the spheric or hemispheric plasma forms. This is the 
reason of the slit perforation d ischarge current filling disproportion. 
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THE OBSERUATION OF POPULATION INUERTION OF THE · 
HEI AND HEI! LEUELS IN THE BUFFER UOLUME OF POWER 

CAPILLARV DISCHARGE 
A.A.Chernenko,B.l.Troshin 

Quantum Electronics Division,The lnstitute of 
Se1iconductor Physics,Novosibirsk.630090,Russia 

H111h power electrical capillary dischar11e in 11as heliu1 
create a lon11 line plasma with, Te .... 10 f 30 ev,Ne.E-10JI cm-3 
that produce an intensive UUU sourse of resonant Heil line 
emission. The UUU Heil lirre emission ionize and excite the 
buffer volu1e 11as and the hydrodyna1ic expansion of discharge 
p1as1a occures throu11h the excited 11as medium. 

Here we report the results of spectroscopical investigations 
of power discharge plasma in the buffer volu1e with ti1e-spa
tial resolution using the Hel line C.À= 567,6 nm,..il=447,1 n1l, 
Heil line c.2::468,6 nm,.il.=320,2 n1l, Ar line CA.=420 nml 
emission of radiation . The population invertion between some 
Hel and Heli levels under the certain experi1ental conditions 
are observed . The physical reasons of population invertion 
arising are discussed . 

The exper!ments were iade with SiO ,Si.Beo capillaries clonll 
..,5.; 15 c1, -o.5-:-2 11 in dia1etrl, ll8S pressure "'1 - 60 torr. 
discharge current density .... 3·10S A/c12 and discharge enerllY 
denslty ... 55 J/cm 3 . Fro1 the ratio of Hel <~ =567,6 n1J and 
Heil C.Jl.=466,6 nml line intensities and line widths using 
date [1,2l the tiae-spatial evolutlon of electron te1perature 
end electron density in the buffer volu1e were deter1ined . 

The ti1e dependence of Hel and Heil lines emission 
consist of three and 1ore pulses that re f lect physical 
1ecanis1s of populating ato1ic and ionic levels in buffer 
volu1e:1l the resonant pu1ping by UUU radiat1on of discharge 
plas1a;2l electron collisional excitation and reco1bination 
processes under the action of expandinll shock wave and low tem
perature photoplas1a;3l electron collisional population in re
co1bined coollin11 plas1a;4l level excitation processes by 
shock wave,reflected fro1 the buffer volume walls. 
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- 2 -
From the time behavior of the indicated line emission popu

lation invertion between Hel levels <n=3,4l and HeII levels 
(n=4,5l on the finite time-space intervals and helium pressure 
in buffer volu1e was obtained. We perfomed the nu1erical 
calculations of model task of time dependence of HeII level 
population under the actf on of high power plasma resonant 
line radiation. The obtained results are represented that are 
in a good consent with experimental date. 

The Bel! line emfssion <.A=467,1 nm:.A.=436,2 nal was 
detected in the spectrum of helium discharge plasma;The charge 
exchange mechanis1 of BeII level excitation was detereined. 

In conclusion we exe1ine the possibility of using the 
power capillary discharge plasma as activa medium and UUU plas
ma radiation for optica! resonant pu1ping under the creation 
of UUU lasers. 
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ELECTRON DENSITY AND ELECTRON 1EMPERA TURE MEASUREMENTS.ON 
AN INDUCTIVEL Y COUPLED ARGON PLASMA 

I.M. de RegL R.AH. Engeln, F.P.I. de Groote, J.AM. van der Mullen and D.C. Schram 
Depanment of Physics, Eindlwven University of Technology, 

P.O. BoJ: 513, 5600 MB Eindhoven, The Netherlands 

AIMtract 
A new calibration method to obtain the elecuon density from Thomson scattering on an 
lnductively Coupled Plasma is discussed. Ra.man scattering on nitrogen is used for this purpose. 
Other calibration methods, using Rayleigh scattering on a well known gas, failed due to 
blooming on the highly sensitive detector by the strong Rayleigh signa!. Optically blocking of 
the Rayleigh peak on the detector prevents blooming. Therefore, the weaker Raman wings are 
used for a reconstruction of the Rayleigh scattered signal. Furthennore, measured electron 
densities and electron temperatures are presented with an accuracy in density of about 15% and 
in temperature of about 500 K. 

lntroduction 
A fundamenlal study of Inductively Coupled Plasmas (ICP) is necessary to improve their 
applications in spectrochemical analysis and in the use for light sources. Since the electron 
temperature and electron density are centra! plasma parameters, a Thomson scattering set-up is 
designed for these parameters on a 100 Mhz argon ICP with a typical input power of 1.2 kW. 
The construction of the diagnostic is very similar to the one realired by Van de Sanden [ 1] et al. 
One of the features of this diagnostic is a detector, a Figure 1: Typical Thomson measured 
photo diode-array, with highly spectra! resolution in profile wilh a ftued Gauss. 

combination with a small apparatus profile. 
Since the ICP is an aunospheric plasma of small 
dimensions, il is necessary to pay more attention 10 

the calibration method. First, a suong laser stray light 
signa! will enter the detector that looks similar to the 
Rayleigh scauered profile. Therefore, the Rayleigh 
scattered signa! can not accurately be measured 
seperately and is no Jonger useful to calibrate the 
Thomson scattered signal, as is usually done. Second, 
tb.! presence of aunospheric conditions causes an 
extremely large intensity of the Rayleigh scattered 
signa! compared to the Thomson scattcred signa!. 
This large number of Rayleigh photons, together with 
stray light, will cause blooming on the detector. This 
di.sturbs the spectra! broader Thomson signa!. 

Experiment 
To eliminate the large number of disturbing phoions 
in our diagnostic, the detector is physically darkened 
for the channels that would otherwise cause 
t>looming, that is, the channels al the Rayleigh signa!. 
In this way il is possible 10 measure an undis1urbed 
Thomson scattercd profile, from which the central 
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part is missing, see Figure 1. From the width of this Doppler broadened profile the electron 
temperature can be calculated [l]. The surface of the profile can be used for calculating the 
electron density, af ter calibrating the sensivity of the set-up. Therefore, a procedure is developed 
to reconstruct the Rayleigh intensity from the Raman spectrum of nitrogen. In Figure 2 a Raman 
spectrum is depicted. The flanks of the Rayleigh and stray light profile create a background 
under the Raman spectrum. Fitting the surface under a Raman peak for a value of the rotational 
quantum number J with a Gaussian profile, a corresponding Rayleigh profile can be 
reconstructed using conversion factors that can be derived from Raman theory [2]. To increase 
the accuracy of calibration, more Raman peaks are treated. 
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Results 
In Figure 3 and Figure 4 sets of 
measurements for different radial positions at 
7 mm above the coil are presented. The 
asymmetry of the radial dependent electron 
density and electron temperature profile are 
due to the asymmetrie coil. Furthermore, the 
lower density and lower temperature in the 
center of the plasma is a well-known feature 
of the ICP. Here, the advantage of Thomson 
scattering is directly shown by the spatially 
resolved infonnation. Comparing these 
results with measurements perf orrned by 
Huang [3] et al. we see a much larger 
difference in density and temperature 
between the centre and the hottest area of the 
plasma. In general this difference is due to 
the skin effecL We conclude that in our 100 
MHz plasma a larger skin effect is present in 
stead of the normally used 27 Mhz. 
The highly dispersive grating in combination 
with the gated light amplifier and the 1024 
channel photodiode array are responsible for 
a very accurately measured Thomson profile 
(within 1 %), see also Figure 2. But still the 
accuracy of these measurements is about 

rodolpoo•ion<mm> 15% in the electron density and about 500 K 
in the electron temperature. These inaccuracies include reproducibility, which is an important 
source of deviations in the electron temperature since the power settings can only be reproduced 
with about 0.1 kW. The main inaccuracy in the electron density is caused by the calibration of 
each Thomson measuremenL The most important sources are the instabilities in the set-up and 
the measured Raman spectrum itself. lnaccuracies in Raman measurements wil! be improved in 
future by a better defined nitrogen gas sample in order IO get a more accurate Raman spectrum. 

[IJ M.C.M. van de Sanden, G.M. Janssen, J.M. de Regt, O.C. Schram, J.AM. van der Mullen. 
and B. van der Sijde, Rev. Sci. lnstrum. 63 (3369), 1992 
[2) D.A Long, "Raman Spectroscopy". McGraw-Hill. Ine .. 1977 
[3J M.Huang, D.S. Hanselman, P. Yang and G.M. Hieftje, Spectrochemica Acta 47B (765), 1992 
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PLASMA PARAMETERS FROM DOUBLE PROBES IN THE 
ABSENCE OF ION SATURATION 

Abstract 

Carol M C Nairn, Beatrice M Annaratone and John E Allen 

Department of Engineering Science, University of Oxford, 
Parka Road, Oxford OXl 3PJ. UK. 

In this paper a theoretica! analysis is presented which may be used to derive plasma density 
and electron temperature from experimentally obtained double pro be cha.racteristics. Only 
cylindrical probes are considered and the characteristics are calculated, assuming that the 
motion of ions with respect to the probes is radial. This work is of importance in the field 
of plasma processing, in particular in the absence of the return path of the current as in 
inductively coupled plasmas. Double probes are extensively used for cha.ra.cterization of 
plasmas. Until now an exact analysis of the double probe curves was only available in 
the ion current saturation case. In this paper we extend the exact analysis to the case in 
which the ion current is dependent on the probe volta.ge. 

Analysis 

FollowiDg Chen [1], the nomenclature used in this paper is as follows: 

'1 = -eV/kT. (1) 

where Vis the poteDtial, ris the distance from the centre of the probe, and ,\4 is the Debye 
leDgth. For /3 = 0 the following equation is used to describe the potential distribution 
around a cylindrical probe: 

(2) 

where J is a normalized particle current for cylillders (Chen Il)). 
At distances far from the probe it may be assumed that the plasma is quasi-neutral to ob
tain the boundary conditions necessary for solving equation (2). The equa.tion was solved 
numerically using a fifth-order Runge-Kutta technique with variable stepsize. Assuming 
that the electrons are Ma.xwellian we can obtain an expression for the electron current. 
By subtracting the electron current from the ion current it is possible to obtain a single 
probe characteristic for a chosen normalised probe radius, {p· From the single probe char
acteristic we can derive the double probe characteristic. In this paper calculations are 
carried out for Argon. The results for various values of {p are shown in figure 1. 
In the experimental situation where the electron temperature can be determined from 
the electron retardation part of a single probe characteristic, determination of the plasma 
density is stra.ightforward. When it is not possible to perform single probe measurements 
in the plasma. because of the absence of a large conducting electrode for the return of the 
current. it is still possible to determine the plasma parameters by fitting the experimental 
to the theoretica! curves. First we calculate the value of the gradient of the double probe 
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chlliacteristic at the fioating potential, 8(JÇp)/811lv=o for the desired value of {p· Then 

we plot 8th;{f&qlv.o as a function of 71. A set of curves for different values of Çp is shown 
in figure 2. Both axes of this figure depend on only one normalization factor, kT./e. The 
gradient of the experimental curve must be measured at zero potential and the result used 
to normalize the current. By enlarging or reducing the experimentally obtained plot it 
can be made to fit one of the theoretical curves. In this way it is possible to find the value 
of the electron temperature by comparison of the two abscissae. The plasma density can 
be obtained from the value of {p, which is revealed by the curve fitting. 
The dotted curves in figure 2 have been obtained from experiment in the manner described 
above. The upper dotted one has been taken in a parallel plate RF reactor and gives a value 
for the electron temperature of 3.00eV in agreement with the value of 2.85eV, calculated 
from the electron retardation part of the single pro be characteristic. The method presented 
here gives an electron density of 1.00.1016m-3 , to be compared with the single probe 
electron saturation density of 6.18.1015m-3 • The lower dotted curve in figure 2 has been 
taken in an inductive coil plasma which was contained in a insulating vessel. The new 
analysis presented in this paper allows us to state T. = 2.45eV, n0 = 5.42.1014m-3 • The 
analysis has also been extended to other gasses [2]. 

:;a,a;: ?!r.a'. C.'iAR.ICTEi<t ),1 C - CYLI l()fil CAI. PROOE 

1wl !,• •• 
1 

1 .". 1 " ~ ·~---''----!~--;~--;~--;~--J:,,.....'-o--i::===-: 

; I~~ 
~ 1 
• 1 
: 1co;. 

: ! 

f 

~,I. t ~ ,~~~""'"'~......!~--'~--'-~.....;.~--;~-; 
".! ~ 

il ! 
.a ·; ! 

"~:L~~~~~===~~· . 
O~ lO ~ W C ·~ '--~'o----''----,'~--'~--'~--.,...-~.,----;;. 

Figure l. Double probe characteristics 
for cylindrical probes. 
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A NEW SPECTROSCOPIC METBOD FOR DETERMINING THE ELECTRON 
DENSITY PROFll..ES IN THE DIFFUSE AND CONSTRICTED POSITIVE COLUMN 

Sigismund Pfau·, Jens Robmann• and RolfWinkler• 

(*) Fachbereich Physik, (+) Institut für N"iedertemperatur-Plasmaphysilc 
Emst-Moritz-Amdt UniversiW, Domstrasse lOa, 17487 Greifswald, BRD 

lntroduction 

It is wel! known that the positive column of a glow discharge in rare gases at medium pressures 
(Poll~ lOOOPa cm) can occur in a diftUse and in a constricted fonn. As the discharge current is 
increased the discharge changes abruptly at a distinct current value from the diffi.ise to the con
stricted mode. CoMected with this change a typical discontinuity in the radial profiles of the 
plasma parameters is observed. From space resolved spectroscopie measurements of the visible 
continuum radiation the radial density profiles of the electrons in the diffuse and constricted col
umn of the glow discharge in krypton have been deterrnined. The origin of this continuum emis
sion are the free - free transitions of electrons appearing in collisions with neutra! atoms [ 1]. 

l\bin upects of the spectroscopie metllod 

The emission coefficient e.(J..,r) of the electron-atom-bremsstrahkmg depends on the local densi
ties n.(r) and n(r) of electrons and neutra! atoms and on the coeflicient ljl*{Ä,r) according to 

r;
1

(Ä.. r) = Cn,{r)n(r)111.(Ä. r). 

IV.(Ä,r)=~ ÎF(U)QD(U)U1'2(1-~x1-~J
112

dU (1) 
À ,,.,", 2Ue0 À Ue0 À 

where Qo ( U) is the momentum transfer cross section, F(U) the electron energy distribution func
ti0n and U the kinetic electron energy. The coefficient IV*()..r) describes the spectra! emission 
di:ruibution as a function of the wavelength À. If the impact of the electron-electron-interactions 
on :he electron distribution function can be neglected, 111• becomes nearly independent of the ra
dial position in the discharge column. 
N,,rmaJizing the densities of electrons and neutra! atoms, the emission coefficient and the spectra! 
discibution of the bremsstrahlung on their axial values according to e()..r)=eg()",r)/e1(Ä,0), 
g(rf=ajr)/n,(0). h(r)=n(r)/n(O). l(J..,r)=1V*{J..,r)/1V•(À,O) the expression {I) is transfonned to 

e(J...,r) = g(r)h(r)l()..r) . (2) 

Tk radial emission distributions e{À,r) at different wavelengths can be determined by recording 
the emission "'ith a CCD-camera. When calculating 1j1*()..,r) from an appropriate electron kinetic 
~~tion. detennining the radial distribution of the neutrals from an adequate power balance and 
"-~ additiooally including the electron current balance, the radial electron density profile can 
fut.IL"y be obuined from (2) in a selfconsistent way using the measured ernission distribution. In 
~hi:; ;:-roe~ the solution of the kinetic equation has been perfonned in local approximation with 
~~t to the radial density distribution of electrons and neutra! atoms. 
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Results and discussioo 

As an example for the parameters p0=3,75 kPa, r0=0,75 cm Fig. 1 shows the measured radial dis
tributions of the emission coefficient for the diffuse and the constricted discharge mode at l..9i00 
nm in comparison with the well-known Bessel profile. These have a quite different radial structure 
in both discharge forms. The emission in the constricted column extremely differs from the Bessel 
distribution. Fig. 2 presents the calculated behaviour of the spectral distribution 41*(;>..,r) for one 
case of the constricted column. The variation of 41• with the radial position is caused by the elec
tron-electron-interaction which is very important for the constricted discharge column. As Fig. 3 
illustrates, in the diffuse column the density of the atoms and the energy distribution function of 
the electrons do not change considerably with the radial position. Under these conditions the 
density profile of the electrons is nearly equal to the emission profile of the continuum radiation. 
On the contrary remarkable differences between both these profiles and a pronounced radial de-
pendence of 1(1..,r) can be seen from Fig. 4 being relevant to the constricted column. 
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Fig. 1: Measured emission coefficients for 
the diffuse and constricted discharge 
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Fig. 3 · Radial profil es (diffuse discharge) 

Referentes 

[ 1] S. Pfau. A. Rutscher, Physica 81e (1976)395. 

293 

500 

I= IOmA 
pll'uieltr : r/R 

100 1 (nm) .oo 

Fig. 2 : Spectra! emission distribution for the 
constricted discharge 

nonnalized proriln 
1.15 

Fig. 4 · Radial profiles (constricted discharge) 



APPLICATION OF RF DISCHARGE PLASMA FOR PROCESSES OF METAL 
SURFACES SATURATION BY NITROGEN 

Ildar Sh. Abdullin, Vladimir E. Bragin•, Alexander N. Bykanov•, Ildar G. Gafarov••, 
Michail M. Mironov,Ildar G. Husainov 
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Introduction 

Different types of steel and alloyed cost iron surface saturation by nitrogen is used for 
improvement of surface microhardness, wear resistance, corrosion resistance. Metal sur
faces saturation by nitrogen is executed by metal heating in the nitrogen content (pure 
nitrogen, ammonia) gases, as usually. There is a low temperature (500-600 C> and high 
temperature (600-1200 C> nitrogen saturation. There may be executed ion's nitrogen satu
ration by means of direct current glow discharge [ l J. Nitrogen ions with energy about some 
hundreds electron volts exert the metal surface in this case. Ion saturation by nitrogen has 
some advantages in comparison with common method: speeding-up of diffusion processes, 
possibility of diffusion layer control, low deformations, high roughness quality, economy 
and ecological cleanness. 

Gas saturation of steels with high concentration of chrome ( 12 % and more) is executed 
in the process of finishing tempering at temperatures 500-550 C or at temperature harden
ing at 1020 C. There is a problem of low productivity of the process (the time of the process 
is 10-24 hours) [ 1]. Low temperature saturation of such types of steel by nitrogen is 
frequently accompanied by the following defects: shonness of the modified layer, salience
ness. peeling. High efficiency of RF discharge treatment for nitrogen saturation of the sur
face of iron and alloyed cost iron was shown in [3]. The possibility of nitrogen saturation 
of steels with high concentration of chrome in RF discharge at low pressure is investigating 
in this article. 

Experiment 

The following types of Slee! were used in experiments: 20Xl3, 30Xl3. 40Xl3 (in 
Russian classification) with rhe following composition: C-0.16-0.25%, 0.26-0.35%, 
0.36-0.45% respectively, Cr-12-14%, Mn-0.9%, Si-0.7%. RF discharge installation 
and diagnostic equipment which were used in experiments were described in [2]. The in
stallation includes the operarion chamber 120 1 volume with feeding and evacuating systems. 
The operating chamber is metal bell-jar mounted on the base plate. There is a set of holes 
with different sizes for discharge chamber diagnostic and evacuation means mounting. 
Water cooled quartz tube was used as the discharge chamber. The RF power supply was by 
means of inductor. The electron concentration, ion energy disrribution, ion current density 
on the sample surface, time-everaged plasma potential were measured in experiments. 
There were observed two forms of RF discharge: «inductive• and «capacitive•. The «induc
tive• form was characterized by low ion energies (15-30 eV) exerting rhe samples surface. 
The •capacitive• form was characterized by high ion energies (120-150 eV). The 
frequency of RF generator was about l.76 MHz, the discharge input power was abour 
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2.5 kWt. The gas mixture composition was following: 70-90% Ar and 30-10% N2• Gas 
consumption was 0.08 g/ sec, pressure- 0.5-1 Torr. Time of the sample processing was 20-
60 minutes. The samples were placed into the plasma jet downstream the discharge chamber 
or to the discharge chamber itself near the inductor. The samples temperature was measured 
by chromel-alumel thennocouple installed to the sample. Gas saturation of the untreated 
samples and samples after hardening (heatillg in fumace at 1020 C and cooling in air, 
tempering at 350 C for 2 hours) was executed in experiments. Microhardness of the source 
samples was HR°"30, and for the hardened samples HRC-50. 

The samples treatment at mentioned above parameters in RF discharge at 550 C for 
1 hour transfonns the microhardness to HRC=35. There is a tempering and partial nitrogen 
saturation of the surface. Messbauer spectroscopy in conversion elecrrons regime displays 
the nitride phases in thin layer- 0.2-0.5 mkm thlckness. 

The temperature decrease to 350 C leads to ineffective nitrogen saturation and so the 
temperature is lower than the tempering temperature, so the microhardness doesn't change. 
Nitrogen saturation at 600 C decreases the microhardness owing to the tempering. 

lt is more preferably to combine the exertings for the hardening processwas made simul
taneously with high temperature nitrogen saturation and after that the tempering was ex
ecuted. The sample was placed to the discharge chamber near the inductor. The inductive 
regime was realized in these experiments. The sample temperature was set up at 1020 C. 
Heating in this case was executed by plasma jet and by Fouco currents. These currents in
tensifies gas saturation processes too [ 4]. The time of the treatment was about 20 minutes, 
after that low power level was installed in the «capacitive• form of the discharge. The 
temperature was decreased to 100 C during 5 minutes. Tempering was executed in «capaci
tive• form of the discharge at 350 C for 20 minutes. The microhardness of the samples was 
enlarged up to HRc-62. The X-ray analysis complemented by layers etching displayed 
nitrogen saturated layer with 300 mkm thickness. The samples treatment in ccapacitive• 
form at 550 C leads to formation of ostenit phase of iron with low values of microhardness. 

The difference between treatment in the regimes mentioned above is determined by the 
temperature of process and energy distribution of ions exerting the surface. The energy 
range of ions in «inductive• form (15-30 eV) is apparently more preferable for nitrogen 
saturation. 

So, it was developed a method for nitrogen saturation of steels with high chrome content 
in RF discharge during shorter time period than in other methods. The microhardness of 
steels was enlarged up to HRC-62. Using the RF discharge possess to combine the surface 
treannent by active discharge components with effective samples healing by Fouco currents 
and energetica! plasma jet. 
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THE STUDY OF NITROGEN FLOWING AFTERGLOW BY A DISCHARGE PROBE 
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In the usual electric al probe measurements mainly the number 
density (nel and the temperature (Tel of electronic population are 
obtained from the I-V characteristics recorded for bias1ng voltages 
under the breakdown threshold value . 01fferently in the case 
considered here complementary information concerning the content of 
species in afterglow is obtained by pcocessing the I-V 
char-acteri!>tics of a double probe recorded for biasing voltages 
over there the breakdown occured. The metr.od is similar in some 
aspects to the optogalvanic one only the perturbation is pr-oduced, 
instead of light, by the active species of afterglow 

In the following the changes in the J-V characteristics 
(breakdown and cutoff voltages, dynamic impedance) of a probing 
oscillatory dischar-ge produced by species evolving from a Nz flowing 
afterglow plasma ar-e studied along the flow axis. On the basis of a 
kinetic model number densities o f long llfe ni t rogen spec ies as 
N(4s), Nz(l'.1.2~), N(2P), N( 2o), N2 1x, v ) . . are deduced trom 
measurements. These results can be useful by instance for 
moni tering the working c ondi tiens in remote ni trog en plasma 
treatments (nitruration, silicon nitride deposition,etc ... ) . 

The experimental set-up consists from the discharge probe and 
associated circuitry and the flowing afterglow system. The discharge 
probe is like d double probe (two tungstE:n wires 12 mm long, O. 7 
mm di.ameter and separated by 4 mm dist.ancel and is driven by 
inc luding it in a relaxation osc illator circ uit. 1'his type of 
c ircuit was used previously in gas pressur:e measurements [1 l a nd in 
a variant of optogalvanic spectroscopy method [2 ]. In such .a 
circuit a capacitor- is repeatedly charged and discharged. 
During the d i scha rge period thE- voltage over t he probe 
e lectrodes changes bet ween br-eakdown (Vb ) and cuto f f (Vc) va lues. 

The flowing afterglow has been re.ali zed by expanding a 
s ubatmospheric plasma jet g t:nerated in a RF discharge 131 i n a 
flow tube made fr-orn pyrex glass and having 16 mm internal diamt:ter-

1'he me.asur-ernents were performed with a 2 432A Tektronix 
d1gital oscilloscope. 

In fig. 1 typical I ··V ch.aractecist1cs of dischar-ge probe 
i n abs ence (Rf off) and 1:.resence (Rf onl of base discharge are 
shown. Modification of c har.acter1st ic and the c hange of all 
electrical p.arameters of the discharge probe induced by the RF 
dischacge are caused by the generated after-glow s pecies. The key 
problem whe n one want s to use the discharge probe as diagnost ic 
i nstrument is to celate the changes in eler.trical parameters (Vb, 
Vr, Vc, Im . .. l to the nature and density o f species . 

ror ~ he description of ,;-vol ution of nitrogen afterglow a long 
tr1e flow tube d kinetic: mod<: l for- the import.ant radicals and 
;;;etastables (N(4S) , ~12 (A2~), N(2P), N(201, N2 (Y.,v)) h'l " been 
~ons1de ~e~. Alonq the tube t he vac1~: : ~n of e l E-ctrical 
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parameters of probe discharge can be written in a first 
approximation as: 

~PBL.sl ·[N(4S)]+S2 ·[N2(X",w)] 

800 v ron 
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where Sl and S2 are sensitivity factors (in units depending on the 
nature of parameter Peil and N2(X,w) are highly vibrational excit ed 
ground state nitrogen molecules. 

for reasons accounting for a more general 
description, slighter dependence on pressure, simpler handling of 
data, etc ... relative parameters defined as: 

P (ÀP,,)......,.. 

( À p •I ) A p • IJOw 

with Pel being vb-Vr, Vb-Vc (or ethers) have been chosen to 
compare the measurements , performed along the tube, with the 
results obtained from the kinetic model combined with the first 
equation. In Fig.2 is shown such a comparison in case Pe1-Vb-Vr • 
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From the fitting pr·:>cedure the number density o f N(4S) 
species 3t the begining of flow (z-0) has been calculated and 
afterW'ards the axial dependence of all me ntioned long life 
s pecies . aesides a value o f l. 2x 10-15 cm3 s - 1 of rate 
constant for the quenching o f gr:ound stat vibr:ationally excited 
nitr:ogen molecules belong 1ng to class N2(x,W') by the gr:ound 

state atomie nit r:ogen N(4S) has been obta ined. 
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A NEW REGULARIZATION PROCEDURE AS AN APPROPRIATE ALGORITHM 
FOR THE EVALUATION OF LANGMUIR-PROBE MEASUREMENTS 

M.V. Chegotov 

lnstitüt für Experimentalphysik 5, Ruhr-Universität Bochum, D - 44780 Bochum, Germany 
On lea.ve from P.N. Lebedev Physics lnstitute, Leninsky Prosp. 53, 117924 Moscow, 

GSP-1, Russia. 

Usual problem statement of an electron velocity distribution function (EVDF) /(v) deter
mination in ionized gases by the La.ngmuir-probe measurements is closely connected with 
differentiation procedure. Two-fold differentiation applied to the Volt-Ampere characteris
tics of probe l(V) leads to the EVDF in accordance with the formula 

2ire 1°" mv
2 

J(V) = -S (T - ejVl)vf(v)dv 
m vr(V) 

( 1) 

where S is the area of the probe surface, m(e) is the electron mass (charge) v1(V) = 
y'2elVl/m and /(v) is normalized on electron density n,(4ir f0

00 
f(v)v2dv = n 0 ) . 

As fa.r as a. small perturbation of differentiated function can produce a large perturbation 
of the derivative, the procedure of differentiation is treated as unstable from mathematica! 
point of view. Just the Jatter is one of the most important difficulties which one fa.ces 
in evaluation of the real experimental Langmuir-probe data with error bars. Namely, the 
rneasured value J(V) is superirnposed by noise which makes dilferentiation unstable. lt 
means that one bas to apply a. preliminary procedure to the J(V) in order to be able to 
dilferentiate. In particular, the procedures of the noise reduction such as filtration and 
application of interpolation or fitting algorithms on l(V) are widely used at present. 

It is necessary to emphasize the integral nature of relations bet ween EVDF and measured 
experirnental value. One of the methods to determine EVDF from integral relations is a 
Tikhonov regularization method [l]. Tbe latter enables to take into account both the integral 
nature of mentioned above relations and experimental error bars of measured va.lues. Careful 
examination and comparison (see [2]) shows that none of the above mentioned methods is 
satisfactory for the evaluation of those noisy experimental ("non-exact") data hut Tikhonov's 
method is the only one which can be applied to it with reliability. Earlier, this method had 
been used already to determine the electron energy distribution function (EEDF) [3] from the 
Langmuir-probe measurements. In order to computerize the problem, the integral equation 
after the regularization was transfered to a system of linear equations whereby the voltage 
interval was subdivided in a suitable grid. Apart from the unwieldy size of this linear system 
the errors in the solution for EEDF appeared to be comparatively large in regions of low 
and high electron energies. 

One can write equation (1) in the following form 

J(x) = [(t -x)H(t - x)z(t)dt (2) 

where t = mv2 /2 is the electron kinetic energy in electron-volt units, x = e!VI the above 
potential in electron-volts, z(t) the dimentionless EVDF as a function of elect ron energy t, 
J(x) the dimentionless probe current, the upper limit x =dis controlled by the experimental 
accuracy and H(u) is the Heaviside unit step function. 
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The procedure of the Tikhonov regularization method in genera! case is wellknown [1]. 
It is closely connected with minimization procedure of the so-called smoothing functional 
M"(z,J] 

M"(z,J] = a Ld (~: r d:z: + l (l(t - :z:)H(t - :z:)z(t)dt - J(x)Y d:z: (3) 

where a is the positive number which is called the regularization parameter. The function 
z0 (:z:) , at which M"[z, J] reaches the minimum, is called the regularized solution. The 
vanishing of the first order variation of the functional leads to the following equation, the 
so-called Euler equation for functional (3) 

1 r 1 id Jlz r 
6 Jo t2(3s - t)z0 (t)dt + 6 • s2(3t - s)z"(t)dt - a ds2" =Jo (s -e)J(e)d{. (4) 

The parameter a bas to be determined from the "discrepancy" equation (cornpare with (1]) 

d ( d )2 d 1 J(:z:) -1 (t - :z:)H(t - x)z"(t)dt d:z: = 1 (.ó.J(:z:))2d:z:, (5) 

where .ó.J( :z:) are experiment al errors of the current J( :z: ). The genera! solution of the integral 
equation ( 12) has the following form 

3 1 3 P2 Id 
z"(:z:) = L (A;e:z:p(-p;:z:) + B;e:z:p(p;:z:)) + 2 L ..2. Jo J(s)e:z:p(-p;l:z:-sl)ds, 

j = l a j=l u, 0 

(6) 

whereA; and B; are the constants ;p1 = a-116
, P2 = (l/2)a-116(l+iVJ),p3 =Pi are the three 

different roots of the equation ap6 = 1 with positive real parts; u1 = p1 (p~ - p~)(p~-pn, u2 = 
P2(P~ - p~)(p~ - pn, U3 = p3(p~ - pfäp~ - P~). 

Constants A; and B; rnight be detennined directly from the minimization of the smooth
ing functional with respect to A; and B;. Thus the desired z0 (:z:) will be found as a function 
of argument :z: and parameter a. As mentioned above a has to be found from equation (5). 

The outcome of the algorithm described here was demonstrated in [4]. 
In conclusion, the various advantages of the above algorithm over that of the usual inter

polation and filtering algorithms should be emphasized. First of all, it must be stated that 
the most basic relation for the probe current is by its nature an integral relationship of the 
kind of equation (1) and not second order derivative as in the above cases of interpolation 
and filtering techniques. Secondly, the solution (6), derived for the EVDF is of integral 
character too, resulting in the most essential feature of providing mathematical stability 
for calculations which make use of experimental points inherently affiicted by random devia
tions. Third, the algorithm of Langmuir-probe data evaluation presented here has important 
advantages over that of [3] too. The most important advantage is represented by the fact 
that an analytica! solution (6) of the regularized integra.I equation was found. In turn, this 
makes the procedure much more sta.bie as compared to the one of [3). 
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OPTICAL AND LANGMlJIR PRODE DIAGNOSTICS INA llOLLOW CATIIODE ARC 
EVAPORATION DEVICE 

Dirk Mönke, Lars Mechold, Helmar Scheibner and Frank Schrade 

Department of Physics, University ofGreifswald, DomstraBe JOa, 17489 Greifswald, Gennany 

lntroduction 

We have investigated em1ss1on line intensities of different plasma components, furthennore 
electron temperature and electron density in dependence of the vertical distance over the center of 
the anode crucible of a hollow cathode are evaporation device. The plasma parameters behave 
al most linearly in a sufficient distance from the anode. A strong increasing of the line intensities of 
neutra! working gas atoms and the atoms of the evaporated component as well as their ions were 
observed close to the evaporation source. Moreover the current dependence of selected line 
intensities is presented. 

Experiment 

Our measurements have been canied out in a high-current hollow cathode are evaporation device 
containing a gas supplied hollow cathode and a water-cooled crucible anode filled with titanium. 
The hollow cathode are bums in flowing argon at a pressure of about p = 0.3 Pa. The beam 
electrons emitted from the hot cathode are effectively deflected to the anode by a suitable 
transversal magnetic field . The energy transfer of these electrons to the target material in the 
anode crucible is sufficently to melt and to evaporate metals like titanium. 

We have analysed the plasma in the evaporation device vertically over the center of the anode 
crucible. Therefore it was built a movable mounting support into the vacuum chamber to hold the 
fiber opties of an optica! multichannel analyzer and the Langmuir probe, which enables to move 
both in vertical direction. To reduce disturbances of the plasma in the interesting region and to 
collect sufficient line intensity the optica! observation was done at a certain distance from the 
perpendicular line of the anode crucible, whereas the cylindrical Langmuir probe was positioned 
vertically over the center of the anode. 

Rtsults 

Under typical operating conditions of the hollow cathode are evaporation device spectra! line 
intensities of neutra! argon, neutra! titanium and single ionized titanium were investigated. lt was 
found, that the relative population of different levels of the same particle kind as function of the 
distance !Tom the anode is almost independent !Tom the level. Therefore it was taken an average 
over the correspónding relative spectra! line intensities at a given distance from the anode. The 
observed relative intensities are recalculated by dividing the intensity at the actual distance by the 
sum of the intensities at all distances. This makes the relative intensity independent of their real 
value. Figure ( 1) shows relative line intensities of Ar 1, Ti 1 and Ti II lines in dependence of the 
venical distance from the anode crucible. Additionally figure (2) gives values of the electron 
ttmperature and the electron density, which we got by using tne algorithm described in [IJ. 

There is an almost weak linear decreasing of the line intensities of the heavy plasma particles at 
an sufficient great distance from the anode, in which the electron temperature was nearly 
constant, whereas the electron density clearly decreases with the distance. Closer to the anode we 
have only optica! data to avoid the destruction of the probe. In the region near the anode crucible 
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Fig. 2. Electron density and electron tempe-
rature vs. vertical distance 

a strong increase of line intensities is to observe. This is especially pronounced for the titanium ion 
lines. We explain this behaviour as a logical consequence of the relative high density of 
evaporated titanium atoms near the anode crucible. Moreover the titanium atoms are promoted in 
comparison to the argon atoms because oftheir ionization potential. 

Figure (3) shows the relative level population of different upper levels calculated from the line 
intensities. For the calculation we have taken the transition probabilities given in (2]. The 
characteristic course of the curves corresponds with the constance of the electron temperature in 
figure (2). 
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Figure (4) illustrates the influence of the discharge current on the relative line intensities of the 
different species at a height of 40 cm over the anode. As expected we recognize a considerable 
dependence on the plasma conditions. In future we hope to derive more quantitative results for 
the different particle densities by a systematic analysis of the optica[ multichannel analyzer data. 
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SPECTROSCOPIC DIAGNOSTICS OF GLOW DISCHARGE PLASMAS 
WITH NON-MAXWELLIAN ELECTRON ENERGY DISTRIBUTIONS 

K. Behringer and U. Fantz 

Institut filr Plasmaforschung. Universität Stuttgart 
Pfaffenwaldring 31, 70569 Stuttgan, Germany 

lt was the purpose of the present investigation, to obtain information on the shape of the electron 
energy distribution functions in glow discharges from spectroscopie measurements. For this 
purpose, the intensities of spectra! lines and molecular bands with different exeitation thresholds 
were analysed. The relevant eleetron excitation rate eoefficients reflect weighted integrals over 
the distribution functions, whleh are one to several eV wide and centred somewhat abovc the 
excitation thresholds. Bands and lines of N2, Ar and He provide information in the energy range 
from about 12 to 24 eV. The structures in the low energy region, whieh are eharacteristie for 
molecular gases with their possibility of vibrational excitation, were inferred from theoretica! 
ealculations [l]. [2], [3]. Forthe analysis, a simple anlytical formula was used for the distribution 
funetion: 

f.(E)=C, {Ë exp[-a.(k~ )'] . 
• 

The parameter v was adjusted experimentally. 
The spectroscopie results for the clcctron 
cnergies werc confinncd by calculations on 
the basis of the ionisation ratc coeffieients 
and an ambipolar diffusion model. The total 
electron density was calculated from the 
measured cleetrieal eurrents and field
strengths. The meao clectron energies 
obtain.:d from N2 bands, from AI and He 
lines and from the ionisation model are all in 
very close agreement for particular values of 
the fitting parameters eharacteristic for the 
the plasma conditions (figure 1). 

The experiments show that the high-energy 
part of the distribution functions is well 
described by the Druyvesteyn shapc in a wide 
range of plasma parameters. This is truc both 
in pure nitrogen discharges and in gas mix
tures with helium as the main constituent. In 
nitrogen. the agreement of the present results 
with the calculations of Loureiro and Ferreira 
[3] is very goocl. 
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The intensities of N2 + molecular bands allow easy and accurate measurements of the Nt ion 
densities in those discharges, where they are a consequence of the direct N2 + ground state 
excitation and are not due to ionlsation of neutra! N2 lnto the respective upper level. In spite of 
the overwhelming majority of neutrals, the present analysls shows that this condition is often 
fulfilled, since the ionisation rate coeffieients are extremely small because of the rapid drop of 
the electron populatlon at higher energies. In pure nitrogen plasmas, the N2 + ion denslty Is equal 
to the electron density. When the discharges are operated in gas mixtures, the fraction of N2 + 
ions must be ealculated from the pertinent ionisation rate coeffieients and charge exchange 
processes, a procedure, whlch is also necessary for the plasma modelllng. 

The N2 + X - N2 + 8 excitation rate coeffieients were first ealculated from the optical f-value, but 
were corrected by comparing spectroscopie ne results in pure nitrogen with those from electrical 
conductivity. After this correction, very good agreement was observed between spectroscopie and 
electrical electron density measurements for a wide parameter range of currents and pressures 
both in pure N2 and in various mixtures of He, Ar and N2 {figure 2). 

gas mixlure 91 % He, 4.5% Ar, 4.5% N2 
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Fig. 2: Electron density results from spectroscopie measurements and from the electrical 
conductivity for a He + Ar + N2 mixture plasma. 

The method for determining the eleetron distribution function wilt be applied to the measurement 
of excitation rate coefficients of neon and krypton. Furthermore, the depletion of the high energy 
tai( reduces the influence of dissociative excitation of the hydrogen Balmer lines in H2 plasmas, 
thus mueh facilitatlng measurements of the dissoclation degree In hydrogen discharges. 

Rererences: 
[1] 8. Winlder and S. Pfau, Beitr. Plasmaphys. 5 {1973) 273 
[2] J. l..oureiro and C. M. Ferreira, J. Phys. D J9 (1986) 17 
[3] J. l..oureiro and C. M. Ferreira, J. Phys. D 22 {1989) 67 

3<n 



OPTICAL EMISSJON SPECTROSCOPIC STUDY OF THE EXCIMER LASER
INDUCED PLASMA PLUME CREA TED ABOVE A BORON NITRIDE TARGET 

B. Angleraud, C. Champeaux, C. Girault, 1. Aubreton and A. Catherinot. 

lntroduction 

LMCTS, "Plasma-Laser-Matériaux" - Faculté des sciences 

123, av. A. Thomas - 87060 Limoges - France 

Transfering the stoichiometry from the target to the substrate is of great importance when mak.ing 

thin films. So a study of the plasma plume created during the interaction between an excimer KrF 

laser beam and a boron nitride target is necessary before the deposition stage. This work is 

devoted to find out which species are ejected from the target and to detennine their velocities. In 

addition, investigation on the charges density is achieved to have an idea on the degree of 

excitation of the plume. In order to get these informations from the plasma, the technique of 

analysis used here, is spatially and temporally resolved emission spectroscopy. (This work is 

partially supported by DRET) 

Exptrimtnt 

The laser (excimer KrF pulsed laser, 248 nm, repetition rate of 10 Hz) is focused on a rotating 

hexagonal boron nitride (h-BN) target (hot pressed, purity 99.99 %), leading to the ejection of the 

material and to the creation of a plasma above the target surface. To detect emitting species, the 

laser-induced plasma plume is imaged, slice by slice, onto the entrance slit of a high resolution 

~~trometer (resolving power 100000) A gated intensified CCD-array detector (!CCD) camera 

(Princeton lnstruments 576 G/RB-E) is used to collect the light signals at the exit of the 

;rt"'.trometer. The time-of-tlight study of these particles is realized with a digitizer (Tektronix 

:::~O) and a photomultiplier tube (rise time > 2ns). 

The molecules N2 • and BN• and the atomie nitrogen N• are never detected in our experimental 

c~'nditions (nitrogen pressure : 10-J.500 Pa ; laser fluence 3-30 J/cm2). Some hypothesis can be 

expressed these species are emitted from the target in a non-radiative state or they are 

di$SC1ciated in monoatomic N and/or B species. Atomie ionized nitrogen N+• and boron B++" are 

or.i:-· present under elevated laser fluences (here >20 J/cm2) but the signals are very weak. s• and 

B-• are identified whatever the pressure and the laser fluence are, with velocities ranging 1<>4 - 5x 

: '"'mis (1) 

. .\.:: the spectra! lines assigned to these detected species, appear to be broadened for short time of 

C\.~ation (50 up to 120 ns) after the laser pulse (30 ns duration) and for a distance up to 4-5 
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nun above the surface. Above these spatial and tempora! values the full width at half maximum 

(FWRM) of these lines is of the order of the spectral resolution of the ICCD detector (0.05 nm). 

In our case only Stark broadening is taken into account in the calculation of the charges density 

(the Dopplereffect is neglected at our level ofaccuracy: half-width ö>..0 < 0.02 nm). Hence, the 

charges density Ne of the plasma plume can be calculated in cm-3 from the half-width (ÖÀ.tota1) in 

nm of a Stark broadened line using the fonnulae : 

'1.Ä'""" = 0.2 x IVX [l + 1. 75 x ax (1-1.2 xr)] 

P J '6 el IJ Ji6 
a'liec r =-!!!. = 61 3 x ;( "' (---) 2 x N 

P. 4tr&0kT ' 

r is the ratio of the mean ions distance Po and the debye radius Po· The temperature T is 5000 K. 

ro = 0.0523x(NeflOl6), a = 0.051 x(Nefl016)114 for the line of s+• at 412 nm studied here. In 

addition, the ejected ions are suposed to be charged once. We study the broadening of the s+• 
line, at a pressure of 10-3 Pa, at a laser fluence of 10 J/cm2 and as a function of the timet after the 

beginning of the laser pulse and also as a function of the radial position in a parallel slice of the 

plasma plume. 

The density decreases rapidly with time from 1018 downto 1016 é/cm-3 (from 50 ns to 100 ns) . 

We give for exarnple the results obtained at t = 50 ns on the figure. Il seems to be an asymetrical 

radial distribution : the highest value is located at one side of the plasma and not at the center. 

This phenomena is not yet explicated (but we must keep in mind that the laser beam incidence 

angle with the target surface is 45°) So it can be concluded that the plasma plume is in a high 

state of excitation even 50 ns after the beginning of the laser pulse (30 ns duration) but 

desexcitates itselfrapidly (N < 1016 é/cm-3 (our limit ofresolution) at 100 ns). 
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2D LIF DIAGNOSTICS OF A DIAMOND DEPOSITING OXYACETYLENE 
FLAME 

R. Klein-Douwel, J. Spaanjaars and J.J. ter Meulen 
Dept. of Molecular and Laser Physics, University of Nijmegen 

Toernooiveld, 6525 ED Nijmegen, The Netherlands 

Introduction 

Two-dimensional Laser Induced Fluorescence is used to detennine molecular distributions 
in an oxyacetylene f!ame, used to deposit diamond on a molybdenum or natura! diamond 
substrate. Possible growth species investigated thus far include C2 [l], CH and OH. 

Experiment 

A commercially available welding torch (orifice 1.6 mm 0) is mounted on a translation stage 
above a substrate bolder, see figure 1. High purity oxygen and acetylene are used, where the 
f!ows and mixing ratio are controlled by mass f!ow controllers. A molybdenum substrate is 
positioned at 1 mm below the tip of the flame front. The substratc is cooled to 1000°C by a 
pulsed water vaporizer. Diamond is deposited in a slightly fuel rich f!ame [2], with growth 
rates up to 100 µm per hour. 

Figure l: Experimcntal setup for LIF measuremenL~ in the diamoud depositing f!ame 

The output of a Nd:YAG pumpcd <lye laser is nsed at different wavelengths to detect 
sewral molecular species in the f!ame. The laser beam is focused in the flame hy mcans 
of f\\'O cylindrical lenses, resulting in a thiu laser sheet. The fluorescencc is collecte<l at 
right angl<'s with t.h<' laser beam, using il CCD camera eqnipped with an image iutensifier. 
Em~ion of the flamc itsclf is supprcssed by galing the imag<' inteusificr. Imitge processiug 
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hardware and software are used to allow for background subtraction. A spat.ia! resolution 
of 20 µm is obtained. 

In order to avoid saturation of the camera system, molccular distributions have to be 
measured off-resonant. C2 is excited at 438 nm and detected at 471 nm (Swan system) and 
OH is excited at 282 nm and detected at 308-312 nm or excited at 248 nm and detected at 
298 nm (A-X). CH is excited at 393 nm (B-X) and detected at 431 nm (A-X), where the A 
state is populated via collisional relaxation from the B state. 

Figure 2: CH LIF distribution in the Hame while diamond is being deposited. The flame is 
reflected in the su bstratc hold er. 

All rneasurements are carried out while diamoud is being deposited on the snbstrate. The 
distribution of CH is sl.town in figurc 2. Spl'cia.l attcntion is given to t.h!' observecl bonndary 
Jaycr (abont 0.1 mm thick) just. abovc the substrate. The dependenr.e of t.he boundary 
laycr on deposition tcrnpcraturc and distance to the flame front is investigated and wil! be 
discnssed, as wel! as the qna.lity and morphology of the grown <liamond in relation to the 
molecular distributions in the boundary layer. 
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A NEW METHOD FOR DETECTION OF HYDROCARBON 
TRACES IN PURE NITROGEN FLOW 

Fra.ntisek Krèma, Jan JanCa., Antonin Tálsky, André Ricard· 

Department or Physical ElccLronics, Masa.ryk Univer~-ity 
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The results of the investigations of pure nitrogen afterglow at two different temperalurl's 
(300 and 77 K wall temperature) wilh very small amount or methane (in order 0.1 ppm) are 
presented in this paper. The experimental setup is reproclucecl in Fig.1 . 

:"vIW DISCHARGE 
2.34 GHz 

eCH.1 

B 

Figure 1: Discharge tube: A - observation region, B - the activc clischargc tube, Q - quarli 
window, M - monochronrntor 

.\ microwave (2.34 GH:t) nowing <lischarge was pro<luce<l iu "tube or 11 mm i.<l. by using a 
surfatron at power of 15 W. Part J\ or the postdischargc can be immcrsed in liquide nitrogcn 

1 7ï 1\) at time T = 21 ms. The emission spectra wen: <lctcctc<l by a Zeiss monochroma.tor 
with a photomultiplier (!::Ml) an<l a cl1art recorder. More details or the expcrimental ar
~.uigement a.re given in our prcvious works [l, 2]. 
·:·Lt• spectra of the nitrogen artcrglow were obscrvc<l in the :lîO · J95 nm rauge to a.na.lyse 
~'.lt' intensities of N:i lsl neg. and ;-.;., 2nd pos. aucl of CN (B-X) bands. At low pressurc 
,;i :.i5 Pa) and room tempcrature, the Nj Jst neg. overlap the CN (13-X) bands. 
:\~,,low temperature (ïï K) the a ftcrglow is shorter 1u1J more intense. The lst neg. intensi
; :.-$ ~trongly decrea.se and the CK violet 7-7 and 0-0 bands play the dominant role as shown 
.:: i-lg. 2. The relative intensities of C:'-1 bands to the 2-0 band of second pos. nitrogen sysLcm 
,;,-;,end a.pproximalively linca.ry on methane concc~11tratio11 as shown on Fig. Ja. From this 
··:.>..•uil thcy can l>e uscd for cslablishi11g of CH.1 C<lllC<'lllrntion <•bovc a bout 1 ppm. 
\: ii ighcr ·pressurc (2000 I'.•) a.nd low tcmperature (77 !\) for the same post-disclmrge t ime 

, :· ~J ms the CN band intensities are very intense (sec Fig. :Jb) . Their CH~ concenlratio11 
.: ~·;,~ndcnce is not linear, but the conccntration sensitivity is ex tremaly high. This con<litions 
: ·.• t:l d be used for mcll1a1;e <letection even undcr 0. 1 ppm. 
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lt has also been observed that the CN band intensities depend linearly on the total gas 
pressure at low temperature (77 K). 

CN(B-X) 

(o-ol 

(7-7) 

N1(C-B) 

(0-2) 

(l-3) 

370 380 390 ~ [nm] 

Condltions: total pressure 665 Po, , 
tlowrate 370 seem, ve loc11y 7.06 ms
woll temperoture 77K, 
CH4 concentrotlon "' ppm 

Figure 2: The spectrum of N2 - ! CH.1 m ixt.ure 
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This work ha.' l:ic"n s11pportrd hy Llw Cra11l Ag<m~y Cz<'ch Rrp. r.onlrnct No . 202/9:J/211 8. 
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COMBINED SPECTROSCOPY AND SIMULA TION METHODS 
OF FREE-BURNING ARC PLASMA INVESTIGA TION 

Ida L. Babieh, Anatolv N. Veklieh. Victor A Zhovtyansky, 
Alexey Yu. Pankin, Andry 1. Cheredarehuk 

Department ofRadiophysics, Taras Shevehenko University, Kiev 252017, Ulcraine 

Introduction 

The electrie arcs are very simple devices as a sources of plasma. But in the case of free-buming 
aces their experimental investigations are very complicated due to the random change of are 
position on electrodes. There is in addition essential problem of interpretation of experimental 
results. It is conditioned by two correlated factors. First, high-density electric are plasma is 
optically thick at least in resonanse lines. Second, in spite of common view the state of plasma in 
essential part of its volume differs greatly from local thermodynamies equilibrium (L TE). It is the 
result of radiation transfer in plasma of the temperarure gradient [ 1]. The last takes place at least 
near the boundary of real plasma. 

