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CHAPTER 1. GENERAL INTRODUCTION 

In recent year~ the hollow cathode discharge has been succesfully p
sed as a source for metal ion lasers. The laser is one of the recent 

achievements of physics with a great impact on modern society. There 
is still much work going on to find new laser systems that operate 

at various wavelengths especially in the ultraviolet, or to make sys

tems with higher efficiency. Also research is being done to gain mo
re insight in the operation of already existing systems. 

Thia thesis can be considered as an example of the latter type of 

research. Th~ work here concentrates on the neon-coppe~ hollow ca
thode discharge. This discharge has been used to build lasers with 

a high output in the ultraviolet at wavelengths around 260 nm. The 

main difference of this laser compared with excimer or exciplex la
sers, which also operate in the ultraviolet, is that it can be ope

rated in a continuous wave mode. Other c.w. ultraviolet lasers, ar
gon or krypton ion lasers, have longer wavelengths, ar~und 370 nm, 

and they have lower efficiencies. Another advantage of the hollow 

cathode laser is that many different metals can be used as cathode 

material giving a large variety of wavelengths varying from ultra

violet to infrared. 

Its properties also make the copper-neon laser a good source to pump 

a dye laser. for instance with p-terphenyl as a dye, wavelengths be

tween 320 and 380 nm can be reached. This region is very interesting 

for high resolution spectroscopy because many atoms and molecules 
have absorption linea in that spectral range. Other applications of 
this laser can be found in fluorescence-activated sorting of cella 
from solutions of tissues, medical therapies for skin d~seases and· 

I 

tumors, photolitography where a higher spatial resolutiQn can be ob-

tained or in getting tunable radiation at wavelengths below ZOO nm 
by optical mixing. These topics are discussed in a review article by 

Gerstenberger et al (GERBO). This article presents the results ob
tain~d with hollow cathode metal ion lasers upto 1980. 

It also describes measurements that have been carried out and calcu

lations that have been made about the hollow cathode discharge. Se-

veral parameters of the plasma inside the hollow cathode have been 
measured but the results are not extensive. Another disadvantage of 

the measurements is that they have been made in different cathode 



shapes at different current densities and pressures. Discharge model

ling is also limited, only a qualitative picture has been made. 

This thesis presents a variety of measurements of properties of the 

discharge, under experimental conditions as much controlled as pos~i

ble. Besides this, new methods are proposed to measure the tempera

tures of gas atoms and electrons with the optogalvanic effect. Other 

measurements reported are about densities of excited states of neon 

and copper,electron densities,copper ground state densities and the 

relative densities of neon and copper ions. 

The results of the measurements will be used in various calculations. 

At first the energy of ions arriving at the cathode will be calcu

lated. Than the electron energy distribution function will be consi

dered. Finally the diffusion equations will be solved to obtain the 

spatial distribution of copper neutrals and copper and neon ions. 

So the main theme of this thesis is to get a better understanding of 

the hollow cathode discharge, based on more and improved measurements 

of the parameters of the various plasma constituents. This will also 

be important for other applications of the hollow cathode discharge. 
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CHAPTER 2. CONSIDERATIONS ON THE HOLLOW CATHODE DISCHA~GE 

This chapter describes several features of. the hollow cathode. first 

something will be said about the history of the hollow cathode metal 

ion laser. Then a general description of the hollow ca~hode dischar

ge is given, followed by a detailed presentation of the discharge 

which was developed for the measurements described in this thesis. 

finally several pHysical processes that occur in the di~charge will 

be discussed with emphasis on those that are important for laser ac

tion. 

2-1. The development of the hollow cathode laser 

One of the media that is widely used for laser action is the electri

cal discharge in a gas. In 1960 Javan et al were the first to build 
' 

a succesfully operating optical maser (JAV61). In a helium-neon mix-
ture excited by electromagnetic waves at radio frequencies they found 

oscillation at five wavelengths between 1100 and 1200 nm, i.e. in the 
near infrared. Other types of gas discharges have been used later , 

·e.g. the positive column, the negative glow and many types of pulsed 

discharges. A good review of this subject is given by Willett (WIL 
74). 

The hollow cathode discharge was used for the first time by Smith in 

1963 also for the excitation of a helium-neon laser (SMI64). Several 

years later Scheubel found laser action in cadmium vapour in a hol

low cathode discharge (SCH70). The cadmium vapour was produced by ex
ternal heating. 

In 1974 Csillag et al came with a new type of hollow cathode laser 

(CSI74). The important feature was that they found laser lines origi

nating from the spectrum of the cathode material, i.e. the 780.8 nm 

line of copper. This material enters the discharge by sputtering, 

i.e. the bombardment of the cathode by energetic ions ffom the dis- 1 

charge thereby releasing metal atoms from the surface. I 

One yea~ later McNeil et al had found 23 laser transitions in the 

Cu-ll spectrum (NEI75). They used helium as buffer gas and concluded 

that for. twenty transitions the population inversion wak achieved by 
charge transfer, some including cascade, but the remaining three had 

to be explained with Penning ionization. All these transitions were 
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between 450 and BOO nm i.e. from blue to near infrared. 
Shortly after this McNeil also discovered laser transitions in the 

ultraviolet ranging from 248.5 to 270.3 nm, using .neon as a buffer 

gas (NEI77). Collins had predicted these transitions long before but 
the mirrors for this wavelength range are difficult to make (COL70). 
A lot of work has been done after this to find other transitions 
(JAIBO), to optimize output power (SOLBO, EICBO) a~d to find better 

cathode configurations (ROZ77, REIBO, ZENBO). A,large variety of me
tals has been. applied to obtain laser action in hollow cathodes, e.g. 
Cu, Ag, Au, Pb, Sn, Fe, Al, Cd, Mg and others. A compilation of the 
lines found from these elements is given by Bennett (BEN79). 

In this thesis special attention is given to the copper-neon laser 
because of its high output in the ultraviolet. The highest output po
wers reached up to now are 200 mW continuous (EIC81), 900 mW in 4 me 

pulses (EIC81) and 1300 mW in 120 pa pulses (SOLBO). Most of the re

search on this laser is aimed at reaching longer lifetimes of the ca
thode (GR082), to optimize output power (EICBl) and to reach longer 
pulses or higher cw output power (AUSBO). Also elementary processes 
in the discharge are under investigation (GERBO, YAN81). 

2-2. The hollow cathode discharge. 

Since ~ long time the hollow cathode has been used as a source of li
ne radiation from heavy elements with a relatively high intensity. 
The first time it was used was in 1916 by Paschen who had developed 
it (PAS16). Later many others used it for spectroscopic investigati

ons, for example Ritschl who measured the hyperfine structure of se
veral copper lines (RIT32). The hollow cathode is basically a glow 
discharge. It is possible to classify the operation of the hollow ca
thode discharge looking at the positive column. In figure 2-1 a posi

tive column is sketched. There are four dark regions and four light 
emitting regions. The most pronounced are the negative' glow and the 
positive column. Because the latter is by far the largest region this 
~ischarge is named that way. The intensity of the spontaneous emis~ 
sian is not very high because the current must be limited to keep 
the discharge stable. It was shown by Little and von Engel that the 

current density at the cathode surface increases two or three orders 
of magnitude, at a constant cathode-anode voltage, when the negative 

4 
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glows at cathode parts overlap (LIT54). The intensity of the emis

sion from this glow also increases strongly. This type of discharge 

is called a hollow cathode discharge. Its main feature ~s that the 
negative glow is captured inside the cathode. Whether the discharge 
will actually burn within the hollow cathode depends on the product 

of the pressure and the smallest linear dimension within the cathode. 

But also other, non-insulated parts of the cathode may carry a nega

tive glow. This means that not always the current density inside the 
cathode can be derived from the total current. Insulating these 

parts gives problems because there may be a glow on th• boundary of 

catho~e and insulation. This will bring insulation material in the 

discharge and this will influence the characteristics of the dischar
ge!, e.g. the burning voltage and the densities of ions :and excited 

states. 

Figure 2-2 shows various cathode configurations that have been used 
'to construct hollow cathode lasers. The first is the slotted type, A, 

as used by McNeil et al. It can be easily made, but it suffers from 

the difficulties mentioned above (NEI75). The second is the segmen
ted discharge, B, developed by Eichler et al. Its advantage is that 

the length of the discharge can easily be changed (EIC~O). Another 
is the flute type, C, made by Fujii which is almost the same as B 
(FUJ75). A somewhat different construction is the hollow anode dis

charge, D, of Rozsa et al. The anodes inside the cathode partly ob

struct the discharge. This leads to an increase of the burning vol
tage and a higher laser output (ROZ77). A design with multiple elec

trodes, E, is given by Zeng-Qi Yu et al. It can be used with a three 
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Fig.2-2: Various oonfigurations of hoHotJJ oathode ~aser disoharoges. 
The hatohed regions are the negative g~otJJs. 

phase AC power supply (ZENBO). The last example is a coil hollow ca

thode developed by Grozeva et al. The operating voltage of this dis

charge changes with the distance between the windings and the dis

charge inside is very stable (GROB2). 

2-3. Construction and operating conditions of the discharge. 

In the previous section an overall impression was given of the ope

ration of a hollow cathode discharge. Also some difficulties were in~ 

dicated concerning the practical feasibility of the discharge. There 
are two problems. The first is to get the glow only inside the catho-• 

de, the second is to avoid contamination. The best material for a va

cuum system is stainless steel, because it has a low outgas rate and 

it can be baked out. It has however the disadvantage that parts of 

it must be insulated to have the discharge within the cathode. As 

mentioned there should be no glow on the edge of cathode and insula

tion. In the cathode constructed for the measurements presented here 

this has been prevented by the method of the obstructed discharge. 

If cathode and anode are positioned at a distance so small. that an 
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electron in between does not have the chance to ionize gas atoms, no 

current will flow. Figure 2-J shows how the discharge ~as realized. 
The hatched part is an OHFC copper pipe of 50 mm lengtfu and 7 mm in

ner diameter. It is welded to a stainless steel tube with standard UHV

flanges. The cup-shaped anodes (black in the drawing) have holes·of 

9 mm. They are positioned so close to the cathode that there is no 

discharge between them. The rest of the stainless steel tube is insu

lated with a quartz tube and inside of the electrical feedthroughs 

there are small glas balls. This ensures that the glow will burn on-
ly inside the cathode. 