Experiment 

Plasma was produced between the end surfaces of the non-cooled copper electrodes in the air, 
eaeh having a diameter of 6 mm, interelectrode distance d being 2-8 mm and discharge current 
being 3. 5-100 A. The choice of eopper is caused by the simplicity of its atomie strueture. In this 
respect it eompares favourably with helium among gases only as the object of spectroscopie 
investigation. The current pulse up to 100 A was put on the "duty" weak-eurrent discharge. The 
quasi-steady mode was investigated. 

Plasma spectroscopy 

Because of the discharge spatial and tempora! instability the method of the single tomographic 
recording of the spectra! shapes and intensities of lines 465. 1; 52 l.8 and 510. S nm Cul and also 
the absorption coefficient of the last one was used [2,3]. Fast scanning ofradiation intensity space 
distributions was accomplished by an image dissector tube of eleetrostatic type whieh has 
significant advantages over other types of photodetectors [4]. 

Simulation 

The temperature T(r), electron density Ne(r) and atomie density Ncu(r) radial profiles of plasma 
volume should be calculated from the plasma spectroscopy data. The difficulties are caused by the 
self-absorption ofspectral line 510.5 nm and the deviation from LTE in essential part of plasma 
volume. They are excluded by the numerical simulation of diffusion and radiation transfer 
processes in plasma. 

DifTusion processes 

By many authors the stable effect of the vapour content increasing at the are periphery was 
observeè It is usually explained as a result of dernixing. Thai is why we exarninated this 
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viewpoint by simulation of the axially symmetrie diffusion problem in the rree-buming electric are 
plasma. It was consisted of electrons, ions Cu +, atoms Cu and molecules N2. The conclusion is 
the demixing does not essential effect in electric are plasma. But obtained results are very useful 
for estimations of radiation self-absoption in zone out of plasma region. They are presented in 
Fig. 1 for the next temperature radial profile approximation of experimental results 

T(r) = (To-Ta)exp [-(r/R)2)+Ta, 
where Ta= 300 K - is the ar1,1bient temperature, To=8400 K; R=0.255 cm. 
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Figure 1: Computed profiles of the copper vapour concentration Ncu (a) and content Xeu (b) in 
the copper-air plasma versus radial distance to absoption wal! Rw=0.3 cm (curve 1), 0.5 cm (2) 
and 1 cm (3). The relative electron density Nc profile is shown as the dashed line. 

Essentially, the case of Rw=lcm are in good agreement with the laser experiment data [3] on 
radial profile of the absorption coefficient at the line 510.5 nm Cul. 

Radiation transfer 

The problem of deviation from L TE as a result of radiation transfer in plasma of the temperature 
gradient was discussed by authors earlier [ l ] . But instead of the step-lemperature model this 
paper deals with the real temperature profile. In the first stage the plasma composition was 
computed in the L TE assumption. And in the next stages of itteration process the simulation 
should be satisfy simultaneously the Dal ton equation in partial L TE model and the radiation 
transfer condition at each point of are radius. 

As a result presented combined method may be used for diagnostic of non stationary and non 
L TE partial optically thick plasma. 
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POPUI.ATION KECHAHISKS OF MAGNESIUM ATOHS AND !ONS IN ABGON 
INDUCTIVELY COUPLED PIASHAS 

Jaroelay Yl~ek and Lum1r Forejt 

Depart.ment of Phyeice, Universit.y of Weel Bohemia 
Americká 42, 306 14 Plzett, Czech Republic 

Int.roduct.ion 

During the past !ew yeara, lhere has been much progreee in inve
etigation of lhe mechanisme by which analyte atoms and ions are 
populated in an argon induclively coupled plasma (ICP). Magnesium 
hae been often chosen as a repreeentat.ive analyte met.al in lhe 
literature not only !or ils relatively eimple atomie etruct.ure 
and lhe !act that both atomie and ionic linea can be observed in 
the ueual ultraviolet and visible wavelength region, but aleo !or 
the effect of t.he charge transfer bet.ween argon and magnesium on 
the populatione in magnesium ionic levels [1 - 4). 

Theoretica! coneiderationa 

The charger - tranef er processes 

Ar•(l) + Mg(l) ~ Ar(l) + Hg+(m) 

where m = 3 (4e ZS) and m = 4 (3d ZD) , together wilh lhe inela-
stic electron-atom collieions and radialive proceeses usually 
included, are coneidered in our extensive model, taking into 
account 30 e!fective levels !or Mg atoms and 30 e!!ective levels 
!or Mg• ions. 
The solutions for the unknown excited level populatione nn (Hg 
atoms) and n~ (Hg+ ione) are written in the form 

!or n 2, 30 
and 

ior n 2, 30, 

respectively . 
Here, ni, n~ and n~ are the ground-state populations of Hg atome, 
Hg+ ions and HgZ• ions, reepeclively . The population coefficients 
G~ and ~· characterize the respect.ive downward recombination 
flows of electrons, Q, and c~• are related to the upward 
excitation !lows of elect.rans !rom the corresponding ground 
states, and ~ describee the effect of the charge transfer bet
ween Ar•(l) and Hg(l) on t.he populatione n#, . The inverse pro
cees, depopulating the ionic statee 4e zs and 3d zo, ie included 
in the population coefficients ~·and ~·. 

Resulte 

In Figuree 1 and 2 our numerical reeulte are compared with the 
respective experimente ( circlee) carried out by van der Mullen et 
al [1] and Burlon and Bladee (2) on different ICP eyeteme in 
t .heir analyt.ical zones . The iollowing input parameters have been 
c1sed in our calculations : T" 6 700 K, T" 6 000 K and 
:-..,. = 1.6xlO•• cm-• (Figure ll ; T" = 7 400 K, T" = 6 700 K and 
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ne = 6.0><1014 cm-a (Figure 2) . Two val~1es of t.he Saha decrement. 
bi = n,/nf , bi = 10 (curves A) and bi = 1 (curves B), are conai
dered t.oget.her wit.h realist.ic eat.imat.iona of b! = 1 and b~ = 1. 
The full linea repreaent t.he correeponding LTE populations . 
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Figure 2 

Aa can be seen, our nume rica l result.e agree well wit.h the measu
rement.s. The regiat.ered aensi tivi ty of t.he val ues of nn and n~ t.o 
the value of bi ie a nat.ural coneequence of the dominance of the 
e xcitation flow of electrons irom the ground st.ate in t.he popula
t. ion mechanism of the Hg e ><cit.ed stat.es and o f the char9e trans
fer in t .he population mechanisme of the lig+ excited atates, rea
pectively . Only the highest levels are populated by the correa
ponding recombination flows irom continuum in both cases . 
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ELEMENTAL ANAL YSIS OF SOLIDS BY A TOMIC EMlSSION SPECTROSCOPY 
ON LASER-PRODUCED PLASMA. 

Introduction 

N. André, k. Chaléard, C. Geertsen, J.L. Lacour, P. Mauchien. 

CEA-LSLA- Analytica! Laser Spectroscopy Group. 
Bt 391- CEN SACLAY. 

91191 Gifsur Yvette, France. 

Optica[ Emission Spectroscopy (OES) on Laser Produced Plasma (LPP) is a very prom1smg 
technique for direct elemental analysis of solid samples. Compared to other spectrochemical 
techniques, laser ablation presents several advantages such as analysis of bath conducting and 
non-conducting material, possibilities of either bulk or localized analysis, no sample preparation 
prior to analysis and operation at atmospheric pressure. These features are of great interest for 
industrial applications mainly when experiments have to be performed in air at atmospheric 
pressure [1]. In spite of numerous works towards characterization of laser produced plasmas, 
there is a Jack of data for such experimental conditions. 

Experiment. 

Quantitative elemental analysis is based on the precise (relative accuracy required better than 5%) 
determination of the relation between intensity of plasma emission lines of one element and its 
concentration in the solid sample. Determination of this relation requires a rigorous control of 
both experimental parameters and plasma characteristics (atomie densities and temperature). 
This paper is devoted to the presentation of physical parameters of laser produced plasma in air at 
atmospheric pressure. Experimental set-up is given on figure l . The laser beam is focused on the 
sample surface by a 250 mm focal length lens. Power density (- 109 W/cm2) impinging the target 
is controlled by spatial filtering of the laser beam. Emission intensity lines is measured by mean of 
a spectrometer. Tempora! resolution of the transient emission signa! is achieved by a gated 
intensified multichanel detector. Acoustic signal generated by the plasma, characteristic of the 
ablated mass, is detected by a microphone. 
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Results. 

First part of the work has been devoted to the comparison of different laser sources. Relative to 
IR lasers, UV lasers permit higher ablation rates and a better control of laser-surface interaction. 
Qualitative investigations of plasma behavior have been performed by mean of an ICCD camera 
[2]. Experiments presented in this paper, have been obtained using an XeCl laser. 
A systematic study of influent parameters has been undertaken in order to select the best 
experimental conditions. It appears that collection must be performed on the whole volume of the 
plasma to reduce shot to shot plasma temperature inhomogeneities. Reproducibility in the range 
of 4% is obtained by averaging 500 laser shots on the same target position. These results are far 
from better than the one published up to now [3]. Performances for quantitative measurements 
have been evaluated for several both metallic and non metallic samples. Figure 2 shows the 
calibration curve obtained with several aluminum alloys and glass samples. Linear response 
indicates that the density of atomie excited states in the plasma is proportionnal to the 
concentration in the solid phase. 
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Our results show that OES on LPP is a very promising technique for elemental analysis in solid 
samples. Reproducibility obtained in this work is compatible with performances required for 
industrial applications. Calibration can be performed in a very simple way due to low or 
controlable influence of the sample characteristics on the ablation process. These low matrix 
effects are a unique feature conferring to the laser ablation an important advantage relative to the 
commonly used spectrochemical techniques. 
Extension of these results to a wider range of materials makes necessary to perform 
complementary investigations of the plasma physics. Main efforts must emphasize on material flux 
(acoustic signal) and plasma excitation temperature diagnostic. 
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SPECTRAL SELECTIVE IMAGING OF PLASMA FOCUS AT 24 - 45 Á 

S.V. Bobashev, DM. Simanoyskij 
A.-F.-loffe-Physico-Technical-Institute, St. Petersburg, 190421, Russia 

G. Decker, W. Kies, P. Röwekamp 
Institut für Experimentalphysik, Heinrich-Heine-Universität, 40225 Düsseldo~ Germany 

To obtain images of a hot dense plasma produced by SPEED 2 machine [1] in the 
spectra! range of the "water window" (Ä = 2.33 ... 4.36 nm) with high spectra! and spatial 
resolution, we have developed a microscope consisting of two cylindrically curved multilayer 
mirrors (MLM) in a parallel con.figuration. 

This con.figuration was chosen because it provides plasma imaging with a good spectra! 
resolution, inherent to systems with MLMs ('AJ/JJ.. = 100), together with the possibility of 
wavelength-tuning in a rather broad spectra! range without changing the mirrors. The optical 
set-up of the microscope is shown schematically in Fig.1. 

Fi~ 1.: Optica! scheme of the microscope. !-plasma, 2-entrance aperture, 3-MLMs, 4-
rotatable table, 5-microchannel plate detector. 

Two pairs of MLMs were used to cover the spectra! range from 24 A to 45 A. The first 
L'r.;;> .:onsisting of \\'/Sb-MLMs covered the range from 24 A to 31 A and the second one 
~'-':'.>isting ofCr/Sc-~ILMs from 31Ato45 A. A microchannel plate detector combined with a 
~h:isphor screen and a fiber optie output was used to record time integrated pictures. Several 
:rr.2~es of an argon plasma at different wavelengths within the "water window" were recorded. 
A. ;patial resolution better than 100 µm within a 30 mm field of view was achieved. At 25 A 
;,'~~e bright spots in the plasma with a size of 0.5 mm (identified as "micropinches") were 
r0u:'.d . An essential information concerning the plasma compression was obtained. 

This work was supported by Deutsche Forschungsgemeinschaft (DFG) through the grant 
.+: ~-113-111-0 and partially by Russian Foundation of Fundamental lnvestigation (RFFI) 
:h:.:~gh the grant 93-02-16904. 
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SPACE RESOLUTION LIMITS IN TOMOGRAPHY 
RECONSTRUCTION OF PLASMA EMISSION 

I. G. Kazantsev, V. V. Pickalov 
Computing Center RAS 

and Institute of Theoretica! and Applied Mechanics RAS, 
630090, Novosibirsk, Russia 

Introduction 

Emission tomography of plasma has goals to determine space distributions of different phys
ical parameters of plasma: temperatures of its components, their densities etc., with the 
measurements of integral emissions from plasma in different spectra! ranges. Such mea
surements provide with data computerized tomography methods that could solve inverse 
problem. It is very important in tomography diagnostic of plasma to find out final space 
resolution of the method itself as one of its main characteristics. Many modifications of 
emission plasma tomography methods deals with assumptions that detectors collect integral 
emission along t hin lines [1, 2, 3]. For this case there are some well known algorithms for the 
reconstruction of two-dimensional distributions of local ernissivity coefficients: Filtered Back 
Projection (FBP), Algebraic Reconstruction Technique (ART), Maximum Entropy method 
(MENT) and so on [3] . In plasma tomography approaches very often data measurement sys
tems have wide aperture of light collection and therefore main assumption in interpretation 
stage is not valid. In our work emission tomography method with wide aperture is presented. 
lnfluence of relative width of integration strip on reconstruction quality is illustrated. 

N umerical results 

Project ion data have been generated for a few views with 256, 128 and 64 strips (rays) per 
view. The projections are equidistantly spaced over the full 180° angular range for parallel 
views. Projection dat.a are generated as strip integrals through test image. Projections along 
parallel strips were computed precisely. To minimize the computation, special data structure 
of strip tracing was implemented. Minimal complexity of integration along strips could be 
achieved when strip width is not greater t han 6/ /(.2). where 6 is grid size (in our experiments 
6 = l ). For two types of data processing - strip account and ray account reconstructions 
for the same strip integrals are considered. Then for these two cases reconstructions by the 
algebraic technique (ART) are computed and the accuracy of the reconstructed images in 
the form of the normalized mean-squared error defined as 

MM M ."1 

""'" ' k 2 ""'" - 2 d = L L(fi; - fo) f L L(/ij - f) 
i::l j=l i=l J=J 

is comparej. Here Î;1 is a sample of reconstruction after k iterations, f;j is the true image 
function, f is the mean value of the true image, M = 128 is t he size of M x M image 
grid. The new estimate Î;~+I is determined from the estimate Î;~ after k iterations by the 
correction procedure defined as 

M M . k 

r' k+I _ J"k À(k) . Pim - Lp=I Lq=I Wpqtmfpq 
. ij - ij + W,;lm '°M '°M 2 ' 

L...p=I L....q=l W pqtm 
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where Pim are the given projectio11 data, 1 = 1, ... , n; m = 1, ... , 129; and Wpq/m are sum
mation coefficients for the strip (ray) number min the projection number 1. The rela.xation 
parameter À(k) may be chosen in the range from 0.0 to 2.0; in our experiments it is equal to 
!. 

Smoothing by window of 3 x 3 size and constraining have been used between iterations. 

2 projections, 256 detectors, strip width {J /2 
SAR RAR 

d-values for iterations 
0.1681 0.1684 
0.1528 0.1529 
0.1496 0.1497 
0.1488 0.1490 

2 projections, 64 detectors, strip width 26 
SAR RAR 

d-values for iterations 
0.1684 0.2588 
0.1530 0.1841 
0.1499 0.1689 
0.1492 0.1640 

The test image is a gaussia.n. Computer experiments show that strip account reconstruction 
(SAR)is more prefera.ble than ra.y account reconstruction (RAR). We conclude that wide 
aperture adjustment in tomography interpretation routines has considerable influence on all 
rcconstructions. Estimation of real space resolution in emission plasma tomography devices 
should take into account geometry of light collecting system. 
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lntroduction 

The optogalvanic effect (OGE) is observed when a gas discharge is irradiated with light which is 
resonant with one of the discharge species - atoms, ions or molecules. The perturbation in the 
ionisation-excitation equilibrium in the discharge plasma caused by absorbed radiation produces a 
change in discharge voltage and/or current. In the present paper the OGE has been employed to 
study the Penning ionisation of AI by Ne atoms excited to Is levels in a Townsend discharge. So 
far, the OGE in Ne with Ar admixture was examined in a hollow cathode discharge, [!]. 

Experiment 

The experimental set-up, described in [2], contains a glass discharge tube with two identical, 
parallel electrodes made of stainless steel (40 mm diameter and 11 mm distance). Each electrode 
can serve as the cathode so that the volumes behind them can be changed. Different places in the 
discharge can be irradiated by a ring dye laser beam expanded toa lx40 mm slab, parallel to the 
electrodes. The laser frequency is tuned to the centra! frequencies of the Ne transitions 1 s,-2p4 

(594.5 nm) or ls4-2p4 (609.6 nm). The discharge current, 0.5 ~1A. remains constant because of 
the high series resistance. The increase of discharge voltage, caused by absorption of the laser 
light is considered as the positive OGE. In Ne-Ar mixtures the changes of discharge conductivity 
due to absorbed light cause strong oscillations which were not observed in pure Ne, [2]. The 
oscillations can be removed by inserting a resistor in series with the tube. 
The magnitude of the OGE depends strongly on the position of irradiated volume, gas pressure 
and Ne/Ar ratios. In the present experiment we have obscrved fast changes of the OGE with time. 
At certain positions near the anode the OGE varies not only in magnitude but also changes its 
sign. The tempora! changes of the OGE are shown in Fig. ! a and b for the cathode volume much 
smaller (Vc<<Va) and much bigger (Vc>>Va) then the anode volume. lt is clearly seen that the 
tube geometry plays an important role in the observed changes of the OGE. 
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Fig. 1 a,b The OGE vs. distance from the cathode. )..=609.6 nm, p = 20 Torr, 0.01% AI. 
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In Fig.2 the OGE signals are shown vs. the pressure for different positions of the centre of the 
laser beam (À = 594.5 nm) in the discharge. It is worth mentioning that at 8.5 mm from the 
cathode and pressures below 8 Torr the OGE becomes negative after a few minutes. 
The only place where the OGE does not depend strongly on the position and time is the region 2-
4 mm from the cathode and for a large cathode volume. For that region the OGE vs. pressure is 
shown in Fig.3 for different admixtures of AI. The upper curve is obtained for Ne with traces of 
Ar. The results ofmeasurements for 0.01% AI show a good reproducibility of the OGE signals. 

r~~. 
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ol-~·--· J . . ~· .. ~ . -. L......._..:,,,......_.~~ ........... ...w 0,1 

2,5 mm 
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ro 1 w 100 
pressure ( torr) pressure ( torr) 

Fig. 2 Fig.3 

Ne 

0,005% Ar 

O,Q1 % Ar 

0,01 % Ar 

0,05 % Ar 

0,10 % Ar 

1,00 % Ar 

Fig.2 The OGE vs. pressure t~··~ different positions, À.=594.5 nm, Yc<<V8 , 0.005% AI. 
Fig.3 The OGE vs. pressure l."'>.i Ar admixture, >..=609.6 nm, 2.5 mm from the cathode, V c>>Va. 

l>iscussion 

The tempora! and spatial var;ations of the OGE in our experiment can be explained by the 
presence of cataphoresis in a ~e-Ar Townsend discharge. Though this phenomenon had never 
been thought to occur in this ~ ind of discharge it is easy to show that it does take place. In the 
Ne-Ar Townsend discharge m•:1st of the current is carried by electrons and ions which originate 
from the Penning ionisalion .-,r Ar aloms. At the current of 0.5 µA about 10'2 AI atoms are 
ionised in the discharge volu1:-:1e per second - mainly near the anode side where production of 
metastable and resonant Ne 1 i atoms is higher. At higher pressures the removal of AI atoms from 
this region is much faster tht:!1 dilTusion back towards the anode or from the volume behind it. 
Hence the discharge is quick:·.' · divided into two regions - the cathode region with increasing 
density of AI and the anode region almost free of Ar. From the anode region a part of the 
metastable and resonant Ne :moms can reach the boundary shifting it towards the cathode. The 
resonant photons can travel ·ï urther and penetrate deeper into the cathode region, therefore the 
OGE reverses its sign when t '11~ anode side of the discharge is irradiated. 
The measurements of the OGE for different Ar admixtures confirm suggestions in [ 1] and [2] that 
the presence of Ar impuritie~. in Ne can be detected by the OGE, especially at high pressures 
where the effect is not dorninm•ed by ditfusion. 
The authors kindly acknowleut,c!e the technica( support from Jng J.M.Freriks and L.A.Bisschops. 
This work is supportcd by th" EEC-Commission, S & T Cooperation Program, grant no. 7380. 
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The optogalvanic signa! induced by resonant absorption of laser light in a 
glow discharge is related through a chain of rnany processes at the atomie and 
molecular scale. Due to this fact the OG effect in spite of its simplicity has been 
not used and extended as a tool for plasma studies. To this decrease of interest 
has contributed the competing technics like LIF (laser induced fluorescence) and 
FMLAS (frequency modulation laser absorption spectroscopy). 

The present paper is an attempt to take advantage just from the fact that 
the OG signa! is related to processes taking in plasma state in order to use it to 
detect and study such processes. In accordance whis this task we studed the 
dependence between Penning effect and OG signa!. 

EXPERJMENTAL SET-UP. 
We used a classica) OG detection set-up [1] and we explored the negative 

glow of a d.c. discharge. The working p-arameters was: discharge current 1 mA; 
gas pressure 10 torr; incident laser power density 20 mW/cm2. As buffer gas we 
used Ne to which various percentages of Penning admixtures has been added. 
Following added gases have been used: Xe, Kr, and Ar. 

EXPERIMENTAL RESULTS AND DISCUSSION. 
We studied the behavior of OG signa!, versus the percentage of added gas 

to neon , for the following laser induced transitioos in Ne: 1s2-2p1 
(À.=585 .25nm), ls5-2p2 (À.=594.48nm), ls4-2p2 p"=603.00nm), ls5-2p6 
(À.=614 .31nm). 

In Fig. 1 are shown the depeodence of OG signa! amplitude versus the 
percentage of the added gas to neon , for 1sz-2p1 traosition . The data were taken 
just in the range of reversing of the polarity of the OG signa! [2]. This range 
might be of a special interest because the change of the charge density induced 
by laser light absorption, is practically zero. That can be interpreted like au 
nonperturbative laser absorption in the discharge. 

The change of OG signal polarity versus the percentage of Penning 
admixture, is related to the quenching of lower state of the neon transitions due 
to the Penning reaction: 

were Mis Ar, Kr or Xe and i=2,3,4 or 5. 
The chauge of the rate of ion production at laser pumping to upper level, 

must produce a change of the charge deosity witb the same sign . The induced 
OG signa!, will be given by the expressions [2] : 
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where ne is the density of electrons, cr is the ionization cross sections of the neon 
atoms in the specified excited states, <crv> represent the rate of ionization 
through electron innelastic collisions, where v is the velocity of electrons, (Ml is 
the density of added Penning gas atoms and k is the rate coefficient of Penning 
reactions. 

This expression explain why the OG signa! vanish with the added Penning 
gas and change its polarity. 
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Our data, given in Fig. 1, shows that the zero OG signa! is established nearly at 
the same percentage of the added Penning gas (Ar, Kr, Xe). Taking into 
consideration the expression for lor; , it results that the rate constants for 
Penning reaction has nearly the same value for the used gas admixtures. This 
results corresponds to the published data, except Xe for which a much higher rate 
is reported. 

It is interesting to mention that for pure neon, case for which [M]=O, the 
given expression for 10 c; might explain the change of OG signa] polarity at 
various points along a luminiscent discharge, due to the fact that the sign of the 
difference (<cr(p).v> - <cr(s).v>(, is strongly dependent on electron distribution 
function, which is quite different in different regions of the luminiscent 
discharge. 

REFERENCES 
( 1) B. Barbieri, N. Beverini, A. Sasso, Rev . Mod. Phys.,62,( 1990),603 
[2) G.Musa, M.A.Brätescu, R.C.Bobulescu, A.Popescu, A.Baltog, C.P.Lungu, 

Journal de Physique Il! (in print) 

322 
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OPTOGALV ANIC TECHNIQUE 

M. Hakham -ltzhaq and R. Shuker 

Dept of Physics Ben Gurion Univmity of the Negev P.O.B. 653 Beer Shcva ISRAEL 

ABSTRACT 

A simple spectroscopie technique base<l on the optogalvanic effect is applie<l to dctcct 

several autoionization Rydberg states of Ne and Ar. These levels belongs to the nd' 

series located between the 2p3/2 and 2pt/2 ion thresholds. In this tecnique changes in 

level populations caused by optica! transitions are detected by the change in the discharge 

conductance. We have used two photon laser exction process 1. 2 in order to excite the 

autoionization levels and increase the detction sensitivity. The experimental results point 

out that there exist a unique fast initia! voltage drop in the optogalvanic voltage signa! 

(OGS) which take place on time scale of ns or less when the laser illumination is already 

present inside the glow discharge zone. The time scale of this OGS is much shorter than 

any characteristic time scale of the discharge collision processes. This reflects the facts 

that the autoionization states lifetimes are extrcmely short (of the order of ns or shorter). 

As a result, fast relaxation of these levels via the ionization channel should immediately 

increase the density of free electrons and are responsible for the fast increase in the 

discharge conduction at early times. 
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Fig 1. The fast initial OGS signa) detcted from the relaxation of the 14 d' autoionization 
Rydberg state of neon . This is a two photon OGS which starts from the ls5 

metastabe level according to the lss +588.2nm-+2p2 + 432.5nm -+14d' 
transition. 
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ABSTRACT 

The densities of atomie nitrogen in the flowing afterglow of a microwave discharge 
in pure nitrogen and in a N2-0.025lCH4 mixture were measured by means of mass 
spectrometry and titration by NO. A good agreement of results by two methods was 
found. 

INTRODUCTION 

In a previous work 111. emission intensity of ( 11-7 J transition of N2 lFPS J which 
characterizes the density of atomie nitrogen has been measured in the flowing 
afterglow of a microwave discharge in pure nitrogen and in a mixture of methane 
with nitrogen. This intensity shows a maiimum in dependance with dista:.;ce in the 
post-discharge which location is weakly dependant of pressure. 

This work deals with the mass-spectrometric measurement of atomie nitrogen in 
the same conditions. 

EXPERIMENTAL 

The experimental setup is shown 
schematically in figure l. A microwave 
generator 2,45 GHz with adjustable power 
up to 1.5 kW is connected toa resonant 
cavity. The plasma is produced in a quartz 
tube of l 2 mm o.d. and 10 mm i.d. and 1 m 
of length crossing the cavity.The generator 
with the cavity is displaced on the rails to 
permit the sampling for the mass
spectrometric measurements in different 
places of the post-discharge. The gas pressure Fig. ! : Experimental setup. 
and gas flow rate are measured by means of 
an oil manometer and mass nowmeters (Brooks). 

The mass spectra was analized by a mass spectrometer Riber QMM- 17. The gas 
sampling to the mass spectrometer was made by means of a glass tube with the 
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Fig. 2: Atomie nitrogen densities in the 
afterglow. 
a) pure N2; b) N2 - 0.025~ CH4 mixture 
Full lines - mass-spectrometric measurement: 
a - 3: b - 5: c - l 0; d - 20 and e - 30 mbars 
Points - titration: • -3: i< -5:t-10:& -20 and 
o -30 mbars 

" 

a 

orifice leak of 40,µMof diameter. 

:. " . 

.:o JO fO {,~ 

b 

The absorbtion power. N2 flow rate and methane ratio were kept &t constant 
vaJues ( 170 W. IL/min and 0.025\ respectiveJy) for all experiments. 

Pressure was varied from 3 to 30 mbars. 
The NO was introduced 8 cm upstream from the orifice Jeak of the mass

spectrometer. The exact moment of the full titration was indicated by disapearence 
of the mass signal of atomie nitrogen. 

RESULTS 
The results are represented in figure 2. The full line curves represent the results 

of the mass-spectrometric measurements and the points refer to the results by 
titration. One can see a good agreement of the results by the both methods although 
the results by titration are approximately twice superior to those by mass
spectrometry. Probably it could be explaned by the fact that NO might react with 
some other species than atomie nitrogen and/or by loss of N atoms in the orifice lealc 

As in/ ll. the mass spectrometric measurements show a maximum which location 
is weakly dependant of pressure. 

lt can be also observed an increase the N2 dissociation rate when a few CH4 is 
introduced into N2. 
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Since atomie oxygen (0) is an important free radical species in the chemistry of plasmas 

and flames, measurements of its concentration are valuable tests in chemica! kinetic models. To 

detect 0 atoms, two-photon allowed laser-induced fluorescence is the most widely employed 

diagnostic that in combination with a calibration technique can yield quantitative 

measurements,1"3 if care is taken to prevent physical mechanisms that may depopulate the laser

excited state. In cases where depopulating mechanisms cannot be avoided, corrections must me 

made to the quantum yield of the fluorescence. Through the years, amplified stimulated 

emission (SE)'" and collisional quenching"6 in high pressure environments have been identified 

as the major depopulation mechanisms of the 3 3P level of oxygen. In our work, we 

quantitatively investigate both mechanisms: we measure the threshold of SE, and we extend 

collisional quenching measurements over a wide range of pressures (0-1 Atm) for a variety of 

collisional partners. 

To obtain an estimation of the threshold of SE, the SE signal collected along the 

direction of the probe beam was monitored simultaneously with the LIF signa! that was 

gradually titrated by NO, until complete destruction of the initia! 0-atom population. In 

numerous titration experiments with various initia! 0-concentrations, SE signals were observed 

to increase rapidly as the 0 concentration increased beyond a cross-over region, i. e. the 

threshold for SE, thus detennined to be (2.5±0.4)xl 014 atoms/cm' . This is in agreement with the 
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theoretically determined threshold in the work of Huang and Gordon. 7 Furthermore, detectable 

effects of reduction of the LIF signals due to SE only appear at concentrations at least a factor 

of 2 greater than the threshold value. 

In high-pressure environments such as flames. measurements of 0 concentrations are 

significantly affected by the quenching of the fluorescence by collisions. This work extends 

collisional quenching coefficients measured in the past5·' over a wide pressure range, and 

demonstrates that quenching is overestimated if collisional quenching coefficients are 

extrapolated to higher pressures. Unlike in other works where 0 atoms were produced in a 

discharge, atoms in our work were provided by photodissociating a small concentration of N02 

by the probe beam at 226 nm, that easily allowed extension of quenching measurements to 

higher pressures (up to 1000 Torr). Typical Stem-Volmer plots where the inverse of the 

quantum yield (as determined by means of lifetime measurements (Q=t/t0) of the Jp 3P-3S 

emission at 845 run) was plotted as a function of the quenching gas pressure indicated different 

slopes at the low and high pressure range. Tuis behavior is prominent with He and Ar, which 

are relatively weak quenchers, but is less obvious with stronger quenchers such as N, and o,. 

Finally, the high SIN ratio of these experiments permitted the quenching rates for the 3p 'P-'S 

emission at 777 nm to be measured for various quenching partners. 
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LIF MEASUREMENTS IN AN EXPANDING ARGON PLASMA 

Abstract 
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The technique of time resolved laser-induced fluorescence spectroscopy has been used to 
determine the rates of electron induced transitions in an expanding argon plasma. Lifetime 
measurements of excited Ar{4p}-states as a function of the electron density are performed 
for t.he direct pumped level as we/J as for neighbouring levels. From these results the total 
rate of collisional destruction has been deduced for several Ar{4p}-levels. 

Introduction 

In order to understand the kinetic processes which t.ake place in plasma.~, it is of main 
importance to gain detailed knowledge of collisional transfer mechanisms such as electron 
and neutra] induced excitation and de-excitation. lt is assumed that these processes play an 
important role in the formation of e.g. radicals and ions in etching and deposition plasmas. 

A lot of theoretica] work has been done on the determination of total collisional destruct.ion 
rates. The basis of all these calculations is a hydrogen-like system, and the calculations are 
assumed to be valid for systems which can be described as a closed shell of electrons plus one 
'free' outer elect.ron, e.g. Hé and Li2+ _ The theoretica! work done on this subject has been 
reviewed by van der ~uilen [l]. In order to get an idea about the validity of t.he theoretica! 
framework for argon, one has to measure collisional rate constants. 

In [l] t.hc total rate for collisional destruction during a cold collision , i.e. where the energy 
of the free electron, E = kT., is much smaller than the kinetic energy of the bound electron, 
Ep. is suggested to be 

K(p) = 2.6 x 10-14p4fi (!) 

for Z = 1 (for Arl is Z = 1). T. is the electron temperature in eV, and the principal quant urn 

number. p, is defined as J R/IEPI, in which R = 13.6 eV. This result is determinéd . assuming 
a 'hard-sphere' approximation for the electron-atom collisional proces. The experimenal 
results show that this approximation is valid. 

Experimental setup and results 

The experiments are performed in an expanding argon plasma, which is extensively described 
elsewhere [2]. lt mainly consists of a cascaded are connected via a nozzle ( d=4 mm) to a 
vacuum chamber. The cascaded are produces a hot (10000 K), thermal plasma at sub
atmospheric pressure (::::: 250mbar), which expands t.hrough the nozzle into the vacuum 
chamber. creating a supersonically expanding plasma jet. The operating conditions for the 
plasma source are: larç = 45 A, V "'c = 100 V. The background prcssure inside t.he vacuum 
chambcr is kept. at 40 Pa. \Vith these operating conclitions t.he t.ypic.al plasma parameters at 
; = 20 mm are: electron number density, n. = :2.10 19 m- 3

• T,= 2;100 J\ and neut ral mnnhcr 
density, no = 1.1021 m- 3

. 
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During the expcriments the Ar-atoms in the plasma are excited by a '.lld:Y.-\G-laser 
pumped dyelaser at. a repetition rate of 50 Hz . The dyela.<er could be tuned from À= 660 nm 
to À= 840 nm, wit.ha bandwidth ofO.l cm- 1

. The LIF-signal is dispersed by a monochro
mator and detected with a photomultiplier tube and processed via a time-to-amplitudc 
converter by a personal computer. 

Two typical \aser-induced fluorescence signals, detected with the TAC are shown in fig. l. 
The dyelaser is tuned on the Arl[4s[3/2]2 -+ 4p'[l/2]i] transition for bath curves, but in 
fig. la the decay curve is originating from the ArI[4p'[l/2]i -+ 4s'[l/2]0] transition, and 
fig. 1 b is a satellite, origina.ting from the Arl[4p'[I /2]0 -+ 4s'[l/2]i] transition. 
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Figure /: Two t_ypical TAC-signals (see text) 

The deca.ying part of the LIF signa! is fitted with an exponent.ia! function, exp[=f], in which 

(2) 

r,p is the spontaneous lifetime of the upper le\'eL n. the electron number density and A' 
the total rate of collisional destruction. \Vhen satellite transitions are measure<l, a more 
elaborate function is used, in order to take into account the increase of t.he populal.ion 
densit\' via the population flow of the laser pumped level to the upper level of this satellite. 
Since from Thomson-Rayleigh measurements n. and T. as funclion of the posit ion in the 
r.xpanding argon plasma are wel! known, the r.xperimentally determined electron-collision 
deexcitation rat es for the measured levels ( typically 3.10-13 m3 /s) can be compared with the 
calculated on es, using form.( 1) (typically 4.10-13 m3 /s ). A remarkable feature is the poor 
coupling bet ween the laser pumped level and the neighbouring 4p-levels, since the electron 
temperature is about 0.3 eV and the -lp-levels are all within 0.4 eV, one expects a more 
efficient population exchange. In a fort hcoming paper these results wil! be discussed in more 
detail [3]. This work is supported by the :-;'etherlands Technology Foundation (STW). 
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The energy and flux of positive ions at the substrate electrode are important factors in the physics 
of plasma etching. For low pressure discharges, at low frequencies higher ion energies are 
achieved as compared to high frequencies. l In order to veri.fy theoretical models treating this 
phenomenon, precise measurements of ·the ion velocity disUibution both in the glow and the 
sheaths are needed. Active optical methods can provide non-penurbing measurements of the Jocal 
ion velocity disUibution. We have used laser induced fluorescence (LIF). A laser beam is used to 
excite an optica! electranic transition. This intensifies the spontaneous emission from the upper 
level of the transition, which is subsequently detect.ed. When linewidth characteristics of the 
fluorescence channel are known, any deviations from this linewidth may be interpreted as due to 
drift e.g. as caused by elecUic fields. 
Measurements are performed by tuning a 10 MHz, cw Ar+ pumped single mode dye laser through 
the 3d2G912 ~ 4p2F712 transition of Arll . A 70 Pa 400 kHz RF discharge is produced between 
two parallel electrodes with a diameter of 40 mm and electrode separation of 9.6 mm. The 
detection volume was (axially) 0.1 mm wide and (radially) l mm high. Photon counting was used. 
U the motion of the ions in the glow of the discharge is thermal with a Maxwellian disUibution at 
temperature T. the line shape of the tluorescence at sufficient low gas density is mainly 
determined by Doppler broadening, provided the spectra! width of the laser excitation is 
negligible. 
The line profiles as measured in the centre of the discharge are presented in fig. la. The open 
circles represent the radial velocicy profile. This profile has been compared with a Gaussian profile 
corresponding to a temperature of 3.0 102 K. The comparison shows that the ions have a radial 
temperature approximately equal to th.e temperature of the neutra! gas. The closed circles 
represent the axial velocity profile. Afthough !here is some remnant of a Doppler profile at lhe gas 

.70 ·50 .30 ·10 10 JO 
50 -;: ·.50 .30 -10 10 lO so iO 

"'<"~, 6'.("x, 
Flgure 1: a. Axial and radial Ar·-fluorescence spectnun measured in the centre oflhe discharge, together 
wlth a 3.0 102 K Doppler profile. b. Axial data at l.8 oun from the metal electrode. 
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temperature, strong wings show large velocity 
contributions in the axial direction. 1bis can only be 
caused by the AC modulation of the electric field in the 
middle of the discharge. At the used RF frequency the 
ions can (panially) follow this modulation and in time 
averaged measurements this appears as additional line 
broadening. The average broadening of 30 rnÀ 
corresponds with ion drift velocities of about 1400 mis. 
which arise from electric fields of about 150 V/cm.2 
These values suggest that in reality one is measuring in a 
cathode sheath. At times when the AC field is maximal, 
the cathode dark space extends well across the centre of 
the discharge and the glow region is relatively small and 
concentrated near the (positive) electrode. The thermal 
component of the fluorescence in the discharge centre 
can be understood to be excited at times when the 
electric field is zero. 

/"l \ [: 
.. · .... --. ...., .• '' .· ····· ... .·· , ......... " ..... 

dJo<iwrphoM 

Flgure 2: Time and space resolved 
emission profile of a 67 Pa, 450 kHz RF 
discharge in argon. Dashed lines are lines 
of equal emiss:ion. 

The idea of a strongly shifting glow can be sustained from measurements we carried out on the 
tempora! and spatial behaviour of the emission of a comparable discharge in argon. Here the time 
and space resolved intensity measurements of the spontaneous emission of the 419.8 nm Ar/ 
transition were detennined.3 From the results in fig. 2 we see from iso-intensity lines how the 
relative intensity corresponds with a glow region, one sees the glow to emerge and disappear very 
near to the positive electrode. Because the discharge conditions in the fluorescence experiments 
are only slightly different, we can expect a similar behaviour of the movement of the glow. So 
time averaged LIF measurements result in line profiles reflecting the velocities of ions at different 
times in the period and at different positions. 
rn order to test the above interpretation we measured the fluorescence spectrum of the ions at a 
distance of 1.8 mm near one of the electrodes. At this position the excited ions will altemately be 
immersed in the cathode fall and in the glow. The excited ions will however never be present in 
the cathode fall one half period later at the opposite electrode. Therefore the spectrum should 
show the thennal component but the broadening should be one-sided and of the same order of 
magnitude as the one measured in the middle of the discharge. In fig. 1 b the measured spectrum is 
shown. The one-sided broadening is at the expected side and shows the predicted features. The 
dip in the velocity spectrum is significant and the lack of ions of intermediate velocities may be 
explained by fast removal from the measuring position of the therrnal ions left over from the 
anodic glow once the anodic electrode becomes cathodic. The newly arriving ions all have 
obtained the drift velocity corresponding to the high cathode fall field. 
LIF measurements in a 400 kHz, 70 Pa RF discharge in argon have shown that the radial ion 
temperature is equal to room temperature. In the axial direction the ion energy distribution is 
broadened due to RF modulation of the electric field. The measured line profiles can be explained 
by the spatio-temporal structure of these kind of discharges. The experimental method shows the 
possibility to srudy local ion vel oei ties. lf one is able to increase measuring time it may be possible 
to srudy glow to dark space transitions in finer detail. 
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STUDY OF THE ION DRJFT IN A MAGNETIZED PLASMA 
USING LASER DOPPLER SPECTRQSCOPY 

F. Chatain1, T. Lagar<le2
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, .]. Derouard1 and N. Sadeghi1 
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lntroduction 

We present experimental results concerning the velocity distributions of ions in a plasma 
reactor excited by distributed electron cyclotron resonance (DECR) at 2.4 GHz. This is 
important to more fully understand the mecharusms responsible for the sustaining of the 
plasma, and to control the flux of charged particles in plasma processing of material. 

Experiment 

The distribution of the three cornponents of the ion velocity has been measured at 
different positions in the plasma from the Doppler shift of the laser induced fluorescence 
excitation spectrum of metastable 3á2G912 Ar+ ions. These ions are excited using the 
3á2G912 -4p11 F;12 transition at 16348.911 cm- 1, and the subsequent 4p'2 F;12 -4s'2 D 5 ; 2 

fluoresceoce is detected at 460.96 run [1). 
The reactor (Fig.1) is a parallelipiped (100 x 18 x 14 cm), whose ï of the 8 walls are 
transparent . Th.is enables us to probe aoy of the three components of the ion velocity at 
almost any position in the reactor. A multipolar magnetic field is produced by permanents 
magnets placed at the bottom of the reactor. lVlicrowave energy at 2.4 GHz is introduced 
througb a 1nicrowm·e applicator located between two magnets, which enables the electron 
cvclotron resonance to occur at B ~ 0.09 Tesla. at a distance about 2 cm from the 
1~agnets. In typical cond.itions ( lo-·i Pa of Argon. lï5 W), the plasma fills the whole 
reactor. The plasma clensity is ahout 6.10 10 cm- 3 , and the average electron temperature 
is 5 eV. 

N umerical simulations 

To unclerstancl our ohsen·arions. nnmerical trajt>ctory calcnlations haYe heen caJTiecl out. 
\Ve have first ,·iewecl the traj<'ctory of ions launched at different positions in the reactor 
and subjectecl t.o the multipolar ma.~netic field. Finally, we have simulate<l the <l1~ft of 
swanus of ions subjt'<:ted to inhomogeneous magnetic aud electric fields. using a l'vlonte
Carlo methocl. which yielcls the cl.istribution of the ions in both the position and velocity 
spaces. 

Results and conclusions 

The conclusions of ou.r >tudy are the followings: 
• The a,·ern .~e ,-elocity, and the standarcl cleviation ( ··kmpt>rarnre"') of the ion 

,-elocity distribution dt'pE'nd on the position in the reactor: The ions are more hot in the 
bottom of the rea.:rnr. wh<'re the magnetic field is stronger: the an•rac;e velocity changes 
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its sign when going from the high field to the luwer field rt>gions. These features are 
qualitatively insensitive to the plasma couditions (pressure. microwave power), 

• However, depending of the plasma conditions, two excitation regimes can be seen, 
with one. or two. bright region(s) in the plasma glow. These bright regions are closely 
related with the plasma ion density deduce<l from the laser incluced fluorescence iutensity 
spatial clistrilJ11tion. We have no explanation for these two regimes. 

• The inhomogeneous magnetic field plays obviously an important role in the drift 
of the ions (See Fig.2}. However. other causes. like very small ( < 1 V /cm) electric fields. 
must be considerecl to e.xplain the magnitude of the observed velocity drifts. 

• It is unclear why the observed velocity distributions are ahnost always gaussien 
in our low pressure. collisionless plasma. 
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Fig.l: Geometr~· of our DECR pla~ma 
reactor with tilf' magneti•· stntr
turf' create<I J,y the p1·rmanf'nt 
magnets placi>cl at t.lw hot.tom 
(z = 0). 

Fig.2: Top ,·iew of tlw rt'actor showing the average wlocity of the ions at two vertical 
positions, = = 20 and = = SO mm. The effect of the ma.e;netir fidcl is dearly 
Sft'll. 
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ELECTRIC FIELD STRENGTB MEASUREMENT IN CORONA DISCHARGE BY 
MEANSTHENONLENEAROPTICSMETHOD 

O.AEvsin, E.B.Kupriyanova, V.N.Ochkin, S.Yu.Savinov, S.N.Tskhai 

P.N.Lebedev Physics Institute, 117924, Leninsky Prospect 53, Moscow, Russia 

In [1] we studied the generation of coherent radiation on the dipole-forbidden IR 
molecular transition in the presence of electric field. The vibrational state excitation can be 
performed by means biharmonic pumping. IR emission occures due to the molecular symrnetry 
violation in extemal field. The intensity of such electric field induced radiation [2] 

Iocli'll\I2 E
2

, (1) 

where i 3
l - third-order susceptibility, 11 and 12- laser beams intensities, E-external electric field 

strength. This relation provides the possibility of electric field strength measurements. 
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Fig. 1. Experimental setup. 

PD 
InSb 

Fig.! shows the experirnental equipment. Nd-YAG (40 mJ for second harmonie) and dye 
(3mJ) lasers has been used for bi harmonie pumping. Pulse duration 10 ns, repetition rate 20 Hz. 
Measurernent have been performed for the positive corona discharge in hydrogen. Coaxial 
cylindrical electrodes with radius 0.075 mm and 8.5 mm were used. Fig.2 show typical examples 
at voltage U::7 kV. The discharge conditions have been varied by varying the fii pressure. At 
p=lO atm corona is absent and pure electrostatic electric field distribution is shown by curve 2. At 

p=l.6 atm discharge current i=270 µA and field distribution is shown by curve 1. For both cases 
the points corresponds to experiment, solid lines- calculation. 

The results presented shows the possibilities of this new method of measurements. Some 
features have to be outlined: 

a) The rnethod is local and electric field vector direction sensitive. 
b) Time resolution depends on laser putse duration and can be high enough. 
c) The oscilating electric field strengths can be detennined. 



d) The method is free from high pressure limitation which is typical for the most 
of probe and spectra! methods. 

e) A lot of simpte widespread molecules (N2, CO, ~O, C02 ... ) can be used as 
"working" molecules. 

t) Apart of IR detector the optical scheme (Fig.!) is typical for well-khown 
CARS spectrometer. So the method can be easily realized in many laboratories. 

g) To our consideration the sensitivity of method can be improved if the emission 
detection should be realized with the aid of light nonlinear mixing. 
This possibility is under investigation now. 
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Fig.2. Electric field strength distributions 
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TIME RF.sOLVED TEMPERATURE MEASUREMENT 
IN A NITROGEN PULSED DISCHARGE. 
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91405 ORSAY CEDEX FRANCE 
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1-INTRODUCTION. 

In nitrogen discharge, the gas heating is due to electrons collisions and to vibration 
translation transfers. For modelling nitrogen duscharges and for practical applications as 
material treatment with plasmas, the gas temperature is a fundamental parameter. 

In nitrogen discharges, gas temperature can be deduced from rotational temperaturc 
of molecular bands. The N2(B

311..) state is populated by electron collisions and also by the 
pooling reaction between two molecular state N,(A3L.J. This pooling reaction is efficient in 
afterglow when electron collisions become inefficient. The first positive system, emitted from 
the N,(B 3Il.). could be used for temperature measurements in discharges and post discharges. 
This work is devoted to the study of temperature evolution during a pulsed discharge. 

II-EXPERIMENTAL SET UP. 

The discharge is created in a pyrex tube with a high voltage pulses generator which 
allows to adjust pulse duration, discharge current and repetition frequency. 

Study of tempora! evolution of N,(B311J rotational structure is here done varying 
pressure from 0.1 to 4 torr and discharge current up to 500 mA. 

The used monochromator has a resolution of about 0.17 nm. The photomultiplier 
signa! output is connected toa fast amplifier and acquisition is made in photon counting mode 
using a multichannel scaler. 

Ill-ROTATIONAL TEMPERATURE OF THE FIRST l'OSJTIVE SYSTEM. 

For the working pressures, the radiative lifetime of N,(B 3fl..) (about 10·' s) is higher 
than the equilibrium time between rotational and translational degree of freedom . 

With the medium resolution monochromator used, rotational structures are not 
resolvcd. To deduce temperature, synthetic spectra have to be calculated [!). For a given 
vibrational transition, the relative intensities of the pies marked P 1, P2, P3 and P4 (fig. 1) are 
function of temperature. Figure 2 shows intensities ratio of P 1 over 1'2 calculated as a 
function of rotational temperature. From this figure it is clear that the method is no more 
sensitivc for temperatures over 1000 K. 

IV- RfSULTS. 

The accuracy of the temperature measurcmcnt is about 10 %. Figure 3 prcsents the 
temperature cvolution during the pulse. According to the rnethod accuracy, the obtained 
temperature at the beginning of the pul sc is nearly the ambient as it can be expected. 
Obviously, the obtained temperature increases with discharge current. 

At low prcssure the gas ternperature is constant during the pulsc. For higher pressure 
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the temperature increases during the putse with a characteristic time of about one 
millisecond. 

[ l] G. CERNOGORA, C.M. FERREIRA, L. HOCHARD , M. TOUZEAU and 
J. LOURREIRO J. Phys. B: At. Mol. Phys. 17 (1984) 4429-37. 

Figun~ 1 Experimcntal spectrum of the first positive spectrum. 
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Figure 2 Intensities ratios of P l /P2 as 
funct1on of temperature 

Figul'c 3 Time evolution of temperature for 
! ~300 mA for varying pressurc. 
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1llE PRACTICAL ASPECT OF DETECTING TIIE TOO'ERATIJRE PROFILE BY A 
SELF-ABSORBED SPECTRA!. LINE SHAPE FITIING 

Valentlna S. Bajovté 

Eindhoven Unlverslty of Technology, Electrlcal Engineering Department 
P. O. Box 513, 5600 MB Eindhoven, The Netherlands 

Introduclion 

The lnformatlon carrled by a self-absorbed spectra! line ls of a particular 
interest for plasmas not accessible for observation from different directions, 
[1). The applicability of the method on a plasma flow is discussed, based on 
the research performed on the shock-tube flow of a typical equilibrium plasma 
- the combustion products plasma of the mixture of gases CO and 02, with added 
saturated solution of CH3C00Cs in C3H70H in the form of spray, [4], [8). 

Model calculations and fitting algorithm 

The spectra! llne model used is the one sultable for the resonance spectra! 
llnes of alkali metals in combustlon products plasma, [2), [3). Particularly, 
the spectra! llne profile in the far wlngs devlates from the Lorentzian [5), 
[8). The near center of the spectral line is avoided, since the spectral line 
profile complicates there considerably [3). The temperature profile chosen is 
the one typycal for a turbulent flow, [2), [~) : 

T=Tw+!T
0
-T)[0-x)/c5), l-c5:!fx:!fl (1) 

where c5 is the thermal boundary layer thickness, l - geometrical size of the 
plasma along the sight of view, x - distance from the wall, N - real number, 
and the subscripts w, o denote the temperature values at the walls and in the 
core of the flow, respectively. Equilibrium combustion products composition is 
calculated according to [6]. The emitting atoms concentration profile along 
the slght of view appears in the calcuJA~lions as, [8]: 

nes (x) = nc. (p, T(x) )/M 

where T(x) is given by (1) and M is a positive real number. The pressure is 
taken to be constant along the sight of view. In order to fit the calculated 
spectra! line shape to a measured one, one standard routine from [7] is used. 
The fitting procedure was performed by Marquardt method nonlinear least-squa
res algorithm, without any constralnts, on the following five parameters: c5, 
T

0
, Tw. M, N. 

Discussion of the results 

The quasi-steady state of the flow in the stagnation region of the shock tube 
is observed , [4]. It lasts about 3 ms of the total S ms plasma lifetime and 
represents the highest pressure and the highest temperature comblnation during 
an experiment . Due to the triggering problems, the cumulative nature of detec
tion with OMA 2000, with the CCD as a detector, is used to register the quasi
-steady state radiation: it usually occurrs during the last 10 ms of the 50 ms 
exposure time set at the CCD software, and lts radiation dominates ln the de
tected signal . The results of the 852. 11 nm Cs resonance line red wlng fitting 
[8], are presented in Fig.!. In the case b) the centra! part of the line rema
ined unfltted, suggesting an error in the detection procedure. A rather rough 
spectra! resolution of 0.33 nm of the equipment available, can cause the inc
rease of the detected signa! around the line center. Also, a lower pressure 
and/ or a lower temperature then in the quasi-steady state of the flow, corres
pond, according to [6), to the lower Cs concentration. The radiation emitted 
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under those conditions should have the shorter dlstances between the center 
and the maximum of the self-absorbed spectra! line. lf detected, it could have 
the same effect as a rough spectral resolution of the eequipment. This should 
not be the case, because the sensitivity of the CCD was set as low as possible 
(by choosing the number of the chip rows in tracks for detection) for these 
particular experiments and tested with exposure times not covering the quasl
-steady state of the flow. The solutlon with the plasma temperature at the 
wall higher than in the core of the flow, case a), suggests that the tempera
ture profile taken may not be the proper one in the case of a flow. Namely, 
the temperature profile, devised from the "117" power law for the flow veloci
ty and stagnation enthalpy, has an increase (which can be even higher than 200 
K! ) on the way from the core temperature towards the wall, before it sharply 
falls down to the wall temperature in the last few millimeters. 

., 
6 • 4 . 4 t 8 .1 -

0. B'----+-----'.._-+--To • 3074 t 719 IC. 

calc. 
~xp. /'V 

r.• 3247 t 819 K 

H • 12.07 :t 0.76 

1.0 lr•I. wilt•) 

b) 

6 • 4 . 7 -

0 , 8 /--,'--t---'lo--T-- T ,t U62 K 

calc. -

- · /V 

" - 12.99 .. "' 

O . • 1 (NOi 0 . C fnal 

= ~ ~ ~ ~ = ~ ~ ~ ~ 

Fig. 1. The solution: a) with the T as a parameter in the fitting procedure, 
and b) with the T fixed to 300 K -vtemperature of the metal shock-tube walls 
(fitting uncomplered - the merit function Jacobian matrix became singular). 
The pressure is 7 . 6 bar, 1 = 0.224 m~1 av:fage Cs concentrat ion over the sight 
of view: a ) 3· 102 1 m-3

, and b) 3. 2· 10 m . 
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DETICTIOH OF 'DIE TEMPERATIJRE PROFILE FROM A SD.F-ABSORBED SPECTRAL LINE SHAPE 
OF A PLASMA FLOV l1IROUGH AH HOMOCENEOIJS MAGHETIC FIELD 

Valentina S. Bajovié 

Eindhoven University of Technology, Electrical Engineering Department 
P.O. Box, 513, 5600 MB Eindhoven, The Netherlands 

Int.roduct.lon 

The temperature profile appropriate for a flow is detected. In the first place 
the detection understands the thermal and the dynamica! boundary layer thick
nesses deteraination i.e. the core flow parameters revealing. The method is 
applied on a HHD generator channel flow of a combustion products plasma, but 
can be generalized to any plasma flow through an homogeneous aagnetic field in 
which the induced magnetic field is negligible in comparison with the externa
lly applied one. 

Model calculat.lona and fltt.1~ algorlt.hm 

An homogeneous aagnetlc field is applied along the z axis. The assump~ion i~ 
made that the flow velocity has only the component along the channel v ~ u x 
The velocity and the stagnation enthalpy distrlbutlons over the channel cross
-section F • 4ab, are glven by following relations, [ 1) : 

u = u
0

(x)11a(y)(a(z), uv = 0 
i 

v 

i m i
0

(x)[1)
1 
(y)~I (z) + (1 - 11

1 
(y)(

1 
(z))"""ITx') 

0 

(1) 

(2) 

where the subscrlpts w, o denote the values at the walls and ln the core of 
the flow, respectively, and the approximating functions are taken as follows: 

for a - c5 < 
u, I 

:sa 

(3) 

for jyj sa - c5u,I 

The function ( has the same form: b replaces a, and z replaces y. The subscrl
pts u, i, denote, respectively, the dynamical and thertaal boundary layer thl
cknesses c5 . The average flow velocity can be determined from the measured open 
circuit voltage of the Faraday segmented generator, [2) : 

1 

U~ a B "'2i) ffFu dydz (4) 

where B is the externally applied magnetic induction. Using relation (1), the 
core veloclty can be than calculated from (4) , for ass UJned boundary layer thi
cknesses. The core enthalpy is determlned accordlng to (3) for assumed or aea
sured core te!lperature, and measured pressure (assumed as constant along the 
sight of view). This allows the calculation of the care stagnation enthalpy. 
Now that the functions 1J and Ç are known along the slght of view, the tempera
ture profile can be devlsed. The temperature whlch can satisfy the equation: 

h(p,T(z)) = 1 - u2/ 2 

where h represents enthalpy (calculated according to (3)), T - temperature and 
and p - pressure, i s required. The equilibriWI combustlon products composltion 
is determlned by [3) . The emltting atoms denslty is taken to be M times small
er than according to [3), whe r e M is a positive real nwnber. The spectra ! line 
prof ile devia tes from Lorentzlan in the wings : e .g. in the red wi ng of t he Cs 
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852. 1 nm resonance spectral line, it has been found that the exponent 2 in Lo
rentzian changes the value to 1.2 at 852.32 nm. The fitting of the calculated 
to a measured spectral line shape is performed with the routine E04JAF fro11 
{S], having the fixed upper and lower bounds on the variables. The varied pa
rameters are 8u' 8

1
, H. and, if not measured, T

0
• 

The results 

As it is difficult to distinguish the calculated from a detected spectral line 
shape, only the detected one, wlth the spectral resolution of about 0.02 rua, 
is given in Fig. 1 a). The temperature profile found from the fitting of this 
particular spectra! line shape is given ln Fig. 1 b). The spectra! line shape 
measurements are usually not absolute, what implies the necessity to combine 
the method with the separate temperature measurements, [4] . The correct tempe
rature profile in the calculations, allows fitting of the line center as well. 
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Fig. 1. a) A measured self-absorbed spectral line shape; b) the corresponding 
temperature profile detected (the last millimeter fro11 the wall is not plotted 
in order to leave the temperature structure around the core flow expressed). 
In question is the combustion products plasma of mixture of gases CO and 02, 
with added saturated solution of CH3COOCs in C3H70H, in the form of spray: p z 

1.03 bar, the gegmetrical plasma thickness 2b = 0.06 m, the average flow velo
city 1618 m/s (U = 48.4 V, B = 0. 41 T, 2a = 0. 073 n), T = 300 K, T = 3170 K 
(measured, (4] J. Y " o 
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EXPERIMENTAL STUDY OF AN ATMOSPHERlC PRESSURE HELnJM 
MICROWAVE PLASMA TORCH PRODUCED BY THE T.I.A. 

STRUCTURE II: ROTATIONAL AND EXCITATION TEMPERATURES. 

Introduction. 

M.C. Quintero, A. Rodero, A. Gamero and A. Sola. 
Departamento de Ffsica Aplicada. Universidad de Córdoba. 

14071 CÓRDOBA (SPAIN) 

Estimation of rotational and excitation temperatures is interesting for understanding the 
processes involved in the plasma, particularly to analyze the type and degree of thermodi
namic equilibrium existing in the discharge. Moreover, it is important to know the values of. 
both tempertures for spectroscopie features of the plasma when it is used as the excitation 
source for emission spectroscopy. An emission source with a higher excitation temperature 
will bet ter populate the excited atomie sta.tes, so it will produce amore intense line emission. 
On the other hand, the rotational temperature, normaly assimilated to the heavy particles 
tempera.ture, shows the ability of a.n excita.tion source to desolvate and destroy molecular 
species honds. 

Thls contribution presents preliminary experimental results obta.ined in a novel mi
crowa.ve induced plasma (MIP) torch produced at atmospheric pressure in helium by using 
the TIA, a new energy coupler [1), and complements a former contributed paper devoted to 
the electron density [2). 

Methods. 

The light emitted by the plasma is radially picked up by an optica! fiber at different positions 
z along the torch, excluding its unstable end part (see part I [2]). The measurements are 
made for a 300-900 W incident power and 3 !/min gas flow rate. 

The excitation temperature, T..,0 , has been obta.ined by using a set of Hel atomie lines. 
Integrated emission relative intensity of these lines were calculated and T."c was determined 
according to the Boltzmann law. At least pLTE is a.ssumed for these atomie levels. Figure 1 
shows a.n exa.mple of a Boltzmann plot obta.ined for 300 W incident power at position z=O. 

The rotational temperature, Troh ha.s been determined using the P branch of the Ni 
molecular band [(O, 0) 391.49 nm band head). In this plasma, enough nitrogen is present to 
observe easily the molecular band emission. From its relative intensities, the T,0 , value may 
be obtained a.ssuming a Boltzmann distribution a.mong the rotational levels. The dispersion 
in the obta.ined values of the measu:rements was about 5% for both temperatures. 

Results. 

As it is shown in Fig. 2, the excitation temperature scarcely varies with the axial position 
along a great part of the plasma torch. Moreover, Tu:c does not depend significantly on the 
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incident power and rema.ins about 3200 K at this part of the discharge. 

On the contra.ry, the rotational temperature does depend significantly on the supplied 
power. In fact, T •• 1 increases with the incident power, mainly at the end of the plasma torch. 
Figures 2 and 3 are indicating tha.t Trot approaches T..,0 for high power a.nd becomes close 
to T • ..., in the case of 900 W incident power. 

For analytical purposes, the He plasma torch produced by the TIA structure seems to be 
interesting for AES. The high Trol becomes very useful to the volatilization and atomization 
of the sample introduced into the discharge. 
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[Ij M. Moisan, G. Sauve, Z. Za.krzewski, J. Hubert "Atmospheric pressure high power mi
crowave plasma torch: the TIA design" (Submitted to Plasma Sources Science an Tech
nology, 1993} 

[2) A. R.odero, M.C. Quintero, M.C. Garcia, A. Sola and A. Gamero "Experimental Study 
of an Atmospheric Pressure Helium Microwave Plasma Torch Produced by the TIA 
structure 1: Electron Density". 
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DETERMINATION OF MOLECULAR VIBRA TIONAL TEMPERATURE 
FROM VIBRA TIONAL BANDS OF CO (B11; - AIII) SPECTRA 

INTENSITIES 

O.AEvsin, E.B.Kuprianova, V.N.Ochkin, S.Yu.Savinov, S.N.Tskhai 

P.N.Lebedev Physics lnstitute, 117924, Leninsk:y Prospect 53, Moscow, Russia 

For many plasma objects of practical interest (lasers,reactors ... ) the input energy 
is localized in vibrational degrees of freedom. The important plasma parameter is the 
vibrational temperature TV° in the ground electronic molecular state. That is why some 
special methods to measure it have been developed. One of the simplest from the 
experimental point of view have been provided in [1,2]. In this method the TV° 
parameter can be determined from the values of vibrational temperature Tv in excited 
molecular electronic states. The Tv value can be determined from the intensities of 
vibrational bands of electronic transition spectra in visible or UV. Some complications, 
however, exists in this method - to correlate the Tv and Tv" it is necessary to have an 
information about gas temperature T g (!)and electron energy distribution ~e) (2). lt is also 
necessary to take into account (3) that the Tv" to Tv correlation can be violated due to 
vibrational relaxation of molecules with excited electronic shells [3]. 

In this work we provide the possibility of Tv" measurements using the intensities in 
vibrational structure of CO (B11:- A1m Angstrom spectra! system. This system has some 
advantages in comparison with commonly used (mostly N2 systems). The above 
mentioned problerns (1,2) are excluded because of diagonality of the Frank- Condon 
matrics Qv<>,v for CO (X11: - B1r) transition 

L qvo v>Pv' << qv0 v=v0 
v0 ,v • • 

When excited by direct electron impact CO (X11:) + e- ~ CO (B'D + e- the 
molecular vfürational distribution CO (B 11:, V) is simply the same as for CO (X1:t ,VO) and 
Nv - NV° . The problem (3) is also strongly reduced due to absence ofnonadiabatic A - A' 
transitions for :t - state [3) as well as to smallradiative lifetime of CO (B'I:) state. 

To verify the above mentioned considerations we performed the independent 
measurements of Tv" and Tv in the positive coloumn of glow discharge in CO. The 
water cooled discharge quarts tube has been used. Tube length is 160 mm , discharge 
length is 90 mm , intemal diameter is 5 mm. The electrodes are settled in side appendixes. 
Discharge current i=20 mA , gas pressure p = 10 .. .40 Torr. The TV° temperature of CO 
(X1:t ) was measured directly by CARS method when using the intensities of Q-branch 
lines for V =O --> V =! , V =l --> V =2 transitions. The vtbrational temperature Tv was 
measured from relative intensities of (0,0) and (1,1) bands of Angstrem system. The gas 
temperature T g has been implied as equal with the rotational one. The last have been 
measured by CARS method using the Q-branch ofV =O ~ V =l transition. 

Some results are shown in Fig.!. One can see that in the range of gas temperatures 
Tg = 650 ... 1600 K and pressures p = 10 .. .40 Torr the TV° and Tv values are practically 
equal. The TV° measurements were carried also in conditions of [3] for CO-N2-He-Xe-02 

(1:4:15 :0,5:0,3) mixture at p = 5 ... 300 Torr, i = 15 mA. In all cases the and TV° values are 
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coincides with the ac,;curacy better then 5%. For all range of conditions we were. not able to 
mention the influence of coUisional relaxation processes on the CO(B1L ) vibrational 
distributions, contrary to N

2
(C3ffi and CO (Alffi [3]. 

So, the CO Angstrom system seems be very close to "ideal" tennometer to 
detennine the ground electronic state vibrational temperature even at elevated pressures. 
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Fig. I Vibrational and rotational temperatures vs. gas pressure: •- T g , o-T Yo , 0-T v 
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SPECTROSCOPICALL Y DETERMINED TEMPERA TURES FOR MICROWA VE 
PLASMA DIAGNOSTIC 

Jürgen Röpcke, Marko Käning, Bemd Fricke, Andreas Ohl and Wilfried Schleinitz 

Introduction 

Institute ofNonthermal Plasma-Physics, Roben-Blum-Str. 8-10, 
D-17489 Greifswald, Germany 

Information about energy of atomie and molecular plasma species as well as electrons is 
fundamental for analysis of physical and chemical processes in plasmas relevant for plasma 
processing. From the uv/vis ernission of low-temperature plasmas containing gas mixtures of lfi, 
aliphatic hydrocarbons and in pan Ol, AI and Nl neutral gas temperatures of hydrogen atoms, 

rotational temperatures oftwo atomie molecules like H2, Nl. CH, CO and excitation temperatures 

of argon atoms are determined spatially resolved by Doppler line broadening, rotational band 
analysis and atomie line intensity ratios. 

Experiment 

The plasma volume under investigation is generated by a double source of the planar microwave 
plasma source type [l]. Microwave power is fed into a vacuum vessel by two adjacent microwave 
windows (Figure 1). Thus a long extended flat plasma region is generated which is relatively 
homogeneous over the length but clearly exhibits influence of the double structure in its cross 
section. So optica! end on measurements give cenain information about internal plasma 
parameters. The optica! diagnostic system consists of a computer controlled 2 m grating 
spectrograph and an optical multichannel analyzer system. The 2 m spectrograph with a 
wavelength resolution of about 10-3 nm enables hydrogen line profile measuring. The lines are 
fitted by 3 Gaussian profiles since fine structure has to be considered in any case [2]. The OMA 
system is used for molecule band analysis of Hl (Fulcher band, Q 0-0 branch, at 600 nm), of CO 
(561 nm system, Q 0-3 branch), of CH (431 nm system, R 0-0 branch) and Nl (2n<l positive 
system, 0-3 transition at 406 nm) for rotational temperature deterrnination by adapted Boltzmann 
plot methods (Hl, CO, CH) and fit prograrnm (Nl) [3]. Excitation temperatures are calculated 

with the help of argon line intensities and compared with hydrogen line intensity ratios [4). 

Results 

The derived temperatures as a whole (Figures 2 - 4) demonstrate the complexity of the 
investigated problem. Near the microwave windows and across the plasma (y-direction) the 
neutra! gas temperature corresponds well to the N2 rotational temperature whereas the CO and 

CH rotational temperatures are about 300 K lower. But the relative spatial dependencies of N2, 

CO and H2 rotational temperatures are similar with maxima and a minima which can be related to 
the source structure (Figure 2). Also this is comparable with the excitation temperature or 
H,1ph/Hbeu intensity ratio, respectively. as a measure for spatial electron temperature distribution 
(Figure 3). Here in this active plasma region the plasma excitation conditions slightly differ as 
shown by the temperature measurements. lnto the vessel (x-direction) the relaxation processes of 
excited atoms and molecules seem to be different fora fixed y-position (Figure 4). The neutra) gas 
temperature decreases whereas the N2 and H2 rotational temperatures are not considerablely 
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changed. This seems to be fundamental since complete two dimensional measurements exclude 
influence of superposition effects of the plasma source double structure. 
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Figure 1: Scheme of the microwave plasma 
source demonstrating intemal structure, end on 
obserservation direction and scanning directions 
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Figure 3: Dependence of excitation temperature 
Texo and H.ip,._!Hbeta intensity ratio on the 
position below the microwave windows (H2 with 
admixtured C~. Ar, p=!OOPa, x=Smm) 
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Figure 2: Dependence ofN2, Hi. CO, CH 
rotational temperature on the position below 
the microwave windows (H2 with admixtured 
CH4, 0 2, N2, p=IOO Pa, x=8mm) 
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INTENSE PULSED ELECTRON BEAMS CREATED BY SUPERPOSl110N OF TWO DJSCHARGES 
M. Ganclu*, A.M. Pointu , G. Musa•, 1. 1. Popescu• 

LPGP Université Parls Sud - 91405 ORSAY - France 
ïlnstitute of Atomie Physics - Magurele - Bucharest - Romanla 

1-lntroduction 

We study a source conflguratlon produclng pulsed electron beams whose diameter, peak 
current and pulse duration are quite similar to pseudo-sparks under the same voltage and 
pressure conditions . lts or!ginality consists of the fact that the beam can be obtained with 
entirely external electrodes and Is self-collimated without requlrlng lnternal slits or any 
peculiar anode geometry , bul only using the synergy of two discharges 111 • 

2-Experiment 
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The experimental set up (Fig. 1) is mainly composed of a quartz tube) ( 2.8-3cm 
diameter, 1 OOcm length) containing gas , along whlch two dlscharges are produced . The 
first one , the "main discharge",uses two identlcal external cylindrical electrodes, 16cm 
length,adjacent to and surrounding the tube (anode A 1,cathode C1,with typlcal 
interelectrode gap C,A, withln 2 to 4cm) ) biased with high voltage pulses . The second 
one.the "auxillary" discharge can be produced in two ways : i)flrst (Flg.1a) as a DC 
negative-glow-type discharge ( a few mA , a few hundreds volts ) created by internal 
electrodes consisting in an axial disk- shaped cathode , C2 , and a lateral grounded 
anode,~ , which are decoupled from the pulsed dlscharge by means of two inductances; 
the typical dlstance between C, and C2 is withln 5 to 1 Ocm . ii)second (Fig. 1 b) as a 
pulsed discharge , using a slmilar cylindrical anode,~', and the same cathode C'2=C1=C 
as the main discharge . 
High voltage pulses are generated by a rotary spark gap (RSG) through a delay line , 
partially wound around ferrite cores (FC). These pulses are characterized by a voltage 
U ranging from 1 O to 50 kV and a rlse time around 10 ns , with a repetitlon rate of few 
tens of Hz .In the case of auxiliary discharge of type ii) , the previous HV device was 
used to make a first HV pulse between C and A'2 and a second one between C and A" 
with a delay determined by the difference (L2-li) in the cables lengths . 
Main discharge voltages and currents are respectively measured with a calibrated voltage 
probe (VP) and with a Rogowski coil (RC).Plasma light emission is investlgated by means 
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of a Jens and an optica! fiber (OF) coupled to a monochromator photomultiplier device (M
PM). Signals are sent to an oscilloscope (SC) interfaced with a micro-computer. For a 
given gas and for fixed values of pressure , p , pulse main voltage • U • and given 
position of main electrodes relative to auxiliary electrodes , lt always exlsts a precise set 
of auxiliary plasma parameters such that an electron beam is created on the tube axis 
between A, and C, . Depending on the auxiliary discharge type used • these parameters 
are adjusted either through DC voltage , or through delay between the two HV puises . 
There , the pulsed main discharge changes suddenly into a bright and narrow axlal 
plasma channel with a constant diameter over the whole length between C, and A, . 
in tact, the deflexion under the action of a transversai magnetic field of thls channel and 
its ability to drill a hole in a target''1demonstrate that it is produced by a fast electron 
beam . Such beams have been obtained in 0 2 , CH4 , air , Ar at pressures between 0.1 
mbar and O.Bmbar . As an example are presented here results obtained in Argon at 
0.3mbar for U=45kV: 
i)Fig. 2 shows varialion versus time of beam current lb . Varying p and U values , the 
charge carrled by the beam , flbdt has been shownl•l to be always equal to the product 
of U with the capacltance of the two series cyllndrlcal capacitors composed of the quartz 
tube surrounded by the main electrodes C, and A, and virtual inner electrodes . Thus . 
the maximum current value coufd be lncreased,uslng the same technology, by increaslng 
the diameter and the dielectrlc permlttivlty of the tube and the length of the electrodes . 
ii)Fig. 3 shows variation versus time of the beam channel emissivity , proportional to the 
PM signa! , at 376.Snm wavelength (Ar•) , integrated along the tube diameter fora flxed 
axlal distance . Contrarlly to others wavelengths which are emitted by the radially 
expanding afterglow phenomena • this wavelength roughly follows In tlme the beam-gas 
interaction . lt allows an estimatlon of the beam diameter toa value Jower than 0.5 mm. 
These two diagnostlcs have now to be developped to understood the synergetlc effect 
of the two discharges and the mechanisms involved in formatlon and self- collimation of 
the beam. 
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ELECTRON-BEAM ASSISTED DEPOSITION OF THIN FILMS FROM 
SUPERSONIC JETS. MODEL AND ESTIMATIONS 

Gennady Sukhinin 

Institute of Thermophysics, Novosibirsk. 630090. Russia 

A model for the method of electron-beam assisted gas jet deposition of 
thin films is presented. It takes into account electron energy distribution 
function generated by an electron beam in Ar-SiH4 jet, and supersonic trans
portation of ions and radicals to the substrate. The model reveals ways to 
increase the method efficiency by optimizing E-beam energy, gas jet parame
·ters, and SiH4/Ar ratio. 

Supersonic gas jets expanding into vacuum and activated by an electron be
am were used for Si02 thin films deposition [ l l , and have also been applied 
for the deposition of Si3N4, a-Si:H, etc. 

The scheme of the experiments 
[ 1 l is presented in Fig. l. This 
method has several advantages in 
operating, controlling and inves
tigating the deposition process, 
and embodies two modern tendencies 
in plasma chemistry: a) the use of 
supersonic jets for direct and 
quick gas transportation to the 
surface; b) the use of electron 
beams for the activation of gas 0 l 
phase instead of the conventional I 
DC or RF discharges. Fig.1. 

A very interesting feature of the method is that the activating electron 
beam (Eb"'lOkeV, Jb"'l0mA) has the power Pb"'l00W bul deposits into a gas jet 
less than lW (2 or 3 orders of magnitude less than in conventional CVD met
hods ). However, relatively high growth rates ( vgr"l nm/sec) of a-Si:H films 
have been achieved. Another impo1·tant feature of the method is very small re
sidence time of activated particles on their way from a source nozzle to a 
substrate: 1:=10-

4
sec. (2 or 3 orders of magnitude less than in conventional 

CVD methods where the transportation of molecules is governed by diffusion ). 
In low density free jets, it leads to a substantial simplification of gas 
phase kinetics. 

Process gases (4%SiH4+96%Ar) are introduced into the vacuum chamber thro
ugh the nozz!e. An electron beam crosses the gas jet near the nozzle where 
gas density is high enough so that beam electrons generale secondary elect
rons effectively in ionizing collisions. Secondary electrons produce radicals 
and excited species which reach the substrate in the supersonic jet. 

The flow rate of pure argop
1 

through a critica! cr9ss section of the sonic 
nozzle at To= 293K is QA"' 1·10 (po/lTorrl<d•/lcm) (atoms/sec) and for si
lane admixture Q•""c•QA (cs=0.04 ). For the typical value of growth rates in 
the centre of films, _;he number of Si atoms adopted by the growing film per 
second is Qgr ""4 · 10 · Q•. 

How can this value be explained from the gas jet excitation by an electron 
beam? Can this value be increased? 

The non-local integral Boltzmann equation for spatial and energy distribu
tion function for secondar~- electrons (SEEDF) was proposed 1 2 J. The Green- s 
fun c tion for Boltzmann equation was found and the diffusional approximation 
for non-uniform electron beam and non-uniform gas was developed. This equati-
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on has been solved for free jet density distribution. With the help of SEEDF, 
the molecule excitation rates by secondary electrons integrated over the who
le gas jet can be estimated as 

J d 3?Rx j (°i )"'ex (Jb/qe) (~/2)01 (Eb )nOZb (2.5 )-2 ( d~/Zb ) 2 
· Pxj ( 1) 

where Px i is the excitation rate of j-level of x-type molecule calculated 
with the help of SEEDF for silane-argon mixture with the set of cross secti
ons for argon and silane taken from [J.Bretagne et al. 11981) and M.Kurachi, 
Y.Nakamura, (1990)]. It has been shown that the SEEDF can be connected in the 
diffusional approximation 1 2 l with the distribution fu.!lction in an uniform 
gas, fo ( e), which is given in Fig.2. The function Rx j ( r) takes in to account 
the overlapping of the gas jet profile and the electron beam profile. It des
cribes the escape of secondary electrons from the gas jet for relatively 
small gas densities and the contraction of the SEEDF to the electron beam 
profile for high gas densities [2]. 

Fig.2. SEEDF, fo(e). 
Solid lines - pure argon and monosi
lane. Braken line - 96%Ar- 4%SiH4, 
multiplied by 10 for 1-lOeV, circles 
- F.Kenary, W. Kimura. J.Appl.Phys., 
63, 4377, 1988. 
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The values Pxi normalized by the 
argon ionization rate by the primary 
be an electrons are as follows: 
Pa i"'l for argon ionization; Pa""0.1 
for metastable production; P• i"'2 for 
silane ionization; P•d'"3 for neutra! 
dissociation of silane; Pv 13"'20 and 
Pv24 "'10 for the excitation of SiH4 
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For fO=lO!prr, d•=lcm, zb=0.5cm and Jb=lOmA, Eq. ( 1) gives the value equal 

to 2 · 10 
7 
sec for total silane decomposltion rate by an ele,_c,tro~ impact in 

t he gas jet, that can scarcely explain the value of Qgr=4 · 10 sec 
1 

obtained 
above. 

The only explanation can be found in the influence of ionized and meata
stable argons collisions with SiH 4 molecules on silane dissociation. Accor
ding t o the collisional rate constants taj<en from [M.Kul'hner, J,Appl.Phys, 
63, 25_\2:! q9~~)], o nly *the processes Ar +SiH4--+ A_,r+SiHn + P!pó1ucjs_ 1(~kn= 8.3· 10 c m s ) and Ar +SiH4-+ Ar+SiHn + products (ikn= 4.0 · 10 c m s ) ha
ve enough number of collisions in the gas jet to provide the desired growth 
rate. 

It must be mentioned that a la rge fraction of silane molecules in the gas 
jet is in vibrationally excited states. For small SiH 4 concentrations in Ar, 
this fraction does not depend on es due to spec ific dependence fO (e) on es . 

The efficiency of the described gas jet deposition method can be increased 
by reducing electron beam energy from Eb=lOkeV to the values of lkeV or lo
wer, where primary electrons energy loss function L (Eb ) is larger . Besides, 
it is possible to optimize the SiH4 concentration in a rgon-silane mixture. 
l. R.G.Sharafutdinov,G.I.Sukhinin, et a l. a ). lOth Int.Symp.on Plasma Che
mistry, Bochum, Germany 1991; b ) . Proc.5th Jpn.S ymp. on Plasma Chemistry. 
( 1992 ) ' p.195-203. 
2. G.I.Sukhinin. (to be published, 1994 ). 
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ATOMIC COLLISIONS IN NEGATIVE ION BEAM SIMULATION 

C. Michaut and M. Bacal 

Laboratoire de Physique des Milieux Ionisés, Laboratoire du C.N.R.S" 
Ecole Polytechnique, 91128 Palaiseau, France. 

lntroduction 

Our experimental setup is named INCA Qons Négatifs : Création et Accélération). The hydrogen 
negative ions are extracted from a volume source and accelerated to 15 keV in a three-electrode 
system. The formed beam is transported one meter to the a Faraday Cup (FC) which measures the 
negative ion beam current (a few mA). The experimental setup and the FC structure have been 
described elsewhere [ 1,2,3) 
A numerical code (named CINCA: Çode for ~ for the simulation of the negative ion 
extraction and acceleration has been developed [4]. The beam simulation consists on the beam 
formation calculation in the accelerator and a complete calculation in the transport region. Several 
types of atomie collision processes have been introduced in CINCA. 
Considering atomie collisions in the accelerator enabled us to calculate the energy spectrum of the 
neutra! atoms formed there by stripping. The contribution of these neutrals to the production of 
negative and positive ions in the beam travelling through the transport region has been calculated. 
It is shown that this contribution can affect the current measured by the Faraday cup under high 
transport region pressure conditions. 
Considering the atomie collisions appeared to be crucial for the simulation of the transport 
region (5). The positive ion formation at higher pressure neutralizes the negative ion space charge 
and leads toa well confined beam. We will show how the transport of the negative ion beam is 
modified by the ionizing collisions in the transport region. 
At high pressure in the transport region, a plasma is created by the beam col.lisions and stron~ly 
potential gradients appear. We plan to complete our simulation, by taking in to account the posiove 
ion flow due to potential gradients, essentially in the radial direction. Because, now we consider 
only the positive ion drift in the transport region due to the its thermal velocity. Moreover, the fast 
beam particles make collisions on the slow plasma particles 100. We are going to simulate the beam 
reactions on the plasma in the transpor1 region. We will show how the beam shape wil! modify in 
comparison between the results obtained with these plasma collisions and with only the gas 
collisions. 

Fasl neutra! alom production in the accelerator 

With CINCA we have computed the number of neutrals created in the accelerator and their energy 
distribution. These characteristics depend directly on the profile of neutra! gas density in the 
accelerator, which is calculated [5]. The fast hydrogen atoms, produced by stripping of the beam 
negative ions, have the same energy as the incident negative ion. The number of atoms per energy 
interval of 1 keV formed in the accelerator will be presented as a function of their energy, for three 
values of the pressure in the transpor1 region. 
It is important to calculate how many of these neutrals reach the beam diagnostics (the FC and its 
extemal shield ring). A neutra! has to leave the accelerator under an angle less than 0.83° to be 
collected by the Faraday cup or its ring. Our calculations indicate that about 45% of the neutrals of 
all energies produced in the accelerator reach the mentioned diagnostic elements. Among them the 
full energy neutrals have the highest probability to reach the diagnostics; a non-negligible number 
of 2 ke V neutrals also reach the diagnostics. From this finding we conclude that the beam opties is 
best close to the extraction and accelerntion electrodes. Since these electrodes are very thick, the 
equipotentials are the most parallel in these places. 
The neutrals formed in the accelerator have also an effect upon the beam charge state distribution. 
The important fast neutral -molecule collisions are the single electron capture and the single electron 
stripping. The Jatter, leading to the formation of positive ions is dominant at energies above 
1 keV [5]. However, at low energy the cross sections of these reactions, although much lower 
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are close to each other. Thus the low energy neutrals formed in the accelerator produce by 
collisions with molecules or ::uoms additional positive and negative ions. The currents of these ions 
is proponional to the pressure in the transport region. Tuis can affect the current to the FC; a1 high 
pressure in the transport region I(H-) is low, bccause of stripping, and an increase in I(H+) can 
anomalously rcduce IFC· In meantime, our calculated currents 10 the FC are still much larger than 
the measured ones [6). 

Slow positive ion production in the transport region 

When varying the pressure in the transport region 1hree regimes werc lfl! ll11 
observcd experimentally: the low pressure case, the intennediate or optima! 0 0 0 tJ 
one and the high pressure case. 
(1) At low pressure in the transport region, the negative ion collisions on the 
gas panicles are rare and the bearn negative space charge during the beam 
transport modifies the ion orbits given by the accelerator: the beam becomes 
more divergent. (2) At high pressure in the transport region, the collisions 
of the fast beam particles on the gas particles become very frequent . 
Therefore a large number of negative ions is transformed in neutrals and in 
positive ions. Thus the beam negative space charge decreases. In addition all 
the energetic panicles can ionize the background gas. The concentration of 
slow positive ions inside and around the beam goes up; this leads to the 
focusing of the negative ion beam in the Faraday cup. (3) The optimum 
pressure occurs when the beam is not yet decreased by stripping and 
sufficiently confincd close to the axis of propagation. 
In CINCA, we added the space charge contribution of the slow positive ions 
produccd from the gas particlc ionization in the transport region. Fig. 1 
shows a beam simulation at high transport region pressure 
(Ptrans=0.3 mTorr). Fig. l(a) presents the negarive ion orbitS extrapolatcd 
in the transport region in the direction acquired at the accelerator exit; the 
calculation is without space charge in the transport region. Fig. l(b) shows 
the beam fonned in the same acceleration condilions as in Fig. 1 (a) but 
taking into account the space charge effect in the transport region. We see 
how the presence of the positive ions can focus the beam in the FC. 

Figure 1: Comparison of the beam orbits in the transport region without 
space charge and with it, for a high pressure in the transport region. The 
Fig. 1 (a) represems the ion orbits with the direction at the exit from the 
accelerator, extrapolated through the transport region. Fig. 1 (b) shows the 
orbits in the same conditions when the space charge is taken into account. 
Beam energy: 15 kV. <l>rE=0.65 cm. Source pressure P,=5 mTorr and 
Puans=3. J0- 1 mTorr. 
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Estimation of the photoionization cross section of xenon by multiphotonic 
excitation with (3+1 photon) via the Sdf5/21J=3 state. 
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118 route de Narbonne, 31062 Toulouse Cedex, France. 

Introduction and theoretica! consideration 

A recent spectroscopie and kinetic study of xenon consecutively to a rnultiphotonic excitation of 
the 5d[5!2]J=3 and 5d[7!2]J=3 states [I] has demonstrated the existence of a relatively strong 
ionization current (in the pico-arnpere range) in our experimental conditions. lfF(t) represents the 
laser photon flux in a point M inside the interaction volume, the local intensity is: I(t) = hv F(t). 
The transition probability for a multiphotonic process with N-photon is given by the expression : 

w~1:2r = JNlf(N) where JNl is of course the multiphotonic photoionization cross section .The 

local density photoelectron nurnber ne created during the time llT of the laser pulse is given by (in 
the case of a (3+ 1) multiphoton ionization process) : 

2Jrr dr dz I4 (t) dt 
1 J(t) (I) 

--- + U3 --
î'3 hv 

[ J L o'(
4

) J+"' J"' JAT 
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2 ~E (-t2 
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In our case the ionization of the xenon atom is a (3+ 1) multiphoton process that occurs with the 
intervention of the 5d [5!2]J=3 state as a relay state, enhancing the production of photoelectrons 
when the laser wave length is three-photon resonant between the ground state 1 So and the 5d state. 
Taking into account the spatial and tempora) distribution of the incident laser photons - we made 
the hypothesis of a double gaussian distribution again space and time (cro represents the temporal 
variance) - from the measure of the photoelectron charge created in the interaction volume, it was 
possible to estimate cr{4), the effective multiphotonic ionisation cross section. 
We found the relationship between ne and : 

- first the laser beam parameters (energy by pulse tiE, confocal parameter b=2:zo, beam-waist w0, 

laser photon energy hv), 
- second the transition parameters: the cross section cr(3) of photoionization by absorption of 
one-photon from the 5d state ,t3 the life time of the relay state 5d (t3 = 720 ns). 
To deduce the absolute multiphotonic photo-ionization cross section it was necessary to take into 
account the spectra! band width or the laser beam ll (about 10 GHz in the gaussian approximation) 
and ö the spectra! width of the 3-photon transit ion 1 So (near from 300 MHz ). A multiplicative 

correct ion factor ( d = 2J3 ~/ 0) has been used to determine the absolute photoionization cross 
section . 



Experimental set up 

Multiphotonic excitation was obtained by the use of a tuneable dye laser pulsed by a nitrogen 
laser. In this case, the laser flashes bad 5 ns duration with a recurrence f of 50 Hz. The laser beam 
was focused inside the analysing cell by a 40 mm length lens (beam-waist parameter were about 
15 µm). 
lts spectra! band with was about one cm-1. The luminescence induced by the laser flash could be 
observed with a extremely solar blind phototube work:ing in a single photon detection mode. We 
completed our apparatus set up by a system which can detect the photoelectron ionization current. 
A Keithley electrometer collected the charges which were accelerated by a continue electric field 
( 40 V/cm) [ 1]. This system was used for the determination of the multiphotonic pbotoionization 
cross section. 

Experimental result 

In agreement with the excitation spectra obtained in filtered luminescence, the ionization 
spectrum (figure 1 ) presents a peak centred at 370.5 run. It was possible to observe this 
phenomenon on the pressure range (0.5 - 700 Torr). It was clear that the Xe 5d [312)lJ=3 state 
constituted a relay state towards ionization by the absorption of a fourtb photon. 
lt was interesting to proceed to the study of the pressure dependence of the ionization. The figure 
2 showed a linear variation up to a pressure of about 7 Torr. This result was consistent with a 
calculation of the mean free path of the photoelectrons which were emitted in the confocal volume 
with a initia! energy of 1.5 eV. lt is greater than the bearn waist parameter w0 until this pressure 
value. The assumption ofa complete collect of the photoelectrons in the 0.5 - 7 Torr range is valid 
in our experimental conditions. 
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Figure 1: lonization spectra of xenon 
under (3 + 1 )-photon excitation using the 

relay states 5d(5121J=3· 
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Figure 2: Ionisation current variation 
against pressure under three-photon 
excitation of the 5d[512]J=3 state. 

From the measurement of the ionization current l, it was possible to estimate the average number 

ne ofphotoelectrons collected by laser pulse: ne= el fin the Jinearity zone.Fora pressure of6 Torr 

we created 5.105 photoelectrons per pulse. We found a absolute photoionization cross sectioo in 
the centre of the multiphotonic 3+ 1 transition: cr(4) = 6.10 -67±2 cm8.w-3. 
Only experiments carried out by Geohegand and al [2] concern 2-photon excitation. 

[IJ P Berejny, P Millet, M Saissac and Y Salamero, J. Phys. B 26 (1993) 3339 
[2] O.B. Geohegand, A.W. Me Co'Ml and J. C. Eden, Phys. Rev. A 33 L69 ( 1986) 
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ALUMINIUM BLOW-OFF WITH TARGETS OF DIFFERENT 
THICKNESS AND STRUCTURES 

G. Kocsis, J.S. Bakos, G. Bürger, P.N. Ignácz, B. Kardon, 
S. Kálvin, M .A. Kedves, J. Szigeti, G. Veres, S. Zoletnik 

Department of Plasma Physics 
KFKI-Research lnstitute for Particle and Nuclear Physics 

P.O.Box 49, Budapest-114, Hungary, H-1525 

Blow-off beams are composed of different particles, namely, atoms, ions, electrons, 
clusters and pellets. In this paper we show how the velocity distribution of different 
constituents of aluminium blow-off beams depends on the laser fiuence and target types. 
The following aluminium targets were used: fiat targets with thickness between 0.1 and 
l.lµm and structured targets. where patches of 30x30µm 2 size and 10 µm thickness 
were formed by wet chemica! etching that followed photolithography. The laser fiuence 
was varied up to 40 J/cm2 . 

In the first series of experiments the blow-off beam was injected in toa rnagnetically 
confined plasma. So the atoms and pellets could be observed through the line radiation 
by the time of fiight method. The light of the atoms was detected perpendicularly to 
the direction of the beam propagation by a seven channel photomultiplier array; and 
the light of the ions surrounding the individual pellets was detected by a sixteen channel 
Microchannel Plate camera. 

In a separate arrangement the cluster components of aluminium blow-off beams 
(generated from a target of 1 µm thickness with 14 J/cm2 laser fiuence) were investi
gated by a laser ionization mass spectrometer (LIMS). 

When the thinnest target (0.1 µm) was used, a pure atomie beam was generated. 
The time of Right diagram of the beam could be well fitted by a. Maxwellian velocity 
distribution around a translation velocity [lj. Figure 1. shows this translation velocity 
as a function of laser fiuence. 

At thick targets the time of fiight diagram varied as the beam penetrate<l into the 
plasma (Fig.2.) . The faster peak, that could be detected mainly at the outer regions of 
the plasma, probably corresponded to the atomie component of the beam, whereas the 
slower peak, that was seen in the inner regions , originated from pellets and clusters. 

In the measurements by LIMS only Al2 dimers were detected besi<le the atomie 
component. The time of füght distribution of the Ah dimers (Fig.3 .) showed double 
peaked structure, and none of the peaks could be well fitted by a Maxwellian distribution 
function. 

According to our measurements with collector plates, it seemed that the preformed 
aluminium patches were accelerated by the laser pulse unfragruented in the case of the 
10 µm thick structureel targets. Investigating the dependence of the pellet velocity on 
the laser fiuence (Fig.4.J we concluded, that it could be explained by a sirnple rocket 
model [2] . 

This work was supported by the Hungarian OTKA foundation, contract numbers 
2974, 4151 and 14068. 
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Fig. 1. The translation velocity of the beam 
as a function of the ruby laser fiuence 
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Fig. 1!. 
Electron impact excited light of 
the blow-off beam detected at 
seven different posi tions in the 
plasma. The smaller nwnbers 
correspond to the outer region of 
the plasma while the larger num
bers to the inner region. 

A verage pellet velocity VJ laser fiuence. 
Fitting a power function of the form 
v = a[6 to the data. a = 0.068 ± 0.013 
and b = 0. 73 ±0.07 is obtained ( dashed 
line). 



LASER - TRIGGERED NEGATIVE CORONA 

M. Laan, P. Paris, V. Repän, T. Uustare 
University of Tartu, lnstitute of Experirnental Physics & Technology 

Tähe 4 EE2400 Tartu ESTONIA 

The aim of the present study is to elaborate a method for the detennination of formative 
time lags (tf) ofnegative corona. 
Introduction. At near-attnospheric pressures in air the DC negative corona exists in the 
form ofîrichel pulses. The corresponding current pulses have a rise-time of< 2 ns and a 
duration of ::::100 ns. No srudies connected with the measurements of Tf of these pulses 
have been canied out up to now. At the same time at high pressures the detennination of 
lf (lf - the time interval between the moment of creation of the first electrons and a 
Trichel pulse) is practically the only method to catch information about the processes 
preceding to the steep current rise of corona pulses. 
Ina number of OUT recent papers (e.g. [IJ) the Trichel pulses wei:e triggered by a laser 
pulse (À = 308 nm) focused to the cathode. As the quantum energy is only 4 eV the 
photoeffect has low efficiency (y - 10-8) and thermal effects prevail: Trichel pulses are 
triggered due to the thennoionic emission. AJthough the waveform of initiated pulses 
does not differ from that of the non-initiated pulses it is hardly possible that such a 
mechanim of triggering takes place in the case of non-initiated Trichel pulses. For this 
reason we tried to find a method of triggering which is closer to that of non -initiated 
pulses. 
Experimental. Experiments are carried out in ambient air at annospheric pressUTe in a 
point-plane gap: spacing 40 mm, flat anode of 200 mm in diameter, hemispherically 
capped point electrode of 1 mm in diameter. A nurnber of point electrodes made from Cu 
and Pt are used. 
For the extemal triggering of corona pulses the radiation of a pulse excimer laser (pulse 
of 10 ns halfwidth and of< 50 ml energy, repetition rate IO pps) is focused to the Ph 
target at the anode surface (Fig. 1 ). Plasma formed at the target radiates in a wide range 
of spectra: OUT equipment allows to record the quasi-continious radiation in the limits of 
200 - 600 nm. This radiation liberates the first electrons from the point. A pulse of plasma 
radiation has a rise-time of 5 ns followed by an exponential decay. The putse duration is 
:::: 40 ns. Current as well as light of initiated corona pulses are recorded. Light is detected 
from the 0.4 mm2 area close to the point tip by a fast PM. lf is detected as the time 
interval between the light pulse of scanered laser radiation and that of a Trichel pulse. 
The laner has halfwidth of 5 ns. lf is determined with the accuracy of 2 ns. 
The method used allows to initiate corona pulses at voltages both below and above the 
inception voltage llo (Fig. 2). The lowest voltage lij where the triggering is possible 
depends on point material : in the case of C'u points Uj = 0.9Uo. in the case of l't - Ui= 
0.97lf0. At voltages U > Uo initiated as well as non-initiated pulses arise. The repetition 
rate of the laner increases with voltage. At U > 9 kV the initiation becomes impossible. 
Most probably it is caused by the influence of the space charge of ions created by non
initiated pulses. 
At every voltage the reproducibility of measurements depends mainly on the stability of 
plasma radiation. The intensity of radiation reduces with time as the absorbtion of laser 
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radiation by the Pb target diminishes, and rrincreases. To diminish this effect the target is 
shifted periodically to a new position. 
Discussion. It is widely accepted that the steep current rise of a Trichel pulse is caused by 
the simultaneous developrnent of several avalanches. The simultaneous development of 
parallel avalanches may be the result of: 
(i) The classica! generation mechanisrn of avalances supported by secondary processes at 
the cathode like it takes place at lower pressures. 
(ii) "Dielectric switching mechanism" that we have assurned [2]. The Jatter is the 
prebreakdown mechanism in vacuurn and very probably occurs in the cases of high 
pressures in homogeneous field. According to this mechanism the triggering is caused by 
the accumulation of positive space charge on dielectric inclusion at the point surface 
finally leading to its breakdown and a large burst of electrons is emitted from the cathode. 
The burst of electrons causes the development of parallel avalanches, i.e. a Trichel pulse 
forms. In the present experiment the charging of dielectric inclusions is caused by the UV 
radiation. The study of points by Auger spectrometer specifies that in the case of the Cu 
points there is oxide layer at the surface and in the case of Pr carbon inclusions prevail. 
There are two trends in the present study supporting (ii): the dependence of lf on voltage 
is faint and Ui depends on point material. 
The more detailed study of rr as a function of point properties is in progress. 
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Figure 1 Experimental set-up 

Figure 2 Dependence lf = 
f( lf); 
solide curve: averaged results 
for C11 points; 
Uo=(8±0.l)kV 

• - a Pr point; Uo = 7.8 kV 
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QUANTUM KINETIC EQUATION IN THE mEORY OF RESONANT 
LASER - INDUCED IONIZA TION OF METAL VAPORS 
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V.A. Fabricant Department ofPhysics, Moscow Power Engineering Institute, 
Krasnokazannennaya, 14, Moscow 111250, Russia 

Introduction 

The process of resonant laser irradiation of metal vapors was mainJy described by the rate 
equations for populations of atomie states and for energy. The energy distributions of electrons 
were eitber taken Maxwellian or calculated using the Boltzmann equation, which may be used, 
provided the conditions are fulfilled that the radiation quantum hw is less than the mean 
energy < e >, and the mean number of absorbed photons is small. The main mechanism of the 
accumulation of energy by electrons was taken to be the superelastic collisions ( collisions of 
the second kind ) of electrons with atoms excited by resonant radiation. 

Tbeory 

The quantum consideration for description of avalanche ionization of vapor by laser radiation 
is required because of flc.i~<e>. The resonant case , when the energy of photons of the 

electromagnetic wave is close to the energy of a transition in the atomie (molecular ) system, 
has an especial interest. The sharp growth of the cross-section ofbremsstrahlung absorption 
in the resonant wave field may greatly increase the rate of the accumulation of energy by the 
seed electrons, thus resulting in complete ionization of metal vapor during the time of energy 
accumulation. Anomalously low threshold intensities of the resonant laser breakdown of 
gases in comparison with the unresonant case can be explained by this mechanism as well . 
The electron distribution function in the generalized mom1mta p(k,t) was obtained !Tom the 
densicy matrix elements of the electron-atomic systemp:;(indices n and m describe the 
atomie states with energies E,, and E,.. and hk and hk' are the corresponding momenta of 
electrons) in the following way: 

p(k,t) =/r p"") 
\~ nn 

(1) 

where the angular brackets mean averaging over the chaotic distribution of atoms in space. 
The equation for the densicy matrix within the Bom approximation in scanering of electrons 
by atoms was used to derive the Quantum Kinetic Equation (QKE) for the zeroth harmonie 
of the double Fourier series of the distribution function of electrons scanered by atorns in the 
presence of the resonant field, the expansion being done in the frequency of the extemal 
field w and the Rabi frequency n. 
In addition to the Rabi frequency that determines the rate of mixing of quasienergy atomie 
states, there is one more parameter of the atomie system - the phase relaxation time T1 . The 
QKE was obtained for the coherent case tfp<< T2 • where i:Pis a laser pulse duration) for 
two regimes of the field turn-on : instant (Cn:p:-< 1) and adiabatic (n-r,.>> 1) switching as well 
as for the incoherent ca,se (rr>> T2). 