The operating pressure depends on the inner diameter of the cathode 
as mentioned before. If the pressure is too low the mean free path 

of the electrons will be larger than this diameter and the glow will 

not go inside. When the pressure is too high the discharge becomes 

annular and is no longer a hollow cathode discharge but becomes an 

abnormal glow discharge. In practice the discharge works well be
tween 2 and 8 Torr, i.e. 264 and 1056 Pa. The unit of pressure has 

been taken as Torr because the measuring equipment was calibrated in 

that fashion. The current can be varied between 1 rnA and 1 A. Above 
! 

this value the discharge becomes unstable. This impose~ a maximum cur-
rent density of 100 mA/cm 2, which is above the laser t~reshold of 70 
mA/cm 2 (NEI77). In figure .2-4 the voltage of the discharge is shown. 

The anode construction makes it impossible to use longer cathodes. 

The discharge would only burn at the end of the cathode. Since the 
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aim of this work is to measure elementary processes in the discharge 

and not to build a laser this restriction is not a disadvantage. 

2-4. Important processes in the discharge. 

In the preceeding section a short description of the hollow cathode 

discharge was given. To understand more about the discharge it is ne

cessary to take a look at the elementary processes occuring. A good 

review on this subject is given by Willet (WIL74). Some properties 

that are relevant to the laser operation will be treated here. An im

pottant physical parameter is the electric field and its dependency 

on the position in the discharge. Already in 1954 Little and von En

gel measured the electric field in a hollow cathode discharge (LIT 

54). They found similar results as Warren did one year later for the 
normal negative glow (WAR55), Going from cathode towar~s the glow 

the electric field decreases almost linear with position and it beco-
--

mea nearly zero in the glow. To be able to measure this, a large hol-

low cathode was used at a very low pressure and current to obtain a 
large cathode dark space. It is generally accepted from discharge 

scaling laws that the product of pressure and a characteristic length 

is constant. This would imply that at higher pressure the electric 

field will still have the same shape. It has been measured that at 

high currents the length of the cathode dark space becomes much smal-
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ler and so as a first approximation it will be assumed that the 

electrical field is linear. The important resul~ is that the poten

tial drop between cathode and glow is almost the full burning vol

tage and that the potential difference between anode and glow is 

only a few volts (WIL74). 

The impact of this conclusion on the processes in the discharge is 

very large. Consider an electron that is released from the cathode 

surface. It will be accelerated by the electric field and, assuming 

that in the cathode dark space no collisions occur, it will have an 

energy of 200 to 250 eV upon reaching the glow (see fig. 2-4). This 

fast electron, usually called beam electron, can loose its energy by 

elastic and inelastic collisions with gas atoms and by elastic col

lisions with electrons. To obtain insight in the relative importance 
'of the various processes their energy relaxation times, will be esti

mated considering them as isolated processes. 
A time constant TE for energy loss can be defined as: 

(2.4.1), 

where E is the energy and t the time. ror the electron~electron col

lision the Fokker-Planck equation can be used as describ~d by Boyd 

and Sanderson (BOY69). Because there are typically a h~ndred elec
trons within a sphere with the Debye length as radius the collisions 

are not binary but a significant deflection of a particle is more li

kely to, be due to the cumulative effect of many weak interactions. 

Consider a one component plasma of n electrons in thermal equilibri
um, their velocity distribution, f(v), is then given by: 

( 
m ]3/2 (m vJ2 

f(v) = n 21r~T eXp·- 2 ~T · (2.4.2), 

where me is the electron mass, k the Boltzmann constant and T is the 
electron temperature. Now for a test particle with velocity U the e
nergy relaxation time can be calculated. According to Boyd and San

derson this becomes (BOY69, p.292}: 
m 2 u3 

TE = . e4 (2.4.3), 
327rne lnA W(U/v) 

with:W(x):(l(x)- xl 1 (x))/2x 2 

w~ere lnA is the Cdulomb logarithm, I the error function and v the a:· 
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verage velocity of the plasma electrons. In case U>>v-1 , i.e. when 

the test particle is a beam electron, this can be tewritten as: 
(2m.ek)3/2 .Eb 5/2 

TE. ,b : 4 (2.4.4), 
l61rnee lnA T 

where Eb is the en~rgy of the beam electron, ne is the electron den
sity and lnA can be taken 13 for the beam electrons (BOY69). When 
the test particle is a·plasma electron Eb is the average electron 
energy and lnA:6. The interaction of the electrons with gas atoms 
can be dealt with in a simpler way because the atoms are neutral and 

the collisions can be treated as binary. Their frequency v is: 

v = na <va> (.2.4.5), 

na is the gas atom density and <av> is the rate coefficient averaged 
over the electron energy distribution function. There is an impor
tant difference between the two processes that occur. In elastic 
collisions an electron will loose only a fraction 2m /m of its ener~ e a 
gy, ma is the mass of the gas atom. In inelastic collisions an elec-
tron looses at least 16.6 eV if an excitation occurs or at least 21.6 
eV if ionization takes place. This means that for the first process 
around 2 104 collisions are needed for a beam electron to lose its 

energy but for the •econd only around 10. To calculate a decay time 

from 2.4.5 the cross sections must be estimated. In table 2-1 relaxa
tion times are listed. They were obtained with the following 4ata: 
a. ~lo- 21 m 2 a 1 ~3 lo- 20 m2 , n ~1020 m- 3 , T ~1 eV and p~5 Torr. 
1nel ' e e e 

Tabe"L 2-1: Estimated e"Lectt'on enePgy Pe"Laa:ation times (in sec •. ). 

I ~E,b YE,p ~inel ~el 

beam electrGna, ~>::v I 10-7 - 10-8 6 10-5 

plasma elactrGna, U~V - 2 10-9 - 6 10-5 

Several conclusions can now be drawn about the processes in the 
discharge. The first is that electrons with energy above excitation 

threshold will mainly lose their energy in excitation and ioniza- . 
tion. Electrons with energy below this threshold thermalize for the 
largest part by electron-electron collisions and lose their energy 
by eleastic collisions with gas atoms. It also shows that the 
beam electrons cause the largest part of the excitations and 
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ionizations, that is whf the discharge is called beamLmaintained 

(Wll74). 
From 2.4.5 it follows that for the conditions of the hollow cathode 

discharge, the mean free path of the beam electrons is about several 

millimeters. So the beam electrons shuttle from one side of the ca

thode to the other until they have lost their energy. The average 
number of ionizations per beam electron is called the multiplication 

factor, M. For the hollow cathode discharge M will be in the order 

of 10. B~cause the mean free path for ionizing collisions is about 

equal to the cathode diameter the ionizations will be homogeneously 

distributed over the glow. This is different from the situation in 

the norm,al negative glow, for which Boeuf et al calculated that most 

of the ionizations take place in the cathode dark space (BOEB2).The 

relative amount of beam electrons to plasma electrons in the glow 

has never been calculated or measured. Section 6-2 will treat this 

topic further. 
The second aspect of the electric field in the cathode dark spa~e is 

that it draws positive ions towards the cathode. As mentioned before, 

the ion bombardment causes sputtering of the cathode. This sputtering 

is enhanced by the high energy of the ions. Section 6-1 gives a 

treatment on the ion energies at the cathode and their relation to 
sputtering. 

Another process that has to be mentioned here is the excitation of 

the copper atoms. The lines that are used for laser action are from 

the copper ion spectrum. The fact that laser working is achieved im-
. plies that there is inversion in the population of the leve~s of the 

copper ions. The mechanism that produces copper ions in a highly ex
cited state, cu•••, is supposed to be charge transfer (Wll74): 

(2.4.6). 

This reaction is made more clear in figure 2-5. It shows the partial 

energy diagram of copper and neon with the levels important for the 

reaction. According to Massey's criterion the cross section for char
ge transfer can become very large if the energy difference between 

the levels is small, i.e. in the order of the thermal ~nergy (MAS62). 

,But as stated by Willett the situation is much more complicated when 

excited ions are produced (Wll74). Cross sections are observed to de-

11 
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pend in a strongly oscillatory manner on the energy of the incident 

ion. There is a possibility that the selective excitation in charge 

transfer reactions involves crossing of energy levels in which it is 

not clear that the adiabatic hypothesis of Massey has any relevance. 

Unfortunatly the cross section for the Ne+-cu reaction has not been 

measured. For He+-Hg and He+-zn values larger than lo- 19 m2 have 

been found indicating that these cross sections can indeed be large 

(RIS71). 

A subject that also has to be considered is the amount of molecular 
ions in the glow. Because these ions recombine very fast they may 

constitute an important recombination channel in the discharge. There 

are two reactions by which these ions can be formed. The first is 

termolecular association: 

Ne+ + 2 Ne + Ne; + Ne (2.4.7). 

The reaction rate is 0.5 l0- 43 m6s-l as measured by Dielis at JOO K 

(DIE80). This means that the reaction time at the highest pressure 

(8 Torr) and the lowest current (0.1 A) is 2 ms. This time is much 

larger than the time of ambipolar diffusion (lOO~s) which is another 

loss mechanism for charged particles in the discharge. So molecular 

ions will hardly be formed by this reaction. This is in accordance 

with measurements by Pahl in a negative glow. He found molecular 

ion flows of a few percent of the atomic ion flows under circum

stances comparable to those in the hollow cathode discharge used 

here (PAH58). 

12 



The secbnd reaction is associative ionization: 
.·/I 

Ne* + 2 Ne + Ne; + Ne (2.4.81, 

where Ne*'is a highly excited neon atom. For this reaction the pr~
duct of rate and lifetime of the eKcited level has also been measu
red by Dielis. He found lo- 23 m3 • So for a level with n=5 with ali
fetime of 5 10-7 s (GRU78) the reaction time is 5 l0-6s. Combined 

with the low densities of these high lying states (<lo15 m- 3 ) it can 

be concluded that the number of molecular ions formed by this reac-
, ' 

tion is low compared to the formation rate of atomic i9ns. This 

means that molecular ions are not very important in the glow of the 

hollow cathode discharge under the conditions used here. 

So the main characteristics of the hollow cathode discharge are: 

1. efficient excitation and ionization of gas atoms by beam electrons, 

2. sputtering of the cathode by high energy ions and 3. quasi-reso-

nant charge transfer ionization of copper atoms. These three proces
ses make the hollow cathode discharge such a good source for laser 

action. This work is a contribution both in theory and experiment to 

gain more insight in these processes. 