The latter mode was analyzed for the saturation regime of the atomie transit ion resonant to the 
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field. The QKE for p
00 

takes the fonn 

~l99 = St1 (Pco) + St: (Pco) + St1 (Poo) (2) 

The first tenn in the right-hand side of (2) characterizes the transitions between the states of 
the atomie system that were not perturbed by the field, the second tenn describes the states 
that are in resonance with the field, and the third tenn desribes transitions between the 
resonant and unpertubed states. The resulting QKE (2) is a generalization ofthat by J.F.Seely 
and E.G.Harris [1) in the case ofresonant laser ionizaton and ofthat by Ya.B.Zel'dovich and 
Yu.P.Raizer [2] in strong and resonant fields. The characteristic feature of the resonant 
irradiation of gases is that the following processes interfere : the process of absorption of 1 
photons by an electron and the processes in which an electron absorbs 1 + 1 photon and one 
photon is transferred to (released by) the resonant system. 
The ratio of the probability of resonant absorption via the atomie system to the probability of 
direct absorption of a photon by an electron in a week field (when the mean number of absor
bed photons is small) is 

ç.,.i6•"( ~ )~ f 
86"tt A (E) f2 

(3) 

where()in is the cross-section ofinelastic scattering of an electron by an atom,6'tr is the trans
port cross-section, and fia is the oscillator strength of the corresponding atomie transition. 
The value of~ eharacterizes the efficiency of the resonant accumulation of energy by electrons 
under seattering on the atomie dipole moment indueed by the field. lf&.,.,(\,. ::0.1 , t.1/A:dcT- 10

5
, 

<E >::I
1
(I1 is the ionization potential of the atom), l!i.l/ 11=0.1, then~=-105 -JO' . This value also 

characterizes the ratio of the rates of ionization of vapor under resonant and nonresonant irra
diation. 
It is due to the process of stimulated bremsstrahlung absorption ( but not to superelastic 
eollisions ) the electron gas is heated by resonant laser radiation. Only in the particular case 
of exact resonance of radiation with an atomie transition the cross-sections of these proces
ses coincide. Out of resonance the ionization frequency, ealculated by using the distribution 
function, obtained from the QKE (2), tumed out to be different from the frequency, calcu
lated in the assumption that superelastic collisions with atoms provide the main mechanism of 
heating the electrons. 
The joint solution of the rate equations for excited atomie states and QKE (2) confinned 
the eonclusion that ionization by laser radiation is of a resonant nature , while the reso
nance width may be essentially wider than the transition linewidth. 
In genera!, the resonant photoionization has no threshold. The avalanche ionization , which is 
specific of breakdown. may run at any radiation intensity but during different time intervals, 
depending on the intensity. Surely, fora breakdown to occur. the laser pulse duration must be 
comparable with the characteristic time of the corresponding instability. 
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OXIDE THIN FILMS STIMULATED CONDUCTIVITY IN GLOW DISCHARGE 

Introduction 

Michael Chjrlcjn Oleg Krjutchenko and Vladimir Stepanov 

Department of Physics, Pedagogical University, Rjazan 
46 Svoboda st. 390000, Russia 

An oxide thin film on the cold cathode surface being in the gas discharge is exposed to 
irradiation by ions, excited atoms and photons. Effect of gas discharge changes oxide 
conductivity and charges its surface. Coating surface potential has an effect on its electric 
conduction. sccondary electron ernission [l] and ion flow focusing by through pores in the 
oxide [2]. In this work voltage drop dependences on cathode oxide coating being under 
conditions of a glow discharge in He and Ne upon current density. thickness and oxide 
coating porosity have been deterrnined. Oxide film mcchanisms conductivity and 
characteristic properties of secondary elcctron emission from it have been studied. 

Experiment 

A contactless measurement Lechnique of oxide coating surface potential bas been realized. 
The specimen under study is placed on a revolving metal disk. An anode and a probe are 
located above a disk. DC glow discharge is maintained between the anode and the disk 
doubling as a cathodc. The specimen oxide coating passing over the discharge region is 
charged and reaching the probe induces a current pulse in its electric circuiL The pulse 
amplitude varic:s in proportion to the oxide coating surf ace potential Us. 

JO 20 30 40 
t (s) 

Figurc: l : Oxide coating surf ace potehlial after glow discharge extinction. 

Al and Mg oxide films 10-30 nm in thickness recieved by thermal oxidation of cathode have 
been studied. Process of discharge running off from the oxide surface when the glow 
discharge ha~ been extinguished is shown in Fig. l . Discharge running off is caused by its 

own conductivity of the oxide cro on the exponential seclion of dependencc Us(l) and bas 

relaxation time î=Eoe:/cro (e: - dieleclric oxide permeability). 
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Coating current-voltage characteristic slope (Fig.2a) with exponcntial scction time constant t 

comparision indicates that exposure to a gas discharge incrcascs oxide conductivity up to 

(l ()4-1Q5)a0 depending on elcctric field intcncity in the film. Critica! values of voltage drop 

on the oxide Uc and discharge currcnt density je have been detcctcd. Excess of these valucs 

causes the coating conductivity rapid growth beeause of elcctron tunnelling from cathode 
metal base into the oxide. Proccss is accompanied by rcgistcred emission of these elcctrons 
into a gas discharge gap (Fig.2b). 
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Figurc 2: Oxide coaling currcnt-voltage charactcristics in glow dischage (a) and elcctrons 
tunnelling emission into a gap (b). Oxide films porosity (%): 1- 21. 2 - 10, 3 - 6, 4 - O; oxide 
coating thickness (nm): 1 - 10, 2 - 15, 3,4 - 20. 

Conclusions 

Ion flow focusing effect by coating through pores is a prcvailing mechanism of cuJTCnt 
running through it with U8<Uc and through pores area of more than 20% from cathode total 

surface. Coating stimulated conductivity with U5<Uc and through pores area of less than 10% 

from cathode total surface is caused by elcctron excitation into the oxide conductivity zone as 
a rcsult of ion Auger-recombinalion on cathode surface and gas atom resonance radiation 
absorption. Electric field in oxide coating with strcngh of more than 5·106 V/cm significantly 
incrcases the probability of elcctron ernission from cold cathode surface. lt becornes apparent 
in growth of electron and ion currcnt ratio on the cathode surfacc and in decrease several 
times of cathode fall region voltage in gas discharge. 
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KINETICS OF 0 1 + TEOS GAS-PHASE CHEMICAL REACTIONS IN A 
REMOTE MICROWAVE PLASMA REACTOR WITH ELECTRON SPIN 

RESONANCE 

Introduction 

~' A.Tálsky and V.Zvonféek 

Department of Physical Electronics, 
Masaryk University Brno,611 37 Czech Republic 

The processes for the deposition of Si02-lik<' films by plasma enhanced chemica! vapor depo
sition ( PECVO) of tetraeioxysilane (TEOS) in remote microwave oxygcn plasma reactors are 
used for synthesis of amorphous materials. For SiOr like matcrial synthesis the monoatonûc 
oxygen is mixed downstream with a stable molecular specie (TEOS). The mixing is intended 
to introduce primarily chenûcal reaction that yields a reactive product, commonly termed 
the gas phase precursor, to promote SiOrlike film deposition at moderate temperatures. 
Monoatomic oxygen acts as radical scavenger, decreasing the polymerization ra.te of organic 
radicals: oxygen reacts with TEOS in the gas phase, increasing its conversion and/or frag
mentation, and it removes part of the organic fraction of the film by means of gas-surface 
reactions[ 1.2]. In the present study the ESR flow tube technique has been applied to charac
tcrize the reactant combinations that are of interest in the synthesis of amorphous SiOrlikc 
materials. 

Experiment 

The plasma discharge was sustained in qnartz tube (int.diam.0.3ï cm) within a. cavity ( 1:3 •. 56 
\lllz).5 \\."). \lolc>rn lar oxygen was injected into the plasma through a quartz tube that then 
passed, after a right-anglt' b<'nd into thC' ESR r.avi ty (X band). lktwcen the two cavities 
t.he TF:OS vapours w"r" transversely injected into the flux of partialy a tomized oxygen via 
a small diameter tube. The distance between the injector and the ESR cavity rou ld be 
va.ried over a limit l'd range (ilI = :lO cm ). The total pr!'ssur!' during all mca~ur<>mcnts was 
maintainl'd in the ESR cavity al 50 Pa. 

Measurement and Results 

The ESR mca.surements provi<led absolute va.lues of [OJ but the correction for the losss of [O] 
by proccsses that are first order in 0 and independent of TEOS, such as wall recombination , 
is a.d1il'ved by recording [O) at each position ~:r downstream from the injl'ctor both with 
("on") ancl wit.hout Coff") Aowing TEOS. Adjusling the roncentrations of the reactants so 
lha.t [OJ « IT EOS). thl' second-order (bimolecular) reaction law is reduced to pseudo-first 
order. The chemiral r!'action generally involves ( : H,1 and C2 H, abstraction from the stable 
TEOS moll'cule to form a free radical. To illustrate, the deposition of Si02 the simplt' 
hypothetical reaction ma~· bC' used [:3,4] 

Si(OC2H5 ).1 + O~ (Si02 • ra<licals.C'O,C02,f/2 0 .polyml'r). 

T hen the rate codfirit'nt 1.:1 is obtainl'fl from thr Pxprrssion 

111([0] .. "/ [OJ .. 11 1 = CoHSL · k1[TE0Sj( T). 
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where Const. is simply the ordinate for the arbitrarily chosen reference position (C:.x=O), 
r is the time of flow betwcen the position or TEOS injcction and the centre of the ESR 
resonator cavity. Additional consumption of 0 by fast seco11clary rt<combination rcactions 
must be taken in account. 
Data on the decay of 0 with T for two seleded 02 and TEOS Oows are shown in Fig.!. 
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Figure 1: Variation of the IOJ concentration with tlie time or residenc.e from the injector 
nozzle in an ESR-flow system reactor. 1) TEOS flow 18 seem, 2) TEOS flow 14 seem. 

The results obtained are summarize<l in Table 1. 

T,.1,1" 1. 

02 liow [seem] TEOS flow [seem] r [ms] ~x[cm] k1 po- 1~cm'1s- 1 ] 

8.1 18 :l0-70 liHO 2.2 
8.1 1'I :10"70 liHO 1.2 
8.l 0-IS ·lï 28 2.ï 

The interpretation of 111ea.~11red ratr. rodlkic11Ls i11 t.cnns or primary and '<'rn11da.ry ga.' phasc 
reactions requires the dctailed discussion or TEOS 111olc"·11I<· rrngmrnt ;t1.ion 1'1,5]. 

This work has been supporlcd by lhe Grnnl Agcury Czech ll"'P· ro11Lrad No. 202/93/2118. 
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IN SITU MONITORING OF HYDROCARBON 
PLASMA-suRFACE MATERIAL TRANSFER 

G.K. Vinogradov, G. Yusa, K. Senda, S.Morita 

Celller for Coopuative Research in Advanced Science and Technolngy 
Nagoya University, Nagoya 464-01, Japan 

Introduction 

Hydrocarbon plasma represents very complicated object in terms 
of gas phase cornposi tion and numerous physical processes and 
chemica! reactions. Deposition and etching of organic films 
contacting with active plasma or it's afterglow was observed in 
many research works. However, there is a significant lack of 
experimental data on the dynamic mass transfer during plasma
surface interactions. 

Kinetic measurements of film deposition or etching under the 
steady state plasma condition provide information on the overall 
result of an elongated process. Approaches, well known for the gas 
phase plasma investigations, which utilize pulse excitation along 
with a consequent observation of a non-stationary relaxation phase 
have been scarcely applied for the surface. 

In the recent work a quartz crystal microbalance monitor was 
used to study the dynamics of absorption-desorption phenomena in 
infra low frequency pulse time modulated RF discharge in 
hydrocarbons during the deposition stages, as well as etching of 
the deposi ted films in Ar /O,. 

Experiment 

Discharge was ini tiated in the kinetic plug flow box-type 
reactor mounted in the stainless steel chamber [l, 2]. Acetylene and 
several liquid vinyl type hydrocarbon monomers or their mixtures 
with Ar gas were used. Discharge conditions were as follows: total 
gas pressure 0.5 Torr, gas flow rate 5-50 seem, discharge frequency 
13, 56 MHz, maximum pulse power about 35 Wt, discharge pulse 
duration 0.05-10 s with a pulse ratio (T/T0 nl in the range of 2-20, 
electrode temperature 297 K. Real gas residence time in a plasma 
zone before the point of surface measurements was in the range of 
about 10-50 ms depending on discharge conditions. Discharge pulse 
duration always was longer than the kinetic residence time. So , 
during the discharge OFF period the activated surface was 
interacting with pure initial gas mixture, which did not contain 
any gas phase products of decomposition or synthesis. Etching of 
deposited films was carried out in the pulsed discharge as well to 
reveal unstationary stages of during plasma excitation and decay. 

Commercial crystal microbalance monitor CRTM-5000 from ULVAC 
(Japan) wi th 6 MHz AT-cut crystals wi th golden electrodes was used. 

Results and discussion 

The highest mass deposition rate have been observed for methyl 
methacrylate. The deposition rate calculated on the discharge On 

166 



time was about 32 run/s, and the deposition was continuing for a few 
seconds after the discharge pulse. In case of low mass gains for 
some other monorners intrinsic crystal temperature sensitivity was 
found to be a limiting factor for diagnostics. 

Temperature hysteresis of the crystal was about 3-5 run in 
terms of thickness indication. The crystal had a positive 
temperature coefficient of about 0.4 nrn/K in the range near 300-340 
K. However, negative pulses on kinetic curves corresponds for a 
sensitivity to the temperature jump, or a dynamic temperature 
sensitivity, which gave the main systematic error of kinetic 
measurements. Typical temperature jumps during discharge pulses 
give irreversible changes of the crystal frequency corresponding 
for thickness indication up to about 1-4 run. 

Etch kinetics for relatively thick films (100 run) demonstrate 
unexpected strong increasing of the dynamic peak signal near the 
pulse front from a few up to about ten angstrom while the film 
thickness was decreasing during the etching. It can be assigned 
probably for heat damping effects caused by the product particles 
having been desorbing from the surf ace into the plasma during the 
etching pulses. 

Irreversible grafting of ultra thin hydrocarbon films on the 
golden electrode with activated hydrocarbon surface contaminants 
was detected for MMA and styrene. Ultra thin layer of surf ace 
contaminants was redeposited in Ar discharge from the reactor wall 
and electrodes. Same golden surface of the crystal electrode 
precleaned in the same reactor with Ar/02 plasma does not give any 
grafting during it's exposure to those monomers. 

Very long ( from seconds to hours) post plasma adsorption
desorption kinetic of styrene and MMA vapors was studied in order 
to evaluate the characteristic times of reactions in a condensed 
layer. After surf ace activation by the discharge and the prescribed 
period of monomers adsorption, the system was pumped out and the 
rest mass was measured. The quant! ty of irreversibly adsorbed 
(grafted) mass had a maximum of about 5-6 nm at 10-30 minutes. This 
unexpected fall of the grafted mass with time should be explained 
with a diffusion of light near surface active sites into the bulky 
adsorbed layer and their consequent pumping from the surface. 

Standard quartz crystal microbalance can be applied to study 
non-steady state plasma-surface material transfer in the time range 
from about 0.5 seconds. Sensitivity of the crystals to the 
temperature shock seems to be the limiting factor, which can be 
essentially decreased by use of different crystal ·cuts [3] to 
extend the time range up to a millisecond range along wi th 
improvement of sensitivity. 
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QUANTITATIVE BXPLANATION OP GAS PRBSSURB DIPPBRBNCES DUB TO 
BTCHING OP a-Si:H LAYERS IN NP3 PLASMA. 

G Cicala, J. Trnovec•, G. Bruno, P. Capezzuto and I. Kosinar• 

Centra di Studio per la Chimica dei Plasmi , CNR, Dipartimento di 
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The origin of the gas pressure difference between discharge OFF and 
discharge ON state depends on the kind of the volume and surface 
dominant processes, in which molecules of parent gas are converted to 
new stable products . The conversion of NF3 molecules in r.f. discharge 
plasma can be described by the volume reaction: 

e 
NF3 ~ 1/2 N2 + 3/2 F2 ( 1) 

in which the difference between the products and reactants molecules is 
u = 1/2 + 3/2 - 1 = 1 . Thus, a variation of total gas flow rate (llQl 

and pressure (llP) going from OFF to ON discharge state, will be 

observed [1]. The quantity llQ can therefore be defined as: 

(2) 

where Qp and QR
0 

are the products and reactants flow rates, 

respectively. In addition , óQ can be derived by the NF3 depletion, 

60NF3: 

óQ = u · .6.0NF3 ( 3) 

as well as the observed pressure variation, llP : 

óQ = C( p) llP ( 4) 

through the pumping characteristic , C(p). of the vacuum system. 
When in presence of a-Si : H, the NF3 plasma, etching process can be 
described by the following overall equation: 

NF3 + 3/4 Si --------'> 3/4 SiF4 + 1 /2 N2 ( 5) 

in which the coeffic ient u=l/4, is much l ower than that observed in the 
volume NF 3 decomposition o f eq . (1). Hence, it is possible to 
discri minate the volume and the surface processes c ontributing to the 
NF3 conversion . 
In the present study, the NF3 etching of a-Si: H films deposi ted on 
inner walls of a parallel plate reactor has been investigated [2]. 
The gas pressure was measured by means of absolute vacuum gage (MKS 
Baratron 221Al. Mass spectra were recorded by quadrupole mass
spectrometer (QMS 300, Balzers). MS measurements of NF3 during the a 
Si:H plasma etching were performed at 10 w and 20 w and the data are 
shown in Table 1 . 
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Table l: MS fragment intensities in absence of discharge and during the 
NF3 etching of a-Si:H at 10 and 20 watt. 

Species H2 N F HF N2 NF SiF NF2 SiF2 NF3 SiF3 
mie 2 14 19 20 28 33 47 52 66 71 85 

NF3 OFF 0.4 5.6 2.5 3 . 2 6 154 650 141 1.84 

NF3 ON 0. 35 13.6 1. 3 1. 5 400 57 19 230 6 48 440 
( lOwatt) 
NF3 ON 0.3 17 0.6 1.1 570 14 15 55 6 12 630 
(20watt) 

The NF3 pressure in plasma OFF condi t ions was 2 53 mtorr, which 
increased to 273 and 290 mtorr during the a-Si:H etching at 10 and 20 
watt, respectively. Correspondingly, a variation in the gas flow rate, 
óQ, of 0 . 9 and 1.6 seem was calculated through the pumping 
characteristic . 
The cal ibra tion of the mass spectrometer was done by means of gas 
mixtures with selected composition, in order to determine the changes 
of NF3, N2 and SiF 4 flow rates due to the etchin;i process. The obtained · . . . 
data are summarized in Table 2. .._ · .- · 

Table 2: Gas flow rate variations due to a-Si: H etching and their 
ratios. 

ÓONf 3 <412 OsiF4 l\Q ON2/ó0NF3 OsiF4/óONF3 

NF3 ON 4.7 2.35 3.14 1.17(0.9) 0.5 0.67 
(10 watt} 

NF3 ON 6.45 3.25 4.2 1.61(1.6) 0.5 0.65 
{20 watt} 

The tota l gas flow rate difference AQ was calc ulated by the equation 
(3) whereas the values in brackets were obtained from eq. 4. The ratio 
of flow differences of N2 and NF3 corresponds to the stoichiometry of 
both reactions 1 and 5 . on the other hand, the SiF4/NF3 ratio is a 
probe of the relative importance of the etching process !5) in 
determining the NF3 conversion: a value of 0.75 (stoichiometrie ratio) 
means that NF3 converts in to SiF 4 only. The fact that the SiF 4 /NF3 
values of 0.67 and 0.65 are lower than the expected one can be related 
to the presence of~ 30i of H atoms in the a-Si:H films and, hence, to 
the formation of HF instead of SiF4. Thus, the etching process entirely 
controls the NF3 conversion. In addition, the good agreement between 

the AQ data in Table 2 suggests the measure of óP a s an ine xpensive 
procedure to evaluate the NF3 depletion and, finally to monitor the 
etching process . 
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DEPOSITION OF AMORPHOUS CARBON LA YERS WITH ADDITION OF CF, 
USING AN EXPANDING THERMAL PLASMA 
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J.W.A M Gielen, M.C.M. van de Sanden and D.C. Schram 

Eindhoven University ofTechnology, Department of Physics 
PO Box 513, 5600 MB Eindhoven, The Netherlands 

The effect of adding CF, during the deposition of amorphous carbon has been studied, to get 
insight on the influence of a primarily etching precursor. The layers deposited are assurned to be 
fluorohydrogenated arnorphous carbon films (a.C:H,F) and are expected to have tribological 
characteristics and be impervious and hydrophobic [ 1 ]. First results of the experiments are given. 

Deposition experiments 

The layers have been deposited using an expanding plasma bearn setup. The plasma source is a 
cascaded are running at a current of 24 A. consuming an electrical power of 1.5 kW and 
producing a thermal plasma with a pressure of 0.5 bar. This plasma. which consists of an argon 
carrier flow of 50 scc/s expands supersonically into a vessel at low pressure (0.14 mbar). In the 
expansion two precursors are added to the plasma 10 deposit layers from: a C,H, flow. varying 
from 0 to 3 scc/s and a CF, flow varying from 0 to 2.9 scc/s. The plasma beam produced is 
transported. after a shock, subsonically towards a substrate holder were deposition takes place on 
silicon and glass substrates of 2.5 • 2.5 cm'. The deposition time is 5 minutes and the only 
parameters varied are the C,H, flow and CF, flow. 

Diagnostics, results and discussion 

To analyze the layers deposited, several diagnostics have been applied. Scanning electron 
microscopy (SEM) is perfonned on perpendicular cleaves of the layers on silicon. The images 
show that the thickness of the layers is homogeneous along the silicon surface. Measuring the 
thickness of the layers varying the CF, flow shows that the thickness is not depending on this 
flow when the C,H, flow is kept constant, i.e. the growth rate is not affected by adding CF,. 
which is in agreement with earlier studies { 1. 2]. Decreasing the C,H, flow decreases the growth 
rate. Another diagnostic is in-situ He-Ne ellipsometry. The '!' - li curves as a function of time 
have been simulated assuming a model of a silicon substrate, a growing bulk layer and a top 
layer. An example of a '!' - li curve, both measured and simulated is given in figure 1. From 
these simulations the refractive index and the arbsorption coefficient of the bulk are determined. 
These results are presented in figure 2. From the 'I' and li versus time, it is found that during the 
deposition process, the growth rate is constant which is in agreement with the results taken from 
the SEM analysis. From first results of the infrared spectroscopy on thin layers on silicon, it 
seems that the number sp' bonds decreases and the number of sp' bonds increases, when the CF, 
flow is increased. keeping the C,H, flow constant. This indicates that the layers become harder 
when more CF, is added to the plasma. In the IR specira no large fluorin pealcs have been 
deteeted. The microstructure of the surface is studied with atomie force microscopy. lt is found 
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that the surf ace changes when the flow rate of CF, is varied. The surf ace itself is build of small 
periodic spot~ with a roughness of a few nanometers. This again seems to confirm a 
homogeneous growing of the layers. From transmission measurements it is found that the 
bandgap shows a small dependcnce of the CF, flow. 
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Figurc 2 : Rcfractive index and absorption coefficient vs CF4 now 
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A NOVEL TECHNIQUE FOR DIAMOND FILM DEPOSITION 
USING SURF ACE WAVE DISCHARGES 
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A surface-wave-sustained discharge is achieved in a non conventional configuration to obtain 
uniform thin diamond film deposition at gas pressures in the range 1-30 torr. The fused silica 
discharge tube is also cooled using a liquid dielectric jacket. which allows operation at higher 
microwave power densities without darnaging the tube. Tuis novel design appears to be a more 
flex.ible variant of the existing microwave "plasma ball" reactors. 

Introduction 

Arnong the different types of microwave sustained plasmas, surface wave (SW) discharges are 
best known for their very large range of discharge conditions (frequency, gas pressure, tube 
dimensions and shape), hence the possibility of optimizing a given plasma process, and their 
advanced modeling [ !]. SW discharges are already being utili:zed or considered in various 
applications such as etching and deposition, elemental analysis, ion sources, lasers [2]; however, 
their use for diamond deposition is hindered by non uniformity problems. The usual configuration 
and setup of a SW dicharge utili:ze a straight cylindrical discharge tube. Up to now, two methods 
have been proposed for diamond thin film deposition with these discharges: 1) using a cylindrical 
straight tube and locating the substrate perpendicularly to the tube axis (Fig. Ia). Because the 
wave electric field intensity decreases radially toward the axis, the active species are mainly 
created close to the tube wall and their radial density distribution reflccts this origin since their 
diffusion at the pressures considered here (above one torr) is not significant. The deposit is then 
radially non uniform; 2) using a mild transition tapered tube and locating the substrate parallel 
to the tube wal! in the transition St!Clion (Fig. lb) [3]. Tuis scheme is limited to narrow width 
flat deposition surfaces. 

Experlmental 

The novel configurarion is shown in Fig. Ic. It is rhe extreme case of a tapered tube scheme 
wherc !he transition from a small toa large diameter tube (lypically at least a factor 1.5 increase) 

js so abrupt that the wave power cannot flow along the large diameter tube. However, a plasma 
ball appears slightly below the transition plane, as sketched in the figure: the shape of the ball 
depends somehow on the position of the substrate with respect to the tube transition but its 
position is almost independent of il, in contrast with systems where the plasma ball results from 
wave reflection on the substrate. Here, rhe ball diameter and position are detem1ined by the 
characteristics of the transition and the wave frequency. The advantages of such a system over 
the previous SW discharge schemes are: !) a uniform deposition can be achieved over larger area 
substrates; 2) cooling of the discharge tube allows operation at higher power density in the 
plasma without <lamaging the quartz tube. Compared to existing plasma ball systems. the novel 
one allows for a toral freedorn of adjustment of lhe plasma hall wilh respect ro lhe substrate, 
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which we found was crucial in obtaining high quality and fast growing diamond films. 
The arrangement tested consisted of a 26 mm id (30 mm od) diameter cylindrical fused silica 
tube on the launcher side, connecting abruptly to a 47 mm id tube. This discharge tube is 
enclosed in a larger pyrex tube providing a cooling jacket filled with dimethyl-polysiloxane 
which is circulated by a gear pump and cooled through a refrigerating unit. The discharge was 
achieved in H2 gas to which CH, was added with a percentage that varied between 0.5 and l.S 
of the total gas content; the total gas flow was 100 seem at pressures ranging from 1 to 15 torr. 
The SW discharge was produced with a waveguide-surfatron (2) at 2.45 GHz with power 
densities varying between 40 and 65 WA:m l . The susbstrate temperature was varied independently 
between 500 and 1100 °C. The distance of the substrate to the plasma bal! was set so the plasma 
ball just fully covers the substrate surface; if it simply touches the center of the substrate, there 
will be scarce diamond cristallytcs on the edges; on the other hand, if the surface goes much 
deeper into the plasma ball, etching will be significant and diarnond growth reduced. 
The deposited films were analyzed by macro-Raman spectroscopy using an Ar•· Scanning 
electron microscopy micrographs showed dense nucleation of the diamond films on Si(IOO) 
surfaces. It also showed that the deposited layer is quite uniform with well defined facets with 
a broad distribulion in crystallyte size. The Raman spectrum from the samples prepared in this 
experiment shows a clear 1332 cm·• diamond longitudinal optical phonon line. The full width at 
half maximum (FWHM) values of this line were typically around 3.5 cm·•. It is not clear whether 
this large FWHM is due to the small crystallite size or due to defects or impurities in the 
diamond. 

,.__d.._., 
: . 

a) b) c) 

Figurc 1: a) and b): usual SW discharge configuration; c) novel SW discharge configuration for 
diamond deposition. 
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The spectroscopie investigations which are reported here have been realized on a plasma 
of air containing copper impurities, generated by a high pressure are torch from the Aérospatiale 
Group and established in the Aquitaine Aérospatiale site. Absolute densities of atomie species 
have been deduced from two complementary methods : one based on the absolute intensity 
emission line, the other on the absorption spectroscopy; we notice that the calculated values are 
mean values relative to a cord of plasma. Finally, it will be discussed how the energy levels are 
populated. 

The air plasma is due to the ionization of a gas created by a high power (9 MW) electric 
are between two copper alloy electrodes; the plasma is expanded along a supersonic contoured 
nozzle before ejecting like a jet. Two operating points have been studied at 10 bars and 130 bars 
of generating pressure. The signa! part emitted transversely on a 5 mm from the exit nozzle 
section axis is collected by a U.V.-visible optica! fiber. It is transmitted to a THR-1000 
monochromator and detected by an OMA with a 0.045 nm spectra! resolution. The calibration of 
the spectroscopie acquisition set up is carried out by means ofa tungsten filament lamp (1000 W) 
pre-calibrated from 250 to 900 nm. 

!"""' r----

1""" 
( 1) 

gives the relative transmission (figure 1) of the 
device as a function of the lamp signa! 1" '"' 
measured in the same conditions as the 
reference signa! 1,. •"' . If lmn is an analogous 

relative measure made on the plasma source 
and T is known, we can deduce the absolute 
value of lmn . Assuming that the spontaneous 
emission only gives rise to radiative transitions 
between standard excited states, the emitting 
atoms density Nm is written as follows . 
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Figure 1 . Relative transmission of the 
spectroscopie acquisition set up. 



where T is the plasma temperature, A,,., the transition probability. The population of copper has 
been estimated.. fora generating pressure of 10 bars (T = (4000 ± 500) K, T being the copper 
excitation temperature given by a line relative intensity method), at 2.6 1012 partfcm3 and 
9.7 1014 partJcm3 respectively on the excited states 4d2D (6.19 eV) and 4p2P

0 
(3 .82 eV). These 

levels seem to be in a Boltzmann equilibrium. For a 130 bars generating pressure 
(T = (5300 ± 300) K), densities on the excited states at 3.82 eV and 3.79 eV appear abnonnally 
high (6.79 1016 partJcm3 and 2.67 1016 part/cm3 respectively). 

The advantage of the absorption is to provide, from resonant lines, the absolute density on 
the fundarnental level. Density calculations are based on the absorption profile of the atomie lines; 
the plasma is irradiated by a light source emitting at the same emission/absorption wavelength as 
the plasma and with a similar amplitude signal : for these experiments, we use a high pressure 
xenon lamp (500 W). The monochromatic transmission of the plasma is given by : 

It(>..) -lp(>.) 

Io(>..) 
(3) 

where Io(>..) is the radiation intensity emitted by the lamp at the wavelength )\, lp(À) and lt(>..) the 
plasma emission intensity and the radiation intensity of the lamp transmitted by the plasma at the 
same wavelength. The monochromatic absorption coefficient k(v) is deduced from Lambert's law, 
considering an homogeneous environment. In our experimental conditions, the Doppler effect is 
dominant [ 1 ],[2] (Gaussian line profile) and the density on the lower level of a n ..... m transition is 
given by : 

,J;. 
Nm =3, 768. JO· - Xk(v) X~0 f..., 

(4) 

where ~" 0 is the characteristic frequential width of a gaussian profile and fmn the line strength. 
The absorption measures are carried out on resonant transitions; from the 4s2S - 4p'P0 copper's 
transition, the fundarnental density has been estimated to 1 Ol6 part/cm3 for a 10 bars generating 
pressure; an approximate reckoning from the electrodes erosion led us to a similar value. At 130 
bars, the calculation has not been perfonned but we have observed a strong selfinversion of the 
resonant lines (there is no selfinversion at a pressure of 10 bars). 

In both cases, the fundarnental is not in thennodynamic equilibrium with upper 3.82 eV 
energy levels. It depopulates because of the reabsorption from excited states; the phenomenon 
increases with pressure and the strong concentration on excited states like 4p' P. fora 130 bars 
pressure is significative of the reabsorption of states near the fundamental ( 4s"D ..... 4p'P

0 

transitions). Levels next to the ionization limit might be populated from the continuum. Remaining 
in the equilibrium of Saba along the nozzle (because of the high electron density) they should be 
populated by a recombination due to the brutal fall of pressure induced by the plasma expansion at 
the nozzle exit. This process, named Bottleneck [3 ), is characteristic of the collisionnal 
recombination stabilization by the electrons. 
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Plasma assisted chemica! vapor deposition (PECVD) is now extensively used for coating or 
surface treatment. In this work, an Ar-CH4 microwave plasma is used for steel treatment. 
Our purpose is to characterise the plasma with in situ diagnostic methods in order to control 
and to monitor steel treatment conditions. 
Firstly, we have measured the electron density and temperature within the plasma using an 
electrostatic double probe. These measurements have been performed close to the substrate, 
for different Ar-CH4 gas mixtures. These results give informations about the discharge 
around the substrate. 
Secondly we give results conceming steel treatment obtained in this reactor and compare 
them to those obtained in same experimental conditions with a classica! thermal steel 
treatment. 
The experimental setup is shematically shown in figure 1. The microwave discharge is 
produced using a surfaguide connected at the entrance of the stainless-steel reactor. Argon 
is fed through a fused silica tube (extemal diameter= 19 mm, intemal diameter= 16 mm) 
crossing the surfaguide. The total pressure in the vessel is maintained constant using a Roots 
blower (70-700 m3/h) which allows a high gas drift velocity of about 20 to 50 mis. The 
substrate holder is positioned according to the axis of the silica tube and can be moved 
along this axis. The temperature of the substrate is fixed equal to 900 °C using a Joule 
effect heating system. the temperature is controled by means of a chromel alumel 
thermocouple calibrated with a two color pyrometer (lrcon Mirage). 
The electrostatic double probe is positioned in the expansion of the plasma, 3 cm above the 
substrate holder. The probes consist of a pair of identical parallel 0. 1 mm diameter tungsten 
wires extending 5 mm outside a two holes alumina insulator. Probes voltage is scanned 
from -50 to 50 Volt and electrical intensity of the collected current is determined measuring 
the voltage drop across a resistance R=O. I MO connected to one of the two probes. 
The first investigations were performed in pure argon, in order to understand the striking 
conditions of the plasma expansion in the chamber. The figure 2 shows respectively results 
of electrons temperature (Te) and density (ne) versus the power fora total pressure equal to 
5 torr. The two curves show a discontinuity for the same power value Pµ = 180 W. It 
eorresponds to the striking of the expanding plasma jet and appears for nee > 3.6x 1011 
em· 3 [ 1.21. 
Thus. no expanding plasma can be observed for a power lower than 180 W (high Te and 
low ne). lt is a post-discharge condition. For a microwave power above 180 W, the plasma 
is expanded, Te is in the range 2-4X 11600 K and ne> 3.6x 1011 cm-3. lt is a discharge 
condition. 
Then, we have investigated the effect of methane injection within the plasma on Te and ne 
values. As expected. both electron temperature and densily decrease when CH4 flow rate 
increases. Electron density decreases to become lower than the critica! density nee (wave 
propagation condition). Typical.ly. fora pressun: equal to 5 torr. a power of 225 W. Te i~ 
close to 30000 K, ne = 8x 1011 cm-3 in pure argon and Te = 8000 K and ne = l .6x 1011 
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cm-3 fora methane flow rate of 30 seem. In the first case, the substrate is positioned in a 
discharge and in the second case it is in a post-discharge. 
Steel cementation is performed on low carbon steel (16MC5 and 16MC6) in discharge 
conditions. A substrate (Tsubstrate = 900 °C) is placed 5 cm below the surfaguide centre. 
The gas mixture used is Ar-Cf4 (3%), the microwave power is fixed equal to 300 Watt and 
the total pressure is 10 Torr. Deposirion is performed during 1 hour. 
The figure 3 shows a comparison of the micro hardness profiles obtained for two nuances of 
steel in plasma and with pyrolysis CVD (carburarion). Plasma carburarion leads to an 
extremely high increase of the surface hardness unril a depth of 250-300 µm in comparison 
with pyrolysis CVD. The surface hardness of l 6NC6 steel increases about three times. 
Investigarions have to be done in order to understand the effect of the plasma on steel 
treatrnent. 
This work has been partly supported by ORET Contract N°90 34 l 18004707501, EDF 
Contract N°. 7 A 7081/AEE 1333 and CNPq (Brazil). 
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polymer films deposited in a low pressure discharge 
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Molecule gases are decomposed by many elementary processes in low pressure plasmas which re

sults in a great variety of reaction products. The interaction of gaseous species with surfaces situ

ated in a discharge leads to surface modification, etching, or thin film deposition. In the case of 

thin film deposition the plasma chemica! gas conversion is reflected by the film structure. In this 

paper an analysis of the complex processes, taking place in a discharge and on the surfaces, is 

done by combining gas phase analysis (mass spectrometry) and structure analysis of deposited 

plasma polymer films. 

Experimental conditions: 

rf discharge (13.56 MHz, power: 30 W, pressure p0: 0.08 - 0.30 mbar, gas flow: 0 seem) 

in situ neutra! gas mass spectrometry and ellipsometry (À= 632.8 nm) 

gas: hexamethyldisiloxane (HMDSO: (CH1) 1Si-O-Si(CH,)3 ) 

substrate: Si waf er on rf elect rode 

film analysis: XPS, SIMS, spectroscopie ellipsometry 

Film deposition in a closed reactor leads to especially extreme changes in the time dependence of 

growth rate and gas conversion. Thai can be seen also in film composition and film structure. 

Figure 1 shows the time dependent gas composition on the basis of five different mass numbers 

during plasma polymerization of HMDSO in a closed reactor (p0=0.08 mbar, P=30 W) in com

parison with the film growth rate and total pressure. lt can be seen that the partial pressure of 

the HMDSO starting molecule - represented by Si,O(CH,)~· ion - is steadily decreasing. Simulta

neously a number of silicon containing reaction products can be observed. At this stage the pro

duction of film-forming species leads to an increasing deposition rate. After consumption of 

HMDSO and of the silicon containing reaction products by film formation only H, and CH-com

pounds are found in the mass spectrum and the film growth tends to zero. 

The increase of the total pressure in spite of the loss of gas species by film growth and formation 
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of oligomeres indicates an extreme fragmentation of the starting molecules. 

As a result of plasma chemica! conversion processes structure and composition of polymer fihns 

are inhomogeneous. It was found (Fig. 2) that the film may be divided into two sublayers. This 

fact is surprising because gas analysis showed a contineous variation of gas composition. 

One of the sublayers has a thickness which amounts to about 80% of the overall film thickness 

and is characterized by a constant ratio S'l/O/C. The smaller top layer has a very high carbon con

centration. The sharp transition between the two sublayers occurs at the moment when silicon 

containing gaseous species were completely consumed. As a result of the structure gradient a sig

nificant change of optical properties like refractive index over film thickness was observed. 

Figure 1: 
Relation between film growth rate, total 
pressure, and plasma chemical gas conversion 
during plasma polymerization ofHMDSO 
in a closed reactor (p0 = 0.08 mbar, P = 30 W) 
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LOW PRESSURE ARC DISCHARGE WITH EVAPORATED GRAPHITE 
CATHODE FOR CARBON THIN FILMS DEPOSITION 
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and D.K. Otorbaev 
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Parameters of the low pressure are discharge with evaporated graphite cathode in the 
methane (argon/methane) atmosphere have been analysed by emission spectroscopy and 
La.ngrnuir probes diagnostics. The properties of the carbon films deposited by the discharge 
have been investigated. The measurements are carried out on the experimental set up de
scribed in detail elsewhere [I). The discharge has been organised between the evaporated 
graphite cathode and the metallic walls of the chamber (anode). The total are current is 60 
A, the voltage :::: 20 V, the gas pressure (argon/methane) is in the range of io-4 

- 5 · 10-3 

Torr. The detection section consist of monochromator with a focal length of 0.6 m and 
grating 1200 lines/mm, a.nd a photomultiplier. 
The optica) system allow us to measure the 
plasma emission both across and along the 
plasma beam. During the measurements of 
the line intensities across the beam the fol
lowing spectra! lines and molecular bands 
were most intensive: CI (2478 A), CH (3100, 
3900, 4300 A), H" and Hp. At the observa
tion of the emission along the plasma beam 
the intensities of these lines and bands were 
much higher, besides some additional lines of 
Cl ( 4932, 5039, .5052, 5380 A) and CII (2836, 
2837, 6578, 6582 A) appear in the spectra. 
The pressure dependences of a relative in
t.ensit ies of the spectra! lines of Cl (2478 
A), Cl! (6578 A), H0 , and CH(A2~,v' = 
O -x 2n, v" = 0) molecular band are pre
sented in Figure. :-.'on-monotonie eharac
ter of the line intensities of Cl, Cl! and 
CH radicals on the gas pressure with the 
maximum at ::::: 10-3 Torr can easily be 
seen. The rotational temperature of CH 
radicals in electronically-excited CH(A2~) 
state has been determined from the inten
sity distribution in the rotational structure 
of CH(A 2~, v' = 0 -x2n, v" = 0) radical 
band. 
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Rotational t.emperature of CH(A 2 ti, v' = 0) radicals was equal to ::::: 3200 K at. a pressure 
of 3.10-3 Torr. This rotational temperature cannot to be identified with the gas t.emperature, 
because the CH(A2Ll) radicals probably are formed in the react.ions of collisional dissocia-
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tion of (CzH")"•+. Moreover, it is known, that the gas temperature in a similar discharge 
in nitrogen-titanium plasmas is in a range of 300-500 K {1 ,2]. The electron temperature 
and electron density have been measured by the Langmuir probes. For the experimental 
conditions the electron temperature was in the range of l - 2 eV, and the electron density 
in the range of 2·1017 m-3. 

Carbon films were deposited by a discussed low-pressure are discharge with water-cooled 
graphite cathode. The films were investigated by a technique of transmission electron mi
croscopy. Micro-diffraction analysis shows, that the deposited films had an amorphous struc
ture. It was found, that the films properties strongly depend on the gas setting. Deposited 
films had two bound types (sp2 and sp3). With methane admixture the graphlte phase in 
the carbon films lowered. Probably this fact is connected with the decreasing of the films 
growth rate and/or because of etching of graphite by a hydrogen. Micro-diffraction patterns 
of the films, deposited with the methane admixture qualitatively differ from the others. The 
films had Iarger peaks broadening, a degree of structural order was lower. The formation 
of diamond-type structures with the sp3 bounds took place with an increasing of methane 
partial pressure. lt was found, that the structure of amorphous carbon thin films changed 
with the thickness (from 20 to 100 nm) variation. The tendency of the crystalline order 
growing with increasing of the thickness of amorphous layers has been established. A time 
stability of various carbon films have been investigated as well . 
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(Netherlands Scientific Society). 
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Introduction 

Plasma chemical vapour deposition using both metallorganic precursor and low-frequency 
pulsed discharge is one of the promising processes for the low-temperature deposition of 
tribological coatings. In this process the energy and mass distribution of energetic neutrals and 
ions considerably influences film structure and therefore film properties such as intemal stress, 
adhesion, stoichiometry, phase composition and morphology. 

Experiment 

A PACVD apparatus with a parallel-plate arrangement was used both for plasma deposition of 
Ti-C-N coatings and in-situ diagnostics of the deposition process. Mass and energy distributions 
of ions hitting the growing film were measured utilizing a two-stage differentially pumped mass 
spectrometer equipped with an energy analyzer. The orifice of the outer stage was mounted in 
the substrate holder [!). Using 40 kHz unipolar pulsed power supply operating voltage and dis
charge current can be decoupled from each other and therefore the ion bombardment of the 
growing film and the plasma chemical reaction rate can be controlled separately to a large 
extent. The titanium precursor tetrakis(diethylamido)titanium (TDEAT, Ti(N(~H5)2)4)) 
thennally decomposes above 160 °C. Film deposition at a growth rate of 10".50 nm/min was 
carried out at 400 °C (therrnal plus plasma excitation) and 150 °C (plasma deposition). 

Results and Discussion 

The measured energy distributions typically show a maximum located - in dependence on the 
discharge parameters - between 25 eV and about 100 eV, and an extended higher energy tail. 

Figure 1: 
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The lowest mean energies were observed at high precursor concentrations. The measured ion 
energy distribution in low-frequency discharges at pressures of some mbar can be understood 
taking into account two different origins of ions: 
(1) Ions are generated in the negative glow and accelerated towards the cathode. The energy 
distribution of the remaining portion of these ions at the cathode is determined by both elastic 
and inelastic collision processes in the sheath (esp. charge exchange reactions) [2]. These ions 
are predominant at pressures below 0.1 mbar. 
(2) Ions are generated in the cathode layer [3,4], either during the above mentioned charge 
exchange reactions or by impact of electrons emitted from the cathode (secondary electron 
emission by ion impacts, photoelectron emission). 
In the Jatter case, the ion energy distribution is influenced by the dependence of the electron 
impact ioniz.ation cross sections of atoms and molecules on the kinetic energy of the electrons. 
The position of the maximum and the lack of low energetic ions gives reasons to assume that 
most of the ions detected are generated in the cathode fall. This is evident, although the 
transmission of the plasma monitor is somewhat restricted for low energetic ions as it was found 
using comparative retarding field measurements [5]. 
In the ion mass spectrum measured at the cathode of a TDEAT/H2/N.j Ar discharge (cf. Fig. 2) 
despite the low precursor concentration the C,H,. + ions make up a large portion in total ion 
current. 
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Figure 2: Ion mass spectra during Ti(C,N) deposition from TDEAT/N2/H2/Ar 

Using ammonia as additional nitrogen source, the reduction in C,Hy + ion flux and the domi
nance of NH, • ions correlate with a reduction in carbon incorporation in the Ti-C-N layers. 
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ABOUT THE MASS TRANSFER ON A PLATE SURFACE 
BY EXPANDING PLASMA JE'r CVD 
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Expanding plasmas are used in plasma processing, e.g. plasma 
deposi tion [ 1-4] and plasma spraying. The measurements discussed 
in this paper were per!ormed on a plamna, which expands !reely 
from a subatmospheric thermal plasma in argon (a cascaded are, T~ 
1 eV, n ~ 1022 m-3 , n °' 1023 m-3 ) into a low background pressure e o 
(p ~ 1 - 50 mbar). Beoause the nozzle to sample distanoe (H ~ 80 
om) is essentially larger are diameter (d °' 4 mm) the plasma ie 
expanded and oooled very muoh. Thie plasma jet bumps against the 
sample with large velooity (~ 1 km/s) and turns about. It is 
interesting to consider the transport of reactive particles on the 
plate surface of sample in these oonditions. To get the general 
~as flow pat tem we made 2D numerical oalcula t ion wi th larger 
input hole and larger background pressure. It is seen, (Fig.1,2) 
like in experiments there is the shock ~ave in ohamber. There are 
some stagnation zones and the plasma jet is wider than the sample. 
Nearer to the target the velocity deoreases as linear function of 
coordinate z. It is consistent with theoretical consideration of 
incompressible ideal gas flow 

vr = v
0
r/2d, vz - v

0
z/ d, (1) 

d is roughly sample diameter. Taking into account (1) 2D diffusion 
equation of seed transport to sample surface is roughly solved. 
This solution is quick function of z, multiplied by slow amplitude 
depending of z, r, which takes into account input boundary 
condition n(z=L) = ii exp(-r2/ r;). It allows to calculate the flux 
intensity or seed on the sample surface: 

j = 
~1+ ~ 

2 Pe "" 
dv 

r'2"' (1 
ffi 

+ -
r2 

0 

Pecle t number Pe = --n°- » 1, r
0 

> d/Pe, Mis Mach number, ~is 
aooortUnodation coeffioient. 

This formula contains some parameters, which are not 
determined in experiments . Therefore we find ones by comparison of 
exper:ilnent with theory a t one value of some quantity, the 
effectiveness of formula can be determined by oomparison with the 
experiment at other values of this quantity. Comparisons of theory 
with experiment are made for amorphous carbon deposition rate 
(Fig.3,4,6) and for graphite deposition Fig.5. As is seen,theory 
(at our assumption) desoribes correotly the experiment tendencies. 

384 



-A- 1 

' ' '- .._ ...._~...,,_-_.,....._--~-....,-=-=-~--,-.-.,,.--, 

" ' ......... ...._ --- -- -- -- ',· ,...._ ' . --- - - ... '1 
• "-'--· ... • • ... • i T 

'~ "'_,,..,,,..,.._.,. • "/ T /. 

" ........... --- - ~ ~..,,, /~...._-'-""~ 

i
-. '/-"" _... - .............. -... _,,., ..,111" ; ---- ....... ....._~---_.. 
·-·-·-·~·-·-·-·~·-·-·-J•-·- ·-·-·-· 

20 40 60 z(om) 

2.5 

2.0 

1 .5 

1 .0 

0.5 

20 40 60 
z(cm) 

Fig.1.Caloulation results of streamlines 

Vin= 1 ,7 kln/s, c
51

n= 2 kln/s, 

P1n/P
0
ut= 30, 1 = 5/3, T1n= 1 eV 

Fig.2. 

s::~ 
0 0) 
.,.;, 

30 

!: !l 15 
01-
0 
0. 
Q) 

A 

800 
s:: ~ 
0 Cl) 

'"' 

• Expt[2] 

10 20 
carbon flux c1020s-1 l 

Fig.3. 

!: !j 400 
• Expt[4) lfl-

0 
0. 
~ 20 40 60 2 

Charnber pressure P. (10 Pal 

2 A 

theory 

• Expt[2] 

background pressure Cmbarl 

s::~ 
0 Cl) 
.,.;, 

20 

:::: !j 10 
01-
0 

Fig.4. 

toluene 

theory 

• Expt[3) 

0. 
Q) 20 40 60 
A Argon flow rate (sco/s) 

Fig.&. 

This work was supported by NWO (The Netherlands) 
Referenoes. 
1. G.M.W.Kroesen, D.C.Sohram, J.C.M.de Haas, Plasma Chem., Plasma 
Proc. 10, 531 (1990). 
2. G.M.W.Kroesen, thesis Univer.o! Techn.o! Eindhoven, 1988. 
3. J.J.Beulens, thesis Univer.o! Teohn.o! Eindhoven, 1992. 
4. A.J.M.Buuron, thesis Univer.o! Teohn.o! Eindhoven, 1993. 

385 



EXPANDING CASCADED ARC PLASMA BEAM DEPOSITION OF a-Si:H 
FOR PHOTOVOLTAIC CELLS 

R J. Se,·erens, ~l.C.M. van de Sanden, G.J.H. Brussaard, M. Sc.haepkens, 
G.J. Meeusen and D.C. Schram 

Department of Physics, Eindhoven University of Technology 
P.O.Box 513, 5600 MB Eindhoven, The Netherlands 

Introduction 

Undoped amorphous hydrogenated silicon is used as the intrinsic layer in amorphous sili
con solar cells. In order to gain a better underst.anding of the deposition mechanism, new 
techniques differing from conventional PECVD are being tried out. A technique based on 
an expanding thermal are in an argon hydrogen mixture seeded with SiH4 has lead to high 
growth rates: typ. > 100 Á/s. To determine suitability for photovoltaic applications, a num
ber of properties have to be examined, such as the refractive index, the optica! bandgap, the 
dominant bonding type (SiH, SiH2 ), the oxygen impurity content, the photoresponse and 
the photoconductivity. 

Experimental 

The plasma source is an argon/hydrogen-fed cascaded are (typ. 50 A, 100 V), as described 
in [!]. The plasma, which is dominated by hydrogen ions, expands into the low pressure 
vessel (0.2 mbar), and sila.ne is injected into tbe plasma bea.m immediately after the nozzle, 
in a flow mixture of Ar:H2:SiH4=55:10:6 scc/s. The substrate bolder is clamped on a. yoke 
perpendicularly to the flow direction of the plasma beam. As the electron temperature in 
the expanding beam is low, typically 1 eV, radicalization of the injected silane is achieved by 
a sequence of (dissociative) charge exchange with atomie hydrogen ions emanating from the 
arr. and consecutive dissociative recombination. ~fain differences with conventional PECVD 

are thus: 

[ PECVD 

ionizing 
transport by diffusion 
substrate self-bias 

1 PBD 

recombining 
directed flow 
low self-bias 

Table l. Differences be
tween conventional PECVD 

and PBD. 

For in-situ monitoring of the refractive index. He-:'lle ellipsometry is employed. As the 
film increases in thickness. the optica] path increases, but so does the absorption. The result. 
is a con verging spiral in the ellipsometric plane. with the convergence point representing 
the refractive index of the deposited film; typical va.lues are 3.8±0.2. From the spiral time 
constant the growth ra.te can be calculated, and thus an estimate for layer thickness. 

The optica! bandgap is determined ex-situ with a spectroscopie transmission measure
ment. The absorption coefficient near the absorption edge depends on photon energy a.c
cording to Tauc's approximation: o ~ (hv - E, •• )2 /hv . A fit typically yields a. value of 1.80 
eV for the bandgap. 

Bond concentrations are measured using Fourier-Transformed lnfraRed transmission mea
surements (FT!R). Absorption at 640 cm-1 is specific to Si-Hz vibrations (x=l,2,3), 890 cm- 1 

to Si-H2 , 1050 to Si-0 , 2000 to Si-H and 2100 t.o Si-H2 and Si-H on internal voids. After 
background deconvolution, bond concentrations are calculated from the surface area of \.hese 
absorption peaks (fig. l ). The 640 cm-1 hond concentration yields the hydrogen concentra-
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tion in the film (typically 10-30%). The parameter R"=h1oo/(120oo+h1oo) (typically 0.3-0.6) 
represents the hydrogen fraction bonded differently than in SiH, and is called the amount of 
microstructure [2]. 

Layer conductivities, as measured by Utrecht University, are obtained by measuring the 
photocurrent (under 100 mW/cm2 AMl.5 illumination) and clark current (extrapolation in 
cooling down curve) when applying 100 V to previously deposited silver electrodes of 2cm 
length, 0.6mm apart. From a test batch of four samples, the highest photoconductivity was 
10-6 n-1cm- 1, and the highest light-to-dark conductivity ratio (photoresponse) 106 • 

Results and Discussion 

A comparison between device quality a-Si:H and the tested batch is given in table 2. 

1 demand 1 PBO samples 1 

0.8 

nrn 3.53 3.1 
4.3 3.8 

l.0 

~ 0.6 ~ 
nHeNe 

" 
il 

Ega.p,Tauc 1.8 1.8 
H-conc. :::;10% 15% 

·S 0.8 §" 
-~ 

~ 
0.4 § 

j R· R<Ü > 0.2 
<Tph/ud >105 106 

<Toh >10-5 10-6 

Table 2. Comparison of PBO a-Si:H to de
vice quality material. 

0.6 0.2 r 
0.0 

0
·
4o 1000 2000 3000 4000 x (cn11) 

Figure 1. FTIR measurement and decon
voluted absorption pea.ks for PBO a-Si:H 

lt was found that the bandgap for the specimen under study remained almost constant, 
whereas the hydrogen concentration ranges typically between 15 and 25%, and the R" pa
rameter is larger than 0.2. According to [2], this indicates that the material contains voids. 
where the mass density can decrease to 85% of device quality material. This yields, when 
using an Effective Medium Approximation, a refractive index of 3.8 at HeNe wavelength, 
and 3.1 in the infrared. 

The fa.et that the photoresponse is OK, but the photoconductivity too low, might be as
sociated with a low free carrier mobility: the diffusion length is known to depend sensitively 
on contaminant concentration (such as oxygen) [3] or microstructural defects such as voids. 
However, more tests are necessary to substantiate. 
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THE INFLUENCE OF POWER AND SUBSTRATE TEMPERATURE 
AT TITANIUM DEPOSITION IN MAGNETRON SPUTTERING 

lntroduction 

F. AcUcr, H. Kersten, H . Steffen 
E.-M.-Amdt- Universiry, Departmenr of Physics 

Domstr. lOa, 17489 Greifswald, F.R.G. 

The o.-perirnents wcre carried out to investigare the influence of plasma parameter of a magnetron 
discharge (pressure, discharge power) on the quality of deposited titanium layers on silicon wafers . 
The plasma was investigated by optica! emission spectroscopy and LA..NGMUIR - probe diagnostic. 
The quality of the layers and the depostion rates have been obtained by ellipsomcoy and XRD (X
Ray-Diffraction). 
Furthennore we have measured the energy influx resulting from the plasma and the influence of 
the substrate temperaturc on titanium deposition in magnetron sputtering. 

Experiment 

Fig. 1: Experimenral sentp 

TI1c magnetron dio;charge allows a high 
ionization degree at low prcssW'c and low 
discharge power 11 J. The experimental 
standard condition' wcre as foUowcd: 

discharge power : 40-130 W; 
g.is prcssure : 0.1 - 1.1 Pa; 
Ar gas flow : 20 - 150 seem; 
sW'facc tempcrature : 20 - 350 °C; 
deposirion rare : 0.2 - 1 nm _.-1; 

The mhstrate holder wa• !Tee floating. The 
sd1c111atk scrup is shown in Fig. 1. 

The. total cnergy influx to the surface wa• determin~ by measuring the time dependencc of the 
snhstrate temperatur. The energy flux was changcd by Yarying the discharge power. The substrate 
tcmpcraturc was directly measured with a tvpc-j-thermocouple. 
TI1e electron density ne, the mean electron energy k:l(, the plasma potential VRJ and the floating 
1x>tenti:i.I vjl werc obtained by C\'aluating dl<' L-\.'l('Ll\fllR - prohc (hara.:rerisacs. Simultaneuosly 
the rclative dcnsity of pla~ma spcócs (Ar, Ti) wcre dercnnincd by optica! emission spc<.<roscopy 
of the plasma. 
The: qualiry of the titanium laycrs and the depsition rare were derived from ellipsomctrical result:s 
(in-situ obraincd) and XRD [2] . 

Results and Discussion 

The mcasured elcctron densities are proportion:i.I to the discharge power and the mean clcctron 
energy were measnred to be 3 - 5 e V. 
The solution of the energy balance ar the surface vields the time dependencc of the substratc 

remperamre T s 131: 

T,;(t) = 1;1 + Q"d ( l -exp(-+-1JJ 
).A d pc, 

(1) 
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('l}[: rcmpcrature of rhe substrare holder; p: mass dcnsity; cp= spccific heat capaticity; À heat 
condudivity;A, d : surface area and rhickncss of the substrare) 
From the measurcd time dcpendence of the substratc rcmperaturc (fig. 2) the total cncrgy 
inflow Q" was dcrived by equation (l) (sec Fig. 3). 

310 

D d1sch•roe power 65 6 W 
·, disch1rge oow•r 84 7 W 1 

~. __ __J I 300 

295 .._.-------.----..-------.---< 
100 200 300 

!{sec] 

Fig. 2: Tlllle dependcnce of the substratc 
tcmpcrature 

...--,.---.----..---""T'""'11.0 

dlscharge power [WI 

Fig. 3: Inregral energy flux vs. discharge power 

The deposition ratcs wcrc obtained by evaluation of the eUipsometric 'f'-ó-plots. 'f' and ó are 
ellipsometric values which dcscribc the change of the polarization st:tte of the rdlected laser beam. 
For a first evaluation of the '!'-&-plots the layers were rccogniud to cont:ain a different percentage 
of voids or titaniwn oxide, respectivdy. 1be cornposition is strongly influcnced by the discharge 
power. 
By mcans of XRD the titanium layers wcrc found to rnntain a varying percentage of titanium 
silicide according to the thickncss of the titanium layers dcposired. 

Whilc sputtering titanium laycrs on hcared substrares (ohmic hearing: 40-350 °C) we ~blished 
the substrare tcmpcratur has no influcncc on the deposition rare. This implies the enerro• of the 
parricle flux rowards the substrate i< so high that the additional eru:rgy resulting from the heared 
substratc does not effccr on the deposition rare. We assunie the substrare tempcrarur only effccts 
on the crystallographic structure and the percentage of voids as well as the formation of titanium 
silicide. 
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TITANIUM DEPOSITION IN A HOLLOW CATHODE ARC DISCHARGE: 

Introduction 

AN ELLIPSOMETRIC INVESTIGATION 

11. Steffen, ll . Kersten, F. Adler 
E.-M .-Arndt-University. Department of Physics 

Domst r . IOa. 11487 Greifswald, F.R.G. 

In most cases thin films exhihit a reduced mass density compared to the solid. Decause of the 
important rela.tionship hetween layer density and structural properties the deficit of the density is 
one of r hE' outstanding charact.erisrics of thin films. Also the dielectric function ( dipol moment. per 
rol urne) is dependent on the mass density and optica! methods. especiall~· ellipsometry. are very 
suirable for these investigations. 
This will be demonstrated for Ti layers. which are deposited in a llollow Cathode Are Evaporation 
De,·ice (HCAED). The results ohtained hy ellipsomctry are compared with RBS/:'i'llA measure
ruents. 

Experiment 

The used deposition reactor and the HCAED have been described in more detail elsewhere [l] . The 
E>xperimental standard conditions WE're the following: 
are curr~nt: 1;!0 ... 240 ; I. are voltag<': 20 ... 27 V. gas prcssure O.:l Pa. :\r gas flow: 95 Pa1 .• - 1 • 

distance anode · suhstratc: 18 cm, dcposition ratc of titanium: 0.1...:.2.5 nms- 1• r<'5idual prcssurc: 
"" 10-3 Pa. The layers were deposited on Si-wafers ( 100). 
A monochroruatic RAE ( 186 nm. laserdiode) and a spectroscopie P:\-IE ( l ' VISJ::L. Jobin Yvon) 
were used for monitoring t.he growth of the layers and to characterize l he deposit.ed layers. 
RBS/!'IRA was used to determine the film composition. The measurements were performed hy 
d<>uterons with an energy of0.9 MeV and an incidenci> angle of90°. The deuteron beam contained 
" fractiou of.;% protons [:2] . 

Results and Discussion 

for rhe interpret.ation of the ellipsometrical data il is necessary to know the dielectric. function 
[ = fi - ;; 2 of titanium . f(À) was determined from th<' final values of the layers . Because surface 
roughness . oxide layNs and density deficites in the bulk material reduce the \'alue of : 2 rhe sample 
which showed tlw highest final value in : 2 was used as reference for the following anal~·sis. In order 
to model the la.ver growth and the as deposited la)·ers we supposed that the la.vers rontain on!~· 
titanium and voids. 
Fig. 1 shows three typical endpoints in the "1 -..\-plane for À = ï8() nm. Sample A represents the 

·· reference al this wavelength . Simulations for increasing void fractions in the layer and surface 
roughnesses have been taken i1110 consideration. The effective dielectrical functions were calculated 
by means of the l'ffective medium approximation [3). That leads to the conclusion that sample B 
bas the same densitv as the reference . sample C contains about 123 voids more in the deposited 
film. 
The absolute mass densities of sample Il and C were calculated using the ellipsometrically deter
mined la~·er t.hicknesses and the titanium superficial densities from RDS data. According t.o these 
ralculations the relative densitv of sample. C was found to be 89 %. This value is in good accordance 
to the assumplion of 12 'Ic \'Oids in the d~posilL'<i material by ~llipsometry. 
The macroscopie deposition condit.ions for the samples Il and Care differ only in discharge power 
{see table) . Fig. :.2 shows the relationship hetween layer density and discharge power. Also the 
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deposition rate is plott.ed . Coucluding from these results (fig. :2) a discharge power of~ 4 kW or 
a deposition rate of~ l nms- 1 is needed to get a layer with reference density. 

P.llipsometry ellipsometry+RRS 
sample P/HF d/nm 1 relative densit.y /3 p/ycm -~ 

B .).5 212 1 100 3.90 
c 3.4 181 1 88 3.-!6 

14100 

)0 , 00 
--deeraaaing density 

1375 """. 1ncreastng roughness 1.0 rel. density 

measurement (RAE. 786 nm) ·.A " deposition rate 0.95 

1350 •s 
" ~ "'20 

0.9 E a. 
.s 0.90 " 

1325 " Il'. 15 " ~: "" •c '< 
0.85 

1300 10 

08 

127.5 0.5 
OBO 

~ ·/o 
1250 00 075 

20.0 26.S 27.0 27 .S 28.0 28.5 2 6 

'!' PlkWJ 

Fig.!: Endpoints in the Fig.2: Mass density and deposition rate 
11'-<~·plane vs. discharge power 

Ily the relationship between mass density and deposition rate some other experiment.al results du
ring dPposition of titanium in HCAED rould b('(' expla.ined. 
As shown by RBS/'.';JlA measurem<.>nts films deposited at low discharge power cont.ain much more 
oxygen than layers deposit.ed at a high discharge power. The reason has been fouud by the ellipso
rnetric studies, toa . After the deposit.ion is finished the surface of the layers with low density will 
be more oxidized than layers with a high mass density. 
lf as usually a shutter above the titanium vesseJ is used the layers grow inhomogenrousely. The 
measured density gradients in the layers are raused by the increasing evaporation rate because of 
the thermal stabilisation of the llCAED after opening the shutter. 
At low disrharge power a titanium silicide interface of"" 20 nm between Si-wafer and titanium 
layer has b('('n observed . The growth of the silicide at low substrate tempcratures ( < 200°C) is 
promoted b_v a dramatk increa.<e of the c-0efficiPnt of grain boundary diffusion at dtt.reased la.ver 
densily. 
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ION ENERGY TRANSFER TO THE SUBSTRATE DURING TITANIUM 
DEPOSITION IN A HOLLOW CATHODE ARC DISCHARGE 

Introduction 

H. Kerstf'n, ll. Steffen. D. Veuder.· H.-F:. Wagner 
E.-M.-Arn<lt-Universit_v. Department of Physics 

Domst r. !Oa. l 7487 Greifswald. F.R.G. 
"TU Eindhoven, Department of Physics 

P.O.Box 513. 5600 :\1B Eindhoven. The Netherlands 

Du ring titanium layer deposition with a hollow cathode are discharge the integral energy influx to 
the subst.rate has been monitored by measuring temperature gradients. 
The energy inflow J;n used in oor experiments consists mainly of the following portions [l]: heat 
rad iat ion from the molt en material to the substrate and energy inflow due to d1arge carrier>. 
Especially the influence of the ions has been studied by means of LANGM r 1 R-probe measurements 
and energy resolved mass spectrometry. The results show the relative distribution of the involved 
ionic species striking the substrate. 

Experiment 

The plasma of the hollow cathode are wit.h a high ionization degree has three functions: art.ivation of 
the partides near the substrate, activation and rleaning of the substrate surface and transformation 
of solid coating titanium into the vapour phase. The reactor and the principle of the hollow rathode 
are have been df'scribed in more detail elsewhere [2]. 
The experimental standard conditions were the following: 

are current: l:l0 ... :l40 .4. are voltage: 20 ... :ll \:. substrate voltage: -80 ... 0 V. 
gas pressurP : 0.2 Pa. Ar gas flow: 9.'i Pa/"- 1 • surface temperature: 40 ... 200 °C, 
distanrc anode - substrate: 18 cm, deposition ratf' of titanium: 0.1 ... 2 nm.•-'. 
Th~ encrg~· flux <lensity tor.he substrate was <letermined by mf'asuring the temperat.ure gradient 
along tlw sample hold~r. 
Simultaneously to the measurements of the energy inftow the electrical currents Us) towards the 
substrate and the plasma parameters in front of the substrate were determinP<l by means of a plane 
LANG~ll"IR-probe placed in front of the substrate. The electron density n,_. the mean energ,v of the 
dc>ctrons kT, and the plasma potential 1 ~1 were derived from the numerical second <leviation of the 
probe rhararteristic. 
The energ_v distribution and the relation bet ween the ions in <lepen<lf'nrf' on the disrhar,,;e power 
were measured by means of a plasma monit.or. To ,·ar;· th~ Pnergy influx towards rhe substrate the 
discharge power and the bias volta)!;e of the substratf' havf' been rhangf'd. 
Film thicknPsses and deposition rates have hf'Pn obtain<'d by ellipsometry during the titanium 
df'position on silicon wafers. 

Results and discussion 

ThP energy flux densities (J" ./,) of chargf'd particles are given b~- the product of the particle 
flow densities (j,.Jiunl to the substrate and the mean particle energies ( };,. E;,", ). In case of a 
MAXWELLIA~ energy distribution the pa.rtirle flow densities of elertrons and ions toa wall which 
is negatively charg<'<l in resp<'<'t to the plasma are dedured from: 

. fi!f:·T, -·;/"'" . Hf:·J~ -t h· = 11,. -- ( ' • )ion = llt'" -. - ' 
:?ii1n.. m,,·,11 

(1) 
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whNc n, is the ell'Ctron r!ensity, T, the E>lectron temperaturc. and m,. mi•n. mark the mass of 
elect rons and ions, respectivdy. 
Th~ measured 1>lect ron densities are proportional to t.l1e r!ischarge power. The meau electron energy 
was estimated to about. 5 eV. 
The elcr.trons ha\•e to ovcrcome the bia.s voltage Ubia" The ions are acceleratcd in the electrical 
field in front of the substrate and get in addition to their mean thermaJ encrgy ~kTion a kinetk 
energy ~olhio.• and the ionization energy e0 U; in r.ase of possible rer.ombination at the substrate. 

E. 21.:T ,. E' 3 '7' c· (' 
t: = . e + P.01.."bia.'1 • iun = 2h" ion+ eo 'bia.s +to ' i (2) 

ThP rnntribution of the different charge carriers to the substrate heating depends strongly on the 
;;uhstrate bias \'Ohage which r.onsists of the externa.1 substrate volt.age and the plasma potential. 
Combining the total ion current is and the relation hetween the several ion species measured with 
the plasma monitor the flux of Ar+ . ..lr2+. Ti+ and Ti2+ could bi' estimated. The results presented 
in Fig. 1 have been obtained for Us = 0 . 
.\t. a low discargc power the Ar-ions are the dominaüng species whereas at higher values (?: ,1.5 kW) 
the Ti-ions become important. This change can a.lso i>e seen in a change of the properties of the 
deposite<l films. 
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Fi)!;.:l: Coutributious of radiation and charge 
carrier.; to the cuergy inBow for f.i, = 0 F 

ThE> radiation J" .1 of th<> molte11 titanium depeuds onJ~· on thE> discharge power and is not inlluence<l 
by th<' hia~ voltage. Thn<'fore this contrihutiou could i>e S<'perated by variation off.'.,. 
For all considerrd substrate voltages heat radiat.ion is the dominating part for subst.rate healing. 
followe<l by the part of the charge carri<>rs. For F, :S - :lO 1 · only the ions determine the rontributio11 
of the charge carriers. for fi, - 0 the part of the elect roos hecomes more important (Fig. :l ). 
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INVESTIGATIONS OF THE PLASMA WALL INTERACTION IN 
GLOW DISCHARGES 

Introduction 

Jürgen F. Dehnke, Thomas Dindemann, Hans Deutsch 
E. - M.-· Amdt - University, Department of Physics 

Uomstr. lOa, 17487 Greifswald, F.R.G. 

The interaction between a plasma and a solid surface is of great interest for different kind of 
plasma chemistry applications and of fun<lamental interest, too. In this paper a. model simulating 
this interaction by means of the hydrodynamica! approach is presented. 

Basic equations 
To model the plasma wal! interaction the following elcmentary processes at the waU are to be 
consider: 

• adsorpt.ïon of inr.oming r.arrir.r. of r.hargP. (11..gativP. and positive respectively) 
• desorption of charged carriers 
• waU recombination of the intoming carries of charge 

Furthermore this modelling of plasma waU interaction bas been done in the framework of a two
dimensional wal! plasma [ 1 ). 
In the stationary case there exists an equilibrium between the adsorbed carriers of charge and those 
which dcsorb again or recombinc respecti\·ely. Therefore, the balance equations for the adsorbed 
particles are : 

do, 
dï (1- 0,)S,j," - ~ - 0Rl1eO+ 

T, 

( 1 - 9+)S+i+w - <T+ - aRu,o+ 
T+ 

(1) 

(2) 

wit.h a"a+: number density of wall elcctrons and ione, j..,, i+w density of the electron/ion current 
to the wall, S,, S+ : sticking probabilities, r,, r+: residente times of adsorbed partities, 
9,, 0+ CO\'erage degrees, 0 : recornbinatÎOll COefficient. 
The net ncgative wal! charge~"•="• - CT+ and the field E, normal to the wall in the plasma are 
connectcd by the rela.tion 

(3) 

Therefore, thl' surface by means of its qua.lity ( ma.nifested itsclf by r+, r" S+, S., llR " .) reflects the 
dcnsitics of the carrier currents to the wal!. In the stationary case the relation (3) is permanent 
fulfilled and ~o can be found from the field E, norm al to the wall surface obtained from the solution 
of the plasma ba.la.nee equation sytem. 
To model the plasma of the positive column we used the weU known hydrodynamica.l dcscription 
of the plasma [ 2 ], which consists of: 

• continu.ity equation of the charged particles 
• cquations of the momentum transfer for the ions and clectl'OllS 
• electron cnergy balance cq11ation 
• Poisson equa.tion 

This master equation system bas b~n solved numerically for an argon plasma refer to an axially 
homogenous column with cylindrical symmetry, which is surrounded by an insolated waU. 
(pr<'l!sure: 13 Pa, 130 Pa; electron number density in the discharge axis: 1011cm-3 ; wall lempera
turc: 250 K ". ïOO KJ 
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Main Aspects of the Numerical Approach and Discussion 
Fig. 1 represents at 13 Pa the dep•n<lence of the wal! <lensity of electrons u" wall density of 
ions u+. the surface charge densit.y ~er, and the clcctric field slrength E,.., at the wa.ll on the 
wall temperalure. This figure shows a pronounced dccreasc of electric surface field strength with 
increasing surface temperature. The lat.t.er is ca11scd by a <listinr.t growth of the recombination 
cofficient. 
Fig. 2 shows al 13 Pa the plots of the normalized ion density g+(x), the normalized electron 
density g.(x) and the space charge g+(x) - g.(x). In genera!, the curves g.(x) and g+(x) are 
at higher pressure close to the shape of the zero-order BESSEL-function. However, there is an 
increasing deviation from this shape near the tube wall with decreasing pressure. These deviations 
are caused by the dcvelopment of a sheath region. 
As already mentioned in [2], this model predicts the developmcnt of the shE'ath region, although 
t here is no clear dis\.inction betwl'en the sheath region and the bulk plasma. in the basic equations. 
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SCALING OF Si AND GaAs TRENCH ETCH RATES WITH ASPECT 
RATIO, FEATURE WIDTH AND SUBSTRATE TEMPERATURE 

M.C M. van de Sanden1, A.D. Bailey 1112, J.A. Gregus2 and R.A. Gottscho2 

1 Department of Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB, 
The Netherlands and 2 AT&T Bell Laboratories, 600 Mountain Avenue, P.O.Box 636, 

Murray Hili, New Jersey 07974-0636, USA 

The observed decrease of trench etch rates with smaller feature dimensions is a major issue 
in the fabrication of microelectronic and photonic devices [lj . Tt is therefore important to 
knowhow trench etch rates scale with feature sizes and which mechanism is responsible for 
the observed dependency. The sealing of the Si and GaAs trench eteh rates with aspect 
ratio, feature width and substrate temperature was investigated in a eryogenic ECR reactor 
using an Ar/Cl2 chemistry [2]. During the experiments the plasma conditions were kept 
constant to isolate etch ehemistry effeets (PEcR = 700 W, !EcR = 2.45 GHz, p = 2 mTorr, 
QAr = 37 seem, Qc1, = 3 seem and \i;., = -42 V). The substrate temperature was varied 
to study the relative importance of surface vs. transport phenomena. Temperature cont.rol 
(±3°C) was cheeked using infrared interferometry on double polished wafers. As the etch 
rate is dependent on the trench depth different etch times were employed after whieh the 
etch depth of the trenehes were measured using a scanning electron microscope {on eac.h 
wafer a pattern of trenches with trench widths ranging from 0.8 up to 5 µm were present). 
Plotting the etch depth vs. the etch time the instantaneous etch rate can be determined by 
taking the derivative (cf. fig. 1). From the measured etch depth at the measured etch time, 
the aspect ratio, defined as the ratio between thrench depth and width can be determined. 

Results 

For high substrate temperatures (T,.b = 20 and 85 °C) the etch ralcs scalc only with aspect 
ratio and are consistent with an ion-neutra! synergy model where the sealing is explained by 
the aspect ratio dependent neutra! reactant transport into the trench (cf. fig. 2) [IJ . At 

4 
• Sµm ·• • 3µm • · ·• E 3 • 2µm . •' .. 

~ ... 1.S"m . . •<• . ' .s=. • 1.2µm 1 ·· 1 ··· I 1( ä. + 1 0""1 1 ::_::. ·::::: .. · 
CD 2 x 08pm 

1· -c 
-c ,. Q) 
.c. 

."".;i;;iÎ;;;::-1 ' 
u w 

00 5 10 15 

time (min.) 

Figure 1: The etch depth vs. the etch time. The instantaneous etch rate is determined by 
taking the derivative. 
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-45 °ç a more complicated dependency is observed. In this case the data is well described 
by a model incorporating the deposition of an inhibiting layer [3] . 
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DRY - ETCH MONITORING OF SUSiGe STRUCTIJRES 

USING OPTICAL EMISSION SPECTROSCOPY 

André Wolff, Harald H. Rjchter and Bemd TI!Iack 

Institut für Halbleiterphysik Frankfurt (Oder) 
W .-Korsing-StraBe 2, 15230 Frankfurt (0), Bundesrepublik Deutschland 

lntroduction 

Si1.xGex/Si structures have been the subject of a very intensive scientific research 
due to the possibility of improved device performance and capabilities. Hetero
junction bipolar transistors (HBTs), fabricated with epitaxially grown SiGe base lay
ers, have demonstrated promising facilities for high-speed digital applications [1]. 
Reactive ion etching (RIE) of Si1_xGeic alloys is desirable for pattern transfer in the 
fabrication process of heterojunction bipolar transistors using a SiGe base region. 
Making contact to the base region requires etching of Si and stopping in the thin 
buried SiGe layer. Oehrlein et al. have published comprehensive studies in dry 
etching of epitaxial SiGe thin films on Si in different plasmas (see e.g. [2]). How
ever, selective RIE techniques for SiGe have not yet been discovered. This lack of 
selectivity without an inherent etch stop makes accurate process control almost 
impossible. 
Therefore, we propose a simple but effective opportunity to elude the nonselectivi
ty during SiGe RIE by using the optica! emission spectroscopy (OES). The goal of 
the present work is to prove OES as a powerful diagnostic technique suitab!e for 
use in dry etch processing of Si/SiGe/Si heterostructures for HBT applications. In 
particular we use the 265.12/265.16 nm atomie emission lines of germanium as sig
nature for detecting the endpoint of the SiGe etching in a mixture of CJ2/SiCl4/N2. 

Experiment 

The SiGe !ayers with a Ge content of 0.22 and a thickness of 30 nm were grown by 
rapid thermal chemica! vapor deposition. To investigate the end point detection in 
a buried SiGe film the wafers were covered with a 300 run thick polysi!icon cap. 
After patterning the wafers have a Iayer structure which is oriented by technologi
ca! applications of HBT preparation with feature sizes down to 0.8 µm. Etching ex
periments were carried out in a parallel-p!ate RIE system with the following pa
rameters: power - 250 W (0.5 W / cm2); chamber pressure - 20 Pa; flow rates: Cl2 - 8 
seem, SiC14 - 35 seem, N2 - 50 seem. Optica! emission of the plasma was detected 
using an optica! multichanne! analyser. 

Results and discussion 

An analysis of OES spectra during Si RIE and RIE of pure Ge under identical plas
ma conditions i!lustrates essential intensity differences in the region between 240 
and 310 run (Figure 1). The selected spectra! range indicates at least nine additional 
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intensity peaks caused by atomie emission lines of Ge. It is notable that there is no 
evidence of GeCI emlssion bands expected in the range between 290 and 305 nm, 
which are probably hidden under the broad N2 molecular bands. Due to the high 
intensity the peak at 265 nm (265.12/265.16 run Ge emission lines) was chosen for 
process endpoint detection. 
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Figure 2: 
"Endpoint curves" with plasma 
shut-down at two düferent moments 

To meet the requirements for technological preparation of HBTs two essential de
mands on RIE processes are made: (1) Etching of silicon capping layer and stopping 
in the thin buried SiGe film and (2) RIE of silicon overlayer and SiGe alloy with 
subsequent etch stop on the silicon substrate. In consideration of the etch rate for 
the Si0_78Ge0.22 film (~ 140 nm/min) an etching time of the SiGe film in the order 
of approximately 12 seconds is expected. This makes high demands on the OES 
etch process control. 
The intensity signa! of the observed Ge line is a very sensitive indicator. Figure 2 
presents the OES signals during two etching experiments, where the process was 
stopped at different times. The value 0 at the time axis marks the beginning of ris
ing Ge emission line intensity. At the first case (a) the discharge was switched off 
already one second after observation of endpoint curve increase. In the second ex
periment (b) the RIE was stopped one second after reaching the moment of maxi
ma! Ge line intensity. 
The corresponding micrographs to the first etching experiment illustrated a residu
al SiGe layer thickness of about 20 nm. This means that the OES intensity signa! 
supplies an exact etch stop in the upper half of the buried SiGe layer. In the second 
case, the experiment led to an etch stop near the interface SiGe/Si substrate. 
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Reactioo kioetics of plasma etching of Polymethylmethacrvlate CPMMA) 
M. Zeuner, J. Meicbsner, Technische Universität Chemnitz-Zwickau, 

Institut filr Pysik, PSF 964, 09009 Chernnitz, Germany 

H.-U.Poll, Förderzentrum Mittelsachsen, H.-Heine Str. 5, 09557 Flöha, Germany 

An intense scicntific interest is shown actually in structuring and modification of polymers using 

plasma techniques. By means of a macroscopie sight, taking only the chemically stable reactants 

into account, it is possible to achleve a better understanding of the plasma chemica! rcactions. 

A compact parallel plate reactor with an electrode spacing of 1 cm and a discharge volume of 

12 cm3 is used in our investigations. The reactor is powered by a 3.71 MHz capacitively coupled 

RF-generator. The experimental arrangement enables to measure total pressure (40 .. 200 Pa), 

partial pressures, 0 2 flow to the reactor (0 .. 100 Pa*l/s}, resulting product exhaust, RF-power 

density (0 .. 3 W/cm2), etch rate (0 .. 10 µm/rnin) and electrode temperature. /1/ 

The etch process tumed out to be dorninated by 

reactive oxygen radicals, 0 2 participates in the reac

tions by autooxidation processes. The surface reac

tions are activated energetica] ly by incident ions. 

C02, CO, H10 and H2 as the stable reaction pro

ducts and a share ofunused oxygen are detected in a 

reproducible ratio determined by the external pro

cess parameters (Fig. !). Higher 0 2 flow increases 

the oxygen partial pressure and with it propor

tionally the etch rate. With an increasing power 

density, the surface reactions are forced, and the 

oxygen concentration is reduced. 

The ratio between the carbon and hydrogen con-

taining products is deterrnined by a dynarnic equi

librium of reactions in the gas phase. In analogy to 

the mass action law, a value of the equilibrium con

stant can be calculated from the activities of the 

reactants. F or the reaction of the carbon oxides 

CO + 112 02 <-----> C02 
it reads: 

Kc(n.,T.)= Pco.;p;;; 
Pco, 

Fig. 2 demonstrates, that, excepted the low flow 

range, Kc manifests in a good approximation as a 

constant. The value of Kc is mainly determined by 

electron density and electron temperature and can 

not be derived from thermodynamic formalisms. 
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With fixed discharge conditions and increasing 0 2 partial pressure gas phase reactions consuming 

oxygen are forced, and the ratio between the products is shifted towards C02 and H20 against 

CO andH2. 

A gross stoichiometrie equation 

vo,-ini 0 2 + vpMMA[CsHs02] ~ vo,-prod 02 +vco, C02 +vco CO+vH,o H20+vn, H2 

is used to characterise the quantitative proportions in the open system. The equation descnöes 

summary all chemica! reactions as well as the supply and the loss of reactants. Experimentally the 

elements of the initia! substances are found with an exactness better than 10 % on side of the 

products. 

With a normalised amount of PMMA units VpMMA = 1 mol, the factors of the real products can 

vary ideally only in a range vc02 + Vco = 5 vpMMA and vH
2
o + V1-1

2 
= 4 vPMMA (Fig. 3). 

The factor v02_ini gives the amount of oxygen the 

process is supplied with and vo
2
-prod the amount 

which passes the reactor unused. The amount of 

consumed oxygen per polymer unit 

A _ Vo2-ini -vo2-prod 
02 - v 

PMMA 

varies only in a limited range (Fig. 3). This quantity 

is determined by the oxygen content in the products. 

A minimum consumption is realised in a summary 

chemica! mechanism 

3 /2 02 +[CsHs02] ~ s C0+4 ll2 

and a maximum consumption in 

6 0 2 + (C5H80 2) ~ SC02 +4H20 

For that reason the amount of consumed oxygen 

varies between 1.5 .. 6 mol per polymer unit (Fig. 4). 

The lower limit is found at low Orconcentration at 

low flow or high power, the maxima! consumption 

in the opposite case. 

As seen from fig. 3, the utilisation of the proccss 

gas 

U = vo,;. ; - vo, -prod 

Vo:!ini 

dccreascs towards higher gas flow and lowcr RF

powcr. 
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GAS PHASE COMPOSITION AND KINETIC TRANSFORMA TIONS 
OF C2F4 IN RF DISCHARGE PLASMA 

G.K. Vinogradov*), A.G. Timokhov, D.I. Slovetsky 

A.V. Topchiev Institute of Petrochemical Synlhesis, Russian Academy o/Sclences, 
Lenin.vky prospect 29, I 17912 Moscow, Ru.î.via. 

Gas discharge transformations of tetrafluoroethylene (TFE) have been studied in several 
research works. However, the use of mass- and optica! emission spectroscopy diagnostics allows 
one 10 identify only some simplest compounds. These methods themselves are not suitable for 
dia1:.'llostics of complicated molecular mixtures and for the dcvelopment of well established 
schemes of gas phase transformations. 

This work was aimed to study the gas phase composition and kinetics of product formation 
in a gas flow capacitively coupled RF discharge in TFE under the wel! defined kinetic 
condition .. Gas chromatography has been mainly utilized for diagnostics of neutra! composition 
of plasma. 

RF discharge was initiated in a box-type reactor in a flow of pure monomer. The reactor 
represents a rectangular channel limitcd by two lemperature stabilized coppcr elcctrodes and 
three Teflon walls, one of which serves as a gas distributing shower with numerous small 
orifices. An output cross·section of the reactor was closed with a mesh to prcvent outward 
spreading of plasma and to keep specific plasma parameters welf defined and reproducible. The 
cross-section of gas flow was t.5•6.0 cm2. The electrode length on the gas flow direction was 
1 ~ cm. The lower 1:.rrounded electrode has several gas sampling capillaries connected with 
e' acuated glass vessels. Gas probes from the vessels was compressed by the He gas plunger and 
injcctcd to the gas chromato1:.rraph line. 

The reactor was placed undcr the optica! quartz bell-jar having the volume of about 20 
liters pumped with a rotary pump. The deposition conditions wcre: discharge frequency 40.68 
MHz, pressure 32-38 Pa, discharge power 32-45 Wt electrode temperature 300K. Real kinetic 
rt>s1dence time was controlled from few milliseconds up to several seconds depending on the 
;:ampling position along the gas flow in a plasma zone and the gas flow rate constant of about 
t- :' c· I Stable products Cl-C6 appear at the earliest stages. 

Transformation of the initia) TFE is well described as a first order kinetics with a rate 
,.,,nstant of6.5 s-1 along the whole reactor length. Stable Cl-C6 products appeare at the earliest 
:<1agcs (convcrsion 8% at 8-9 ms), and C7-C8 products at tr = 40 ms. The consequence of 
rrnduct appearance proves that the stepwise character of the process and it's vcry high rate. For 
1~stance. C6 products appear at times less than 9 ms. 

Emission spectra of plasmas exhibited several panicles: intense bands of carbene CF2, 
we.ak CF. and two line ofatomic fluorine (AF) 703 .7 and 675 .2 nm. 703 .7 nm line was used for 
. .K1inometry of (F( = (5 ± 3)x 1010 at/cm3 . Molecular nuorine was not detectcd. Totally more 
r'"ian 50 molecular compounds have been detected. 

The mechanism of gas phase transformation has been proposed. The following 
~.::omposition processes are considered to be probable: 

C2F4 + e:::::) 2CF2 + e ( 1) E = 3.11 eV; 

• 1 'urrenl addrew: .Vllf:OVa Umverxi(v. Nuf:ova ./IS/ . .JapÓn. 
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C2F4 + e::::) C2F3 + F + e (2) E = 5.31 eV; 
::::) C:ZFJ + 2F + e (2a) E = 7.0 eV; 

(C2F2 was not detected because ofit's instability, however (2a) can not be excluded) 
::::) CF2 + CF + F + e (3) E = 8.33 eV; 

however, more probable CF fonnation goes in the processes: 
CF2 + e::::) CF + F + e (3a) E = 5.22 eV; 
C2F4 + e::::) CF + CFJ + e (3b) E = 4.46 eV. 
The main channel of AF losses and a reason of it's low density appears to be the fast 

reaction with initia! monomer (k = (3.5 ±0.5)•I0-11 cm-3s-l). Ina steady state the rate of 
fluorine formation and losses are the same: WF = k*fFl*IMI = (0.7±0.4)*1016 cm-3s-l, where 
fFf and fMf - densities of AF and TFE. This reaction is a source of saturated monoradicals, 
which are the particles necessary for generation of perfluoroalkanes, the main products of TFE 
transfonnations: 

C2F4 + F ::::) C2F5* => CF3 + CF2 (4). 
The main channel of CF2 losses is their mutual recombination (k500 = 5* I o- l 4cm-3s- I ): 

2CF2 + M ::::) C2F4 + M (5) 
(that's why experimental data can give lowered rate ofTFE decomposition), and reactions with 
monoradicals: 

CF2 + Rn + M ::::) Rn+I (6). 
The proposed schema describes all detected molecular products (pertluoroalkanes, 

olefins, dienes) as a resuh of recombination of alkyl and alkenyl monorddicals, formed in ( 1,2,4 
and 6). The reaction (6) gives an increase of molecular mass of radicals, necessaiy for heavy 
products formation. 

The main schema does not include the reactions ofTFE with monoradicals: 
C2F4 + R0 ::::) Rn+:Z (7) 

because ofit's veiy low rate (high activation energy) and reactions with participation ofnegative 
ions (the main ofwhich is f-): 

C2F4 + F-::::) C2F5 + e (8) 
Computer modeling was performed to examine the validity of the whole model and to 

discriminate the mechanism of heavy particle formation. The modeling was performed for 20 
main chemica! components involved in 50 chemica) process. Constants of reactions of TFE 
with mono-radicals, and recombination of Cl-C4 monoradicals were taken from literature. 
Recombination constants for CS-C6 radicals were extrapolated from constants of C1-C4 
radicals. Constants for alkenyl radicals were taken in similar way as for alkyl radicals. Constants 

of inter recombination reactions of monoradicals and CF2 were calculated: k11=2 x ./<ku x k1;) . 

Decomposition of products was not included in modeling. 
Good correspondence between calculated and experimental data has been found in the 

case, when process (8) does not exceed 10% of the process (2). The main channel of heavy 
radical formation gives (6), which is about one order of magnitude higher than (7). Only taking 
into consideration reaction (6) it was possible to fit the relative selectivity offormation oflower 
pertluoroalkanes. Taking into account the rcsults of [ 1] concerning C3F6 gas discharge 
transformation, we can conclude that synthesis of molecular products heavier than the initia! 
monomer goes in reaction (6) seems to he a genera) root for lower fluorocarbons. lon-molecular 
reactions seem not to play an important role in TFE transformations. 

1) G.K. Vinob'Tadov. A.G. Timokhov. D. l.Slovctsky, High Enerb'Y Chemistiy, 25 ( 1991) 271 . 
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DYNAMICS OF WALL ABLATION IN PUISED NITROG:EN PLASMAS 

v. s. furak-ov, P.A. Naumenk-ov anrl s. N. Hailrnv 

Institute of Molecular ancl Atomie Fhysics, Academy of Sciences, 
'7Q Scor:vna av., 2200'72 Mi.ns)(-, Belarus 

In troduc ti on 

El.ectri c pul sed di scharges in gases at intermedia te pressures 
ar.e "'1.dely nsed '."or a long time. orten attempts on rising plas
mas temperature by higher currents can result in "'ell known but, 
as a rule, nnclesirable phenomenon - discharge chamber walls ab
lation- Nevertheless a lot of papers the dynamica of ablation 
anci the influence of' evaporated species during a discharge pulse 
on evolution of basic plasmas parameters, for example excited 
ener~etic states populations of gas species, are practically un
stlJrlied and require for detailed investigation an application of 
high sensitive laser dia~ostic technique witb high temporal and 
spectral resolution. The most sensitive absorption method - in
tracavi ty laser speetroseopy d.i ffers favourably from other laser 
speetral methods due to the possibility of simultaneous recor
dinp; of a large amount of speetral lines shapes for a single 
laser pulse. 

Experiment 

Close to reetangular eleetric pulse wi th duration of 1.4 ms was 
applied to a tungsten electrodes in a quartz tubular ehamber 
(1 cm inner diameter and 16 cm length) filled with high purity 
nitrogen at pressures 5-20 Torr. 'lhe discharge energy was va
ri e<i "rom E .o. 5 to 1. 5 kJ. 'lhe tube w.i th quartz wind ows was 
located in a eavi ty of a pulsed (3 IJS) dye laser radiater! a 
tunable smooth broadbancl spectrum (10-15 nm width). The tube 
axis coincided wi th the oi:itieal axis of a cavi ty. The dye laser 
spec~ra ~ere recordecl by a 0.00? nm resolution echelle speetro
~ra~h. '.lhe effective path length of laser radiation through a 
plasmas reached 350 m. 

Results 

laser nrobin~ of a plasmas has enabled to measure dynamic fields 
anr' at>solute r!ensi ties o'." heavy species and eleetrons as well as 
tem~erature durin~ a dischar~e pulse. The main attention has be
en sNlred on an evaporation of a quartz ""811, excitation and io
niz~~ion o~+Si atoms and their action on excited nitrogen speci
es ~ ~and N) uncler different discharge conditions· The minimal 
meas~recl species r!ensities mainly depends on laser pulse durati
on a~~ oscillator strength of recording absorption line and was 
10~ en-~ for N+ and 109 em-3 for N, Si and Si+. 
The :-10re gas olasmas is realized only at minimal E, i.e. Si ab
scr~~on 1ines are absent in laser spectra. Absorption lines of 
ni '"r~en anrl impuri ties (H, C, Na) are recorded and proeessed· 
Wi •:: ;;::ro"finp; of Ethe strong plasmas-wall and radiation-wall in
terac~ions and as a result quartz ablation occur after Q.4-0.5 
ms ~::-::-m electric pnlse onset. The maximum of Si atoms and ions 
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SOME THERMAL FACTORS IN THE EROSION OF 
COLD ELECTRODES IN ARC HEATERS 

INTRODUCTION 

Lin Lie Wu Chengkang 

Institute of Mechanies, Chinese Academy of S ciences 
Beijing 100080, China 

In hlgh power are torches, electrode life is an important issue. On cold elctrodes, the are roots 
are often rotated at hlgh speeds over the electrode surface by the action of magnetic field and/or 
gas flow. The mechanism and rate of erosion of these electrodes are subject of many investigations 
( e.g.[l-3]). The erosion mechanism may involve evaporation, flow or ejection of mollen electrode 
material and chemica! reactions. Wben proper care is taken so that no excess loss of material 
occurs by mollen metal ejection or runoff, the chlef mechanism becomes evaporation or chemica! 
reaction. In thls paper, the peak surface temperature in cold metallic cathodea and anodes are 
calculated by a thermal model, and the effect of several operating parameters studied. The results 
show that the erosion rates and the effects of operating parameters correlated fairly well with the 
calculated peak temperature of the electrode surf ace. 

MODEL FOR CALCULATION 

The following assumptions are made: 
1) The are root moves sufliciently fast over the cylindrical electrode so that the healing can be 
considered uniform in the circwnferential direction. 
2) The motion of the are root covers a band of certain width ( experimentally determined) and the 
probability of the axial location of the are root within this band fellows a normal distribution. 
3) In the case of inert atmoaphere, chemica! reaction with the electrode material can be neglected. 
Heat conduction within the electrode is govemed by 

8T = ~\.72T + ~ 8>. [(8T)2 + (8T)2 + (8T)2] + W 
ût cp cp8T a" 8y 8z cp 

Heat transfer between the electrode and the cooling water is given as 
Nu=0.25Re0 ·5 Pr';;.38(Prm/ Pr,.,)0 ·

25 

The energy balance on the electrode surface is 
Q = l(s(Ud U;) - </>) + QR - Q, - Q,,. (3) 
Q = I[UQ + </> + 5kT,/2e] - Q, - Qm + QR (4) 

Radiant energy from the plasma to the electrode is give as([4]) 
QR = A' Jl.U J'2·5 F 

Temperature on the electrode surface is of the genera! form 

T =To+ ....!!..:!.:._e-<•-L/2)'/24' 
0'(2"° )0.S 

\"aper pressure of the elctrode material is expressed by 
log10Pv = A - B /T 

Rate of evaporation is 

Pv 
W.= (2"°)1/2(RT/M)1/2 

(1) 

(2) 

( for the cathode) 
(for the anode) 

(5) 

(6) 

(7) 

(8) 

The symbols in the equations are the usual ones and not explained because of space limitation. 
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RESULTS AND DISCUSSION 

For copper electrodes, the maximum surface temperature is caleulated for various operating 
eonditions as shown in Fig.l-3. Experimental erosion rates varies with cathode diameter and 
eoolant veloeity (Fig.4-5 ). Experimental erosion rates eorrelate fairly well with ealculated peak 
temperatures(Fig.6). For Cu, Ag and W anodes, evaporation rates eorresponding to the peak 
temperatures ealeulated under given conditions are shown in Fig. 7. The calculated erosion rate of 
Cu anode under given conditions is shown in Fig.8, together with some experimental data from 
the literature((3,5]). The results show that peak surface temperature is influeneed by are current, 
area eovered by the moving are root, gas pressure, coolant velo city and eleetrode materiaL Higher 
temperature generally leads to higher erosion rates. When the velocity of are root is high enough, 
evap oration does seem to represent the chlef mecha.nism of eleetrode erosion. 
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CATHODE MATERIAL AND TEMPERATURE INFLUENCE ON THE NEGATIVE 

GLOW SPECTRA WITH AND WITHOUT HYDROGEN ADDITION 

G.Musa, A.Baltog, A.Popescu, C.P.Lungu, E.Aldea 
Institutë"öf PhYsics and Technology of Radiation Oevices 

P.0.Box MG-7, Bucharest,Romania 
A.Ricard 

Universite Paris Sud,91405 Orsay, France 

Studies on a . c, electrodeless discharge with a frequency of 10 KHz in 
neon-xenon-hydrogen mixture have revealed a peculiar behavior of the 
intensity of the neon yellow line. At increased percentages of hydrogen 
(20%-507.) , the recorded spectra was reduced to nearly one line spectra, 
namely neon line with the wavelength À1=585.3 run [l], [2] . 

The parameter M =I (À 1 )/I ( À2 ) has been used to character ize the changes 
of spectra I(À1) and Ip,2) being respectively the relative intensities of the 

neon lines with À 1=585.3 nm and À 2=614.3 nm in a recorded spectra. This 

parameter strongly changes with werking conditions, revealing the peculiarity 
of the neon transition 2p1-is2 in comparison with ether transitions [1] . 

Other type of discharges in mentioned gas mixtures have been studied 
too. Recorded spectra of various regions of d.c. discharges have revealed 
that the significant changes of the value of M are observed exclusively in 
the negative glow [2) . Because of this close connection of the changes of 
the parameter M , to the cathode region of the discharge we studied the 
influence of the cathode material and of the temperature on the value of 
parameter M . The results of these studies are given in the present paper. 

For this study we used a d.c discharge device with a temperature 
controlled cathode . A special heating system mounted inside the cathode 
permit to establish and to maintain needed values for the temperature. The 
front side of the cathode is demountable, and various kind of materials can 
be used as front surf ace of the cathode . 

For each set of parameters (discharge current, total gas pressure, 
cathode temperature and material, type of gas mixture useci as werking gas) 
the spectra of negative glow has been recorded and for each recorded spectra, 
we obtained the value of M corresponding to the werking parameters . In fig 1. 
is given the dependence of M evaluated from each recorded discharge spectra , 
on the total gase pressure for various cathode materials. Significant 
dependence of M on the nature of the cathode material can be observed. On 
each curve is mentioned the nature of cathode material, the degree of 
00111011ochromatization" of the recorded spectra (described by the value of M ) 
being observed in the case of discharges in Ne+Xe+Hz mixtures for all used 
cathode . Practically H does not change with total gas pressure in the case 
of Ne+lX Xe mixture for which monocromatization do not exist and cathode 
material has no influence i n this case on parameter M. 

In fig.2 is given the dependence of M on the cathode temperature 
for a chosen cathode material, respectively aluminium for various gas total 
pressures . The used gas mixtures are mentioned in fig.2 too. Quick decrease 
of the values of M with cathode temperature (especially at elevated total gas 
pressure) can be observed Because of the difficulties to maintain a 
luninescent discharge at high pressure is was not possible to increase during 
our experiments the gas pressure over 90 torr . 
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FIG.1 FIG. 2. 
The obtained results on the cathode material influence can be related 

with our measurement of the quenching of th excited states of the afterglow 
plasma at the interaction with the wall material. Strong influences of the 
nature of the wall material on the quenching efficiency of the excited 
species has been evidentiated [3]. We may assume that in our experiments too 
the quenching of the excited states is responsible for the observed influence 
of cathcde material on the value of H. It results consequently, that to the 
observed effect of ·· monochromatization" of the emission spectra of Ne+Xe+H

2 
discharges are contributing those excited species which are sensitive to the 
wall quenching. 