13 



CHAPTER 3. EXPERIMENTAL METHODS 

3-1. Introduction. 

In the general introduction of chapter 1 it has bee~ stated that se

veral parameters of the plasma within the hollow cathode shoul~ be 

measured. In this chapter the methods that have been used for this 

purpose will be described. The methods based on the optogalvanic ef

fect will be treated in the next chapter. 

A standard method to determine temperatures in a plasma is to measu

re the Doppler-width of a spectral line emitted by the plasma. A Fa

bry-P~rot interferometer is an instrument which ~as a resolving power 

high enough to determine .line Bhapes. Section 2 of this chapter gives 

some information on line shapes, the interferometer and how to derive 

temperatures from the measurement. The following part is concerned 

with measuring the densities of ions. To select ions of different 

masses a mass spectrometer is used. It's operation is described in 

section 3. In section 4 it will be shown how metastable densities can 

be measured with the aid of a dye laser. Also a few excited state 
densities can be determined this way. Copper ground state densities 

can be measured with the radiation of the discharge itself. In sec

tion 5 a method is discussed to measure line profiles without Dopp

ler broadening. This is done by saturated absorption spectroscopy. 

From these Doppler-free profiles Stark broadening can be determined 

from which electron densities can be calculated. 

The last two sections deal with the data acquisition system and with 

the single frequency ring dye laser that was used for several experi

ments. 

3-2. Fabry-P~rot interferometry. 

The low density plasma inside the hollow cathode emits line radiati

on. These lines have a certain line width that is determined by para

meters of the plasma constituents. A treatise on line broadening me

chanisms is given by Garbuny (GAR63). A line can also be shifted from 

its original wavelength by the plasma but since shifts will not be 
measured here this topic will not be discussed. 

The minimal line width of a transition is determined by the lifetime 
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T of the uppei level. The decay of this level by spontaneous emission 

gives a line•profile of Lorentzian shape with halfwidth 6v:l/2~T : 

I(v) = 1o (3.2.1), 
1+{2(v-v0 )/6v} 2 

where v0 is the central frequency and 10 is the intensity at the cen

tral frequency. When the emitting source is moving towards or from 

the observer this frequency is shifted by the Doppler effect. Due to 

the Maxwellian distribution of the emitting atoms these shifts give 

a Gaussian distribution of the frequency profile : 

2 v-vo 2 
I(v) = 10 exp {...;!!£__ (--) } 

2kT VO 
(3.2.2), 

where .M is the mass of the atom, c the speed of light, k the Boltz

mann constant and T the temperatuie of the atoms. The halfwidth Av 
of this distribution is related to the temperature by: 

kT 6v = 2v0 I (2ln2 - 2 ) 
Me 

(3.2.3). 

A second effect that gives extra broadening of a line profile is col

lisions of the emitting atoms with neutral atoms. The collisions cau

se a faster decay of the upper level making the halfwidth of 3.2.1 

larger. Since this effect is linear with the gas pressure it is usu

ally called pressure broadening. A second type of pressure broadening 

is ca~sed by the phase shift of the emitted photon when during the e

mission another atom passes at a short distance. The last effect that 
has to be mentioned here is the splitting of a line under the influ

ence of a (static) electric field, i.e. the Stark effect. Since elec

trons give a randomly fluctuating field this also gives a broadening 

of the profile in this case linear with the electron density. Accor
ding to Holtsmark the profile of this broadening is also Lorentzian 
(HOl25), 

To measure line profiles an instrument with a very high spectral re

solution is needed. The wavelength of a line is around 600 nm and its 

width is in the order of 2 pm (picometer). A Fabry-P~rot interferome

ter can achieve a resolving power of 1:106 which is high enough for 

accurate measurement of the line shape. For a good analysis the appa

ratus profile of the interferometer has to be taken into account. The 

interferometer consists of two plane mirrors, at a distance d, with 
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a high reflection coefficient. The transmission function of such a , 

system is an Airy-function (JEN57). The Airy-function is periodic, 

the period being called free spectral range (FSR). Figure J-1 shows 

this function for different values of the reflection coefficient. If 

the reflection coefficient is high a peak of the Airy-function can 

be approximated by a Lorentz profile. But there are other effects 

that also influence the width of this transmission function. The 

most important is the surface roughness of the mirrors. This rough
ness gives a Gauss profile because of its random character. Others 

are non-parallelism of the mirrors, diffraction from the beam aper

ture, absorption,by the mirror surfaces and the size of the pinhole 

that takes out the central part of the fringe pattern to be detected 

These mechanisms give a Lorentzian contribution to the profile. Each 

broadening mechanism has its own half width (full width of the profi

le at the half of its maximum). The quotient of FSR and half width 

is called finesse, so each broadening effect has its own finesse. 

These finesses can be given in formulas (BL076): 

-reflection finesse FR = 'li"IR 

R: reflection coefficient 1-R 

-surface roughness finesse rs "' n/2 

n: surface roughness indicated as A/n 

-non-parallelism finesse FN ::: A. 
2dl3 

d: mirror distance 

a: angle between mirrors 
D2 

-diffraction limited finesse FD ::: 
2A.d 

D: aperture diameter 

A.: wavelength of the line 

Fig. 3-1: The Airy
function for diffe
rent values of the 
reflection coeffi
cient of the mir
rors. 

(3.2.4), 

(3.2.5), 

(3.2.6), 

(3.2.7), 
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-absorption finesse FA "' rr/A 
' 
A.: absorption coefficient of one mirror 

4Af 2 
-pinhole finesse FP "' r 2d f: focal length of imaging lens 

r: diameter pinhole 

The free spectral range is given by 
1.2 

:FSR= 2ci 

(3.2.8), 

(3.2.9), 

(3.2.10). 

To obtain the total finesse all line profiles must be convoluted. 
For lorentz profiles this means that the half widths can be added to 

give the half width of the new profile. In case of a Gauss profile 

the half widths must be added q~adratically. The width of the re~ul

ting profile mus~ f~llow from the convolution. It can be calculated 
numerically (GAU70) or with a tabel (DAV62). In formula this is: 

F-1 = r F-1 
l,tot i l,i (3.2.11), 

F-2 r -2 
= FG . G,tot i ' l. 

(3.2.12), 

where Ftot and Fi are the total and the individual finesses. In prac
tice FA is in the order of 600 (A<0.5%), Fp and F0 are larger than 

( -2 -2 -4 ) 1000 0:10 m, 1.:500 nm, d:lO m, r:lO m, f=0.5 m s~ that Fl,tot 
is determined by FR' F5 and FN. With R>:98% FR becomes >:160. The in
terferometer used for the experiments (Trope! 380) has a piezo-elec

trical fine tuning.· The parallelism that can be reached depends on 

the linewidth of the source (a small width makes it easier) and.the 

skill of the experimentator. The surface roughness of the mirrors was 

better than 1./200, giving FG,tot>=lOO. The apparatus profil~ was me
asured with an argon ion laser. This laser was operated at a current 

so low that only one mode, in the top of the Doppler priofile, oscila

ted. The linewidth of such a mode is around 10- 3 pm whLch is negli
geably small. The measured profile is shown in figure 3-2. The wave

length was 514.5 nm. The profile has been analysed by a computer pro

gram which fitted a Voigt profile to it with a least squares method. 

The result was a Gauss component with a halfwidth of 0.238!0.002 pm 

(FG,tot=llO) and a lorentz component of 0.149!0.002 pm ~(Fl,tot=l75). 
This result is also indicated in figure 3-2. These values give a sur

face rqughness of 220 and a reflection coefficient of 98.2% which a

grees well with the specifications of the ~anufacturer and it shows 
that the paralellism of the mirrors was good. 
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waveleng*h (a.u.) 

Fig. 3-2: Apparatus profiLe of the Fabry-P4rot interferometer. The 
dots are the measured vaLues~ the straight Line is the Voigt-fit 
oaLouLated by the computer. 

Figure 3-3 is a sketch of the set-up used for the measurements with 

the Fabry-P~rot interferometer. The lock-in amplifier was u~ed to ob

tain a good signal to noise ratio. The data acquisition system is des

cribed in section 3-6. The mirror behind the disc~arge, which focus

ses the light of the discharge back into it, was used to see if ab

sorption is present. If not, a Voigt analysis was carried out. The re
sulting Lorentz and Gauss parts have been corrected with formulas 

3.2.8 and 3.2.9 for the apparatus profile. If absorption was present 

, r 
L 

M w A c A 

Fig. 3-3: Set-up of the Fabry-P4rot interferometer. M: mirror~ W: 
~indo~~ A: anode, C: aathode~ L: Lens~ FP: Fabry-P4rot pLates~ C: 
chopper~ P: photomuLtipLier~ MO: monochromator. 
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the profile was measured with and without mirror to be able to cor

rect for it. The results of these measurements will be given in sec

tion 5-l. 

3-3. Mass spectroscopy. 

The composition of ions in the glow is of fundamental importance for 

laser operation. Ions cause the sputtering and the charge transfer. 

Also the occurence of molecular ions can play an important role in 

recombination. Therefore it is very interesting to measure them. 
ihis can be done with a mass spectrometer. In the spectrometer ions 

are deflected by an alternating electric quadrupole field and only 

ions of a certain mass can reach the detector. The cathode used for 

this experiment was a slotted type as used in other experiments 

(H0077, VAE7B). The cathode as described in section 2-3 did not fit 

in the spectrometer. As shown in figure 3-4, the outside of the ca
thode is insulated with boron-nitride. Figure 3-5 shows the spectro

meter and how the cathode was positioned. At the sides of the catho

de are two mica plates. In one plate there is a small hole which al

lows ions to go into the spectrometer. This hole must be considered 

as a probe. According to probe theory its potential floates with res
pect to the plasma. This vessel was connected to ground so cathode 

and anode had to be electrically insulated from the vessel. The elec

trical circuit is shown in figure 3-6. When the probe potential is 

higher than the plasma potential, electrons are drawn towards it, if 

it is lower the probe will attract (positive) ions. The bes~ conditi
on to extract the ions was determined experimentally and was found 

to be a potential of the probe of -15 V with respect to the plasma 

in the cathode. The grids of figure 3-5 can also be brought to a cer
tain potential to obtain maximum transmission of the spectrometer. 

However when the transmission is totally maximized the situation be-

BN 
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Fig. 3-4: The hollo~ oathode u
sed in the mass speotPometer. 
CW: oooling ~ater~ C: oathode~ 
BN: boPon nitride~ A: anode 
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Pig. 3-5: Set-up of the ~ass 
spectrometer1 APC = automatic 
pressure control • 

Pig. 3-8: The electrical oir,.. 
cuit of the mass spectrometer. 

comes a little unstable. The optimum situation appeared to be VGl= 

-35 V and Vcz= -1 V. Other experimental conditions were: cathode 
length 25mm, cathode slit 2x6 mm 2, hole diameter in mica plate 2mm 
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and diameter of the sampling hole 0.1 mm. This small size of the, sam

pling hole, necessary to maint~in a low pressure in the detection 

chamber, gave an experimental difficulty. At high currents the copper 

density was s? high that condensation of the copper on the cold sam
pling plate made the hole smaller and after only a few !minutes com

pletely filled it up. The results have been corrected for the chan

ging hole size by observing the pressure in the vacuum chamber of 

th~ mass spectrometer which was assumed to decrease linear ~ith the 

area of the hole. The results of this experiment are given in section 

5-3. 

3~4. Absorption measurements. 

To determine the state of a plasma it is necessary to know the densi

ties. of its constituents. Besides neon atoms and ions there are also 

'copper atoms and ions. All these particles can be in their ground sta
te or an excited state. If a plasma is in local thermal equilibrium 

(LTE) the densities of the excited states follow from the ground sta

te density and the temperature with the Saha-equation (SIJ7B). The 
plasma of the hollow cathode discharge is certainly not in LTE since 

it has a low electron density (lo19-lo20 m- 3 ) and a non-Maxwellian e

lectron energy distribution function (GRI63). In this case a collisi

onal. radiative model (CR-model) can be used to describe the situati

on. This CR-model calculates the densities of excited •tates (~OT79). 

By measuring these densities the CR-model can be checked. For a quan-
titative model of the properties of the discharge the knowledge of 

the copper den~ity is also indispensible. 

The density of a lower state of a transition can be measured by the 
absorption of radiation (LAD13). Nowadays a single frequency dye la

ser can be used as a source for this radiation. It has the ideal pro

perties for such a measurement with its very small linewidth (<10-3 

pm) and a beam that can be focussed to obtain a good spatial resolu

tion. The absorption coefficient kv is defined by the exponential 
decay of a light beam travelling through the plasma: 

(3.4.1), 

where IV is the spectral intensity as a function of the distance x. 

·According to Einstein the integral over kv is (MIT71): 
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(3.4.2), 

where Ao is the central wavelength of the transition, g1 and g2 the 
statistical weight of lower and upper level, T the lifetime of the 
transition and N the density of the lower level. It can be assumed 
that the absorption profile is equal to the emission profile (MIT71) 
so in case of the hollow cathode discharge kv is a Voigt profile as 
discussed in section 3-2. To relate the density of the lower level 
to the absorption at the line centre, which is measured, first the 
case of only Doppler broadening will be considered. The absorption 
coefficient at the line centre is than usually called k0 and from 
3.2.2 and 3.4.2 it follows that: 

/(ln2)A 0 
2g2N 

ko = ---....:::...--=:.... 
41TI1T 6v0 g l T 

(3.4.3), 

where Av0 is the Doppler width. The Voigt profile can be written as1 

exp - ( 6~0 /ln2) 2 

kv = cf 0 
2 do (3.4.4), 

1+{2(v-v0-o)/AvN} 

where AvN is the Lorentz width and C a normalization constant. Now 
the absorption coefficient at the line centre, keen' becomes: 

k = k0 exp(a 2) erfc(a) can (3.4.5), 

where a = lln2 Avl/Av0 • This keen can easily be determined by measu
ring the intensity of the laser beam going through the discharge 

with the current on (I
0

n) and off (Ioff). The set-up for this is 
shown in figure 3-7. from 3.4.1 follows: 

ln(Ion/Ioff) 
L (3.4.6)' 

where L is the length of the discharge. With this N can be calcula

ted from I 0 n and Ioff• 
The levels that can be measured with this method are determined by 
the wavelengths that can be reached with the dye laser and by the 
transitions of copper and neon. With Rhodamine 6G the range of the 

dye laser is from 570 to 620 nm. In this range neon has a lot of 
transitions with 3s or 3p levels as lower level. All Js levels can 
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be measured including the two metastable ~tates. 

The copper ground state density can only be measured with the reso

nance radiation ~hich lies in the UV. This can be done in principle 

with a frequency doubled dye laser. However here the old method has 
be~n used where the line radiation of the discharge itself is reflec

ted back into it (as in fig. 3-3). Than a correction is needed for 

the width of the line (LAD13). Also the structure of the line must 

be taken into account. The wavelengths that can be used are the 

327.4, 324.7 and 249.2 nm lines. These lines have a doublet structure 

with a distance of 4.0 pm and an intensity ratio of 5:3 (JON74). 

With these data the absorption coefficient can be calculated as a 

fu~ction of k01 with a formula given by Vaessen (VAE78). Than the 

density of the copper ground state atoms can b~ calc~lated with for

mula 3.4.3. 

3-5. Saturated absorption spectroscopy. 

It has already been mentioned that the electron density is an impor

tant parameter in a discharge. A method will be described here how 

it can be obtained from Stark-broadening. The dye laser can be used 

to measure Ddppler-free line profiles from which Stark- arid pressure 
broadening can be determined. The Stark-parameter which must be 

known has been measured in a cascade arc discharge. This measurement 

is described in appendix A. The parameters of a lot of lines have al

so been calculated by Griem (GRI74) but his values sometimes differ 

up to 100~ with experiment (LES81). 
All experimental techniques which are used to eliminate Doppler
broadening use the same principle. Two counter-propagating beams are 

sent through the discharge. Their line width must be much smaller 

than the line from the discharge. Figure 3-7 shows the set-up used 
for the saturated absorption spectroscopy, the method that has been 

used here. There is one strong beam with high intensity, the pump 

beam, which is chopped and a beam with low intensity, the probe beam. 

The pump beam burns a so-called Bennett-hole in the velocity space 

of the lower level of the irradiated transition (DEM80). Because the 

probe beam has a much lower intensity it is only absorbed at the op

posite side of the line centre. Figure 3-8 illustrates this situa

tion. If the laser frequency is scanned across the line the probe 
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Fig. 3-?: Ezpe~imentaL set-up of the satu~ated abso~ption spect~os
copy. L: Lens., M: mi~~o~., D: beam stop., B: beam spUtte~., CB: chop
pe~., PD: photo diode., NDF: neut~aL density fiLte~., BD: beam dump. 
The t~o diodes a~e used to inc~ease the sensitivity. 

beam will notice the chopped pump beam only when the frequencies o

verlap, i.e. at the line centre. At that moment both beams interact 

with atoms that have no velocity in the direction of the beams so 

all effects based on the velocity of the atoms, e.g. Doppler-broade
ning, ere eliminated. By chopping the pump beam and detecting the 

fluctuations of the probe beam at this chopping frequency the Dop
pler-free profile can be recorded. 

+z 

v
0

-l1 v
0 

v0+l1 

Fig. 3-8: Effect of the opposite Lase~ beams in veLocity space and 
in no~mat space. PB: pump beam., PR: p~obe beam., v : cent~aL f~equency 
of the t~ansition., A: detuning of the lase~ f~om ~he cent~aL f~equen
cy., s: coo~dinate aLong the cathode. 
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Up to now this technique has mainly been used to measure hyperfine 

structure or isotope separation. Hansch et al measured e.g. the 

structure of the H~ line (HAN79) and Gerhardt et al determined the 
splitting of the different isotopes for a Cs line (GER78). The line 

structure in this experiment is more difficult to obtain because it 

is complicated by collision effects. As described by Aminoff and Pi

nard these collisions produce transport in the velocity space (AMI 

82). If they are assumed to be strong thermalizing collisions the re

sulting line shape is a Lorentzian distribution, i.e. the Doppler

free part from atoms that have not undergone a collision, and a Gaus

sian part due to the redistribution by thermalizing collisions. The 

relative amplitude of the two parts depends on the gas pressure, see 

figure 3-9. So only at low pressures the line shape can be used di

rectly to obtain the Stark-broadening, taking into account pressure 

broadening,saturation broadening and natural line width. At high 

pressures the measured profile must be fitted to the calcula~ed shape 

but if the amplitude of the Gaussian part becomes almost equal to 

that of the Lorentzian part the accuracy of the latter may become 

low. Section 5-5 shows the experimental profiles and the results 

that could be obtained from them. 
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3-6. Data ac9uisition and processing. 

Fig. 3-9: Calculated pro
file of saturated absorp
tion spectroscopy (AMI82). 
Case a: Lorentz profile 
because collisions are ne
gligable. Case b: Therma
lizing collisions give an 
additional Gauss profile. 

In the group Particle Physics of the Physics Department at the Eind

hoven University of Technology a system is developed around a DEC 

PDP 11/23 minicomputer with background memory and the RT-11 opera

ting system. Connected to it are ten DEC LSI 11 computers each as-
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signed to an experimental set-up by way of an interface system 

called Eurobus. The connection between the PDP and the LSI's is a 

medium speed (9600 baud) series line. The PDP is connected to the 

large Burroughs B7700 of the computer centre of the University. In 

figure 3-10 a part of this system is sketched. 

The properties of the hardware of the Eurobus system are described 

by van Nijmwegen (NIJ79). Here only the part3 relevant for the mea

surements will be indicated: 

a. clock: gives pulses with a frequency between 2 MHz and 0.1 Hz, 

b. preset scaler: gives start/stop pulses or gate pulse to scaler, 

c. scaler: counts pulses (between 0 and 25 MHz) during a period in

dicated by a preset scaler, 

d. DAS: data aquisition system, contains a 12 bit analog to digital 

converter for 8 inputs (0 to 10 V), 

e. stepper motor interface: gives pulses to handle 8 stepper motors, 

f. display: liquid cristal display unit to show a variable, 

g. logic unit: contains some logic hardware to trigger other units. 