On the other side,temperature dependence of the parameter H can be 
attributed to the fact that this "monochromatization" effect is generated as 
a result of reactive interaction of gas particles eventually in excited or 
ionized states with the possible formation of short living intermediate state 
which are sensitive to gas temperature, being destroyed faster at high 
temperature. Because the probability of formation of intermediate states 
increase with the particle density, the value of H will increase with the 
total gas pressure as observed in the present experiment. 

The obtained results are useful due to the obtained data contributing to 
the understanding of the "monochromatization" effect in neon + xenon 
+hydrogen mixture discharges. 

[1] G.Husa, C.P.Lungu, 
Trans.Electron., vol.E 7~ 

[2] G.Husa, A.Popescu, 
Phys. 45,3-4 (1993)287 

[3] A.Ricard, A.Popescu, 
(present conf.) 

A.Popescu, A.Baltog, 1992 IEICE 
241. 
A.Baltog, C.P.Lungu.Romanian Rep. in 

A.Baltog,C.P.Lungu,G.Husa 
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INFLUENCE OF THE WALL MATERIAL ON THE EXCITED SPECIES 

OF A DOWNSTREAM NITROGEN PLASMA 

A.Ricard, A.Popescu•, A.Baltog•, C.P.Lungu•, G.Musa• 

Université Paris-Sud, 91405 Orsay, Paria, France 

• Institute of Physics and Technology of Radiation Devices 

P.O.Box MG-7, Magurele-Bucharest, Romania 

In this paper we are reporting resul ts on the influence of 

the wall material on excited species of nitrogen molecules, 

using for this purpose spectral measurements on downstream 

plasma. The spectra were recorded using a Jobin-Yvone HR 320 

spectrometer with a 2400 gr/mm grating and a multichanel 

detection system. An optical fibber connect various region of 

the plasma afterglow with the spectrometer entrance slit. 

Between the discharge region and the spectra recording place 

the material inside ~all of the flowing tube for a length 50 mm 

can be changed. We used as wall material for this replaceable 

part of flowing tube Pyrex, teflon, aluminium, plastic, copper. 

In order to evidentiate the wall influence we selected the 

first pos i t i ve sy stem of ni trogen B31T9 - A2[.: and we used as 

reference the spectra obtained with Pyrex glass as wall material 

In agreement with the reported results in [1], we observed an 

enhancement of the ( 11-8) vibrational band. This is attributed 

to the active nitrogen recombination process: 

N + N + N2 + N2(5l) + N2 ; N2(5Z,') - N2(B, v'=ll) ( 1) 

vhere the state N2(B, v'=ll) is populated starting from the 

N~(5.,E) curve of potential. Also the (6-3) band is concerned by 

the reaction given by the relation ( 1) as was reported in [ 2]. 

In order to compare quantitatively the obtained results we 

used the parameter R(ll-8) defined as: 

RM(ll - 8) = rM(ll-8)/IPY(ll-8) (2) 

vere first term in right side is the intensity of the same band 

b~t using Pyrex glass as wall material. 

Fig.l represents the parameter RM(ll-8) versus nitrogen flow 

rate for various wall material (M). From the results given in 

f:. g. 1, we may conc 1 ude tha t the observed changes of the in ten

s i ties of (11-8} vibrational band, which in the late afterglow 

is mainly due to the reaction given by eq.(l), occurs as a 
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results of the destruction 

of ni trogen atoms interacting 

with the tube wall. 

Fig .1 reveal important dif

ferences in plasma wall inter-

action tor different 

For teflon, the 

ra te of ni trogen 

materials. 

quenching 

atoms is 

near ly the same wi th tha t one 

of the Pyrex glass. The copper 

completely quench the N atoms, 

no afterglow being observed 

downstream. Aluminium wall do 

not quench fully the N atoms. 

This fact is probably due to 

the aluminium oxide layer vhich 

Fig.1. usually cover aluminium surfaces 

and acts like ceramic surface (Al203). 

It is interesting to notice the change of the quenching rate 

when high flow rates of nitrogen are used (see fig.2). As a 

explanation of this behaviour, we supposed that a finite 

time is necessary for destruction, this time being different 

for different wa11 materials. 

If an incident ni trogen atom for example on plastic surface 

rest on this for long time, at high flowing rates, the tube 

inside surface will appear for quickly passing nitrogen atoms, 

as partly covered with nitrogen and the quenching rate will 

appear reduced accordingly. 

Using the reault given in fig.2 (for the range of low flow 

rates) it is possible to evaluate the destruction probability 

of N atoms. According to our computations, the value of it is 

2x10-4 for plastic vall and (2-3)x10-4 for aluminium wall. The 

results obtained for teflon and Pyrex are in agreement vith the 

reported data on wall recombination of ni trogen atoms [ 3]. 

[l]. R.Benferhat, H.Malvos, A.Ricard, Le Vide Couches Minces, 

No 250, 1990 

[2]. A.Ricard, J.Tetreault, J.Hubert, J.Phys. B24, 1115, 1991 

[3]. L.Bardos, Europ.Vacuum Conf., Salford, 1988. 
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PLASMA CLEANING OF METAL SURFACES IN RF - DISCHARGES 

.J. Schwa.rt.. H. Sleffen •. J.F. Hehnk~. ll. l\ersle11. P. Michel. H.·F. . Wagn<-r 
E. - M. Arndt - liniversity. Oepartment of Physics 

Dnmstr . IOa. 1748i Greifswald. F.ILG . 

Introduction 

Th" deaning of metal surfaces belongs to the important appücations of nouisothermal plasmas 
[!). [nterests ar~ turned to more and more efficient aud environmentaUy compatible processes 
of further use l e.g. priming or varnishing ). Several plama·ana.lytical methods were used in the 
following contribution to get comparable information about the cleaning process: ·optica! emission 
spertroscopy (OES) of animated gases (in situ)· kinetica! and spectroscopical elüpsomen y (in situ. 
ex situ)· mass spectrometric measurements ( also in DC-mode for possible comparison Aluminium· 
wafer, used in aircraft construction. and A..1-coated silicon wafer were brought into oxygen, hydrog~n 
or argon rf glow discharges. The cleaning of oil·contaminations as a result of chemica! reactions 
with radicals in the discharge or as a result of sputter-effects was recorded. 

Experimental setup 

All the measurements were done in a cleaning reactor made of aluminium ( diameter: 280 mm. 
lengh: 200 mm) with windows for OES. A drilling. on both sides of the inner reactor allowed further 
us~ of an ellipsometer. The active electrode bas got a surface of 80 mm x 150 rum. 

Optica! emission spectroscopy 

All the oil contaminated aluminium wafers showed a typical time behavior. To indicate this. the 
inteusity of the well known H"· üne was examined. Figure 1 shows an example for the discharge 
parametersgiven below. You a.re able Lo extract typical time constants for all the different discharge 
parameters to determine the successful fio.ish of the cleaning process. 

4000 

so 1cc ·s-: no 250 lOO 350 •OO •50 
:imc -.".,; 

' : ~. 1 H"· intensiL_v for 150 W rf·power and 10 Pa oxygen 

~ 1ass spectrometric measurements 

:= ~<'rgy resolvt>d mass spectrometric mea.surements were performed using a plasma mooi tor from 
01 !DEN Analytica! (EQP JOO) . The end point of the cleaniog process of .-\1 surfa.r.es covcred with 
" d ined oil traces could be de tected. extracling ions directly from the bulk plasma of the discharges 
:-pNating in the rf rnod!> as weU as in the de mode. In fig. 2 a typi r.al example is shown which 
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don1m<-'11Ls tlu• rll-"anin~ process of Al substrates by a11 oxygt•n disrha.rc.•· iu dr 1nud". Tht• t~· pi,ai 
11"L'S lllllllbcrS O[ radica!S [ormed by oil COIIlponents (76. 93, 1-17 ) Jisaplh'<lf> <'Olllplelely afl<' r abOlll 
l.')U seconds. denoting the end point of the cleaning process . In this 1i1110 the oxygen ions r<'adt a 
maximum sta1io11a.ry level. 

x E 1 . 

. " ... J 

Fig. 2 The time dependence of ion components extracte<l from the negative glow of a de discharge 
(pressure: 0.2 mbar, cathode current density : ~ mA/cm2 ) 

Ellipsometric measurements 

For the ellipsometric measurements AJ-coated silicon wafer were use<l. The thickness of the con
tamination was measured and allowed to follow in-situ the pumping and the cleaning process to 
decide wether the surface is clean or not. Of cource it is possible to determine etching rates for 
the used gases. Those were 0,1 nm/Ws for 0 2 and about 0.01 nm/Ws for Ar and H2 reduced 
to the discharge power (between 2 and 10 W, wbile gaspressure va.ried from 10 Pa for oxygen up 
to -~O Pa for hydrogen ). AU interesting information were extracted from the characteristics of the 
ellipsometric angels "1 and J. . Further inwstigations should allow statments about the grouth of 
oxid or roughn<:>ss coming into be('ing. FigurP 3 shows a typicaJ t ime behavior of "1 and J. . 

'l~' ..._..... . ' ' j'" 
! J ," 

~~ . 

.-.r =: ~· 1
]1":: · 

~~ \ 
\ 

f -·------------ -·· ..___ 

... """' c:lurq..,.[MCI 
Fig. 3 The time behavior of l{o and j. for JO Pa oxygen, .; W rf power 
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PLASMA TREATMENT OF SOLID SURFACES FOR ENHANCED WETIABILITY 

H. Biederman, P. Zakouril, J. Glosik and D. Slavinska 

Mathematics and Physics Faculty, Charles University, V Holesovickach 2, 118 00 Praha 8, 
Czech Republic 

Introduction: 

Modification of surfaces of solids especially polymers bas been in the center of the attention for 
some time. The improvement of wettability has become one of the main tasks in this field. Such 
modification can be achieved in principle using low pressure (glow discharge) plasma: (1) Plasma 
treatrnent using non polymerizing gases of a solid surf ace [ 1] or of a sol id surf ace precoated by 
a plasma polymer [2]; (2) Deposition of a convenient plasma polymer fihns [3]. Usually changes 
of the surface properties are described without referring to plasma parameters in detail. This is 
the aim of this contribution to describe plasma conditions in respect to the resulting treated 
surf aces. 

Experimental 

A simple DC discharge was used in plan-parallel plate electro<le arrangement. A grid catho<le of 
4x5 cm made from stainless steel was surrounded by the anode with spacing of 2 cm on the both 
sides. This electro<le system was placed in the high vacuurn stainless steel chamber. In the first 
experiments the quartz crystal microbalance (QCM) gauge head was placed in the upper part of 
the anode while glMS substrate rested on the lower pan of the ano<le (symmetrical position). In 
the second series of the experiments the Langmuir probe characteristics were measured using a 
platinum wire probe ( 0.1 mm diameter and 5.5 mm length) placed instead of QCM gauge head 
(5mm from anode). In order to mininûze contamination of the probe surface, the probe was 
cleaned by ion bombardment.The electron energy distribution function (EEDP), was determined 
from the second derivative of the electron part (Ie) of the probe current in the electron retarding 
region of the probe characteristic [4]. The plasma potential (Vp,) was tak.en as a probe potential 
at which the second derivative is changing its sign. The electron nurnber density N" was 
calculated form the electron current at positive potential in comparison with the plasma potential. 
The electron temperature (T 8 ) was calculated from the slope of the semilog plot of the probe 
characteristic or trom the EEDF. 

Results and Disc~ion. 80 ·-----·-- -•-n·Hexane 
_ __ ·• · · n-HexaneJwaler70% 

Initially, we deposited plasma poly- Î 10 

mer films using n-hexane mixed with ;; 60 

water vapor on gla.ss substrates. The ! 
deposition rate for discharge parame- g> 50 

tera ranging trom 600 V, 4 mA to 2 
0 

900 V, 10 mA. total pressure 13 Pa ~ • 
for n-hexane{70 % water increased ..: 30 

from 6 nm/min to 23 nm/min. When 
90 % of water was mixed with 20 

n-hexane for the same dischan!e 
Figure 1 
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manner reacbing in Figure 2 Probe potential M 
average values of 
20 deg higher. The explanation for the effect of water is likely an increased concentration of 
polar groups such as OH or COOH. The effect of iDcreased discharge voltage is not so obvious, 
however , particles with the enhanced energies bombarding the growing layer may be the cause. 
Because of the importance of plasma parameters in understanding the wettability of the above 
mentioned plasma polymer films we employed a Langmuir probe and the first results are as fol
lows. When the H20 was added to the 
Ar (Ar pressure was constant - 24 Pa) 
the N 11t V P1t and floating potential 
changed substantially (see Fig.2). Mean 
electron energy was decreMing from 
0.7 eV at 1 % of HiO to 0.15 eV at 'i ", .. , 
47% of l:IiO, the BEDF was not ~ 
Maxwellian. In pure Ar two grou~ ~ lic•o·• 
of elccirons were obseved · in the 
EBDF. The low energy group bas 
EEDP close to Maxwell disttibution. 
Dramatic changes in the plasma 
parameters were observed when n-hexa
ne wa.s added to the discharge. 1be 
floating and plasma potentials changed Figure 3 
by more as 20 V (Fig.2.). The electron 
temperature dropped to less than 0.1 
eV. 
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The interaction of a low pressure plasma with polymer surfaces changes the physical and 
chemica\ structure in a thin surface region . Energetic plasma particles (ions, electrons, 
radicals) and photons can crack chemica! honds in a near surface regjon of the polymer. As a 
result low-molecular products and free radicals are formed. followed by cross linking and 
branching. In reactive gas plasmas new chemica! groups are incorporated and in the case of 
formation ofvolatile products plasma etching can be observed. Additionally, after the plasma 
treatment functional groups can be built in at free radical sites (grafting) or by exchange of 
special end groups (chemica! derivatization). In such way the complex plasma treatment can 
change the surface properties for instance for improvement of adhesion /!/. The defined 
modification of the polymer surface requires knowledge about the plasma and plasma sheaths 
in front of the surface and about the resulting physical and chemica! modification of the 
polymer both together. In this contributed paper results are presented about the diagnostics of 
the plasma, plasma sheath, the characterization of the modified polymer surface and material 
exchange due to plasma polymer interaction. 

Polyethylene (PE}, polystyrene (PS) and polytetrafluorethylene (PTFE) as model polymers 
are treated in a high frequency discharge (13,56 MHz, 50 kHz) in oxygen, nitrogen, 
tetrafluoromethane and argon at pressures between 5 Pa and 130 Pa and discharge power up 
to 10 W/cm' . Plasma diagnostics includes langmuir probe measurements and direct ion 
extraction from the plasma sheath and their analysis in energy and mass by means of a plasma 
monitor system. The interaction between charged particles of the plasma and the polymer is 
controlled by the plasma sheath in front of the surface. The energy distribution of ions which 
pass the sheath of an rf plasma is once determined by the ion sheath thickness, the sheath 
voltage and the electric field in the plasma sheath. The shape of these distribution is mainly 
determined by the ratio between the resulting ion mean free path (À,.., ) depending on the 
discharge pressure, cross section for charge transfer and elastic scattering and the sheath 
thickness d" which results from the plasma parameters. For instance, the o,·. transport is 
changed in the plasma sheath at the grounded electrode from nearly collision free to collision 
dominated transport mechanism in dependence on process parameter pressure and power. This 
results in decreasing mean ion energy at the surface /2/. 

For surface characterization thin polymer films with a thickness between 10 nm and 100 nm 
are prepared by film casting (PE,PS) and plasma polymerization (PTFE). The modified surface 
region in the order of some nanometers is analysed by use of FTIR-spectroscopy (A TR. 
IRRAS) /3/ and spectroscopie ellipsometry (300 run - 800 nm) /4/. The polymer degradation 
due to plasma etch processes is investigated by means of in situ microgravimetry 151. 

As an example, the oxygen plasma modification of a thin polystyrene film by in situ 
FTIR-spectroscopy (ATR) is shown in fig. l . The difference spectrum between untreated and 
0,2 s plasma treated 20 nm thin polystyrene film shows the modification effects. Relative to 
the basic line negative peaks represent structures which are reduced in the sample, positive 
peaks are caused by new chemica! groups. All negative peaks are associated with hydrogen 
bonds disappearing from the sample by abstraction of hydrogen. At 3300 cm·1 appears the 
OH-bands, the sharper band next to 1750 cm· 1 is due to C=O groups. 

416 



Fig. l 0 2-plasma rnodification in the ATR-sj)ectrum of a 20 run polystyrene film 
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Fig.2 shows the result from ellipsometric investigations. The interpretation of the measured 
ellipsometric values with a best fit analysis enforced the use of two-layer-model for the film 
after the plasma modification . The polymer film may be divided after plasma treatment in a 
modified surface region of about 6 run and a nearly unchanged 25 nm layer. The modified 
surface region of polystyrene has a significant lower refractive index than the deeper lying 
unchanged region. 

Fig. 2 0 2-plasma modification in the refractive index ofa polystyrene film 
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Introduction 

Different types of steel and alloyed cost iron surface saturation by nitrogen is used for 
improvement of surface microhardness, wear resistance, corrosion resistance. Metal sur
faces saturation by nitrogen is executed by metal healing in the nitrogen content (pure 
nitrogen, ammonia) gases, as usually. There is a low temperature (500-600 C) and high 
temperature (600-1200 C) nitrogen saturation. There may be executed ion's nitrogen satu
ration by means of direct current glow discharge [ l]. Nitrogen ions with energy about some 
hundreds electron volts exert the metal surface in this case. Ion saturation by nitrogen has 
some advantages in comparison with common method: speeding-up of diffusion processes, 
possibility of diffusion layer con trol, low deformations, high roughness quality, economy 
and ecological cleanness. 

Gas saturation of steels with high concentration of chrome ( 12 % and more) is executed 
in the process of finishing tempering at temperatures 500-550 C or at temperature harden
ing at 1020 C. There is a problem of low productivity of the process (the time of the process 
is 10-24 hours) [ l]. Low temperature saturation of such types of steel by nitrogen is 
frequently accompanied by the following defects: shonness of the modified layer, salience
ness, peeling. High efficiency of RF discharge treatment for nitrogen saturation of the sur
face of iron and alloyed cost iron was shown in (3) . The possibility of nitrogen saturation 
of steels with high concentration of chrome in RF discharge at low pressure is investigating 
in this article. 

Experiment 

The following types of steel were used in experiments: 20Xl3, 30Xl3, 40Xl3 (in 
Russian classification) with the following composition: C-0.16-0.25%. 0.26-0;35%, 
0.36-0.45% respectively, Cr-12-14%, Mn- 0.9%, Si- 0.7%. RF discharge installation 
and diagnostic equipment which were used in experiments were described in [2]. The in
stallation includes the operation chamber 120 1 volume with feeding and evacuating systems. 
The operating chamber is metal bell-jar mounted on the base plate. There is a set of holes 
with different sizes for discharge chamber diagnostic and evacuation means mounting. 
Water cooled quartt tube was used as the discharge chamber. The RF power supply was by 
means of inductor. The electron concentration, ion energy distribution, ion current density 
on the sample surface, time-everaged plasma potential were measured in experiments. 
There were observed two fonns of RF discharge: «inductive" and «capacitive». The •induc
tive" fonn was characterized by low ion energies (15-30 eV) exerting the samples surface. 
The «capacitive» fonn was characterized by high ion energies (120-150 eV). The 
frequency of RF generator was about 1. 76 MHz, the discharge input power was about 
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2.5 kWt. The gas mixture composition was foUowing: 70-90% AI and 30-10% N2• Gas 
consumptioo was 0.08 g/sec, pressure- 0.5-1 Torr. Time of the sample processing was 20-
60 minutes. The samples were placed into the plasma jet downstream the discharge chamber 
or to the discharge chamber itself near the inductor. The samples temperature was measured 
by chromel-alumel thermocouple installed to the sample. Gas saturation of the untreated 
samples and samples after hardening (healing in furnace at 1020 C and cooling in air, 
tempering at 350 C for 2 hours) was executed in experiments. Microhardness of the source 
samples was HRC=30, and for the hardened samples HRG•50. 

The samples treatment at mentioned above parameters in RF discharge at 550 C for 
1 hour transfonns the microhardness to HRC=35. There is a tempering and partial nitrogen 
saturation of the surface. Messbauer spectroscopy in conversion electrons regime displays 
the nitride phases in thin layer- 0.2-0.5 mkm thickness. 

The temperature decrease to 350 C leads to ineffective nitrogen saturation and so the 
temperature is lower than the tempering temperature, so the microhardness doesn't change. 
Nitrogen saturation at 600 C decreases the microhardness owing to the tempering. 

It is more preferably to combine the exertings for the hardening processwas made simul
taneously with high temperature nitrogen saturation and after that the tempering was ex
ecuted. The sample was placed to the discharge chamber near the inductor. The inductive 
regime was realized in these experiments. The sample temperature was set up at 1020 C. 
Heating in this case was executed by plasma jet and by Fouco currents. These currents in
tensifies gas saturation processes too [4]. The time of the treatment was about 20 minutes, 
after that low power level was installed in the «capacitive• fonn of the discharge. The 
temperature was decreased to 100 C during S minutes. Tempering was executed in •capaci
tive• form of the discharge at 350 C for 20 minutes. The microhardness of the samples was 
enlarged up to HRc-62. The X-ray analysis complemented by layers etching displayed 
nitrogen sarurated layer with 300 m.krn thickness. The samples treatment in «capacitive• 
fonn at 550 C leads to fonnation of ostenit phase of iron with low values of microhardness. 

The difference between treatment in the regimes mentioned above is determined by the 
temperature of process and energy distribution of ions exerting the surface. The energy 
range of ions in «inductive• fonn (15-30 eV) is apparently more preferable for nitrogen 
saruration. 

So, it was developed a method for nitrogen saturation of steels with high chrome content 
in RF discharge during shorter time period than in other methods. The microhardness of 
steels was enlarged up to HRC=62. Using the RF discharge possess to combine the surface 
rreatment by active discharge components with effective samples heating by Fouco currents 
and energetica! plasma jet. 
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Introduction 

Among ether research activities a new technology for the 
co~bined abatement of NOx and 502 based on streamer corona in 
flue gas is being experimented [1,2). With such a technique, 
oxidizing radicals are produced and the reaction of NOx and S02 
with radicals yields several acids that can be neutralized by 
injecting either aD11Uonia or lime into the gas. The final 
products, being solid particles, can be removed from the flue gas 
in an electrical precipitator. 

The 55-percent 502 removal efficiency without fly-ash was 
improved to 86 percent by the presence of the fly ash-ash 
particles in the test experiment presented in (3). Unstable 
corona products from 502 and NOx could condense on the surface of 
the powder particles and are stabilized by a reaction with the 
adsorbed water on the particle surface. This can reduces the rate 
of the unwanted reverse reactions and improves the 502 and NOx 
removal efficiency. In addition, some of the conversion products 
may lower the resistivity of the fly ash, which would aid 
collection in an electrostatic precipitator by reducing 
back-corona. In this paper an experimental arrangement and 
results of investigation of 502 oxidation by pulse corona are 
reported. 

Experiment 

The experiments on the 502 removal were performed with 
parallel plates reactor without ammonia and lime injection. The 
S02 removal efficiency of the corona reactor was measured both 
with and without the presence of fly-ash particles in the gas 
stream. Some tests were carried out when fly ash was added in gas 
stream. The gas condition~ were gas flow rate 20-140 Nm3 /h, gas 
temperature of 35-150 C, 502 initia! concentration of 
130-700 ppm, 02 concentration of 18,9-20,4%, HzO of 6-60 g/m3 

• 

The reactor chamber was a rectangular box. The wire corona 
electrode had a diameter l mm and a full length 4-6 m. Voltage 
pulses with amplitude up to 60 kV had a rise time 100 ns and a 
repetition frequency up to 1300 Hz. A wide-range Rogowski-type 
coil and capacitor divider were designed to measure voltage and 
current at the inlet of the discharge reactor. The fly ash was 
the product of the cornbustion of shale. The peculiarity of the 
che~ical composition of fly ash was high concentration of cao. 

Results 

Two different geometries of electrodes were used. In first 
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case streamers starting from wire electrode not achieved the 
plate electrode and in the second the primary streamers bridged 
the gap. In first case the electromagnetic power oscillations is 
found (Fig.l). The largest part of the energy was injected into 
the volume in the first 100 ns in both cases. 

At increased temperatures the dissipated energy per pulse 
increased and maximum value was 0.44 J at wire electrode length 
of 6 m. The injection of fly ash decreased the corona current. It 
is found that streamers propagated at inlet particle 
concentration up to 100 g/Nm3 . The energy input is decreased 
to about 1.5 as without ash fly injection. 

The maximum 502 removal efficienc)' was about 30% at an 
energi input to the gas of 0.09 Wh/(Nm ·pprn) at a gas temperature 
of 36 c. The maximum amount of tqe removed 502 of 90 ppm 
was obtained at energy of 14 Wh/m w);ien 502 concentration was 
500 ppm and a gas temperature was 110 c. The geometry of the 
electrode did not influence the removal efficiency . The chemical 
analyses of the 503 shown that corona processes produced the 
maximum 503 concentration that was possible at experimental 
conditions. The maxim~m 503 concentration of 39 pprn was achieved 
at temperature of 150 c. 

Ash fly injection influenced on 502 removal efficiency. It 
is found that addition of fly ash to gas stream increases the 
corona efficiency in the case when the dust coats the reactor 
electrodes (Fig.2). 

The following conclusions were obtained. 1). The conversion 
of 502 is possible at high dust concentration and fly ash 
improves 502 removal. 2) The nanosecond corona modificates dust 
properties and the reduction of the ash resistivity is possible. 
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Introduction 

Non-thermal plasma techniques offer an innovative approach for 
pollution control. One type of plasma reactor that has shown 
promising results is nanosecond corona reactor. The industrial 
implementation of this reactor has the advantages of low retrofit 
cost since it can use the same electrode arrangement as in 
electrostatic precipitators. The pulsed corona method is used for 
the removal of S02, NOx and to the destruction of volatile 
organic compounds [l]. 
To optimize the efficiency of pulse corona a detailed knowledge 
of the influence of discharge parameters is needed. The results 
on the influence the De-voltage on energy dissipated in streamer 
corona, on the space distribution of ozone, on the charge 
inserted in reactor and the energy efficiency of ozone synthesis 
are reported in this paper. The influence of pulse voltage shape 
on the dynamic impedance and on ozone production in positive 
pulse corona are also presented. The experimental results of 
measurements of the decomposition of gas phase formaldehyde in 
air are discussed. The computer modeling of the shaping of 
electrical pulses by long corona reactor is simulated. 

Experiment 

Nanosecond corona discharge was observed in air at normal 
conditions when pulse was applied to coaxial electrodes 
(cylinder-wire). The diameter of external electrode was 6 cm and 
20 cm and diameter of inner HV electrode was covered from 0,25 mm 
to 1,55 mm. HV pulses with a peak voltage 40-50 kV, a time rise 
3-20 ns and of 25 ns full width at half maximum were used. Power 
and charge introduced into the discharge gap, energy stored, 
impedance of discharge gap during nanosecond corona were 
determined. De-voltage was changed from -20 up to +20kV. Ozone 
concentration was measured by light absorption at À=254 nm. To 
measure the space ozone distribution after streamer propagation 
seven pulses with interval l0-3 s were used. This number of pulses 
was selected to avoid the influence of gas heating and diffusion. 
The wave-form distortion of an extremely short pulse voltage 
travelling on the long corona reactor was investigated. 

Model of distortion of voltage vave form 

To analyze modification in wave form of travelling pulse due to 
corona reduction the telegrafie equation were used: 

_ai = c au _au = L .ai 
ax dyn ax ' ax o ax 

where Cdyn(u) was corona capacity, L was length inductance. The 
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corona capacity is assumed to be given by equations from [2]. 

Results 

Based on the results the conclusions have been m~de: 
- at increased ldV/dtl from 2 to 12 kV·ns- the current 
oscillation was produced; 
- the energetic efficiency of ozone synthesis not depended from 
!dV/dti in the range from 2 to 12 kV·ns-1

, when voltage was a 
constant; 
- the discharge impedance would be the constant value if the some 
rise time was chosen; 
- at decreased rise time of pulses the energy absorbed in 
discharge and ozone production increased; 
- at increased de-voltage power input into the reactor increased 
when ldV/dt! > O (V-pulse voltage) and polarities of voltages 
coincided; 

there were no influence of de-voltage on corona when 
idV/dti < O; 
- at increased de-voltage percent of energy from pulse supply 
absorbed in nanosecond corona has increased when polarity 
coincided and has decreased when polarity were opposite; 
- energy efficiency of ozone synthesis achieved maximum when a 
positive pulse superirnposed on a positive DC-bias voltage; 
- streamer length propagation at positive supply (positive pulse 
+ positive DC-bias voltage) was longer then at negative one; 
- rnodification in wave forin of traveling pulse voltages due to 
corona production was found to agree with computation on 
telegrafie equation with nonlinear capacity. 
The nominal air gas conditions in experiments with 
fo<f1Raldehyde were gas flow rate of 1 l/min, gas temperature of 
20 c, CH20 initial concentration of 26-32 ppm. The residence 
time of the gas in the discharge reactor was 65 s. The energy 
input in the gas was changed by pulse repetition frequency rate. 
It is found that humidity influences on the removal efficiency. 
It is believed that in gas mixture contained oxygen and 
H20 an additional recombination reaction is generated o + OH 
" 02 + H. The rate coefficient for recombination is 
l.7·10-11cm3s-1 [3]. This value is larger then rate 
coefficient for OH + CH20 " H20 + HCO. At r~~ical 
co!:\;centration 101 -l016cm-3 the reaction time is 10 -
10- s. The recombination of radicals leads to decrease CH20 
oxidation yield. 
It was concluded that the efficiency for removal or 
conversion of CH20 was the function of initial CH20 concentration. 
. our studies have indicated that at used initia! CH20 
concentration the destruction rates was ty~ically 
0.2-1.3 ppm/(m.J cm-3

) for dry air and 0.17 ppm/(mJ cm-) for 
humid air. The destruction efficiency computed for a dielectric 
harrier discharge are found to agree with our results. 
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Introduction 

Pure Hydrogen plasma are widely used in the field of material treatments. Moreover 
plasmas, created in mixtures in which H2 is dominant, have considerable interest for thin 
film depositions as Silicon carbide SiC or as diamond-like carbon. For these applications, 
RF or microwave discharges in H2 - C H4 - SiH4 or H2 - C H4 mixtures can be use<l to 
create radicals wbich are responsible for thin film growth. lt is well-known that hydrogen 
atoms play a key role in the heavy particle kinetics in these discharges. 

ln <lischarge models, the neutral species energy distribution functions are usually as
sumed to be maxwellian. Under this assumption, the rate coefficients of reactions involving 
the heavy species can be deduced from Arrhenius laws. In fact, in our Laboratory, two ex
periments, one on positive column of a de discharges, the second in a surface wave discharge, 
both in pure hydrogen, showed that the H atoms and H2 molecules have not the same mean 
energy. Atoms are botter than molecules. In order to explain these observations, a model 
of energy relaxation of H energetic atoms created by electronic <lissociation of molecules is 
developed for microwave discharges working at a pressure of about 1 torr in a cylindrical 
glass tube (radius 0.8 cm). 

Model 

A self consistent model of H2 microwave discharges (w =2.450 GHz) [l] and experi
ments [2] showed that about 90 % of atoms are created by <lissociative electron collisions on 
molecules, via the triplet states. Atoms created by this last reaclion have a energy of :J.5 eV, 
under the assumption of the equal encrgy partitioning. The other dissociation mechanisms 
mainly involve the molecular ion kinetics. In particular the positive ions II:j created by elcc
tron collisions on molecules are mainly lost by charge transfer on molecules which produces 
H{ and H atom. ln this reaction, H is created with a energy of 0.6 eV. Finally, atoms are 
destroyed at the wall with a probability / depending on the wall tempt>raturt>. 

Hot atoms principally lose their energy by collisions on molecular electronic ground state. 
The main mechanisms which must be considered, are thC' elastic collisions, the rotational and 
the vibrational excitation and dt>-excitation of molecules. Moreover, in microwave discharges, 
due to the large electron density (up to 1.0 x 1012cm-3 ) the dissociation degres is large (up 
to 50 %). Thus atom-atom elastic collisions must be considered. 

Whatever the collision type, <luc the ratio of the masses ( 1 :2 or 1 :l) the momentum 
transfer play an important role on the atomie energy relaxation. In these con<litions, the 
kinematics of the collision must be correctly treated, in order to conserve the total energy 
and momentum dnring a collision. 

The absolute cross sections are takC'n from the compilation givcn by Phelps [3] a.n<l from 
a work of Gorse and al. [4] . In absence of available data in cnergy range 0-i eV, these cross 
sections are suppose<l as isotropic. 
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Heterogeneous processes on the discharge walls leading to atom quenc:hing must also be 
considered. Gelb and Kim give a microscopie model of atom recombination expressed in 
terms of atom coverage dependent on wall temperature Tw. Onder our exprimental con
ditions where Tw varies from 300 K to 800 K, the surface coverage can be considered as 
constant (20 %). Osing this formalism, it is possible to calculate the H aedf by taking into 
account, in addition to gas phase processes, of atom-wall interactions resulting either in the 
recombination or in an energy exchange for rebounding atoms, depending on incident H 
energy. 

Sucb effects are take into account in a r-.fonte Carlo calculation to determine the atom 
energy distribution [unction ( aedf ) averaged over a plasma cross section. In this model, 
the molecular gas temperaturf' (300 to 1000 K) is assumed to be constant over the plasma 
cross section. and the plasma length is considered as infinite. The atoms creation rates 
corresponding to the two pathways previously indicated as well as the vibrational distribution 
of molecules are deduced from the previous self-consistent model in which effects of hot atoms 
were disregarded. 

Results and discussion 

The aedf predicted by our model presents a tai! more populated than Maxwellian dis
tri bution. On the contrary, the bulk is a Maxwellian function at the molecular gas temper
ature. The concentration of non-thermalizecl atoms increases when t.he pressure decreases, 
and when the vibrational temperature increases. This last observation indicates that the 
aedf is strongly couplecl to vibrational kinetics. 

As experimentally observed, in microwave discharges, for instance, the H"' line emitted 
by the plasma, exhibits a gaussian profile. Onder the experirncntal conditions, the atomie ex
cited states are mainly populated from the atomie ground state by eleetronic collisions. Thus, 
the Doppler broadening of emitted lines corresponds to the velocity distribution function of 
atoms in ground state, which is near a Maxwellian at temperature larger than molecular 
gas temperature. This observation is conforte<l by experiments j6] using LIF technique per
formed in tbe positivc column of hy<lrogen clc glow discharge that seem to show that the acdf 
is nearly Maxwellian at a temperature also larger than molecular gas temperature. More
over, this experinwntal method is a direct probe of atomie gronnd state without aclditional 
assumption. F"rom comparison with experiments, under de or microwave conditions, the 
model fails without dcar reason. 

Nevertheless, from consiclerations on collision kinematics, the isotropic properties of the 
cross sections introduc"d in our code, eertainly leads to too large momentum transfedietweeu 
atoms and molecules. Non-isotropic differcntia.1 cross seclions have to be considered. 
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Microwave discbarge localized freely in hydrogen 
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In recent years the hydrogen gas discharge plasma attracts the special attention of the 
explorers in connection with the solvi.ng a number of applied problems (in the field of plasma 
chemistry, electronics, etc.). In most of the systems used as a basis for production such a 
plasma, it is principle impossible to avoid the contacts benveen the plasma and solid bodies, 
namely, electrodes, chamber walls, probes. At the same time just the heterogeneous processes 
are considered as responsible for anomalies observed in cenain of the experiments (e.g" see 
[lJ). However, the processes occurring in the contact areas depend on the surface properties, 
and sometimes they are not well studied and cannot be adequately described by the theory. 
From this standpoint, it is evidently of interest to use high-power, converging, pulse microwave 
(mw) beams, which allow the discharge excitation in free space in the absence of the charnber 
walls and any electrodes [2]. 

The present paper studies the propcnies of such discharges freely localized in hydrogen. The 
mw beam is introduced into the chamber with a diameter much larger than that of the beam's 
focus. The parameters of the mw radiation are the following: wavelength Î..=2.5 cm, pulse 
power P<400 kW, mw pul se duration t< 100 µs , pulses repelition frequency f----0.1-10 Hz. 

The chamber is filled by hydrogen at the pressure of 30<p<500 Torr. The parameter 
dl=Ecifnm(where E.tr is the effieienl eleetric field of an e.m. wave and n,,, is the density of 
hydrogen molecules in an irradiated gas) varied as 2 • l0·16<ar<!0-15 V· cm2. 

In a high-pressure range, when the relation vcfi>ro (where vdl' is the efficient frequency of 
electron - neutra! collisions and ro is the cyclic frequcncy of the mw radiation) holds, the 
discharge was initiated in one way or another in the plane of the beam focus [2]. 

The plasma density was measured by a diagnostic mw beam (wavelength /..d~0.4 cm) from ils 
absorption in a collision dominated ionized medium. 

Figs. I and 2 display the measurement results. Fig.! shows the typical time evolulion of the 
electron density (plasma decay) in tbe after-the-<fücharge stage. Fig.2 shows the rypical plasma 
d.:cay time as a function the gas pressure in the chamber. 

The main measurements results are the following: 
- The plasma decay in the initia! after-the-discharge stage (3-5 fold decreasing nc) is close to 

the exponential decay passing into the recombinational one only at the final stage of relaxation. 
- The relaxation time increases with the initia! pressure growth. 
The obtained results could be explained by the presence of negative H- ions, which are 

formed during the dissociative attaclunent ekH2~ H- ~H. However, the calculations performed 
according to the kinetic scheme, worked out in [3) indicate the low efficiency of such plasma 
relaxation channel under the considercd experimental conditions when the energy input in the 
gas medium is relatively small. 

The exponential decay of the aftcr-the-discharge plasma density according 10 the f3] can be 

possihly associated "'ith the presence of two positive-ion species: H; with a relatively low 

recombina1ion factor and complex ion 11; formed from H ; \l<ith much greater recombination 
factor. 
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It is worthy of note, however, that this conclusion is based on an assumption that the value of 

the constant ktouv=kin! for conversion of H; (with density n1) into the H; ions (with density 

n2) is as low as kro.,.,n!~06 s-1. The formula, describing after-the-discharge plasma decay with 

ions conversion may be easy worked out, provided that the transformation ratc of n1 ions is 
much greater than the recombination rate of the first ion species a 1n.ni: 

/ J.
, ((a. -a )n ) 

n.=n00 cp(t) (l+ain°" 
0
cp('t)dt ), cp(tf=exp • k 1 

•o (1-exp(-kt) (1) 

Here a 1 and ai are the recombination coefficients for H; and H; respectively. Solid curves in 
Fig. l represents the results of calculation according to formulae (1) for the parameters: 
ainw=8 · 106 s- 1, k=I06 s-1. 

Further srudy should he made of the behavior of the processes leading to the exponential 
decay of an after-the-discharge hydrogen plasma, which is produced in free spacc by a mw 
beam. 

This work was partially supported under grant No.713-224 of NWO (Netherlands Scientific 
Society). 
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Introduction 
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2Kyrgyzstan Academy of Sciences, Chui prospect 265 A. 
Bishkek, 720071, Kyrgyzstan. 

The cascaded are is an example of a. wa.11 stabilized therma.l plasma. and can be operated 
for a wide range of pressures and currents. As a simple and sta.bie plasma source it bas 
a.lready been widely used both in fundarnental research of non-equilibrium and non-ideal 
effects in the plasma, and in applications, such as a technique for surface modificat ion , as a 
light source, as a source of ionizing particle (cf. e.g. (1)). To obtain a thorough knowledge 
of the cascaded are, to optimize the design of the are setup and to find new efficient regimes 
of are operation, further experimental and theoretica! investigations are required . 

Experiment 

The cascaded are used consist of three cathodes, an anode plate with a nozzle, and several 
copper cascaded plates. The total length of the are was either 30 or 60 mm, the diameter 
of the are channel was 4 mm. The efficiency, the electric field strength, and the pressure 
gradients in the are have been determined as a function of a.xial posit ion in the are and 
externa.l parameters {are current, gas flow rate, length of the are). T he local efficiency of the 
are has been calculated by measurements of the cooling water temperature, the water flow 
to the particular plate and the potential of the plate. A special electric potential measuring 
device which consist of 12 channels is made for the mea.qurements. The tempera ture of the , 
cooling wat.er and the pressure in the are have been measured by ca.librated temperature 
and pressure sensors, mounted to the cathode chamber and to the anode plate [2). The 
results show, that efficiency and pressure gradients of the are in hydrogen are lower, than 
the same characteristics of the are in argon, whereas the electric field strength is higher. 
From the power balance measurements an average over the channel cross section electron 
temperature for the argon are has been determined. The same procedure for the hydrogen 
are is impossible due to effect of are constriction {narrowing of the are channel). The 
dissociation of the hydrogen molecules in the small flow range (Q :5 100 scc/ s) is almost 
complete, whereas in the large flow range (Q 2'. 100 scc/s) il drops monotonically. 

Modelling 

The axial flow in a cylindrical cha.nnel of wal] stabilized are plasma. gas flow is considered. 
The MHD conservation equations of energy and momentum, equation of continuity, the 
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Maxwell equations and Ohm's law are used: 

cV'(pV) = 0, p(V · V')V = -V' P + I x B + V'rik, 

pcp(V·V')T=V'(A·T)+J.E-:p, V'xE=O, V'xH=I, 

The system of equations have been solved by a method described in detail elsewhere [3]. 
The main system of equations is extended by the equation of state, by the dependencies of 
the transport coefficients on the temperature and pressure. and boundary conditions. It is 
shown. that the characteristics of the thermal are in hydrogen differs significantly from that 
in argon for similar are settings. In contrast to t.he argon are, near the axis of the hydro
gen are a sharp radial temperature gradient occurs: a strongly constricted high-temperat.ure 
axial channel is realized. Because of the high thermal conduetivity of H2 fast gas cooling 
takes place. Near the channel walls the hydrogen plasma ionization and dissociation degrees 
are much lower in comparison with the corresponding axial values; the only flow of neutra! 
molecular hydrogen occur. In the hydrogen are the conductive heat flux on the walls of the 
ehannel exceeds the same value in the argon are by more than order of magnitude [4]. 

Discussion 

The experiment.al data on the efficiency of 
the are, on pressure gradients, electric fiels 
strength and electron temperature were in a 
good agreement with the results of numeri
cal modelling of the hydrogen and argon cas
caded are plasma. As an example Fig. 1 
illustrate the axial distribution of an electric 
field strength and electron temperature in 
the argon are, where the points are the exper
imental data, and the curves are the results 
of numerical ealculations. Good agreement 
between theoretica! results and experiment.al 
data shows that the discussed model could 
be used for a quantitative descript.ion of the 
parameters of thermal are plasma. 
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RECIRCULATION AND ARC EFFECTS IN ARGON-HYDROGEN 
EXPANDING CASCADED ARC PLASMAS 

R.F.G. !v[eulenbroeks, R .. 4..H. Engeln, M.N.A. Beurskens, C. Box, M.C . ."vl. van de Sanden, 
J.A..M. van der Mullen, and D.C. Schram 

Eindhoven University of Technology, Dept. of Physics, 
P.O. Box 513, 5600 ·MB Eindhoven, The Netherlands. 

Expanding cascaded are plasmas are used in a number of applications. including the fast 
deposition of carbon- and silicon-containing thin films (e.g" [1)) and the realization of par
ticle sources [2,3). Fundamental study of this type of plasma has focused on Ar and Ar
H2 expanding plasmas [4.5]. The experiment is sketched in Fig la. 

A suc atmospheric thermal plasma (T, "' Th "' l eV) is created in the are channel 
(diameter 4 mm). The plasma is allowed to expand into a low pressure background (40 Pa) 
through a conically shaped nozzle , creating a supersonic expansion. After a stationary shock 
front at about .)0 mm, the plasma expands subsonically with a speed of about 600 m/s. 

When a small amount of hydrogen is added to the incoming gas flow. the bchaviour of the 
pli1.5ma jet changes drastically : a very strong decrease in the electron density n, is observed 
(Fig. lb). 
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Figure 1. (a) (left): the expanding cascaded are plasma; (b) (right): Thomson scat tering 
measurements {4.5} (n, vs. z. the axial position): 6: pure argon, +: O.ï ml.% H2 , Q: 
1.4 vol.% H2 . 

This anomalous decrease in ionization cannot be attributed to atomie processes [2,3], but 
associative charge exchange betwecn H2 and Ar+ and subsequent dissociative recombinalion 
of the formed molecular ion ArH+ constitutes a much faster recombination channel [5]. 
However, the fasl rlecrease in n, after the shock front can not be explained by these reaclions 
if only the hydrogen molecules that survive the are are considered (especially at these low 
lh seed fractions) . Therefore wall-associated molecules are thought to participat.e in these 
fast. recombination processes: H2 formed at the stainless steel vacuum vessel walls can he 
transported to the plasma by a recirculation flow, thus explaining the observcd n, decrease. 

Further measurements, however, have shown t.hat the are itself changes it.s behaviour 
clrastically at higher H2 seed fractions (Fig. 2a). For H2 seed fractions exceeding 2 vol.%, 
n., is already lowr.r in the very first part of the expansion. 
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To investigate this phenomenon, a set of carefully calibratcd Thomson scattering measure
ments is performed for pure argon, and for 2 vol.% H2 and D2 seed fractions. at z=15 mm. 
The idca is to make observable eventua.J differences in are behaviour resulting from the 
fact , that. the masses of H2 and D2 differ by a factor of 2 (resulting in diffusion times and 
t hermal speeds differing by a factor of J2). The results are: ne,Ar : 5.66 · 1019

, n,,Ar+il, : 

3.60·1019• n".4,+o, : 4.30·1019 (all in m-3 , ± 5%) The difference between H2 and D2 admix
ture (factor 1.19 ± 10%) can be explained using the simple model of Fig. 2b. We assume 
t.hat also in the al'C. wall association of H (D) atoms (or ions) to molecules takes place. and 
t hal formed H2 wil! penetrate the are ehannel further by a factor of J2 ( compared to D2 ) 
due io its smaller mass. If we now assume this to result in a narrowing of the are chann~I 
1 due to fast molecular recombination if H2 or 0 2 is present) we can calculate the difference 
in n , outside the are. if the electron densit.y in the are channel remains the same. For the 
ratio ne,Ar+o,/n,"-1,.,.H, we find 1.15. in agreement with the experiment al data. 
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Figure 2. (a) (lelt) Thomson scattering mea.surements lor higher H2 .'f~d fractions : (b} 
(right) a cross-section of the are channel as envisagcd in the simple model. A wa/1-associated 
H2 molecule penetrates over a disr.ance a. whereas D2 only gets as lar as a/,/2 due to irs 
/arger mass. 
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Evidence of Hot Ground State H Atoms in the 
Positive Column of a D.C. Hydrogen Discharge 
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lntroduction 

The determination of the concentration and temperature of the ground state H atoms are 
important to understand the kinetics of the plasma reactors used for material processing. In 
this work, a two photon Laser Induced Fluorescence (LIF) cornbined with a Vacuum Ultra 
Violet (VUV) absorption techruque is used to determine these parameters in the positive 
column of a d.c. glow discharge [l]. Typical experimental conditions are discharge current 
I = l - 60 mA; pressure p = 0.2 - 5.0 Torr. The gas temperature is determined from 
rotational distribution of the G1 Et(v'=O)-+ B1Et(v"=O) emission band of H2 [3]. The alom 
tcmperature is determined by measuring the Doppler broadening of the LIF signa!. Under 
these conditions, it appears clearly that the atom temperature {336 K < T. < 1580 K) is 
not in equilibrium with the gas temperature (330 K < T 9 < 600 K). Hot electronic excited 
atorns in discharges have been extensively studied by measuring the spectra! line shapc. 
Nevertheless, only few studies have been devoted to the determination of the temperature 
of ground state H atoms [l],[2]. 

Results 

The variation of these temperatures is reported in Fig. 1 as a function of the power 
injected per unit length ( P = EI ). This non-equilibrium may be explained by the fact 
that ground state atoms are heated by dissociation mechanisms, charge exchange reactions 
and V-T desexcitation. The results are compared with a model [4] where the transport 
Boltzmann equation, in the usual two terms expansion, is solved in order to calculate the 
reaction rates coefficients. A system of rate balance equations for the vibrational levels 
H2 (X, 0 < v < 14) is solved, taking into account energy exchange processes of electron
vibration ( e-V), vibration-vibration (V-V) and vibration-translation (V-T). Formation and 
destruction of H(ls) and H- species are included in the system of equations for the H2(X,v) 
levels. 

With the values of atomie densities ( 1012 
- 1014 cm-3 ) rneasured by the cornbined LIF 

and VUV absorption experiments, the values of recombination coefficient 'Y of H atoms on 
Pyrex is determined by using the kinetic model. The calculated values of the recombination 
coefficient / is represented on figure 2 versus the atom temperature. It should be noted 
that, due to their large temperature, the atoms are recombined very efficiently on the wal! 
of the Pyrex tube. The values of 'Y = 10-3 

- 10-2 determined are in good agreement with 
the measurements of Wood and Wise [5], if the values of 'Y are reportcd as a function of the 
atom temperature. 
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INVERSION OF POPULATION IN AN EXPANDING H2 PLASMA 

Zhou Qlng, M.C.M. van de Sanden, D.K. Otorbaev, M. Eerden 
M.J. de Graaf, J.C.A Wevers and D.C. Schram 
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P.0.Box 513, Eindhoven 5600 MB, The Netherlands 

The inversion of atomie hydrogen level population of an expanding nonequulibrium dense 
plasma has already been demonsrrated experimentally by emission spectroseopy [1,2]. An atomie 
collisional-radiative model has been attempted to explain the experimental data [2,3]. Tuis paper 
shows an experimental determination of the atomie hydrogen exeited levels population in a 
magnetized expanding caseaded are plasma n. and T. are measured by Langmuir double probe 
diagnosties and the classica! Langmuir probe theory is used to interpreted the probe charaeteristic. 
An explanation to the presented situation in whieh a large discrepancy is found between the 
outcome of the model and the measured population densities is given based on the presence of 
rovibrationally exeited molecules. 

Fig.! show n. and T. as function of the axial distance to the exit of the cascaded are as 
measured by the Langmuir double probe diagnostics. n. is much larger than in the absence of a 
magnetic field [4]. The accuracy in T. is estimated up to 50% and in n. about 25%. lt should be 
noted that in the measured n. and T. ranges the plasma is still recombining in nature and that the 
excitation and the ionization from the ground state can be neglected. Fig.2 show the absolute 
population densities np/gp and the bp factor on the plasma beam axis as a function of the ionization 
potential lp of the level p. An population density inversion appears for the levels 3< p <7. In 
genera! the inversion is more pronounced downstream in the plasma jet and the maximum of np/gp 
occurs for the higher quantum numbers. In the bp plot, a maximum value occurs for the level p.... 
at which the inversion is found in Boltzman plot. Furthermore. the bp values for smaller lp values 
decrease directed to I. as expectcd for levels close to the continuum for which the population is 
ruled by electron collisions [5]. Another aspect of the bp plot is the fact that the bp values for high 
p are much larger than 1. indicating that a large population source is present. The negative slope 
of bp vs. lp for levels with p < p..., means that these levels are recombining sincc for these levels 
the optica! decay at the given n. and T. is dominant over the collisional excitation. Altcmatively. 
the positive slope for p > Pmax means that these excited levels are ionizing. 
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Figure 1 T, and n. of a cascaded are expansion hydrogen plasma 
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For an explanation, a mechanism which can lead to the observed large population and 
should at least populate levels up to p..., is required. The purely atomie processes of wllieh the 
three particle recombination (e+e+W-+ e+H°) is the main population mechanism can not explain 
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the large overpopulation since e.g. for p = 4 the calculated density is a order of 4 lower than the 
measured density at the present condition. Therefore the molecular processes should be included. 