All units, except the clock and the logic unit, are controled by the 

B7700 PDP 11/23 

al 

experimen 

Fig. 3-10: The aomputer aonfiguration as used for the experiments. 
C = aloak~ P = preset saaler~ S = saaler~ D = data aaquisition sys
tem~ PM= photomultiplier (with pule amplifier of appendix B). 
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LSI. This operation is done using the int~rpretive language PEP, de
signed by Verhelst (VER82). The PEP-system (PEP= program editor and 

, I 
processor) is an interactive programming system and co~sists of an 

interpreter for executing programs written in the PEP-~anguage and 

a monitor program which reads and executes commands ty~ed in by the 
user. The main purpose of the monitor program is to facilitate the 

editing and.execution of programs written in PEP. The PEP-language 
which is processed interpretively by the PEP-system is based on 

Algol and Pascal with modifications to make it both easy and safe 

to use in an interactive environment and reasonably efficient to 

interpret. 
The PEP-language contains procedures to handle the Eurobus. Measu
rement data can thus be read from scaler or DAS and are put in the 

memory of the computer. Since this computer only has a small work 

space (28 K words) of which half is occupied by the PEP-system 
these data can be transferred'to a tape-unit or to the background 

memory of the 11/23. From the 11/23 they can be sent to the Bur

roughs for processing. 

3-7. The single frequency dye laser. 

The dye laser has already been mentioned in sections 3-4 and 3-5. In 

chapter 4 it will also appear when the optogalvanic effect is discus

sed. Here a short description of the laser will be given. The dye la

ser has properties that makes it an excellent source for spectrosco
py. For the experiments described in this thesis a Spectra Physics 

380 D ring dye laser was used pumped by a 171-07 argon ion laser. 

The laser set-up is shown schematically in figure 3-11. The advanta

ge .of a ring cavity is that the ligth inside the cavity is a travel

ling wave which does not give the spatial hole burning that occurs 
in a standing wave laser. This makes it possible to achieve higher 
single mode output powers. Under normal conditions the output power 

is 500 mW with a 4 W pump beam (at 514.5 nm). The tuning is achieved 

with the birefringent filter (course) and the galvoplates (fine). 

The beam is made single mode with the thin etalon which has a large 

bandwidth and the scanning etalon which selects one ca~ity mode. 
This scanning etalon is electronically locked to the g~lvoplates to 

I 
prevent mode-hops while scanning. The unidirectional d~vice selects 
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ion laser pump beam 

mirror unidirecti- thin scanning birefringent 
onal device etalon etalon filter 

Fig. 3-11: The singZe fPequency Ping dye ZaseP (Spectpa Physios). 

one direction in which the travelling wave can go, otherwise there 

would be two output beams. The astigmatism compensator gives the out

put beam a better profile. The output mirror has a reflection coeffi

cient of 50%, the other mirrors almost 100%. The piezo driven mirror 

is connected with the output of the Stabilock. This is an external 

etalon, temperature and pressure stabilized, which serves as a refe

rence to lock the cavity of the ring laser. This Stabilock reduces 

the effective line width from 20 MHz to 0.5 MHz. further details can 

be found in the manuals. of the manufacturer. 

To make a good use of this system a few extra devices are used which 

are sketched in figure 3-12. 

a. output stabilization: a small fraction of the dye laser beam is 

coupled out to a photodiode. This signal is compared to a referen

ce. fluctuations are fed back to the power supply of the argon 

ion laser.keeping the ~utput power constant. The maximum frequen

cy is limited by the power supply to about BO Hz. The circuit is 

given in appendix B. (This part is not shown in the figure.) 

b. long etalon: bifocal etalon with a length of 0.5 m was made'to be 

able to calibrate the absolute wavelength scan of the dye laser. 

The etalon was made of two flat-concave lenses with a radius of 1 

m. On the concave side gold was deposited which gives a reflecti

vity of about 70%. This gives the etalon a finesse of about 4 
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Fig. 3-22: Set-up of Lonfi etaLon and !VaveLength mete:zt. P = poLa'l'ise'l'~ 
EM = etaLon mi'l''l'O:zt~ WP = WoLLaston p'l'ism, CC = co:ztne:zt cube~ PDA = 
photodiodes and ampUfie'l', P'lA = photot'l'ansisto:zt and ampUfie'l'. 'lhe 
amp Ufia:zts a'l's desc'l'ibed i1i appendia: B. 

wnieh is ,sufficient. Careful measurement of the length of the eta-
Ion gave a FSR of 144.86!0.02 MHz. The etalon was temperature sta
bilized to keep its length constant. A special amplifier was made 
to get puls~s from the etalon to be handled by the Eurobus. Its 
circuit can be found in appendix B. 

c. wavelength meter: a dye laser does not have an absolute wavelength 
calibration but in order to tune it to a spectral line in a ga$
discharge one must be able to measure the wavelength with a pre
cision of 1:105• For this purpose a Michelson interferometer was 
built, similar to the one made by Cottaar (COT79). Its main parts 
are two corner cubes that reflect light in the direction of inci
dence. One corner cube is placed on an air bearing and is moved 
back and forward by a coil and two magnets. The driviing circiut is 
described in appendix B. The moving corner cube produces fringes 
on the photodiode. A reference is obtained from a He-Ne laser with 
its polarization perpendicular to that of the dye laser. A Wollas
ton prisms separates the beams. The two fringe patterns are fed 
to a co~nter. One input is counting pulses while th~ other 
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is counting down from 100 000 t.o zero. The ratio of the counts at 

the two inputs is equal to the ratio of th~ wavelengths. Since one 

~avelength is known the other can be calculated. The accuracy rea-
5 . 

ched this way is 1 or 2 in 10 , which is satisfactory. The circuit 

of the photodiode amplifier is given in appendix B. 
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CHAPTER 4. THE OPTOGALVANIC EFFECT 

4-1 Introduction 

More than half a century ago Penning discovered the eff~ct that the 
resistivity of an ionized gas changes under the influence of inco

ming light. The last few years there is a renewed interest in this 

effect. This is due to the availability of the tunable dye laser 

which makes it possible to study the effect under well-defined con

ditions. In this section a short historical review is given together 
with an overview of experiments and theories that have been publi

shed up till now (VEL82). 

-History. 
On March 31 1928 at a meeting of the Dutch Physical Society Penning 

held a talk, with a demonstration, about what he called a new photo

electric effect (PEN28). The effect that Penning had noticed was the 

increase of the breakdown voltage of a gas mixture by exposing it to 

radiation of a suitable wavelength. This was done by putting two i
dentical gas discharges close to each other. These discharges (posi

tive columns) contained 10 Torr neon with an admixture of 0.001 % 

argon. The most important ionization mechanism in such a mixture is, 

at. low currents, ionization of argon atoms by neon metastable atoms 

(presently called Penning-ionization). By irradiating a neon dis
charge with another neon discharge metastables can be brought to 
higher excited levels by optical pumping so they can have a faster 

decay to the ground state. In the discharge the density of metasta
bles becomes lower and so there will be less ionizations from the 
Penning effect. This makes the electrical resistance greater and the 

burning voltage becomes higher. In 1953 Meissner repeated these mea

surements. By working with optical filters he found that at some 

wavelengths the effect was much larger than at others (MEI53). An

other important step forward came in the middle of the seventies 

with the application of the tunable dye laser (GRE76A). Since that 

time the effect is called the optogalvanic effect (OGE). 

-Experiments. 

One of the first media which was used to study the OGE was a flame. 
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Figure 4-1 gives a sketch of an.experimental set-up. By tuning the 

dye laser at a wavelength of a spectral line of an element present 

in the flame tfte conductivity df the plasma changes. By bringing 

Fig. 4-1: Set-up for the 
measurement of the opto
galvania effeat with a 
flame. To improve the 
signal-to-noise ratio a 
bo~-car integrator is 
used. 

a specific material in the flame it is possible to detect of which 

elements this material consists. By calibration the absolute amount 

can be detected as well as the minimum detectable concentration (NIP 

81). With the placing of the flame in the cavity of the dye laser 

the sensitivity can be made more than two orders higher (ZAL81). In 

table 4-1 the detection limits that have been reached upto now are 

listed together with the limit of a conventional method (absorption 

spectroscopy). These are only the first results obtained with the 

OGE. It is expected that the d'etection limits can become a lot lower 

for instance by using single mode lasers or longer flames. 

Because of the large effects experienced, hollow cathode discharges 

are also very suitable to study the OGE. This can be done as indica

ted in figure 4-2. Variations in the burning voltage of 1% are mea

sured when the light of a dye laser is directed into the negative 

--iT~lc= l I 
Fig. 4-2: Set-up for the 
measurement of the opto
galvanic effect with a 
hollow cathode dischar
ge. The lock-in amplifi
er is used to obtain a 
good signal-to-noise ~a
tio. 32 



gLow of the discharge (ZAL79). The hollow cathode can be used very 
well to study the OGE. It turns out that it is also possible that the 

burning voltage decreases under the influence of the Iaserlight oppo
site to the results of Penning (JOH78). When the lower level of the 
irradiated transition is not a metastable, the effect is ne~rly al
ways negative. The explanation for this is that a number of neon a
toms is pumped by the laser ligth to a higher excited state and from 
this higher state they can be ionized more easily by collisions with 
electrons. With a metastable state this can happen also but there is 
the competing process of loss by radiative decay to the ground state. 
It appears that the OGE for transitions from a metastable state is 
positive at low currents and becomes negative at high currents, i.e. 

high electron densities. 
In a positive column the OGE also occurs. The effects are somewhat 

smaller than in a hollow cathode ( 0.1~ of the burning voltage). It 
appears to be possible to measure line profiles of spectral linea in 
the discharge by tuning a narrow band dye laser across such a line. 
In this way Johnston found half width values that were 20 to 50% 
larger than the calculated Doppler-width (JOHBO). 
The importance of measuring Doppler-free spectral linea has already 
been mentioned in section 3-5. Because the OGE is not influenced by 
scattering or background light one has tried to detect Doppler-free 
signals with the OGE (JOH78). Two measuring methods have been deve
ioped. Lawler et al shoot two laser beams in opposite directions 
through the discharge (LAW79). Both beams have equal intensity but 
are chopped at different frequencies. The OGE is measured p~aae-sen
aitively at the sum of the chopping frequencies. An effect is measu
red only when both beams interact with the same atoms. Those atoms 
have no velocity in the direction of the beams. This method is simi
lar to saturation spectroscopy but here variations of the burning 
voltage are measured and it is named intermodulation spectroscopy. 

An example of a result is given in figure 4-3. It shows a part of 
the spectrum of the 3He 23P-3 3D transition. The second rxperiment is 
a two-photon measurement (GOL79). To get a reasonable s~gnal-to-noi
se ratio Goldsmith et al placed the discharge in the cavity of the 
laser. Figure 4-4 shows a result. This ia the spectrum of the 20Ne 
3s'(l/2) 1-5d'(3/2) 1 transition. With this method it appeared to. be 

possible to measure the first derivative of the lineprofile only. 



0 2 4 6 8 
freq. (GBz) 

Fig. 4-3: Spectrum of the 23P-3 3D 
transition of hetium measured ~ith 
intermodutation OGE (LAW79). 

0 • 2 • 4 • 6 !• 8 
freq. (GBz) 

Fig. 4-4: 1Spectrum1of the tran
sition 3s (l/2)-6d (3/2) of neon 
measured ~ith t~o-photon OGE · 
(GOL79). 

Mo~t measurements of the OGE have been performed in noble gases (He, 

Ne). It is also possible for instance to use a Cs-discharge (BRI78). 

In such a discharge a decrease of the burning voltage of 30% can be 

obtained. This is possible because the dye laser can be tuned to the 

wavelength of the resonance radiation. 

There are a lot of other applications for the OGE. Measurements on 

spectra of molecules have been performed (FEL79). The OGE can easily 

be used at ultraviolet or infrared wavelengths without detector pro

blems (JAC80). Also measurements have been done with two lasers at 

different wavelengths (WAK81). Another measurement that can be men~ 

tioned is the combination of a hollow cathode discharge and a mass

spectrometer (SMY79). Here one can measure directly whether more or 

lese ions are produced in the discharge under the influence of the 

laser light. This method could provide more insight in the OGE. An

other field where the OGE has been used also is in high-pressure dis

chargee (HOESO). In mercury and sodium arc discharges van den Hoek 

and Visser measured the OGE as a function of the chopper frequency 

of the laser at frequencies between 100 Hz and 5 kHz. The experimen

tal results have been interpreted in terms of two linear relaxation 

processes, using a simple model for the energy flow in the arc. Ihe 

relaxation times are consistent with theoretical expectations and 

other experiments. 
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-TheQry. 
The theoretical interpretation of the experiments has lagged behind 
the experimental findings up to this moment. The main problem is to 

' rel~te microscopic parameters such as densities of excited atomic 

• states and electrons to macroscopic parameters like burning voltage 
and current. 
In a variant of the theory of van Gee! on stability and lagging ef
fects in a discharge (GEE55} Erez et al take the dependence of the 

selfsustainment parameter a on instantaneous atomic state densities 
ni and the burning voltage V (ERE79}. In a stationary state a:l is 
obtained. In the quasi-stationary state with small variations one 

can put for a small change Aa of the selfsustainment parameter: 

Aa=O=(iV) AV + r(~~.] i.LJ·Ani 
ni i ~ V,nj F 

An 
if.j i 

(4.1.1}, 

(4.1. 2) .• 

This model was used to predict that the magnitude of the effect would 
be a decreasing function of pressure and current under certain condi
tions and was used to predict some temporal features of the effect. 

!for quantitative results there is insufficient knowledg• of the deri
vatives in formula 4.1.2. 
A second attempt to describe the OGE makes use of the Schottky-forma
lism (PEP78). With this formalism the conductivity of a plasma can 
be calculated as a function of the electron temperature. It is in ef
fect a two level model, only the ground state and the ion density are 
taken into account. To calculate the OGE Pepper included a third, in
termediate level. Taking a constant electron density (and a constant 
current) it is assumed that the electron temperature rises under the 

influence of the laser ligth leading up to a lower burning voltage. 
Th~s rising of the electron temperature is caused by superelastic 
collisions of pumped atoms with the electron gas. This model is sui
ted mainly for elements that can be pumped from the ground state, 
like Na or Ca. However the changing of the sign of the effect as it 

occurs in noble gases cannot be explained with this modbl. 
A third possibility is solving the rate equations of the most impor

tarit processes that ~ake place in the discharge (LAWBO). To do this 
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lawler divides the problem in two parts. The first part is the calcu
lation of the change of the densities of a ~mall number of levels 

that are strongly influenced by the laser. The solution giv"es an 'io

nization efficiency' that is the number of extra electron-ion pairs 

produced per absorbed photon. The second part describes the electri

cal response of the plasma to a small perturbation of the total ion 

production rate. The solution is expressed as a 'collection rate' 

that is the number of extra electrons going through the series resis- . 

tance per extra electron-ion pair. If the number of absorbed photons 

is measured, one can calculate the OGE. In helium lawler predicted 

with this model the absolute value of the OGE for the 587.6 nm line 

within 20% at a variation of plasma radius times pressure of a fac

tor ten (lAW80). 

This last model is up to now the most complete and the moat succes

ful. However it demands a lot of data on processes in the discharge 

such as collision cross sections for electron excitation, electron 

densities and energy distribution functions, transition probabilities 

and also knowledge of processes such as associative ionization. These 

data are known only for a few elements (H,He) so that these calcula

tions are only possible on a limited scale. 

So already a lot of experiments have been performed using the OGE 

.and a few attempts have been made to formulate theories. In the next 

sections theoretical derivations will be given how the OGE can be u

sed to obtain temperatures in the glow of a hollow cathode discharge. 

It will be shown that the gas temperature can be derived from the 
line profile measured with the OGE. The electron temperature can be 

calculated from the time-dependent OGE assuming that the transport 

of ions and electrons in the glow is done by ambipolar diffusion. 

The last section gives a five level model that explains the sign of 

all cases measured under the assumption that electron collisions are 

dominating all other excitation processes. 

4-2. Determination of temperatures. 

With a single frequency dye laser it is possible to measure the OGE 

while scanning the laser across a line profile. As already mentioned 

Johnston was the first to carry out this experiment and he found li

nes with a half width somewhat larger than the calculated Doppler

width (JOH78). To see if it is possible to determine temperatures 
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from measured OGE profiles, as from Fabry-P6rot profiles, the line 

shape should be calculated. Following the method of Yariv a two-level 

~yst~m can be used (YAl74). He uses the matrix densi~y formalism whe

re the diagonal elements, p11 and p22 , represent the density of up

per and lower .level. They have decay rates given by y1 :and y 2• The 

off-diagonal elements, p 12 and p 21 , represent the dipole moment of 

the system, with decay rate r. Yariv than calculates p22-p11 as a 
function of laser intensity and frequency. Introducing the saturation 

parameter S, defined as S· = I/Is' where Is is the laser intensity 
where the pump rate due to the laser field is equal to the mean rela

xation rate he finds: 

(4.2.1), 

where oo
0 

is the central frequency of the transition and p~ 1 and p~ 2 
are the densities with laser off. This shows that at 1Jw laser inten

sity p11-P 22 decreases linear with the intensity and at high intensi

ty it becomes zero. The absorption line shape is a Lorentzian with 
additional broadening due to the saturation: 

(4.2.2), 

where 6oo~ is the Lorentz half width of the transition with laser off. 

To calculate the OGE the actual densities p11 and p22 must be known. 

Under stationary state conditions they can be obtained from the .equa

tions of Yariv with a method indicated by Daily (DAI77). This gives: 

6n1 
0 Ayz(P~2-p~l) 

= pll-Pll = 
A(yl+Yz) + Y1Y2 

(4.2.3), 

An 2 
0 Ayl(P~z-P~l) 

= P22-P22 = 
A(yl+Yz) + yly2 

(4.2.4), 

~here A rs 
= 

r2 (oo-oo ) 2 . + 
0 

Assuming that ionization is caused by electron collisions (see 4-4) 

and that the electron density is constant the change in.the ioniza
tion rate will be linear with the change in the level d~nsities. A 

small change in the ionization rate will, in first order approxima

tion, also give a linear change in the burning voltage, so the OGE 
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can be wr i t'ten as: 

(py2+qYl)(p~2-p~l) 

Y1 + Y2 + Y1Y2/A 
(4.2.5), 

p and q are constants. This gives a Lorentz profile for AVOGE with a 
half width as given by 4.2.2 and a dependence on the laser power by: 

1 
AVOGE "'----

1 + IS/I 
j(4.2.6). 

So the calculated OGE varies linear with the laser power when I<I a 
and it reaches a steady state value at I>I

8
• This derivation has been 

made assuming that the atoms have no velocity. But the Maxwelli~n,, 

distribution of the atomic velocity leads to a Gaussian part in the 

line profile (see 3-2). The resulting line profile obtained by a con

volution is than a Voigt profile as shown by Demtr8der (DEM80). This 

shows that from the OGE measurement the same profile is obtained as 

from an emission measurement under the condition that the laser po
wer is low enough to avoid saturation broadening. A good check for 

the experiment is to see how the OGE depends on the laser power. If 

this behaviour is in accordance with 4.2.6 one can assume that the 

assumption made in 4.2.5 is correct. Than the profile should be mea

sured at a .laser power where AVOGE is linear with this power. If 

these conditions can be met in the experiment the temperature of the 

atoms can be derived from the profile. This will be considered in 

section 5-l. 

4-3. Ambipolar diffusion. 

In this section it is shown that under certain assumptions the time

dependent OGE can be used to measure the ambipolar diffusion coeffi

cient. This coefficient can than be used to calculate the temperatu

re of the plasma electrons that are responsible for transport. The. 

beam electrons that cause excitation and ionization have such a low 

density that their contribution to the transport can be neglected 

(see 6-2). As will be seen in section 5-2 the OGE shows a maximum 

several tens of microseconds after the laser is switched on. Sin-
ce collisional and radiative processes are much faster another pro
cess must be responsible for this effect. 
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To calculate the time-dependent OGE a four level model can be used. 

This is shown in figure 4-5. Constant production rates ifrom the 

ground state, Px' Py and P+, are assumed. The levels X and Y are the 
upper and lower level of the irradiated transition. In this measure

ment X should not be a metastable state because than thie OGE becomes 

more complicated (see 4-4). The a and S of figure 4-5 are the loss 

rates for the levels X and Y through radiation and collisions. The 

loss mechanism, V, of the ion level will be considered later. If the 

laser is switched on the levels X and Y reach equal density in a ti

me comparable to the inverse Rabi-frequency. With a laser power of 

100 mW/mm 2 this time is around 10 ns {LET77). The decay of the upper 

level Y is under normal conditions higher than that of X, therefore 

the final value of these level densities is lower than their average 

with the laser switched off. The decay time of level Y from radiation 

only gives a calculated decay time of 40 ns (GRU78) if Y is a 4d le

vel • .The decay time of the Jp'(l/2) 1 level has a value of 19 ns which 
,was determined experimentally (CHR77). So the characteristic time of 

the first stage, the creation of a new steady state for the excited 

state densities, ls in the order of tens of nanose~onds~ Figure 4-6 

shows the calculated development in time of the densities of X and Y. 