The mechanism [4] based on the charge exchange with rovibrationally excited Hi•1 

molecules which could be presented in the recirculating plasma flow is also unlilrely because it 
requires large amount of very high rovibrational excited Hz molecules to reach the population 
level between 5 and 7. In our experiment, the background pressure is only a few pascal which is 
an order lower than that in the case in Ref. [ 4] and the reionization could be occurred in our case 
due to the application of a magnetic filed. 
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Figure 2 Boltzaman plot and bp plot of a cascaded are expanslon hydrogen plasma 
plasma conditions: H2 = 0.5 sim, 1.,.. = 50 A, p = 0.05 mb, B = 40 mT 
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6 : z = 24 cm, T, = 2610K.n,=5.8·1017 m·3• V: z = 27 cm, T, = 2250 K. n, = l.8· 1017 m·3 

An altemative mechanism is the mutual recombination of Wand H" which is formed by 
dissociative auachment, but only this is also difficult to explain the large population alp ~ 4 since 
recombination rate for p ~ 4 is negligible small. A more probable mechanism is the mutual 
recombination of H" and H2 • which could be either formed by charge exchange in the expansion 
[ 4] or generated in the are), i.e. 

H;·' +W ~H;+H 

H; + H- ~ H;·' + H,,2 

(1) 

(2) 

this mcchanism can explain the population of highly excited states since the ionization energy of 
fü• is about 15.6 eV. Furthermore, it generale.~ rovibrationally excited molecules, which means 
thal there is no need for high vibrational temperatures (or equivalent rotational temperatures). A 
simplified calculation based on the assumptions of comparative rate of formation of H" and W and 
the time Jimiting step is still the charge exchange and the electron attachment reaction and the 
molecular states of v ~ 4 or equivalent rotational states leads to n(H") 2 n(Hi') = 6· 1017 m·3• This 
means that if the assumptions made are true, the potential of the expanding magnetized hydrogen 
plasma as a negative hydrogen source is large. Note that there is still competition from 
dissociative and mutual recombination. Another interesting aspect is that if the proposed 
mechanisms Eqs.(1)-(2) are correct, this would enable an optical detection technique of the 
negative ions: by performing laser photodetachment the light emission originating from the 
excitcd levels in the range 3 ~ p ~ 6 should disappear. 

1 G.A. Lukyanov, V.V. Nazarov and N.O. Pavlova. Opt. Specuosc. 26 (1978) 
2 H. Akatsuka and M. Suzuki, Pbys. Rev. E 1534 (1994) 
3 D.R. Dates, A.E. Kingston and R.W.P. McWbirter, Proc. Roy. Soc. Lood. A. 297 (1962) 
4 M.J. de Graaf, R.J. Severens, R.P. Dahiya, M.C.M. van de Sanden and D.C. Schram, Pbys. Rev. E. 2098 (1993) . 
.'\ J.A.M. van der Mullen, Phys. Rep. 109 (1990) 
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CHARACTERISA TION OF A PULS ED 
SURFACE WAVE DISCHARGE 

A. Rousseau, L. Tomasini, C. Boisse-Laporte, G. Gousset, P. Leprince 

Laboratoire de Physique des Gazet des Plasmas, Universit6 Paris-Sud, 91405 ORSA Y Cedex, 
France 

We investigate a pulsed microwave discharge (2.45 GHz) in a H2 plasma. Our study intends to 
optimize this plasma as a source of atomie hydrogen. Results presented in this paper concern the 
interest of pulsed discharge. 

Experimental Set up : 

The experimental set up has been previously described [l]. The microwave power is coupled to 
the plasma via a surfaguide: the figure 1 represents the excitation gap and the discharge tube 
(quartz),whose inner and outer diameters are equal to 16mm and 19mm respectively. Pressure is 
equal to !Torr, total gas flow rate is equal to 5sccm. 1.5% argon is added in the discharge in order 
to perform H atom density measurements using actinometry [2]. We use a microwave 
interferometric method [3) to determine electron density (ne). which decreases from gap to end; 
hence we deduce the collision frequency for momentum transfer (v), and the effective electric 
field. A Jobin-Yvon spectrometer is used to measure intensities of the Balmer alpha line Ha 
(656nm) and Argon line (81 lnm) along the plasma column. The microwave generator may deliver 
either continuous or pulsed microwave power. The pulsed discharge is defined by powers, during 
the pulse (Pmax=l IOOW), and between 2 pulses (Pmin=250W, therefore [P]=420W), by the 
pulse duration (t=!Oms), and the period of the cycle (T=50ms). A minimum power Pmin is 
required to maintain the plasma, otherwise the discharge would switch off. 

Results and discussion. 

The figure 2 shows axial electron density profil es for continuous (P= 11 OOW) and pulsed 
discharge (the end of the plasma is at the 0 abscissa on the left hand side of the figure). The main 
point is that the plasma length is only l lcm for the continuous power and 26cm for the pulsed 
discharge power. This behaviour of H2 plasmas is abnormal (contrary to 02. N2 or Ar plasmas). 
It seems that this can be related to the H atom k.inetics. Indeed, the volumic power density (and 
thus the wall temperature Tw) is lower in pulsed discharge. H atoms are lost by wall 
recombination whose recombination probability y is an increasing function of Tw. To check this, 
we present H atom density measurements using actinometry. 
The figure 3 represents the Hcx and argon line intensities during the IOms pulse in quartz tube. It 
takes Sms for the discharge to reach the chemica! steady state where actinometrie measurements are 
carried out. The delay between Hcx and Ar line proves that there is no dissociative excitation under 
our discharge conditions [!]. Therefore, we can insure that H* is mainly created by direct 
electronic excitation (after the dissociation of H2 in the ground state), what implies this following 
proportional relation and validates the using of actinometry : 

!.n_ = K k;;' l!D_ 
I" pk'.:,' [Ar] 

(1) 

where Kp depends on Einstein coefficients for spontaneous emission and responses of the optica! 
device at determined wavelength. The excitation coefficients and are calculated using model 
developed by G. Gousset. The molar ratio of atomie hydrogen XH and the H atom density, are 
deduced from ( 1 ). 

436 



The figure 4 (the end of the plasma is at the 0 abscissa on the lcft hand side of the figurc) describcs 
the upstream axial profile of XH with respect to gap. The decay of XH near the gap exhibits the 
influence of the wal! temperature (which is higher near the gap) on y and therefore on XH. The 
corresponding values of XH for the continuous discharge (P=l lOOW) are less than 0.15. 
As a conclusion, there is a strong coupling bctween the electron density and the H atom density. 
Both are much higher in pulsed discharge because the H atom losses by wall recombination are 
lower at low volumic power density. These results exhibit that the pulsed discharge is usefull to 
optimize the plasma as a source of atomie hydrogen. Moreover, it seems imponant to cool 
efficiently the quartz tube in order to reduce y. Such an experiment is in progress. 
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Figure l: Excitation gap and tube Figure 2: Ax.ial electron density profiles 

25 30 35 40 45 
1,0 • • • 

3' 0 :i:: 0,8 .!t x • I 
;::. ·0,2 I 0 0 ,6 • ëö ~ ~ -0,4 

I 
1 êa 0,4 .!: 1 

al -0,6 , ö 
E 0,2 

"' , 
~ -0 8 , 
E • 

\.-~ l(H) 1 0,0 
0 -1 ~--- 0 z 

• 
• gap 

10 20 30 
Pulse Start Pulse End 

Time (ms) distance from plasma end (cm) 

Figure 3: Ha and Ar intensities Figurc4: Axial profile of XH 
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ATOMIC RADICAL GROUND STATE DENSITY DETERMINATION INA 
RECOMBINING PLASMA USING VISIBLE ABSORPTION 

SPECTROSCOPY 

D.K. Otorbaev, A.J.M. Buuron, M.C.M. van de Sanden and D.C. Schram 

Department of Physics, Eindhoven University of Technology, 
P.O. Box 513, 5600 MB Eindhoven, The Netherlands. 

For the plasma diagnostics the technique of optica! absorption spectroscopy often is effect.ive, 
since then information on the density of the Jower quantum state of the radiative transition 
can be obtained. However, for many of the practically important atomie radicals, such as H, 
0. C. F. etc" the resonant radiative transitions belong to the vacuum ultraviolet (VUV) part 
of the spectrum. Therefore for the ground state atomie radical characterisation a eomplicated 
technique of the VUV optica! absorption spectroscopy must be used. 

In a reeombining plasmas a rather simple kinetic scheme can be realized for the first 
excited atomie states. For example, in the subsonic region of the expanding easeaded are 
plasma a kinetic analysis of the elementary processes both in pure argon, and in a gas 
mixture argon/hydrogen [1,2] shows, that the stationary density of the first exc:ited state 
11; can be determined simply from the balance between the recombination flux «!> ; to, and 
radiative decay from this level: 

(!) 

Here .4 21 is the resonance radiative transition probability, and A2 1(kR) is the escape factor 
for the cmission of resona.nce radiation . The escape factor is directly connected with the 
effective optica! depth for the transition of radiation - kR. The dependence of :\(kR) as 
a function of the Voigt parameter is tabulated, for example in [3]. lf the information on 
4>; and n; is available, then from Eq. (!) , one can determine the escape factor /\ 21 and 
"ffective optica! depth kR [3] for the rcsonance radiativc transit.ion. Finally from known kR 
the absolute density of the radicals in the ground clectronic state can be derived. 

The propose<l method has been applied for the determinat.ion of the absolute ground 
state dcnsity of atomie hydrogen H(n=l) and argon Ar(3p6 ) in a freely expanding plasma 
jet . The expanding cascaded are plasma source is described in detail elsewhere [!]. The 
conditions under which the experiments have been performed the following: background 
pressure 40 Pa, Aow rate 58 sce/s, are currcnt 45 ;\ , are voltage 80 - 115 V. ;\s a light. 
source another cascaded are specially designcd for the purpose of emitting high intensity 
radiation is employe<l . The measured values of the total absorption can directly be relatt'<l 
to an integral absorption coefficient , and then to the absolute density of absorbing particles. 

h:inetic analysis carried out for the typical conditions in the expanding plasmas shows, 
t hat. the following recombination processes are responsible for the population of t.he argon 
and hydrogen first excited states: 

• for the pure argon plasmas, the rea.ction of three part iele rec:ombination: Ar+ +e+ e ~ 
Ar"(3p54s) + e; therefore ~ 1 = k1n:, 

• for the argon/hydrogen plasmas, t.he charge exchange reaction: Ar++ H2 ~ Ar J[+ + 
H. with the following reaction of dissociat.ive recomhination: ArH+ + e ~ H\n = 
2) +Ar; therefore ~2 = TIH2n,k2 • 
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For the rea.ctions of three particle recombi
nation and charge transfer we adopted the 
values given by [lJ and [4], respectively. The 1012 

• 

data on n. and T. are taken from [5]. Pre
sented figure illustrates the axial dependence 
of Ar(3p6 ) ground state density, determined 
both by the Thomson-Rayleigh scattering 
(•) [lj, and by the discussed method (D). 

• • • 
: 

One can see, that an agreement between the 1021 • - .~ 
two methods is quite good. Hence it seems 
that the assumptions on which the discussed 
met hod is based are correct, and for the re-
com bi ning expanding plasma the method can 
also be used for ground state density deter-
mination of short-living radicals. 1020 

• • 
c .... 
•• 

• ... " 

::; • 
• 

Absolute population densities of atomie hy
drogen, which has been calculated using Eq. 0 50 100 150 200 250 

( 1) are presented in Table, as a function of z (mm) 
plasma parameters in the expansion. 

The presented data indicate a moderately low H atoms density (~ 9 · 1018m-3 ), and 
dissociation degree in the plasrnas (:'.S 22 %). Note that at calculation of dissociation degree 
we assume, that the absolute density of H2 in the plasmas is proportional to their density in 
the initia] mixture of the gases, which might be not fully correct, because of Cast dissociation 
of H2 in charge transfer reaction of Ar+ and H2 in the expansion. 

O.ï % H2 1.4 % H2 2 % H2 3 % H2 
z,(mm) 10 70 40 70 40 70 10 70 
nu, 1019 ( m .,) 0.90 0.55 0.31 0.:20 0.03 0.15 0.0:2 

The density and dissociation degree drops with t.he distance from the exit of the cascaded 
are , and with increasing hydrogen concentra.t.ion in the plasma. The reasons for the decrease 
of the atomie hydrogen density may be fast diffusion of H to the walls of the vessel, and 
elfective admixture of molecular hydrogen, freely recirculating in the vacuum vessel int.o the 
expanding plasma. 
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MODEL FOR THE HYDROGEN LINE SHAPES IN A PLANE CATHODE ABNORMAL 

GLO\.I DISCHARGE 

D!. Spasolevic, M.Kuraica and N.Konjev1C 

lntroduction: 

Recent studies of the atomic-hydrogen line shapes in a plane cathode 

obstructed glow discharge [1,2] have shown the hydrogen line shapes with an 

extraordinary wing developments. The extensive wings indicate the presence of 

excited hydrogen atoms with a very high velocities. The overall line profile 

consists of two parts: one narrow part induced by Stark and Doppler broadening 

in the negative glow region of the discharge, and the second much broader 

part, see Flg. 1. Here we present the results of an attempt to model lower, 

broader part of the hydrogen line shapes for the experlmental condltions of 

Refs. 1 and 2. 

Description of the model and the results: 

Posltive hydrogen lons H' H;. and H; continuously produced in a 

hydrogen-argon plasma Cinitial gas mixture Ar:Hz=97:3, see [1,2] are 

accelerated in the strong electric field up to several kV/cm) of the cathode 

f a ll region . Coming onto the cathode a part of these ions are neutralized and 

backscaterred producing a beam of fast neutra! hydrogen atoms. Due to the 

collisions, the fast hydrogen atoms propagating through argon- hydrogen mixture 

experience bath, the energy loss and directional motion's momentum loss. Here, 

we assume that the fast H atoms collide mainly with heavy Ar atoms and 

therefore they loose their energy slowly. On the other side the directional 

motion' s momentum loss i s very effective and, as a consequence, hydrogen line 

profiles recorded side-on to the discharge remain unchanged at larger 

dl s tance s from the cathode. We assumed that the collisions wlth relatively 

cold Ar atoms (gas temperatures do not exceed 0. 15 eV [2)) from the matrix are 

dominant. In s uch collisions a part of fast H atoms are e xcited and the shape 

of their velocity distribution functlon is responslble for the far wing line 

s hape. 

In case of thermal equilibrium the distribution of excited state 

population would be in accordance wlth Boltzmann di s tribution . Here, the 

system is far away from thermal equilibrium and we assumed that the most of 
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fast H atoms are in ground state . Population of the excited levels is 

proportional to the ground state velocity dlstribution function and to the 

rate of the colllslons wlth excitation, modeled wlth the absorption part of 

the Boltzmann colllsion integral . Here, the ground state distributlon functlon 

ls assumed to be the local Maxwelllan. 

On a bases of the above assumptions we obtained the prof lles of the lower 

broader part (which is , roughly speaking, a modified Gaussian) of H"' and H/j 

line in our discharge [l , 2], see Flgs . 1 and 2. The lntegral cross - sections 

for H-Ar collisions for these calculations are taken from [3] . 
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INFLUENCE OF TIIE CATHODE MATERIAL TO THE SHAPE OF HYDRCXiEN 

LINES IN A PLANE CATHODE OBSTRUCTED GLOW DISCHARGE 

M. Kuralca and N. Kon!eviC 

Faculty of Physics, Unlversity of Belgrade, 11001 Belgrade, 

P.O. Box 550, Yugoslavla 

Introduction 

The results of the experimental study of atomic-hydrogen line shapes emltted 

by the plasma of negative glow of a plane-cathode abnormal glow discharge have 

been reported recently [1,2). Intensive spectral-line wlng developments in 

argon-hydrogen mixture were detected. In order to determine a possible 

influence of cathode material in plasma to the atomie hydrogen line shapes, a 

systematic study of the Balmer llnes in a plane-cathode abnormal glow 

discharge {PCAGD) wi th Fe, Cu, Zn, Ag, Sn, Au, Pb, and Bi cathode operated 

with pure hydrogen and with hydrogen-neon mixture are performed. Sputtering of 

the cathode material is used to introduce different elements in plasma. 

Experiment 

Plasma source has already been described in detail elsewhere [1,2) so only few 

details are g1ven here. Plane cathode abnormal glow discharge of the Grimm 

type [3) ls used throughout the experiment . A schematic diagram of the side 

view of our PCAGD is given ln Fig. 1. of [21 . The exchangable hollow anode was 

30 mm long with inner and outside diameter 8.00 and 13 mm respec tive ly . The 

water-cooled cathode holder accepts metallic electrode 7. 60 mm in dia whlch 

fits tightly to ensure a good cooling . The gas flow of about 200 cm3 /min was 

sustained at a pressure of 150 Pa by means of a needle valve and two stage 

mechani ca! vacuum pump. To run the discharge a voltage stabilized power supply 

and the series ballast resistor of 10 kQ was used . Typ1cal voltages measured 

directly on PCAGD electrodes r a nge between 800 to 1100 V. 

For the Ha line shape measurements 4-m Hilger- Watts Ebert type gratlng . 
scanning monochromator ( reciprocal dispersion 2, 42 A/mml equipped wi th the 

photomultipller in used . For all spectra! measurements the end-on image of the 

discharge was pro j ected onto the entrance sllt of the monochromator . 

Results 

In hydrogen and ln hydrogen-neon mixture wlth a ll inves tigated ca thode 
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materials the lower part of Ha line is broadened , see Fig . la and b . Compar1ng 

the Ha line shapes l t is evident that broadening of this line varies from 

element to element. The results of the slmple analysis of Ha line profiles in 

pure H2 and in H2:Ne = 97:3 mixture with various cathode materials are glven 

in Fig. 2. As a measure for the efficiency of cathode material for broadening 

the line profile, the ratio of an area of lower broadened part to an area of 

the whole line profile P is taken . Solid and broken lines drawn between data 

in Fig . 2 have no physical meaning and they are used to facilitate comparison 

only . 

Both sets of results in Fig. 2 clearly show that Cu, Ag, and Au, elements with 

largest sputtering yields broaden the line proflles the most . 
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PURELY OPTICAL DIAGNOSTICS FOR H- NEGATIVE IONS 

Darrell Allen Skinner 

Laboratoire de Physique des Milieux Ionisés, Laboratoire du C.N.R.S. 
Ecole Polytechnique, 91128 Palalseau Cedex, France 

lntroduction 
The most reliable negative ion dlagnostics In current use are based on laser photo

detachment [1]. n_ Is measured loc.ally by photodetaching the negative ions and measurlng 
the resulting increase in n. with a Langrnuir probe. T _ has been measured with this two 
laser-pulse technique: an initia) pulse destroys negative ions in a small region, and a 
delayed second pulse together with a Langrnuir probe deterrnines the dynamic recovery 
of n_(t), which depends on T _. While effective in some regions of f1 sources, these 
techniques are difficult to apply in regions of weak rnagnetic field with high n _ (n _> n..> [2], 
because of Langmuir probe side-effects and/ or the difficulty of interpreting pro be signa Is. 

Purely optica) dlagnostics such as LJF have produced beautiful results for positive 
ions: e.g., in argon multicusp sources it was possible to deterrnine an ion temperature as 
low as T, =0.028±0.007eV and even the ion drift speed through the magnetic cusp fields [3]. 
Similar diagnostics are not available for negative ions, which have few or no electronically 
excited states and even fewer associated optica! line transitions. However, 1 would point 
out two unusual characteristics of negative ions which may permit the development of 
other purely optical diagnostics: the polarlzability ex can be very large, and multiphoton 
processes are possible at relatively laser intensity. 1 will discuss possible diagnostics, with 
emphasis on application in H- volume sources, assuming reference conditions: T 

0
- l eV, 

T_ -0.5 eV, n_ /n
0 

<:. 10%, n.f nn <:. 1 % {i.e., over 1 % ionization of background H2). 

Doppler-Broadened Rayleigh Scattering as a Negative Ion Diagnostic 
An effective diagnostic based on Rayleigh scattering from negative ions must satisfy 

several criteria, including discrlmination of thls light from light scattered by electrons 
and the background gas, and achieving the incoherent scattering regime, i.e., 
Ào k

0
sin(6/2) >> 1 where 6 is the angle between incident and scattered wave vectors k

0 

and Je,,. For the reference conditions and laser À.-1µ, the Jatter criterion is 6 >>4° and is 
satisfied for side- and back-scattering. 0.25 

The dynamic polarizability cx(w) 400 
of H - has been calculated (4] and is plot- ;:;;--
ted at right as a solid line. The Rayleigh -::; 
S)at~ering. C~OSS srction is dOR/dQ = d 300 
ex k0 (1-sm 6 cos~), where ~ 1s the 11 
angle between E and the plane con- " 200 
taining k

0 
and k., . 1 also plotted oR(w), ;:. 

norrnalized to the Thornson scattering -
c.s. doT/dO=r/(l-sin26cos2~). '3 100 

..s Incident line radiation, when ö 

scattered by electrons and negative 
ions, is Doppler-broadened into super
posed peaks with relative half-widths 
w

0 
/w_ =,/M. Te/ meL and heights 

h_ /h
0
={n_ln

0
)(0R/0T)(w

0
/w_). For 

H- <Ref. [4]) 

O.DI O.o2 0.03 0.04 0.05 
w (au) [1au = 28 eV] 

0.20 ~ 
....... 
Q 

0.15 .... 

0.10 ~ 
&: ..... 

0.05 ~: 

0 

0.06 

the reference conditions and lor incident Nd-YAG radiation, w • /w_-60 and 
h_ /h

0 
<:. 1-thus it is quite possible to distinguish the H--scattered line from the much 

broader Thomson-scattered line. A similar comparison against the light scattered off the 
background H 2, for which a.=S.4au, finds w.f.v_.., 20% and relative total intensity !_/In= 
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(n_/l\,) (a(ro)!a/ ~ 1.9 (or 5.4) at the Nd-YAG laser frequency (or at the a11_ maximum). 
Thus the relatively narrow H 2-scattered light could be removed before profile analysls. 

Such a diagnostlc for determining n_, T _ and mean velocity v _ from the spectra! 
profile of Raylelgh-scattered light Is quite similar to the familiar Thomson scattering 
diagnostlc for electrons. In an ideal nonperturbing diagnostic, the laser frequency would 
be just below the detachment threshold. But for H-, the best choice appears to be Nd-YAG 
at 1.06 µ, weU above the detachment threshold To avold problems with photodetachment, 
one could use a laser burst lasting on the order of several ms with light intenslty so low 
that a negative ion Is unlikely to be photodetached during its passage across the laser 
beam, or a cw laser coupled with phase-sensitive techniques and long integration times.. 

Nonlinear Optical Harmonie Generation as a Negative Ion Dlagnostic. 
While Rayleigh scattering is vintage physics, optica! harmonie generation (OHG) 

would be a resolutely modem diagnostic ... to my knowledge, OHG by negative ions has 
not yet been observed. However, numerous studies [5] of atomie systems find a close 
relationship between OHG and excess photon absorption (EPA, also called above threshold 
ionization). EPA has been observed In negative ions [6], so there is every reason to 
expect OHG as well. The laser intensity required to induce nonlinear, multi-photon 
processes scales as af'(, where the hyperpolarizability y is the first nonlinear coefficient 
in the polarization expansion p= [a+ (y/6)E2 + ... )E . For H° atoms, an intensity on the 
order of 1013 W /cm2 is required. Since a./y is over 1000 times smaller for H- (4) than for 
H°, a laser intensity near 1010 w /cm 2 is enough to induce multiphoton processes in I-r 171. 

The basic idea is to focus a short laser pulse inside a plasma and detect emission at 
the odd harmonies. Fora Nd-YAG laser at 1.06µ, H- photodetachment Isa 1-photon 
process while OHG is at least a :>-photon process, so laser power would have to rise very 
quiekly for negative !ons to last long enough for OHG to occur. A C02 laser at 10.6 µ may 
be more appropriate, since photodetachment would be at least a 7-photon process. Imagine 
a l J, 10 ns long, 1 cm diameter laser pulse focused on to a 1 mm diameter, l cm long 
interaction region. This achieves 1010W/cm2 in the interaction region. With n =1011 to 
1012 cm-3, the lnteraction region contalns on the order of 109 to10 10 negative ions (cÖmpared 
to 103 in the ion traps used for EPA experiments). OHG could be observable if only one 
negative ion out of 106 in the interaction region were to emit a photon into a harmonie. 

In experiments in gases, the harmonie radiation forms a forward-scattered beam. 
In a plasma, because of the correlation between ions separated by less than a Debye 
length, there is an incoherent scattering regime whieh describes equally well the generated 
harmonies and the Rayleigh-scattered fundamental. This regime is easily reached in H
volume sources with Nd-Y AG laser light, and may also be reached for back-scattered 
C02 laser radiation. This radiation pattem is ideal for a n_ diagnostic. lt is easy to 
spectrally discriminate between scattered laser light and the odd harmonies in the back
or side-scattered light. The intensity of the harmonie radiation is proportional to n_ in 
the small interaction reglon at the laser focus, which can be dlsplaced throughout the 
source. Experiments and model studies flnd that the harmonie lines are inherently 
much wider than the expected Doppler shift, so it is impossible to find T_ by resolving 
these lines. But using thls density diagnostic in the two laser technique described above, 
in place of the troublesome Langmuir probe, would result in a purely optica) T _ diagnostic. 

1. M. Bacal, Plasma Sources Sci. Technol., 2 190 (1993). 
2. F. El Balghiti et al., Fifth European Conference on Light Negative lons, Dublin, (1993). 
3. M.J. Goeckner et al, Phys. Fluids B.l 2913 (1991); Y. Amai, priv. comm. (1993). 
4. C.A. Nicolaides et al,}. Phys. B23 1..669 (1990). 
5. E.g., J.H. Eberly et al, PRL 62 881 {1989); Shore and Knight, J. Phys. 820 413 (1987). 
6. See M.D. Davidson et al, PRL 24 3459 (1992), and references therein. 
7. Multi-photon detachment of H- was observed by C.Y. Tang et al, PRL 24 3134 (1991). 
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DYNAMIC APPROACH OF THE SELFCONSISTENT ELECTRIC 
POTENTIAL IN LASER PHOTODETACHMENT DIAGNOSTICS OF 

H" PLASMAS 

Cl. Ciut>ornriy •. L. Friedland""' and M. Bacal 

Laboratoire de Physique des Milieux ionises, Laboratoire du C.N.R.S. 

Ecole Polytechnique, 91128 Palaiseau, France 

A forma! dynamic analysis of the plasma evolution in space and time, following localized 

photodetachment of the negative ions, is presented. There are included the self-consistent eleclric 

field induced by the penurbation and the importance of the location of probe measuremenrs for the 

beller estimation of the H- remper.uure. 

Both slab and cylindrical gcomctries of the plasma region illuminated by the laser pulse and both 

step-function and Maxwellian initia! disrribution (any other isotropic, normalized distribution 

function could be provided for further use of our theory) of the negative ions in rhe penurbed 

region, are analyzed via a hybrid fluid-kineric approach : fluid behavior for elecrrons and positive 

ions (in rhe presence of rhe self-consisrenr electric field) and ballisric kineric approach for negarive 

ions. 

The self-consisrenr electric potential profile is calculared assuming rhat rhe inirial driving 

mech:misms are the thennal. field-free panidc velocilies for the negative ions ;md considcring them 

in a small initia! fraction in the volum.: source of H- plasma. 

Applications of the theory 

We show various applications of our theory, in slab and cyllindrical geometry. In the first part we 

study thee plasma evolution and comp;ire our theoretica! results with some experimental ones for 

weak laser beam pulses, that is a ganssian initia! distribution of the negative ions in the illuminated 

plasma region. In the next part , wc considcr the case of high laser fluxes , i.e. a step function 

profile for the initia! perturbarion of the negarive ions densiry .Figure 1 a shows a typical 

experimental time-dependence of the c.:ollected electrons current and in figure 1 b we give the 

numeric curves obtained with our model in rhe case of gaussian initia! density distribution of the 

H- ions : the time delay for which the stcady state is anained goes up as the beam diameter is 

increased. 

Figure 1. The time delay for which the sready Stale is a11nined goes up as the beam diameter is 

increased : fig. la : typical expcrimental dependence 11 ), fig. 1 b: numeric curves in our model. 
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Figure 2 (left, below) shows the dependence of the eleclroll density perturbation on the normalized 
timet"" t Vth" /Ras obtained numerically.The parameter which varies is the ratio a •CT"' /Te)112 

In Figure 3 (right, below) we give the normalized elecuon density penurbarion on the axis in the 
cyllindrical geomctry venus the nonnalized time as dcfined above. The values of N'R are shown by 

numbers where À is the spatial width of the cransition region from low to high negative ion 

densities at the edge of the laser beam and R is the radius of the beam. 
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In principle, all physical phenomena, and, in panicular, the creation of the overshoot in the 

electron density on the axis of symmetry, the decrease of the ambipolar potenrial with the decrease 

of the electron tempemure, etc., are similar both in slab and cylindrical geometry lnteresting 

features of the negative ions recovery after the laser photodetachment will be devcloped in all the 

illuminated region, apart from the symmctry axis, alrcady widely analyzed [2.3]. 

• Pennancnt addrcss: Polytechnic lns1i1u1c and l.F.A., Jassy, Romania 
•• Pennanent address: Hcbrew Univcrsiry of Jcrusalcm, Jcrusalem, Jsrael 
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Characterisation of a Tandem Multicusp Negative Ion Source 

A Al-Jibouri and W .G Graham 
Department of Pure and Applied Physics 

The Queen's University ofBelfast 
Belfast BT7 INN, Northem Ireland-UK 

In order to understand the kinetics of negative ion formation and destruction a characterisation 

of a tandem multicusp ion source has been undertaken. A Langmuir probe technique has been 

used for measurements of plasma parameters ie electron density, electron temperature, plasma 

potential and the electron energy distribution function. The negative ion densities and 

temperatures have been measured using a photodetachment technique. 

The ion source consists of a stainless steel vacuum bcx 'll<ith dirr.~;;sior.5 l ~ cm x 24 Cm 

x 19 cm. The primary electrons are emitted from two hot filaments which are at a negative 

potential of 60V with respect to the source walls. Electrons are confined using rows of 

permanent magnets on five walls of the source in a line cusp geometry. The magnetic 

symmetry is broken on two sides to produce a transverse (filter) magnetic field, establishing 

two distinct regions, one containing fast electrons called the driver region and the other, with a 

lower electron temperature, called the extraction region. The measurements have been made 

in both regions and using two isotopes, hydrogen and deuterium. 

The dependence of the plasma and negative ion parameters as a function of the 

discharge current and gas pressure and isotope were studied . The negative ion density 

dependence on the source operating parameter, in both the driver and extractor regions, are 

shown in Fig 1. The dependence on plasma parameters such as electron denisty and 

temperature and hydrogen isotope will be presented here. 

By having such a full characterisation it is possible to identify specific operating 

conditions for optimum negative ion production. The isotope dependence also highlighted 

specific processes for exarnple the shift in optimum electron temperature for negative ion 

rovibrationally excited molecules. 
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Fig 1 The dependance of negative ion density on discharge current and gas 
pressure in (a) the extraction region and (b) the driver region. 
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INVESTIGATION OF HYDROGEN PLASMA WITH HIGH RATIO 
OF NEGA TIVE ION AND ELECTRON DENSITIES. 

F. El Balgbjti, M. Bacal, F.G Baksht* and R.A. Stem**. 

Laboratoire de Pbysique des Mi!ieux Ionisés, Laboratoire du C.N.R.S. 

Ecole Polytechnique, 91128 Palaiseau, France. 

In the region near the extraction opening of the hybrid negative ion source the ratio n-/ne is of the 

order of 1 or larger (up to 9), while in the center of the source extraction region [1)[2] it is 

approximately 0.1. The plasma elecrrode bias Vb bas a considerable effect on tbis ratio 

(sec Fig . 1 ), while the effect of the probe bias V s is only an apparent one, as will be shown 

( sec Fig. 2 ). 
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Figure 1 : Effect of the plasma electrode bias. 
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Figure 2 : Effect of the probe bias. 
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In the very imponant extraction region where n- is large compared with ne. we analyze how to 

choose the probe bias to determine the true relative H- density. 

To understand the dynarnics of the plasma near the extraction hole, we measured the negative ion 

recovery after photodetachment using the two laser photodetachment diagnostic [2][3). After 

photodetachment, an important excess of electrons is created in the illuminated region. These 

electrons are replaced rapidly by the maxwellian electrons of the plasma (10-S s). When the 

negative ions sta11 pcnetrating the volume that was illuminated by the laser beam, the electrons 

captured in the potential well due to photodetachment start leaving this volume to ensure 

quasineutrality. Due to the considerable difference between electron and negative ion mobilities, a 

plasma electric field is developed to establish charge homogeneity. lt retains electrons and 

accelerates negative ions into the penurbed region. We showed that this electric field could be 

neglected for n·/ne < 1 and therefore we used the ballistic theory [4) to determine the negative ion 

tempcrature in the center of the source where there is a small negative ion density. In the actual 

conditions, we observe a fast negative ion recovery in the early time after photodetachment 

(t < 500 ns) followed by a relaxation. lt may correspond to an oscillation of this electric field. 

This sharp drift towards apparent high thermal velocities occurs when we apply a positive bias 

higher than 2.6V to the probe, with an optimized voltage of 2.5V to the plasma electrode. In the 

case where we apply 2.6V to the probe and 2.5V to the plasma electrode, we find good agreement 

with the ballistic theory of the negative ion recovery for a reasonable value of the negative ion 

tempcrature (0.2eV). Il seems that instabilities are the reason for the unusual negative ion recovery 

at Vs > 2.6V and that this is related to spccific propenies of plasmas with low relative electron 

concentration. 

• Permanent address : laffe Physical-Technical lnstitute, St. Petersbourg, Russia 

" Permanent address : University of Colorado, Boulder. 
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Particle Density and Energy Distribution of Hydrogen and 
Deuterium Atoms in an Ion Source Plasma 

D.Wagner, B.Dikrnen and H.F.Döbele 

Institut für Laser- und Plasmaphysik, Universität-Gesamthochschule Essen 
45117 Essen, Germany 

lntrodnction: 
The understanding of the production and destruction of negative hydrogen or 
deuterium ions in a multicusp ion source requires the measurement of the density of 
the atomie component. Conceming the production of H (D) atoms it is generally 
assurned that they are created by dissociative attachrnent of slow electrons (- 1 e V ) 
and vibrationally excited molecules. In a two-step process fast electrons produce 
vibrationally excited molecules which subsequently capture slow electrons and 
dissociate, forming H (D) atoms and H· ( o· ) ions [ 1,2). The rate of destruction of 
negative ions by the inverse reaction depends equally on the atomie density. 
Absorption spectroscopy provides a very suitable means to measure atomie density 
and temperature , an information which from emission spectroscopy is gained only 
on the basis of sophisticated rate equation models. In contrast to earlier measurements 
at a similar source where the probing was perforrned at Lyman-13 [3] the plasma is not 
transparent in the line core in the present case. Using tunable VUV radiation around 
121.5 run (Lyman-a) it is possible to directly determine the ground state density and 
temperature of the atoms (4). · 

Experiment: 
The magnetic multicusp generator consists of a cylindrical stainless steel container 
with 8 rows of CoSm permanent magnets fixed to the circumference. The end plates 
are equipped with 4 rows of magnets and the cathode tip is made of La86 • The 
operation parameters are: 100 V discharge voltage, 1 A to 50 A discharge current and 
1 mbar to 40 mbar discharge pressure. The vacuum ultraviolet radiation is produced 

by the stimulated Rarnan scattering The frequency doubled light of an excimer 
laser-pumped pulsed dye laser is focussed in a LN2 cooled Rarnan cell filled with H2 • 

The radiation of the 9. anti-Stokes (- 1010 photons per pulse) at 121.5 nm is separated 
off with a MgF2 prism and focussed onto two different VUV monochromators in front 
of and behind the ion source using a beam splitter. 

Results: 
A wavelength scan over the absorption profile of atomie hydrogen shows broad 
opacity for Lyman-a radiation around the line center ( absorbance>>3.5 , 
transmission<< 5% ). Infonnation on the temperature and line density is therefore 
obtained only from the line wings, which results in a high temperature component of 
around 3000 K and line densities of 101

• cm·2 
. A low temperature component is 

identified by using a small admixture of deuterium as a probe gas in the hydrogen 

discharge. Because of the isotopy shift of 22 cm·1 
( óÀ = 33 pm) it is possible to 
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measure the full Doppler profile of the deuterium atoms which results in a temperature 
up to 550 K. As the line density of the majority atoms is higher than 1013 cm·2 for all 
operation parameters of this discharge, the ftaction of the low temperature to high 
temperature component is not obtainable, because in this case the high temperature 
component alone detennines the spectra! shape of the absorption line wings. The same 
applies for the deuterium discharge when deuterium is the majority component and 
hydrogen is the probe gas. There exists also a high temperature component but at a 
slightly higher temperature of around 3500 K and a low temperature component of 
around 400 K. 
The line density for deuterium seems to be about 25% lower as for hydrogen at the 
same discharge parameters. 
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Fig. 1 : Absorption profile of atomie hydrogen. 
Discharge parameters: 100 V, 20 A 
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Fig. 3: Absorption profile of atomie deuterium. 
Discharge parameter: 100 V, 20 A 
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Partially ionized Hydrogen Plasma in hi~h electric fields
composition, transport and dielectric properties 

Klaus Mora.wetz 
Ma.x-Pla.nck-Gesellschaft, Arbeitsgruppe "Theoretische Vielteilchenphysik" 

an der Universitä.t Rostock, 18055 Rostock, Germany 

1. Transport in partially ionized plasmas 

In order to investigate the transport properties of dense partially ionized plasmas in high 
electric fields one bas to determine the field dependent one-pa.rticle distribution function. 
Therefore qua.ntum kinetic equations have to be solved, whlch take into account the form&
tion and the decay ofbound states and many-body effects (1) as well as field effects (2, 3, 4). 
There, the field dependence of the collision integrals conta.ins two important effects: firstly, 
the collisional broadening whlch is a memory effect also existing in the zero field case and 
secondly, the intra-collisional field effect which is determîned by the field dependent two
pa.rticle dynamîcs. One can account for the field dependence of the collision integral in a. 
simplified manner introducing a. relaxatîon field éE"1 (3, 4), whîch can be found with the 
complete qua.ntum result in (4, 5j. Here, it was restricted to the Fokker-Pia.nek a.pproxi
ma.tion of collision integrals and it was a.ccounted for a.nisotropy in a. first approximation 
fe(p, E) = r.(p, E) + fi(p, E) cos"· The (homogeneous) solution of the resulting kinetic 
equation is the well known expression 

( . ) ohE=Cex - de . f, ( ) p J kT + '"tt''f:l•p« 
0 3rr.? 

(1) 

Here the contributions of collisions are included in the energy- and momentum·relaxa.tion 

time, r,- 1 = (v.+ lip+ 1100 + ~11,) and r; 1 = (110 +vp+ 1101 ) where the collision fre

quencîes lij are connected with the quantum mechanica] transport cross-sections uT by 
Vj = ~njoJ. The stationary hut nonequilibrium distribution function is shown in Fig. 2 
assurning a. fixed plasma. composition. 
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Fig.2: Isotropîc distribution function in arbitrary units vs momentum for an ionization 
degree of 0.1 with 6 different field strengths. 

At energies above the first excitation thresbold of electron atom sca.ttering the electrons 
cool down. This leads toa. decrease of the distribution function and stationarity. Above 
the critica! field strength (107V/m) the inelastic scattering is no Jonger effective enough 
to produce a. sta.tionary solution. The result is a non-renormaliza.ble distribution function. 
This can be expressed by a certain runaway-electron current [5]. As it can be seen from 
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(1), the determina.tion of the field dependent cfätribution function requires the knowledge 
of the qua.ntum transport cross sections a.nd the composition of the plasma.. The cross 
sections were calcula.ted from the sca.ttering pha.se shifts by numerica.l solution of the ra.
dia! Schrödinger equa.tion. With the help of this solution the electrical conductivity in 
a. strong electrical field shows a.n non-Ohmic field dependence [5, 6, 7]. The infiuence of 
the field on the ionization coefficient a.nd therefore on the plasma. composition leads to a. 
rema.rkable enha.ncement of the nonlinea.r sta.tic conductivity [6, 7). 

2. Instabilities of partially ionized plasmas in high flelds 

The dielectric properties following from the field dependent distribution function (1) are 
determined by the nonequilibrium dielectric function in RPA a.pproximation [5]. The 
excita.tion modes are determined by the equa.tion t' ( qw) = 0. The resu!ti.ng dispersion 
curve w(q) is plotted in Fig. 3. 
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Fig.3: The plasma oscillation dispersion ( a.bove) for 4 different field strengths vs wave 
vector. Different branches are signed with different lines. The letters a.-d sta.nd foz the 
field strengths: OV/m,2 • 106V/m,4 • 106V/m,5 • I06V/m. 

In the field free ca.se an optica! brancb a.nd a.n a.coustic one can be found, where the 
a.coustic one is connected with strong damping and therefore do not exists freely. The ap
plied electric field ca.uses now a bifurca.tion of the optica! branch yielding a new a.coustic 
mode, which can be shown to be insta.bie. This insta.bility is limited in a. certain density
tempera.ture regime. The bifurcation can be interpreted a.s optica! bistability ca.used by 
the high electric field (8). 
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ION TRANSPORT AT HIGH ELECTRIC FJELDS INA LOW-PRESSURE H1 GAS 
BY THE CONVECTIVE SCHEME METHOD 

Introductioo 

J .Bretagne, G.Gousset and T.Simko<"> 

Laboratoire de Physique des Gazet Plasrnas, (U.A. 73 du CNRS) 
Bat. 212, Université Paris-Sud, 91405 ORSA Y Cedex, France 

In hyd.rogen discharges, three types of ions, H+, H2 • and H3 +, coexist. The main source of ions 
involves H2 + ones which are created by electron impact ionization of H2 molecules. It is well 
known that, even for low-pressure conditionsl•.11, low-energy H2 • ions are very effectively 
converted into H3 • ions by non-resonant charge exchange collisions. As a result, H3 + ions are 
very often the dominant ion species, especially for situations in which the reduced electric field 
E/N remains moderated. This is not so obvious in cathode sheaths where high E/N values are 
generally achieved and the H3 + formation through H2 + /H2 collisions would become less effective. 
As the energy of H2 • and H3 • ions increases, H • ions are formed through collisions with H2 

molecules and we must, in fact, consider the coupling between the three ion species. 
A Convective Scheme 1-D simulation was used to study the coupled transport of H•, H2 + 

and H3 + ions. The C.S. method was described by Hitchon et aP1• Results for conditions typical 
of E/N values encountered in cathode sheaths of low-pressure glow-discharges are presented. 

Cros.ç-sectloo data 

For cross-sections data we mainly used a review paper of Phelpsl41• 

For H2 • /H2 collisions, we considered the non-resonant H2 • /H2 charge exchange collision 
H2 • + H2 => H3 • + H which forms H3 • and in which H2 • are quenched; the resonant charge 
exchange collision H2 + + H2 => H2 • + Hz, in which thermal H2 • ions issue from the collision 
(bold symbols correspond to energetic species). In addition, we considered the vibrational 
excitation of H2 + {v = 1) and the formation of H • atomie ions. 

For H3 • tH2 collisions, the largely dominant process at low energy {E < IOeV) is the elastic 
collision. We took the cross-section data given by Phelps for the momentum transfer. For other 
processes which are involved at higher energies, we considered the three following ones: (i) the 
charge exchange collision H3 • + H2 => H3" + H2 • => H + H2 + H2 •, in which fast H atoms, 
fast H2 molecules and thermal H2 • ions are formed ; {ii) the dissociative collision leading to the 
formation of fast H2 • ions: H3 • + H2 .,. H2 • + 3 H or H3 • + H2 => H2 • + H + H2 ; and {iii) 
the dissociative collision yielding fast H • atomie ions: H3 + + H2 => H+ + 2 H2• The cross
sections u0 and uiii corresponding to processes (ii) and {iii) are taken from Phelps while the cross
section u, was deduced from the data of Williams et alSI who gave the cross-section u.,.n for H3 • 

destruction in H3 • /H2 collisions. Considering that only processes (i), {ii) and {iii) contribute to 
the destruction of H3 + ions, we wrote: u, = u..,. - uü - u,,,. 

For tt•ttt2 collisions, we introduced the following processesl•I: elastic collisions; 
rotational excitations of H2{J=O) to H2(J=2) and of Hi(J=l) to H2{J=3) assuming a thermal 
rotational partition of J=O and J=l levels; the vibrational excitation ofH2(v=O) to H2(v') with 
v' = 1 to 3; the charge exchange collisions leading to thermal H2 • ions; Lyman a excitations. 
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Results for spatially constant electric fields 

We shall present results of our CS simulation for the case of a spatially homogeneous electric 
field in order to give insight on H+, H2 + and H3 + ion velocity distribution functions, on the ion 
conversion and on mean directed ion velocities. Typical calculations were perfonned for FJN 
values ranging from 100 to 2000 Td. 

As an illustration, we report in Figure l, fora FJN value of 700 Td, the nonnalized H3 + 

ion distribution functions obtained at different positions. Note that the chosen value FJN=700 
Td corresponds to the lowest value for which Phelps claimed that runaway H3 + ions were 
observed1'1. The position at which the H2 • ion source was introduced is X=0.16 cm. 

From Fïgure 1 one can see the existence of runaway H3 + ions. Some of them are 
converted by collisions into H+ and H2 • which leads to additional high-velocity sources for these 
two ion species. The coupling therefore results in presence of runaway H+ and H2 + ions, which 
would otherwise not be observed for the present FJN value. 

The spatial behaviour of ion densities are reported in Figure 2. We observe that H3 + ions 
are largely dominant. Initia! H2 • ions are very fastly converted into H3 + ones until the increasing 
velocity tai! of H3 + ions begins to produce a recovering of H2 + ions through H3 + /H2 collisions. 
This explains the observed local minimum for H2 + densities. The behaviour of H+ densities must 
also be interpreted by the increase of H+ production rate through H3 •tH2 collisions. 
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Statistical Sensitivity Analysis of Rate Coefficients for 
excitation of H2 by Blectron Molecule Discharge Collisions. 

F . Esposito, G.Colonna, M.Capitelli 
Centro Studi per la Chimica dei Plasmi. CNR and Oipartimento di Chimica 

Università degli Studi di Bari, Via Orabona, 4 70126 Bari, Italy 

Qie of the m:ist used wa::1 to perfonn Seisitivity l\nalysis (SA) is called FASI' /1-6/ 
which coosists :in performinJ a Foorier analysis of the ootput of the m:xJel 
ccnsidered (y) with respect to sane fre:µencies Cll;. related to the :inp.it pararreters 
ki and in takirg as Sa'lsitivity Coefficient (9:) the first Foorier coefficient 
which is related to the weighted irean value of êly/àki /1-5/. 'I11e rrain problan of 
ccnsidering this se is that it can be very small even if y is very sensible to 
chan;1es in ki's, die to the fact that the derivative changes sign in the ccnsidered 
interval. To avoid this problem we ccnsider S::ki =MAXki ( 1 <y> (ki l -<y> 1 l • ..tere 
<y>(kil is the rrean value of y with respect all parameters except ki and <y> is the 
rrean with respect all parameters. The characteristic of the se is that larger S::ki. 
m::ire sensible is the ootp.1t to changes in ki /1-5/. To calculate this pararreter is 
possible to use the same satpling points used to calculate the S::: coosidered :in 
FASI' rut this :intro:i.lce sare error sources (present also in FAS'r) such as aliasing 
and interfere-x:e which can gi ve large s:: even if y cbes not change wi th the ki • s . 
For this reascn we resort to a M:ntecarlo sanpling of the parameter space. 'lhis 
Sêllll)ling is not good far FAS'r, rut is the opti..m.Jm for the new S:::. We call this 
rrethod Statistical Sensitivity Analysis (SSA) because of the statistical treatment 
of the outµ.it. 'Ihis SA has been perfomed to a rrodel of electrai kinetics in gas 
discharges l:ased en the staticnary soluticn of the harogeneus Boltzmam equaticn 
in the t....o tems approxinaticn /7. 81. A first awroach to electrcn kinetics SA has 
been made for N2 discharges /8/ using FASI' /6/, givin;J very interesting results. Of 
particular interest is the SSA of Hz discharges, to detennine the sensitivity of 
electrai inpact rate coefficimts to ~ in anelastic cross secticns . In 
figures l. 2 we have reported the OC of all inelastic rate coefficimts with 
respect to different cross secticns at E/N=lO '!tl and E/N=50 '!tl . At a first sigth 
it is evident that cnly the cross secticn of the excitaticn of the first 
vibraticnal level and of the first three electrai.ic excitation has an awreciable 
sensitivity, which decrea.ses with increasing E/N. The 9:: respect to the cross 
secti01 of the excitaticn of the first level is nuch nore influenced fran the 
electric field than the cross sectirn of the electraiic excitati01 . Another 
:ÎIC{JOrtant property is that c:nly the rate coefficients of excitaticn up to the 
third vibraticrial level have S:: larger than the error, \o.hile the rate of the first 
two vibratirnal levels have a null sensitivity. To have a carplete view of the 
rrodel properties is very interesting to analyze the shape of <Y>Ckil, whlch gives 
an idea of the rrean l:ehavioors of tre outµ.it relatively to changes in ki.In 
ccnclusirn the kncwledge of the sensitivity of a rroclel gives furdllrental 
informaticn 01 its properties and 01 tre pararreter which is necessary to te kno...irl 
with a small error. 

/l/ G.Col0!1!'.a, S .Longo, F .E.sposito. M.Capitelli . Awl. Rlys. B (in pressJ 
121 R.I.C\lk.ier. C.M.Fortuin, K.E.Shuler et al.' J.01sn.Phys. 59,3873 (1973) 
131 J .H.Shaibly. K.E.Shuler' J.Olan.RT/S. 59. 3879 11973) 
141 R.I.C\lk.ier, J.H.Shaibly. K.E.Shuler' J.O>an. Phys. 63. 1140 !1975) 
/ S/ R.I.C\Jkier, K.Uevine. K.E.Shuler' J.OJEJn . Phys . 81, 2365 !1977l 
/6/ G.Colonna, F . fsposito, M.Çapitel li ' In Proc . ICPIG XXI (1993) 
171 G.Capriati. G.Coloma. C.Gorse, 1'. .Cáp"talli' Plasna Olan.PlàSll'd Proc.U !1992) 
/8/ G.Colonna. C.Gorse. M.Çapitelli . R.WiriYJer. J.Wilhelm, 0-. Phys . Lett .. 213 !1993> 
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Introduction 

RELAXATION OF ELECTRON ENERGY 
DISTRIBUTION IN H2-PULSE 

DISCHARGES 

S. R. Mijovié+ A. M. Devyatov* 
and A. V. Kalinin* 

-> Moscow State University, Faculty of Physics 
Department of Electronics, 117234 Moscow, Russia 

Behavior of a non-equilibrium electron energy distribution (EED) in wea.kly-ionized hy
drogen plasma in the time of the sharp change of electric field is investigated and presented 
in this report. 

Experiment 

PeriodicaJ pulse discharge in hydrogen is tumed on in the cylindricaJ tube, with a dia
meter of 4 cm and a length of 30 cm, and glowing ox.idic cathode which is supplied from 
sta.bilizing volta.ge source. A cylindricaJ movable electrostatic probe, with a. diameter 0.3 mm 
and a. length of 4 mm, wa.s built in the discharge tube. Putse of the discharge current ha.d 
rectangular form with fronts 0.5 µ.a- the first and 1 µ.a- the second. Length of the discharge 
pulses was 100 µ.s and frequency was chosen in the ra.nge of 100 + 800 Hz. Amplitude of 
current in the initia] pha.se ha.s been cha.nging from 500 to 200 mA. Ga.s pressure was chosen 
in the range of 0.1+10 Pa. 

In the process of discha.rge development, EED in positive column was measured, in Ll.t = 
1 µ.s, intervals. The measuring method of electron energy distributions in low-pressure 
pla.smas is based on commutation of a probe current [1], providing necessa.ry time resolution. 
The time resolution for measuring a probe current-voltage cha.ra.cteristic a.nd its second 
derivative wa.s about 1 µ.s. 

In order to obtain the first and second derivatives of the probe cha.racteristics, a. mod
ulated voltage Ll.u = A coswt is superimposed upon the probe potentiaJ into the probe 
circuit. In this case di/dU ~ coswt and d2i/dU 2 ~ cos2wt. Amplitude of the differentiaJ 
signaJ was chosen from the condition of small distortion of mea.sured quantity [2] . For the 
ratio A/ë < 0.2, where ë is - the middle energy of electron energy distribution, the dis
lortions are neglected. In our case ë > 2 eV and, therefore the va.lues of A were chosen 
within 0.1 + 0.5 V. The measurement of EED by the electrostatic probe has been posible a. 
few microseconds afler begining of the pulse, because a correct interpretation of the probe 
cha.racteristics was impossible at the very begining of the pulse. 

In the quasi stationary state the positive column was striated and EED was than mea
sured in the places where "head" and "tai!" of the striation would be fonned. 
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Results 

The results of our investigations are presented on the figure 1. 
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Figure 1: Relaxation of EED in the places where a) "head" and b) "tai!" of the striation 
would be fonned. 

As one can see from figure 1., at the beginiug stage of the discharge, maximum of the 
EED was shifted into region of higher electrou energy than in the stationary regime. The 
middle electron energy was changed from - 11 eV to - 8 eV in the "head" and - 4 eV in 
the "tai!" of the striation. 

Form of the EED, of the moment just bcfore the "tai!" of striation was formed, should 
be noticed as an intercsting phenomenon. The high-energy group of electrons increase<i 
suddenly (the middle energy ~ 16 eV), that is, the electrons were accelerated by the some 
potential difference across the positive column. 

Referenees 

[l] A.B. Blagoev, N.B. Kolokolov and V. M. Milenin, J. Techn. Phys. 42 1972 1701 
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Electron Energy Distribution PUnction in non-Equilibrium 
H2 Discharges: the Role of SUperelastic Collisions from 

Electronically excited States 
M.Capitelli'*, G.Colonna*, K.Hassouni'** and A.Gicquel** 

• Centro di Studio per la Chimica dei Plasmi del CNR and 
Dipartimento di Chimica-Università di Bari (Italyl 

•* LIMHP- Université de Paris Nord- Villetaneuse (France) 

Electron Energy Distribution Functions Ceedf l , transport coef ficients and 
rate coefficients in H2 discharges have been extensively studied and are 
continously studied since the importance of this system in many plasma
chemical applications. Extended tables of transport and rate coefficients 
of the system have been provided by Buckman and Phelps /l/ through a 
Boltzmann analysis of the swarm data. These data refer however to the so 
called • cold gas approximation• i.e. to the situation in which all the 
molecules are considered in the ground electronic state. In a plasma, 
however, the molecules are distributed over all the electronic and 
vibrational manifold as well as they can dissociate. As a result our H2 
system can not be characterized only by the reduced field value E/N but 
also by given concentrations of vibrational states, electronic states and 
atomie H as well as by the ionization degree ne/N. As a consequence eedf 
can be implicitely written as 

where nv. n•, nH•, n,, denote respectively the number density of v-th 
vibrational level, of electronically excited H2, of electronically excited 
atomie H and of the electron density. Different authors have discussed the 
role of vibrational states and of atomie H in affecting eedf /2-6/ by using 
parametric and selfconsistent approaches. No attempts have been made as far 
to study the rele of electronically excited states in affecting eedf. This 
point will be analyzed in this communication. In particular we have solved 
the Boltzmann equation in the presence of given concentrations of excited 
states. In general the results show that eedf and related properties are 
strongly affected by this presence specially at E/N values < 40 Td. As an 
example figure la-b shows the rate coefficients of the processes 

for different E/N values and different concentrations of H/H2 
(0;5;10;20;30%) as a function of concentration of electronically Cmolecular 
and atomie) exci ted states (the concentration of vibrational states of H2 
is represented by a Boltzmann distribution at Tv=2000°Kl. As far as the 
concentration of excited states we have considered superelastic collisions 
from all excited states Creported in the Buckman and Phelps compilationl 
which do not dissociate /7/ . Inspection of figure la-b shows the streng 
dependence of the two rate coeff icients on the concentration of excited 
states as well as on the H/H2 one thereby indicating the importance of of 
selfconsistent treatment of Boltzmann equation with the different ki netics 
giving the concentration of excited states (vibrational and electronicl and 
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VIBRATIONAL RELAXATION OF HIGHLY EXCITED SF6-CH, GAS MIXTURES 
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0
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0 

Kinema Research Monument CO, USA 

lntroduction 

Vibrational relaxation of highly excited molecules plays very important role in many 
chemica! and physical processes, including reactions initiated by infi'ared (IR) multiphoton 
excitation. The average energy of the relaxing molecules usually [1,2) was monitored 
spectroscopicaly, using: UV absorption, IR fluorescence or IR absorption. For such methods 
detailed information regarding spectroscopie properties of the investigated molecules was 
required, as well as the calibration of the used experimental device. However, the altemative 
approach is proposed [3,4) for the measurements of the rate at which the translational energy 
of the bath gas increases. This method is the time-resolved photoacoustic (PA) technique. The 
calibration of such technique is straitforward and it is not dependent on the knowledge on the 
spectroscopie properties of the excited molect~les. 

Basic idea is to measure, using PA detector, the shape of individual acoustic waves, 
generated by molecular relaxation, consisting of two components: a positive-going 
condensation pick of amplitude P!, followed by a negative-going rarefaction pick of 

amplitude P;, . lt was proposed and verified [3,4) that the amplitude ratio P;,IP';, depends on 

the dimensionless quantity E, defined as E = o!(c · t 1-'-T) . With quantity o the radius of 
excited volume is denoted. but cis the speed of the sound in investigated gas media. t 1-'-T is 
the average vibrational-translational time constant for vibrationaly excited molecules relaxing 

by collisions. lt is suggested [4) too, that for every experimental apparatus E should be found 
by using Green's function method to solve the linearized acoustic equation regarding the first 
detected photoacoustic signa!. Than, E obtained is the monotonically increasing function of the 

ratio /';,/ P';, . The necessary assumptions were: the precise knowledge of the diameter of the 
irradiated volume inrront of the used photoacoustic detector; the use of "tophat" geometry for 
the laser beam intensity and that. the vibrationaly excited molecules are on exponentially energy 
source. 

Experiment 

Our experimental apparatus, described in details somewhere else [5), was applied for 
time-resolved photoacoustic study of highly vibrationaly excited SF6 molecules. Basically, it 
consists of two independent experimental techniques used simultaneously. They are 
transmission spectroscopy technique and time-resolved photoacoustic method. The 

vibrational-translational time const.ant (t 1-'-T) was investigated when SF6 molecules were 
excited by pulsed IOP(l6) C02 laser line (Tachisto 215G, FWHM 45ns) and were relaxing by 
collision with CH, nonabsorbing molecules. As the improvement of our method, we have 
used: large three-port nonresonant acoustic chamber and the computer controlled acquisition 
and processing of the simultaneously obtained PA and transmission spectroscopy data (laser 
excitation and transmitted energies). All this served to improve the detection of individual 
acoustic waves, by avoiding the interference !Tom the walls, as well as, to determine precisely 
the average number of absorbed photons < N > by absorbing SF0 molecules. 



Results and discussion 

Our measurements are concemed with SF6-CH4 mixtures where the SF0 pressure was 
capt constant <PsF. = 0,47mbor) but CH, pressure was varied in the range of 
1 <pen, < 140mbor. All investigations were carried out with "tophat" laser bearn profile, 

with radius of r= 0,2cm. The laser fluence (q»i) range of interesse was O, l - 0, 7.Jlcm2 . 

Under such experimental conditions the SF6 time constant t v-r were studied for the irradiated 
SF6-CH4 mixtures and simultaneously average number of absorbed photons < n > were 
detennined as the function of the buffer gas pressure and the laser fluences. Also the 
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Figure 1. Values oftv.T vs. i>bufr for SF0-Ar and SF6-CH4 mixtures. 

correlation Pen, t r.:-r vs. < n > have been obtained. Our attention was devoted too, to data 
analysis leading to determination of the vibrational temperature (Tv) of SF6 molecules, and the 
translational and rotational temperature (T M) of irradiated gas mixture. T R in this contribution 
is regarding as an "adiabatic" temperature reacned by the unexpanded irradiated gas volume. 

On Fig. 1. t v-r for SF0-Ar (curve a) mixtures are given. It was measured for our 
calibration purposes of our apparatus. Time constant t v-r for SF 6-CH, (curve b) mixtures are 
also given for laser fluence cp = 0,652.J!cnr and buffer-gas pressure range 1-140 mbar. 
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IONS ENERGY DISTRIBUTIONS ON CATHODE 

IN HELIUM AND HYDROGEN ABNORMAL GLOW DISCHARGES 
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INTRODUCTION 

Abnonnal glow discharge is now of wide interest due to its use in diflèrent technological application.5 for aims of 

the surface treamient. The cathode tàll (CF) is an important region of the glow discharge because it sustains the 

whole discharge. The electton (EDF) and ion (IDF) energy distnbution function.5 ~ely ddine discharge 

characteristics. The majority of previoos Sllldies have detennined the EDF [ l ], but for applied physics the energy 
characteristics of ion lluxes attacking the electrode surface is of partirular interest. Tuis paper is dedicaled to 
construction of the analytical and llJll1erical models of helium and hydrogen abnormal glow discharges in wide 

ranges of the cathode làll (5@2500 V) and ocplain some e:icpezimentaJ spectrum peculiarities [2]. 

IBEORY 

The thooretical fomula for measured IFD can be deriverl only for the noble gases with putting aside the problan 

of self-<:On.Sistency and using the known space distrirutions of the eJecttical potential lfx) and the ion production 
rare at cathode a(x) We used agreed-upon approximarion for lfx) (3): lfx) =U0{2l-x)x/l~ where U0 is the 

cathode fall in the cathode sheath of the width L 8=Jse of a high level of 6elds at the cathode, the "relay-race" 

modeJ of the ion motion supposing the ion to start after each collision or birth with the zern velocity is sufficient. 
The solution of the ion kinetic equation can be obtained to expres.s the mea.surerl delay analyz.er rurent I at the 

cathode. x = 0 veais the delay potential V Then the normalized analyw's differential characteristic takes the form 

u. dl [/J·à+À.·(1-/J·fodt·à(t))l J. ·: 
f(y)= -·- = «! 

. / dV 2·h (1) 

where y = V / U 0 is inteipreted as a normalized ion energy, z = 1 - F-Y . À = Nu cr · 1. is the rnunber of 

ion oollisions in the sheath of the gas of density N,, ( cr is the charge transfer ion cross-secrions ~ 

à = a lil. J,L . P de!erms the ratio between the ionizalion rurent component and the total cathode current 
dx · a 

0 

ic P = J:ib- . ;{, where 1, = / u + J:lh- · a, ic is due to ions incomming from outside plasma into CF The 

fon1l.lJa ( 1) generelizes the non-ionization Davis's limit (P-*>) 
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Since the kinetic description of the eJectrom which is need to ddine the function a ( x) is an extremely difiicult 
problem, many autrors use the self-romistent modeling the particle behavior by the Monte-Carlo teclrique [ 1]. We 

have devcloped this metlxxl to find spectra taking into accrunt three-dimension scattering of partides mm 
known potemia1 U(x) and incUling the ~ent set of kinds of partides coDisions. Fig. 1, 2 demonmte the 

spectra determined from equation ( 1) with using the ion prOO.iction source a ( x) founl by means ofMonf.e.Carlo 

siirulation. Of coorse upon using the Monlt>Carlo metlxxl it is not need to use the foorula ( l) to find the ion 
spectrum because of the total description of the partides enserrble yie!ds the ion !lux together v.ûtl the odier 

paramekn Note, these two approaches yield close results. 
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Figure 1: IDF fOr discharge in He: p= 1 Ier. Uc=500 V: 
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The Monte-Carlo metixxl have been used by us also to model the funning the aJJTel1I ûrough the calhode 
region in the molecular SM H2 We have considered the behaviour of the five charged panicle species (Ftg. 3, 4): e. 
H2 +. tt+. H3 +. Hi. Apan from this, it tum.s c:M that mm various cathode 1àlis the ion tbc on calhode is formed 
by ditrerent oomponents. Thai filet is in a good agreement with the experimenla1 dala. 
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KTh'ETICS OF NON-EQUILIBRIUM BYDROGEN PLASMA 
IN THE ANODE REGJON OF THE THYRATRON DJSCHARGE 

Introdudion 

Ale!csandr Matveyev and Valeriy Silakov 

High-Voltage Research Center, All-Russian Electrotechnical lnstitute, 
Zavodskaya St., lstra-2, 143500, Russia 

At present bydrogen-filled thyratrons are finding increasing use in high power switching ( current 
densitiesp!Ql Alcm2) with short duration oftransition process (10"'-10-7 s). An important tea
rure of high-current thyratron discharge is that, if current density exceeds a certain limit, the cur
rent througb the grid hole begins to drop after a lapse of time ::::10·7 s. Penetrante and Kunhardt 
[ 1,2] had proposed a kinctic scheme of the disc har ge and offered an explanation of the quench
ing effect based on gas heating and exclusion of the gas from centra! layers of the column. In so 
doing, steady state of plasma was assumed (varying only ,,;tb gas temperature), and isobaric ap
proximation was used. In this work an essentially more detailed kinetic scheme for non-equilib
rium hydrogcn plasma is proposcd. The validity of the assumptions conceming plasmachemical 
and hydrodynamic stc:ady-st.ate of the discharge is investigated. 

Model description and results of simulatlons 

The model is fonnulated in the framework of the hydrodynamic approximation and consists of 
continuity cquations for cach plasma component, and cquations for mcan-mass velocity and the 
tempcraturc of gas particles, taking into acco\Dlt proccsscs of diffusion, heat transfer, and viscos
ity. The tempcratures of neutra! particles and ions are assumed to be cqual. The discharge col
umn is considered to be axially wlifonn and cylindrically symmetrie. Total current through the 
grid hole is supposed to be a constant defined by an cxternal circuit. 
The kinetic schemc includes processes of inelastic interactions electron-heavy particle, VV-ex
change and VI-relaxation of the H,(X,v) particles, radiative transitions in hydrogen atoms, 
chemica! and ion-molecular reactions, electron attachment and detachment, electron-ion and 
ion-ion recombination. Wben considering electron cnergy losses, proccsses of ela.sti~ scattcring 
by ncutrals and ions, rotational and vibrational excitation (de-.excitation) of the tli(X,v) mole
cules, electronic cxcitation and ioniza1:,u ,if ll1t: H .\X,\) and H(n) particlcs, dissociative attach
ment of C'lcc:-trnns .,., the H,(X,v) molecules were taken into account In so doing, the scheme in
cludes compJ.:te sets of clectron-impact bound-bound and bound-free transitions: H,(X,v)-> 
->f-L(Y,v'),H.,(Y .,E). Franck-Condon factors and densities wcrc obtained by means of a numcrical 
solution of &:hrodinger equation for vibrational dcgrees of freedom of the H, molecules on the 
basis of tahulated potential curves. 
Gas bealing is conditioned in our model by clastic interactions of electrons with heavy particlcs, 
ion healing by elcctric field, the processcs of the H., rotational excitation by electron impact, VT
relaxation, non-resonance VV-exchange, and 1ransi1ions of the H,(X,v) to unbound levels: 

e+H,(X,v)-> e-"H,(Y ,E>Dv)-> c~H(n)+H(n')+(E-Dv), (1) 
where Dv is the dissociation potcntial of the Y term. 
Figs. 1.2 illustrate results of calculations for characteristic parameters of the discharge: grid hole 
radius R---0.2 cm, total current /=200 A (mean current density j= 1.6 Wcm2), concentration of 
heavy particles N= 101• cm-J, wall tempcraturc Tw =400 K. A dome-like radial distribution of 
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eleciron concentration, n.(t=O,r), was set as an initia! condition; the quantities T(t=O) and N(t=-0) 
were taken radius-independent. A comparison of results obtained for different values of 
n.,,(t=-0,r=O) shows that electron concentration profiles and electric field become the same only 
within "'l 00 ns after the discharge initiation (sec Fig. l ). A characteristic duration of the thyratron 
conduction phase bas the same order of magnitude, that indicates a bad fulfil.lmenc of the steady
state approximation under conditions being considered. Note also that concentration of hydrogen 
atoms does not reach any steady state at all. 
Calculations reveal a formation of an intense plateau (3$V:S:l4) in the vibrational distribution of 
the H,(X,v) molecules on the level of <:>10-2 within "50 ns, which is conditioned by processes of 
excitàtion and irradiation of the H, singlet terms. This indicates that a consideration of the H, 
vibrational kinetics is necessary when dealing '"ith this type of discharge. -
lt is shown (Fig. 2) that the main mechanism of ga~ heating is the dissociative channel (1) not 

considered in [1,2). However, even '"ith a significant acceleration of heating, the profile of gas 
pressure in the column does not smooth out within ::>200 ns (Fig.2). According to the model [1 ,2] 
the discharge quenching under conditions being considered sbould occur significantly earlier (in 
,,,50 ns). 
Preliminar)' calculations indicate also that at R?: 1 cm the column may stratify due to the proc
esses of the H atoms stepwise ionization. Such a stratification is possibly one of the mechanisms 
determining the discharge quenching. 
In conclusion authors express their gratitude to E.I. Lapshin for the initiation of the work and 
helpful discussions. This werk was partailly supported under grant No. 713-224 of NWO 
(Netherlands Scientific Society). 
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INVESTIGATIONS ON A Ne-H2 PENNING PLASMA LASER 

G.M .Petrov. M.S.Stefanova and P.MPrarnatarov 

Georgy Nadjakov Institute of Solid State Physics, Bulgarian Academy of Sciences, 
72 Tzarigradsko Chaussee, 1784 Sofia, Bulgaria, 

FAX: +359-21750095, E-Mail: ppramat@bgcict.bitnet 

The Penning Plasma Laser (PPL) is based on recombination population of the upper laser level 
(liLL) and dcpopulation of the lower laser level (LLL) through Penning reactions with buffer 
gas atoms or molecules [ l]. 

A simple kinetic model of Ne -H2 PPL operating on the Nel 585.3 nm line (2p1 -Js2 
transition) is proposed in this paper. The negative glow of a hollow cathode discharge at 
intermediate pressures (5 -30Torr) and high pcak currents is considered as an active mediwn. 
The model allows to estimate the basic plasma parameters (UIL and LLL population. electron 
and ion densitics and electron temperarure) and inversion population conditions depcnding on 

the macroscopie plasma parameters: Ne and H2 pressures and peak current value. The 

calculations are carried out under steady state conditions at the pcak of the current pulsc . 
.'\ simplified kinetic scheme for the processes is considered. including two levels only - the UI.L 
and the LLL, undcr the following assumptions: 

• the UI.L Ne(2p 1) is populaled through two-electron recombination of the Ne + ions 

and dissociativc recombination of the NeJ and NeH + molecular ions. lt is depopulated through 

spontaneous emission, Penning ionization with H2 molecules and electron decxcitation. 

• the Lil Ne( / s:z) is populated by spontancous emission and electron dcexciUtion 

from both the ULL and the block of levels N e( 2 p2 - 2 p10 ). Il is depopulated through 

Penning ionization with H2 molecules. 

The balance equations for the ULL and LLL are wtitten and the following values for the ULL 

and LLL populations are calculated: [ N e ( 2 p
1 

) ] ~ 3. 5 x 1010 cm-3, 

[Ne(ls2 J] ~ 6. 4 x 1010 cm·3 . 

The elcctron density n.. is calculated by solving the balance equations for charged particles. lt is 

assumed thal the Ne + and Hf ions creation is due to ionizations by fast electrons and that these 

ions are destroyed by two-electron recombination and dissociative recombination, respcctively. 
According to the conventional model of the hollow cathode discharge the electrons emitted 
from the cathode by ion bombardment are accelerated in the cathode dark space up to energies 
corresponding to the cathode fall . Thcn they penetrate the negative glow region losing !heir 
energy mainJy by ionizations and excitations, being distributed homogeneously in the space. 

The Ne and H:! ionization and excitation rates by fasl electrons are calculated using the 

ionization and excitation frequencics ( '1on• 1e..c ) [ 1 J. Al H2 and Ne pressures of 2 /Torr and 

4Torr , respcctively, the electron density can be expres.c;ed a~ : "r ~8x1a13 / 14.cm-3. 
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The electron energy balance equation have to be solved since the recombination processes 

depend strongly on the electron temperature T,. In the presence of H2 rnolecular gas and at low 

electron temperatures T, < / - 2 e V the major contribution to the electron gas cooling comes 

from lhe H2 vibrational levels excitation. The electron cooling by elastic collisions with H2 
molècules and Ne atoms is negligibly smalL The electrons are heated by Penning ionization and 

by ionization with fast electrons. At H2 and Ne pressures of 2 /Torr and 4Torr, respectively, 

and current density of 6 A / cm.2 the electron temperature is calculated to be: T, ;:0.23eV . 

Using the condition for inversion population the threshold and optima! values of H 2 pressures 

and the laser gain a are calculated to be: PH thr = ( 11 - 14) Torr and 
2' 

PH ont = ( 17 - 25) Torr. a ;: 274 %.lm respectively. The optimal value of the Ne 
2 • r 

pressure is estimated to be: PNe,opt = 4Torr. 
Experimental measurements of the laser parameters changes by the discharge conditions 
variations are canied out. The experimentally measured values are compared with the calculated 
ones and are shown in Fig. l a. b. The agreement bctween lhc calculated and experimentally 
measured values is satisfactory. 

500 500 
a experiment a experiment 

400 theory 400 theory 

E E .....,_ 300 ' 300 
1111 1111 

c 200 0 c 200 
ï5 D ï5 
ü ö 

100 100 

0 0 
0 10 20 30 4-0 0 2 4 5 8 

Hydrogen Torr Current density, A/cm 
2 

pressure, 
0 b 

Fig. l . The dependence of the laser gain on the H 2 pres~ure at 4 T orr Ne pres.~ure and 

6 Ak m2 peak current dcnsity (a) and on the peak curren! dcnsity at 4 Torr Ne pressure and 

::o Torr H:! pressure (b). 

When the Penning component pressure is increased above the threshold value, the LLL 
depopulation increases due 10 Penning ioni1..ation and the laser gain increases. When the 
Penning component prcssure i~ higher than a certain optima! valuc, the ULL depopulation 
through Penning reactions also becomes considerable and the inversion population decreases. 

Therefore there exists a region of H:; pressures wilhin which the laser can operate. The laser 

action is duc 10 the specifü: features of the Penning ionization cross section, narnely its different 
valucs for the ULL and LIL of the active gas. 
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A CHEMICAL KINETICS MODEL FOR THE PREDICTION OF HYDROGEN 
DISSOCIATION INA MICROWAVE DISCHARGE 

Abstract 

S. FARHAT, K HASSOUNI. A. GICQUEL 
L.I.M.H.P Univcrsilé Paris Nord 

Av J. B. Clémcnt 93430 Villetaneusc FRANCE 

C.D.SCOTT 
NASA Johnson Space Center 

Houston. TX n058 USA 

A three-temperature chemica! kinetics model was developped to predict the degree of dissociation 
and ionization in a hydrogen plasma excited by microwave under conditions used for the deposition 
of diamond films at moderate pressure (20-60 torr). The effects of the gas and electron temperatures, 
the pressure, the power density and the wall recombination probabiliry were investigated. 

Introductlon 
Chemica! vapor deposition (CVD) of diamond films has been rapidly advanced in recent years. It 

has been concluded [ 1) that the atomie hydrogen plays a key role in the preferential etching of non 
diamond phase with respect to diamond phase. The objective of the present work is to provide a 
guidelines for controlling atomie hydrogen production. The model is tested in specific plasma 
conditions for diamond deposition bel! jar reactor. Figure 1 gives a schematic of apparatus. In the 
hemispherical active plasma zone we consider 7 species H2. H, H+, H2+. H3+, H- and e· wich 
interact through. 18 reactions discussed in a previous paper [2]. These reactions are divided in 
electron-particle reactions (e.g" dissociation and ionization) controlled by the electron temperature Te 
on one hand and particle-particle reactions (e.g" charge exchange and recombination of ions and 
atoms) controlled by the gas tempera!tJre on the other hand. The dissociative attachment reaction e· + 
H2 --) H- + H (v~4) must be reduced by Boltzmann factor for v~4 and hence involves vibrational 
temperature Tv. Rate coefficients for these reactions were detennined using Janev's cross sections [3] 
and assuming a maxwellian electron energy distribution function (EEDf). 

Mathematica! model 
The chemica! model leads to a set of differential equations describing the time evolution of the 

species compositions. 

dCi 
dt - Wi i-1."".7 (1) 

The right hand side terrn is composed of source terms Wj for each species. The catalytic recombination 

of hydrogen atoms on the substrate, H + Wall --) 1/2 H2 + Wal!, was taken into account in the 
corresponding source terrn by converting the wall recombination rate to a volumetrie reaction terrn [ 4) 
by multiplying by the surf ace of substrate to hemispherical plasma volume ratio: 

(2) 

Where y is the recombination probability of hydrogen atoms on the substrate and depends on the 
chemica! nature, the physical state and the temperature of the substrate surf ace. Tww is the hydrogen 
atoms temperature at the substrate surf ace, and R 1 the radius of substrate. 
Since the plasma volume is located far from the bel! jar reactor wal!, the recombination of H on the 

reactor wall is neglected in the present model. 
Source tenns are computed for given T,Te and Tv using CHEMKIN code. The electron temperature 

corresponding to the discharge conditions investigated in this work was previously estimated [2]. 
The set of differential equations ( 1) is solved fora constant pressure. The computation is processed 

until the steady state is reached. The flowchart of the program is given in figure 2. 
The computed chemica] composition of the plasma at steady state and the corresponding range 
parameters values are shown in Table 1 . 

472 



Table 1-a: Range of parameter values 

Name 

Eleccron temperarure 
Gas temperature 
Vibrational temperature 
Pressure 
Wall recombinarion probability 
Substrate radius 
Wall temperature 

t predicted by Scott er al. (2) 

Symbol 

Te(!<) 
T(K) 
Tv(K) 
P(Pa) 

y 
Rl(cm) 
Tw(K) 

Table 1-b: Model prediclions 

mole Base values 1-0 
fraction 
H2 .927 .841 
H .072 . 1 S9 
e- 1.1 • 10-0 1.8. 10· 

"t- 2. 10·2 

.998 
S.9 • 10"' 
1.0 x 10-• 

Range 

1OOOO.l8000t 
1000- 2200f 
1000 - 2400f 
2500 - 5000 . 

0-2xl0·2• 

Base value 

16000 
2200 
2400 
2500 
2xl0-4 
2.5 
1000 

• given by Koemrzopoulos er al. (4] 

P•Svw T•l.tw Te-14000 Te·l~uuu 

.920 .93S .993 .S42 

.079 6.49 • 10" 6.82 x 10-> .4S7 
1.2 x 10·0 1.1 x 10·• 6.7 • 10·• 1.3 x 10-' 

Results show that the gas phase dissociation kinetic is controlled by both gas and electrons 
temperatures. Wall recombination of H-atom is appreciable for '(>2 x J0-4. It has a strong effect on 

both H atoms molar fraction and ionization degree. As a matter of a fact, the increase of y from 0 to 

2.10-2 yields to a strong decrease of both hydrogen atoms molar fraction and electron molar fraction : 

((H] decreases from 0.1 S to 1.8 !0_5.and [e-) decreases from 1.110-6 to J.x J0-8. The major positive 

ion is found to be H3 +over all the parameters range investigated in this work. 

Mi~rowuvc 

Fig-1 Schcmatic of reactor 
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DETECTION OF ABSOLUTE NUMBER DENSITIES OF ATOMIC 
HYDROGEN IN DIAMOND LIKE CARBON (DLC) DEPOSITION 

PLASMAS. 

R. C. Cbeshirel, V. Kornas2, H. F. Döbele2, K. Donnelly3, D. Dowling3, W. G. 
Grahaml, T. Morrowl, T. O'Brien3· 

l. Dept of Pure and Applied Physics, The Queen's University of Belfast, N.Ireland. 
2. Institut fur Laser und Plasmaphysik, Universität GH Essen, Germany. 
3. Forbairt. Dublin. Rep. Ireland. 

Hydrogen atoms play a vital role in rnany technologica) processes. one of which is the 
deposition of diamond like carbon (DLC) thin films. Hydrogen plasmas containing small 
amounts of hydrocarbon gases such as acetylene (C2H2) are used to deposit DLC films in 
a process known as Plasma Enhanced Chemica! Vapour Deposition (PECVD)· The 
presence of atomie hydrogen is important in both the gas phase and at the surf ace of the 
growing film. Hydrogen is believed to react with hydrocarbon species in the gas volume to 
create carbon radicals which are thought to be the key species in diamond formation. 
Hydrogen also srabilises carbon honds at the surface of the film, while at the same time is 
preferentially etching non-diamond deposits such as graphite. In order to gain a complete 
understanding of the role of hydrogen it is e.~sential to monitor the concentrations of 
atomie hydrogen and look at the dependence on pla.~ma parameters as well as gas 
composition. 

An already established two-photon Laser-lnduced Fluorescence (LIF) technique is used 
to detect hydrogen in a 13.56 MHz rf power PECVD plasma. This involves exciting the 
n= 1 to n=3 level of atomie hydrogen with two photons of 205. I nm radiation and 
observing the subsequent transition to the n=2 level resulting in ernission of photons of 
656.3 nm. The LIF signa! is directly proportional to H-atom concentration. 

Absolute number densitie.~ are obtained by eomparing the LIF signals with those obtained 
in a calibration cell based on a double loop hot filament. The cell has itself been calibrated 
against a flow reactor titration set·Up. 

Absolute number densities and hence dissociation percentages of atomie hydrogen were 
thus obtained in both pure Hz and H1\C2H2 plasma.~. H-atom number density was found 
to be higher with C2H2 present and to increase with rf power. Fig. I shows the power 
dependence of the H-atom number density in pure H2 and with 4.7 % C2H2 present. The 
percentage dissociation of hydrogen in the pla~ma was also found to correlate with the 
quality of the DLC film as deterrnined by the refractive index of the films. The dependencc 
of the refractive index on the percentage dissociation of hydrogen in a 1.6 % C2H2\J--12 
plasma is shown in fig.2. 
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Fig 1. The power dependence of the H-atom number density for a pure 0.6 Torr H2 

plasma and with 4 .7 % C2H2 added. 
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Fig 2. The dependence of the refractive index of the DLC films on the percentage 
dissociation in a 1.6% C2H2 plasma. 
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CH* EMISSION IN THE SHEATH 
OF A CHF3 RF DISCHARGE 

E. Stoffels, W.W. Stoffels, i\.11. \"erbeek . G.:\1.W. Kroesen and F.J . De lloog. 
Department of Physics. Eindhoven l"niversity of Technologv. 

P.O. Box .513. 5600 \IB Ei!idhoven. The \etherlands. 

f.o"' pressure CHF 3 containing discharges are common!;· used for selective Plchin11; of Si02 

in presence of Si. As CHF 3 rea<lily breaks up ii: the plasma lo form other species. Jike Ch 
;111d HF. the chemistry of a CHF3 discharge is very complex. The ion induced reactions 
invoh.- i11g high energy ions in the plasma shcath are ,·ery important int.he charac11,risat.ion 
of the etching process and therefore they are both of fundamental and in<lustrial interest. 
The neutra! products of such reactions are generally highly energetic, in contrast to the 
background gas at room temperature. This energy excess is contained in the form of both 
int.erna! (electronic. vibrational and rotational) and kinetic energy. 
In this work we study the emission of the excited Cll molecule (A 2Ll. - X2ll, al,\= ·130 nm) 
in a 13.56 MHz CHF3 plasma. The reactor is a conventional parallel plate etcher, with an 
elcctrode gap of 5 cm. The emission spectra are collected using an EG&G O.MA Il! systcm 
in combination with a 0 .. ) m monochromalor supplied with a 1200 grooves/mm grat.ing. 
The emission band of CH· is found to he strictly localiscd in the plasma sheath at th<' 
powered elect.rode. lt appcars as a charactcristic blut> glow with a thickness of aho11l 1 . 
2 mm, positioned just above the rf elect rode. \o CH" emission is found in the pla~ma glow. 
so this cmission cannot be due to exc:itation by plasma electrons. furthermore, secondary 
electrons can be also exclu<led, as the thickness of this 'CH glow' is smaller than thcir mean 
frf'C" p;ith Thf' speet ral shap" of the emission hand indirat.es that the radi;iting species are 
rotationally hot. Si nee our wavelcngth resolution is insufficient to resolve t hc individual 
rotational lincs, we have simulated the gencral shape of this band, using vibrntioual and 
rot.ational tempcraturcs as fit parameters. The simulation program ha.' hccn d<·,·elopcd 
by h:oulidiati and Beulens [!] . In figure 1 a typical mca..i1rcd spectrum is shown . The 
lwst fit has been ohtaincd for rotational and vibrational lemperatures of -tOOO and 6000 I\, 
resprctiw•ly. As these tcmperaturcs are much higher t.han the backgro1111d tc111pf'ra1 Hr<'>' 

in an rf pla.,ma (about 3;)() K, see l2Jl . we concludf' lhat this pro<lurtion of exri1<•d Cl! in 
the sheath is a result of an ion inducc<l reaction. 
The w;ivelength integratcd emission intensity of this band is approximately proportional 
to th<' rf power. This can be expected for most emission intensities, as thcy follow either 
the elcctron or the ion density, which in turn increase lincarly with power. Figure 2 shows 
the total (wan:length integrated) CH" cmission int.ensity as a function of prl'ss11ri• . Tl1<' H0 

intcnsity. meas ured in the plasma glow. is gi,·en for comparison. The pressure dcpcndence 
of Ctt· ernission is essPntially difff'rent from this of H0 and it resembles the prcssurc depen· 
dence of the total ion <lcnsity in a CHF3 plasma [2). In figme 3 the gas flow dcpendencies 
of the Ctt· and H0 e111ission intensities are shown. As the charge densitif's do not vary 
with the gas flow. these dependencics are altrihuted toa varying plasma composition. lt 
is k11own tha.t. CHf J dissociatcs readily in t hc plasma and its dissoci;ition dcgrei> incr<'ascs 
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with <lecreasing flow pl. The CM" emission imensity correlates wiLh the CHf3 <lensity. 
which suggests that the presence of CHF:i in the plasma is important for the format ion of 
excited CH in the sheat h. Therefort> CH" is possibly creat.ed in a collision bctween a CHF J 

molecule and a fast posit ive ion. 

1. J.J. Beulens. Ph.D. Thesis. Eindhoven tniversity of Te.chnology, 1992. 
2. i\l. Haverlag. Ph.D. Thesis. Eindhoven Cnivcrsity of Technology, 1991 . 
3. l\l. Haverlag. E. Stoffels. W.\.V. Stoffels. G.:vl.W. Kroesen, F.J. De Hoog, accepted for 
publication in J. \'ac. Sci . Techno!. A, 19H4. 

Figure 1. A typic<1i CW spectrum at 
50 mTorr pressure. 100 W input power 
and 50 seem gas flow (solid line) and a 
sirnulated spectrum (dashed line) with 
·1000 K vibrational and 6000 K rota
tional temperature. The P branch can

not be fitted accurately due to interfer
ing plasma emission . 

Figure 2. lntcgrated CH· em1ss1on 
intensity a~ a function of pressure at 
100 W rf power and .)Q seem flow. The 
Il" intensity (scaled) is shown for com
parison. 

Figure 3. lntegra1ed CH· cmission in
tensity and lhc 1!0 intcnsity (scaled) a.' 
a function of gas flow at .jO mTorr pres
sure and 100 \V rf power. 
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LASER INDUCED FLUORESCENCE OF SiH2 IN A SILANE PLASMA 

Moritz Heintze and Ralf Zedlitz 

lnstitut für Physikalische Elektronik. Universität Stuttgart. 
Pfaffenwaldring 47, D-70569 Stuttgart. Germany 

Introduction 

In plasma enhanced deposition (PECVD) of amorphous hydrogenated silicon (a-Si: HJ the 
formation of the silylene radical (SiHol is an important primary step of the decomposition of 
silane. Laser induced tluorescence -( LIF) was used successfully in tlashlight photolys is 
experiments. where high concentrations of the radical were produced for short times. to prove 
the presencc of SiH, and to investigate its reactions with different gases l 11,121 . The difficulties 
in detecting SiH, in- a typical silane glow discharge (GO) used for PECVD originate from the 
low steady state éoncentration and from the self emission of the plasma as well. Therefore only 
other methods have been applied so far [3].[4].[5] . In this study we show that undoubted 
detection of SiH2 is possible with a conventional LIF setup if some necessary requirements are 
mei. 

Experimental 

The silane plasma was maintained in a DC driven parallel plate reactor with symmetrical 
electrodes (9cm diameter. 3cm separation) . The base pressure of the high vacuum chamber was 
5 x I0·7 mbar. As GD parameter we chose a pressure of 0 .2 mbar and a discharge current of 
IOmA which is comparable to typical deposition conditions for high quality a-Si : H films in this 
systcm. The proccss gases were mixtures of SiH4/H2 and SiH4/Ar respectively. 

The silylene radicals were excited 
around 580nm (020-000 vibrational 
transition) by a pulsed tunable dye laser 
providing 14ns pulses of 60-BOmJ. The 
tluorescence was detected temporally 
correlated to the laser pulse by a photon 
counter and a fast sampling electronic 
(200MHz) at 615nm (010-000 transition). To 
suppress the self emission of the plasma and 
since the distance between pumping and 
detection wavelength was only small. it was 
necessary to place a monochromator and an 
edge filter in front of the detector. 

Results and Discussion 
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Fig. 1: UF spectrum of SiH, as func tion of the 
excitation wavelength (solid- line - measured: 
dotted line - literature t) . 

Figure 1 shows the Ll F spectrum of the SiH2 radical measured in the plasma of a gas 
mixture of 2sccm SiH4 and 20sccm /\r. A spectrum from literature 1 is plotted for comparison. 
The agreement is vcry good and confirms the correct classification of the observed lines. The 
signa! is still small and was not at all visible in a pure silane plasma. The Ar dilution reduces 
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the number of collisions of silane molecules 
and fragments with the excited SiH, which 
quench the fluorescence effectively dÜe to the 
high reaction rates2. 100 0 

•• 10 

0 

Oo 

• 

0 
0 0 

0 0 0 

0 Oo 
0 

0 

1-------+~..._~-------~+--1 
0 25 50 75 100 125 
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The decay of the fluorescence excited 
at 579.32nm is shown in figure 2. Using the 
same conditions as in fig. 1 the signa! was 
recorded with and without plasma. The 
exponential behaviour of the decay indicates 
that really fluorescence is observed. The life
rime of the excited state is determined to be 
r = 20ns. This is shorter than the findings of 
Thoman 1. but corresponds wirh the results of Fig. 2: Decay of the fluorescence ; end of the 
lnoue2 who reported a quenching by rare gas laser pulse at 14ns; (• without plasma). 

atoms. The signa! without plasma confirms 
that the fluorescent species is produced by the plasma. 

The fluorescence lifetime is strongly 
intluenced by the type of the dilution gas and 
the conditions of the reactor walls (see figure 
3). Changing from Ar to H, in a highly 
diluted silane plasma (1: 19) reduces the life
tirne r to about half (fig.3a) . In addition to 
the reaction of Sil-10 with H, which occurs at 
a low rate2 but is favorablê due to the high 
Ho concemration. in this case an exchange of 
vibrational energy is possible 100. A severe 
reduction in r is observed for the same H, 
uilution (fig.3b) when the lluorescence is 
mcasured i) immediately after starting the 
plasma and ii) after about 20 rninutes of 
deposition in an either previously cleaned 
(metallic surface) or for at least 24 hours 
pumped (oxidized surfacc) reactor chamber. 

100 fa) (bj 60 

]4-0Î 
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Fig. 3: (a) Comparison of the LIF signa! in Ar 
and 1-1 2 diluted plasmas; (b) LIF signa! for 
differem reactor wall coditions (1-12 dilution). 

This indicates a loss mechanism for the silylenc rauicals primarily by surface reactions during 
the deposition process of a-Si :H. 
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ATOMIC HYDROGEN DENSITY INA ORDINARY AND 
MAGNETICALLY-ENHANCED RF DISCHARGE PLASMA IN THE GAS 

MIXTURE AGRON/METHANE 

S.V.Avtaeva, lvl.Z.:\-famyt.bekov and D.K Otorbaev 

Scient.ific-engineering center 'Jalyn ' Kyrgyzstan Academy of Sciences. 
Chui prospect 26') A. Bishkek. î20071. Kyrgyzst.an. 

Because of their outstanding physical and chemica! properties. hydrocarbon films deposited 
under strongly non-equilibrium plasma conditions play an important role in modern technol
ogy. At present one of the most important topics about plasma enhanced chemica! vapour 
deposition concerns with the problem of generation and transport of the hydrogen short
living reactive atoms in the hydrocarbon plasma,. This paper describes comparative optica! 
aninomctry measurements of H atoms densit.y in a t.wo kinds of plasma-d1emical reactors. 

The experimcnts were carried out in an assymetrical capacitive coupling RF reactor. 
RF power from the generator applied to the stainless steel plane elect.rode situat.ed in t.he 
middle of the chamber at a frequency of 13.56 Mllz. The walls of cylindrical chamber were 
gro1111ded. Two regimes of RF discharge have been investigated: the ordinary (RF) and 
magnet.ically-enhanced (MERF). In a Jatter case the magnetic coils created in the chamber 
a homogenious magnetic field in respect to the vertical axis, wit.h the st.rength of 11 mT 
at maximum. During the experiments the param<.'tNs of RF discharge were in the ranges: 
input. power JO - 200 W, gas pressure 0.1 - 8 Pa, gas mixture va.ried from CH 4 - Ar (1:99) 
to CH1 - Ar (99: 1 ). To measure the spectra! line intensities the optica! system, bascd on 
rnonochromator with a focal length of 0.6 rn and photomultiplier has been used. 

For both types of discharges the intensities of the argon 591.2 nm and atomie hydrogcn 
II~ 656.:! nm spectra!' lines have been mcasurcd as a function of the power, prl:'ssnre and 
proporlio11 of the gas mixt.ure Cil 4 - Ar. The intensit.y of bot.h Ar and 1! 0 speet.ral lincs werc 
higher in MERF discharge, so thr eleclron density must. be higher in ~!ERF discharge as 
wc.Il. For the i11tensities of both Ar an<l II" spectra! lines in MERF clischargc almost lincar 
depen<l"nce on the input powr.r takes place. On the other lian<l lhe inlensity of Il" line in 
ordinary RF <lisrharge increased not. linearly. 

Figure l(a) illust.ratcs the variation or the 111 0 /IA, ratio as a fund ion or input pown. 
In order to int.erpret the results il is important to find a correlation bet.ween the inl.ensit.y 
ratio of Ar and H" spectra[ lines with the H atom absolute densit.ies in its ground dcctronic 
state. Al that. moment the qualitativc optical actinometry has not been properly establishe.I 
for t.he plasma diagnost.ics. Howevcr preliminary analysis shows, that. such an approach one 
could use to estima.te the relative popula.tion density of H atorns in the ground elect.ronic 
state. At. lea.'1. a monotonie function relating the ratio IH,./IA, t.o the grou11d state de11sit.y 
of H can be assumcd, even if a linear function is not. realised. 

In the MERF discharge both Ar (591.2 nm) and H" line intensities had non-monotonie 
character with the variation of the partial pressure of argon (PcH, = 0.1 Pa.) with the 
maximum at P = 1 - 2 Pa.. In the ordinary RF dischargc this ratio rises wit.h increasing of 
part.ia! pressure of argon. Probably it is connected with incrcasing of the input power. since in 
H F disd1arge the power dissipat.ed in the plasma depr.nds 011 the rn11ditio11. On th<' cont.rary 
in all of cxpcrimental co11ditio11s of MERF disc.ha.rge the input power are f11lly dissipate<l in 
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t.he plasma. In Figurc l(b) the pressurc dcpendence of the value of (IH0Jl.4, )·P_4,. which 
is proportional to the absolute density of atomie hydrogen. is shown. Both for ordi11ary 
RF and l\fERF discharges, with the constant part.ia! pressure of methane the intensitie.s 
of the spectra! lines increases monot.onically with increasing of argon partial pressure. In 
\-!ERF discharge where dissipated power remains constant. we observed the reduction the 
argon speet.ral line intensity with increasing of the partial pressure of argon. One of the 
possible explanation could be in lowering of electron density and/or tempcraturc, and the 
enhancement of the collisional processes in t.he plasmas, which leads t.o the depopulation of 
excit.cd stat.es of Ar. For the ordinary RF discharge it is also because of decreasing of the 
dissipatcd power, i.e. lowering the electron density in the plasmas. For the emission of H" 
line the maximum of intensity was observed at P '.:::'. 2 Pa. 

The ratio lu"/IM as function of parti al pressure of methane is shown in Figure l ( c). 
In MERF discharge at a pressurc of P :::: 2 Pa this ratio, which is proportional to the total 
atomie hydrogen density in the plasmas (and hydrogen dissociation degree), more than order 
of magnitude higher than in RF discharge. At a pressure range P ~ 2 Pa, the density of 
hydrogen atoms slowly decreased on hoth types of discharges. 
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Figure 1. The dependence of relative atomie hydrogen density in ordinary RF (o) and 
:VIERF (D) discharge plasmas on ext.ernal conditions: a) on input power; b) on argon partial 
pressure: c) on methane parti al pressure. 

We conclude the following. The absolute density of H atoms both in ordinary RF and in 
:V1ERF discharges was higher with increasing of input. power and partial prcssure of argon. 
lncreasing of methane partial pressure in the gas mixture argon/methane leads to the strong 
rising of H density in MERF discharge with the maximum at a pressurc of P :::: 2 Pa. In the 
ordinary RF discharge it was not obscrved. 
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MASS SPECTROMETRIC INVESTIGATION OF THERMAL- AND PLASMA 
ACTIVATED REACTIONS IN HYDROGEN-HYDROCARBON MIXTURES 

Ch. Schwärzler. J. La!mer and H. Stört 

Instltut für Allgemelne Phys!k, Technische Universltät Wlen, 
Wledner HauptstraJ3e 8-10. A-1040 Wlen. Austrta 

INTRODUCTION 

Low pressure synthesls of dlamond nonnally takes place In hydrogen-rlch 
hydrogen-hydrocarbon mixtures. Different gas dlscharge techn!ques by means of 
microwaves, de. and r.f. actlvatlon, or just thennal actlvatlon by a hot filament are 
used for galnlng the non-equilibrium state of the gas phase necessary for 
depositing diamond films. We investlgated chemica! processes. both. by thennal 
activatlon and actlvatlon of the reactlon by a gas dlscharge producing a super
saturatlon of atomie H. One Important aim of this study Is to verlfy and improve 
numertc modelling of the chemica! reactlon system [IJ. 

EXPERIMENT AL 

An electrodeless r.f. plasma (dlscharge length 20 cm) In a quartz tube of 2.5 cm 
Inner diameter is the centreplece of the experlmental set-up (Fig. l). Over the 
length of 80 cm the tube Is positloned Inside a well lnsulated electric fumace to 
prov1de a homogeneous temperature from room temperature up to 1200°C. The 
initia! gas composllion Is set by means of mass flow controllers whereas the gas 
composltlon downstreams Is analysed with a mass spectrometer. Full details of the 
set-up are gtven elsewhere [2]. 

Expertments have been perfonned In the pressure range between 5 and 100 mbar 
with r.f. powers up to 200 W. Source gas was hydrogen with an admixture of 
elther methane or acetylene. The fractlon of carbon compared to hydrogen was 
between l and 5 percent. 

fecd '>tod: 
CCH4. H2 .. .. ) 

3 zone tube fum:sce 
(îmox = l 200"C) r.f. sh1elding (swinlcss Stl'l°I) 

-10 m:1:-s s1>e.:tro1t1eter 

Flg.l: Expertmental set-up 
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RESULTS AND DISCUSSION 

Experiments show a complex dependence of hydrocarbon reactions. both on 
temperature and r.f. power. The most Important hydrocarbons observed are 
methane and acetylene with minor concentratlons of ethene. Uslng a hydrogen -
methane mixture. considerable acetylene formatlon is observed above 1050°C In 
rough agreement w!th the numeric model. The discharge tends to enhance 
acetylene formaUon at all temperatures leadtng to a . quasl-equ!librtum" where the 
composltion of the gas downstreams of the reactor does not depend on whether 
methane or acetylene is orlglnally added to the hydrogen. 

Fig. 2 shows the comblned effect of healing and plasma. Whereas for 
temperatures up to 880°C lncreaslng temperature favours the fonnation of C2H2 at 
low powers. C2H2 is formed more slowly at even higher temperatures. No such 
effect Is observed for the converslon of C2H2 lnto Cf4. 
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Flg.2: Fracllon of C present tn the form of acetylene 
with respect to tota l amount of C In the gas -phase 
(summed over a ll hydrocarbons] 

We thlnk. that at moderate temperatures and low plasma powers (I.e. H-denstUesl 
the decomposltlon of C2H2 is blocked klnetlcally. We are presently performlng 
model calculatlons on thls subject. 

The authors gratefully acknowledge fina ncial support of the present work by the 
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