Th• second stage in this process is the extra production of ions cau

sed by the change in X and Y. Because level Y is closer to the ioni

zation limit atoms from level Y are ionized easier. There are more 
electrons that have sufficient energy for ionization. The ionization 

tate from level Y can be written as (POT79): 

v 

p p 
X y 

Fig. 4-5: Levels considered in the time dependent optogalvanic effect. 
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20 40 60 
time (ns) 

Fig. 4-6: Pime dependence of the densities of upper and lower level 
of the irradiated transition. Note that the ma~imum is after 10 na. 

where ne is the electron density, cry the ionization cross section 
and v the electron velocity. With n :1019 m- 3, ny~lo 16 m- 3 , cry~ 

-19e -J 6 e 22 
10 m and ve~lo m/s (see 5-5 and 6-2) this rate becomes > 10 
m-Js-1 • This means that the ionization of level Y occurs within ami

crosecond. In practice levels X and Y will be coupled to other exci

ted states whose densities will also change a little under the influ

ence of the laser radiation. But the time dependence of these effects 

will be in the same order of magnitude. So the time in which ions a

are created is much shorter than the measured maximum in the OGE. If 

the source for the ions (fig. 4-6) is drawn on the much longer time 

scale of the experiment (fig. 5-11) its form can be considered as a 
sum of a peak and a plateau. Mathematically they can be considered 

as a delta function and a step function. 
Because the production is fast it must be the loss mechanism of the 

extra ions created in the plasma that must be responsible for the me

asured time dependence. Recombination for atomic and molecular ions 

has been ruled out (see 2-4) so loss of ions is governed by diffusi
on. Since the electric field in the glow is low due to the high con

ductivity of the plasma this diffusion will be ambipolar (OSK57}. 

Now suppose that the extra ions are produced in the centre of the 

glow. These ions will start flowing through the plasma until a new 

40 



stationary distribution is reached. The plasma density n can be 

related to the burning voltage vb by: 

anode _... 
vb = f E.ds = 

anode 
J 

cathode cathode 
e()J +IJ )n e + 

a J dr 

= -Je()l +)J )n 
e + + 

0 

(4.3.2), 

where )Je and )J+ are the electron and ion mobility, J the current den

sity and a the cathode radius. The anode is assumed to be positioned 

at r=O. The current density and the densities are assumed to depend 

on r and t only. It is also assumed that the total current through 

the discharge is constant. For a small change 6n(r,t) in n the change 

6Vb in the burning voltage is obtained by: 

a 6n(r,t) dr 
c f 2 -

o e()J +)J )n(r,O) e + 

(4.3.3), 

where C is a constant. The term 6n(r,t) is the source function indi

cated above in figure 4-6. For the delta function at the centre of 

the discharge the evolution by diffusion in space and time is given 

by: 

6n(r,t) = 1 

41TD t a 

2 exp(-r /40 t) a (4.3.4), 

where Dais the ambipolar diffusion coefficient. For the step function 

this must be convoluted with time. Assuming the production of ions is 

constant within the glow (with laser off) and ions leave the glow by 

ambipolar diffusion only, the plasma distribution becomes (CAR74): 

n(r,O) = 

where P is 

p 
2 2 

(a -r ) 
4aD a 

the production term. 

aexp(-r 2/4D t) Al 
J 2 2 2a dr -t 
0 (a -r ) 

Now 

-A2 

(4.3.5), 

the OGE can be written as: 

a 1: 2 
1 exp(-r /40 (t-T)) 

J J a dT t- 1: 2 2 2 dr 
0 0 (a -r ) (4.3.6). 

These integrals ha ve been numeric a lly calculated. The integration 

has been stopped at the glow boundary r=a-6. The electric field in 

the dark space and the low electron and ion densities there make the 

assumptions for this calculation invalid. But due to the field the 

motion of the charged particles will be so much faster that this does 
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Fig. 4-7: CaLcuLated time-dependent OGE. The puLs respon~e, p, and 
the step response for two ampLitudes, s 1 and s~, and the~r sum, p+s 1 
and p+s

2 
are shown. The maximum here is after 10 vs. 

not influence the time dependence of the effect in the glow. The pul

se and the step response are shown in figure 4-7. The relative value 

of their amplitudes can be chosen to obtain a good fit with the mea

surements, for figure 4-7 A2/A 1 was chosen 60 and 45. The maximum 
• . • I ( ) z of the sum of the responses occurs at t =0.7 where t =4Dat a-6 . 

In section 5-2 these results will be compared with the measured time 

dependent OGE. It will be seen that the ambipolar diffusion coeffi

cient can be determined and from it the electron temperatures can b e 

derived. 

4-4. Special cases. 

The positive effect discovered by Penning turned out to be an excep

tion. It occurs only at low electron densities for metastable levels 

or levels close to a metastable state. In all other cases the energy 

of the radiation absorbed by the plasma enhances the ionization and 

gives a negative OGE. To explain the positive effect often metasta

ble-metastable ionization is mentioned (SMY7B). To estimate the rela

tive importance of this reaction the cross section, which is unknown, 

is assumed to be approximatly 100 ~ 2 , as it is for He (BI052). The 

cross section for electron-metastable ionization is 6 ~ 2 • With the 

( 18 -3 results of chapter 5 the reaction rates can be calculated n~lO m , 

n >1017 m-3 o ) e Tm~lOOO K, Te~l eV . This shows that even at an extre-
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me1ly low current of 1 rnA and a pressure of 2 Torr, wherie ne is the 
lowest, the metastable-metastable ionization is o'nly 10% of the elec

tron-metastable ionization. At hi9her curr~nts this fr~ction becomes 
much lower, e.g. 0.1% at 100 mA. So in case of the holl~w cathode 
discharge, where the positive OGE is observed up to 200 rnA, metasta
ble-metastable ionization cannot explain this effect. 
It is however possible to explain the positive and neg~tive OGE by 
evaluating a limited collisional radiative model which includes only 
electron collisions and radiation. The five level model as sketched 
in figure 4-8 is capable of explaining all the experimental results 

in a qualitative way. In this model Z is the higher exc~ted state, 
upper level of the irradiated transition (Jp or 4d), y·~s the lower 
level of the transition Os, metastable or resonant) and X is a level 

close to Y (metastable). P is the production rate from the groundsta
te, L and k are the reaction rates of the coupling between Z and Y, 
by the laser, and between Y and X, by electron collisions. The ener
gy difference between X and Y is assumed to be small, i.e. AE<kT • e 
The decay of the levels is caused by electron collisions and radia-
tion. The rates of this decay are a, ~ and y for X, Y and Z reap. 
They are the total decay rates without the terms coupling X and Y and 

Y and z, these are given by k and L. It is now assumed that the 
change in density of the levels gives a proportional change in the 
ionization rates from these levels, but the production rates from 

the ground state stay constant. Because this will only give a small 
variation in the total ionization rate it is further assumed that 
the OGE is linear with this variation, in formula this gives: 

1\ 

z 

p 
+ y 

X 

Pz 

4J 

L 

'" 

py Px 

+ 

Ik 

0 

(4.4.1), 

Fig. 4-8: Sketoh of the five 
tevet modet used to oatouta
te sevezoat quatitative as
peats of the OGE. 



where C is a constant, x0 ~Y 0 and z0 are the densities with the laser 

off and XL' YL and ZL with laser on. a1 , 81 and y1are the fractibns 
of a, B and y that lead to ionization. Since no other levels are in
clude~ in this model stepwise ionization ~ia higher lying levels is 
not included explicitly but is incorporated in an effective value of 
y1• Because only electron collisions and radiation are ~aken into ac
count the equations become linear. They can be written as: 

dZ L y - L z - y z + Pz (4.4.2), dt = yz zy 

dY L z - Lyz y B y + Py + kxy X - k Y (4.4.3), 
I dt = -- zy yx 
I 

'.!l!-k dt - yx y - kxy X - a X + Px (4.4.4), 

with gylyz=gzlzy and since AExy<kTe gxkxy=gykyx where g is the sta
tistical weight of the level. With the laser off the stationary sta-
te is: 

Pz : y Zo (4.4.5), 

Py ::~ B 'o - kxvxo + kyx'o (4.4.6), 

Px : a x0 - kvx'o + kxvxo (4.4.7). 

Assuming that the laser saturates the transition (YL=ZL' see 4-~) 
the equations for the stationary state become: 

0 = LyzYL - LzyZL - y(ZL-ZO) (4.4.8), 

0 : LzyZL - Lyz"-L - (B+kyx)(YL-YO) + kxy(XL-XO) (4.4.9), 

0 : -(a+kxv><xL~xo> + kxv<YL-vo> (4.4.10). 

(4.4.11). 

First the simple case of k=O can be considered. Than the lower level 
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is not _strongly coupled to the third level and the expression becomes: 

gzYo-glo 
= -c<r1e-e1r> g r+g e 

z y 
(4.4.12). 

Since usually gzY 0>gyZO it follows that the OGE can be positive or 
negative. If e1y>By1 it is positive and when a1y<By1 it is negative. 
From literature values of the direct ionization cross section of the· 
Js and the Jp level a1/y1can be calculated (HYMBO). With T

8
:0.4 eV 

this ratio is 0.0066. In case Y is a resonant level (Ja) or a highly 
excited state (e.g. Jp), B/y~O.l so the OGE will be negative if the 

lower level of the irradiated transition is not a metastable state 
or strongly coupled to such a state. When Y is a metastable state B 

is assumed to be linear with the electron density. Since y is the 
sum of a constant, from the radiative decay, and a term linear in ne 
there is an electron density where a1y:y 1a so the OGE:O. Below this 
v,alue of ne the effect is positive and above it is negative. 

Now the coupling between X and Y can be considered. With kxy=kne 
equation 4.4.11 becomes quadratic ,in ne. This means that there are 
two real roots under certain conditions. If one writes 4.4.11 as: 

(4.4.13), 

(4.4.14), 

( 
g g g g g 

b = a 1 {X0 (a~B)(~l)+Y0 ~(1--!)+Z0y-!}+ 
gy gy gy gy gy 

g g g ] 
a 1 (-2X0a-Y0y~Z0 )+y 1 {(Y 0-Z0 )-!(~e)} /N 

gy gy gy 
(4.4.15), 

c = (a1X
0

aB(
9

z l)+a<e1y-y1 B)(Z
0

-Y
0

,
9

z)J/N 
gy gy 

(4.4.16), 

where N is the denominator of 4.4.11. Note that N>O is !always valid 
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b~cause a and B>kxy· With the assumptions s1cy1 and Y
0

>Z
0 

it follows 

that a<O and .with a1y-y1S<O and gx>gy also ac<O. So in that case the 

OGE has two z~ros. This latter condition is fullfilled if Y is a re

sqnant level as is shown before. That means in case a resonant level 

with a metastable level strongly coupled to it ia pumped the OGE is 

negative at high currents, positive at intermediate currents and ne

gative again at low currents. 

In this calculation six different cases have been obtained. These a

re shown in figure 4-9. In this picture R is a resonant level, M a 

metastable level and H a highly excited level. Full arrows denote 

ionization rates with laser off, the dotted arrows indicate the 

change in number of ionizations under the influence of the laser 

light. If the dotted arrow points downwards the ionization from that 

level becomes less otherwise it becomes more. The double arrow. al

ways indicates the dominating process. The six cases are: 

A. The irradiated transition is between two highly excited states, 

e.g. 3p-4d, or between a highly excited state and the Js'(l/2) 0 
level, i.e. the highest of the two resonant 3s levels (see fig. 

4-10). Than the term S1y-y1S of 4.4.12 is always positive and 

the OGE is negative for all currents. 
B. The lower level is metastable and the current is low. Then the io-

+ + + 
\I {t 1~ ,f, \I :l H H H 

L L L 

H M M 

A: OGE<O B: OGE>O C: OGE<O 
0 0 0 

+ + + 
.. ~ ~ I 

I' l r' :f: ;r{ .... ,' ~· ' \/\l 
/' H H H 

L .. ~ 
R R R 
M 

;k 
M 

lk 
M 

D~ OGE<O B: OGE>O i': OGE<O 
0 0 0 

Fig. 4-9: The different cases ca~cu~ated for the OGE. 
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nization from M is much larger then the ionization f~om H.when the 

laser is switched off. because the density of M is re;lati vely high. 
, I 

After the laser is switched on the extra ionization from H is lo-

wer then the loss in ionization from M, therefore th~ OGE is posi

tive. This argument is in effect the same as saying that a is 

small. 
c. The lower level is metastable and the current is high. Than the 

decay of M becomes higher due to the higher electron density so 

the difference in density between M and H becomes smaller. Then 
the loss of ionization from M is lower than the gain of ionization 

from H and the OGE becomes negative. 

D. The lower level is resonant and is lying close to a metastable. 

The current (and ne) is low enough to have no significant coup

ling between R and M. Then this case is the same as A with a nega

tive OGE. 
E. The same levels are used as in D but at currents high enough to 

have a good coupling between R and M and low enough to have meta

stable ionization as the dominating ionization process. So this 

case is equal to B where the OGE is positive. 

F. The same levels as in D but at higher currents wher~ metastable 

ionization is no longer dominating so the OGE is neg~tive as in c. 

1: 
2: 
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4: 
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M 
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All cases mentioned above can be met in the hollow ~athode discharge 

with neon as filling gas. With the dye laser transitions can be rea

ched between'3s-3p and 3p-4d. These levels are shown in figure 4-10 

with some of the wavelengths that can be used. It shows that the 3s 

group consists of two ~etastable and two resonant levels. The energy 

difference between the two metaatables and the intermediate resonant 

is small enough, i.e. 0.05 eV, to have a good coupling by electron 

collisions. In figure 4-11 the measured OGE is shown for three wave

lengths as a function of the current. They have been obtained at,2 

Torr with the laser focused in the centre of the discharge and ita 

wavelength tuned to the centre of the transition. The OGE of the 

576.4 nm line is always negative. This is a 3p-4d transition so it 
is identical to case A of figure 4-9. The OGE of the 588.2 nm line 

is represented by case B at low currents and case C at high currents. 

The lower level of this transition is the 3s(3/2) 2 metastable state. 

The third line has the 3s(3/2) 1 resonant state as its lower level 

and in accordance with cases D,E and F its OGE is first negative than 

> -10 
s 

.001 ,005 .05 .5 
current (A) 

Fig. 4-11: Measured OGE at three wavetengtha. Atso indioated are the 
different aases obtained from the catautation. 
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positive and negative again at the highest currents. The OGE of the 
585.2 nm line,'not shown in the figure, is always negative. Its lower 
level is the 3s' (l/2) 0 state. The energy difference wit~ the m!'!ta
stable levels is only three times larger than for the other resonant 
3s level. An other explanation for the low coupling may' be that the 
3s'(l/2)rr is a singlet and the other 3s states are triplets. 
The OGE has also been measured as a function of the position of the 

laser beam in the discharge. In figure 4-12 this is shown for the 
588.2 nm and the 576.4 nm lines. The results have been obtained at 
a pressure of 5 Torr with the laser tuned to the centre of the tran
sition. For the 576.4 nm line the profile of the OGE is more or less 
the same as the measured profiles of the excited states given in sec

tion 5-4. This is in accordance with formula 4.4.12. The profile of 
the 588.2 nm line shows that the zero in the OGE is not reached at 
the same current for different positions. This can be explained by 
the radial dependence of excited state density and electron density. 
In the cathode dark space there is a sudden change in the OGE for 
both lines. Since ,the densities of the excited states are measured 
to decrease smoothly to zero in this region the fast changing OGE 
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01-"""""......----------,---t 
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·Fig. 4-12: OGE as a function of the position at 6 Topp 
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should be related to the specific properties of the cathode fall. An 

electron in the cathode dark space is accelerated by the electric 

field there and will ionize several atoms in the glow. In case of the 

OGE this means lhat electrons created indirectly by the laser radia

tion in the dark space give an enhanced effect as is seen in figure 
4-12 for the 576.4 nm line. In case of a positive OGE less beam elec

trons are created which enhances the positive effect as seen for the 

588.2 nm line in figure 4-12. 

Figure 4-13 shows an OGE measurement as a function of the frequency. 

This has been obtained at 2 Torr and 0.2 A with the 588.2 nm line in 

the vicinity of a position where the OGE is zero. It shows that the 

OGE is positive in the linewings and negative in the centre. The ef
fect of the 22 Ne isotope is also positive. So the sign of the term 

y 1B-B1y (formula 4.4.12) changes as a function of the frequency. The 

terms Yi, B1 and B are governed by electron collisions so they will 
be constant. But the term y contains the radiative decay to the 

ground state. Because of the high neon density this resonance radia

tion is trapped for the larger part. But in the line wings the ra

diation escapes more easily. So y is larger in the line wings and if 
the OGE is just negative in the centre of the line it can become 

positive in the wings as seen in figure 4-13. 

frequency (GBz) 

Pig. 4-H: OGE of the 688.2 nm line at 2 To:r:r and 0. 2 A. 
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Several conclusions can be. drawn about the OGE from this section. 

-The positive OGE is not due to the loss of ionization from meta
stable~metastable collisions but from the loss of ionization. through 
electron~metastable collisions. 

-A positive OGE occurs only when the lower level of th~ irradiated 
' transition is a metastable or when it is close enough to a meta

stable to have a good coupling by electron collisions. 

-At high enough currents the OGE becomes negative for all transi
ions because the coupling between levels becomes stronger so the 

de-excitation of a metastable,through electron collisions, makes 
such a level, in effect, resonant. 

-As a function of the laser frequency the sign of the OGE can change 
when the lower level of the irradiated transition is a metastable. 
This is due to the larger escape of resonance radiation in the line 
wings compared to the line centre. 

-The OGE is enhanced in the cathode dark space because 'beam elec
trons are made or lost. 
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CHAPTER 5. EXPERIMENTAL RESULTS 

In this chapter a discussion will be given of the experiments that 

were treated theoretically in chapter J and 4. The results can be di
vided into two groups. The first group concerns temperatures of neu
tral atoms and of electrons. In the second group densities of ions, 
excited states and electrons are reported. 

5-l. Temperatures of neon and copper neutrals. 

Following the methods described in sections J-2 and 4-2 temperatures 

have been measured of copper and neon. For the Fabry-~~rot interfe
rometer the Ne 540.0 nm line was chosen because it showed no absorp

tion and the Cu 515.3 nm line because it had the smallest linewidth 
within the bandwidth of the interferometer. For the Ne-line the iso
tope shift of 22 Ne with respect to 20Ne was taken to be 1. 8GHz (KRO 
80). The areas under the profiles are assumed to be proportional to 
their relative abundancies (i.e. 20Ne: 22 Ne= 0.91: 0,09). Figure 5-l 
shows a result of a computer fit with one Voigt profile and a fit 
with two Voigt profiles related to the isotope effect. The resulting 
temperature becomes about 50 K lower with the two-Voigt fit. The re
sults of the temperatures with this two-Voigt fit are given in figu
re 5-2. The standard deviation calculated by the computer for the 
halfwidth of the Gaussian part leads to a random error of JO to 50 

0 2 4 10 
wavelenath (pa) 

Fig. s-za: Line p~ofite of the neon 640.0 nm line measu~sd ~ith the 
Fab~y-P4~ot ints~fe~omets~. The thiok tine is a oompute~ fit ~ith one 
Voigt funation. 
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Fig. 5-lb: PPofite of fig. 5-la fitted ~ith t~o Voigt function foP 
the t~o neon isotopes. 

K. But there is also a systematic error arising from the broad wings 

of the lorentz-profile combined with the zero-setting of the lock-in 

amplifier (continuum radiation is negligible ). When this zero-set

ting was deliberately made smaller or larger the lorentz and Gauss 
parts of the fit changed also. By keeping the zero- setting as low as 

possible this error was reduced to its minimum.i.e. about 50 K. So 
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Fig. 5-2 : TempePatuPes of neon measuPed ~ith a FabPy-P4Pot intePfe
PometeP at 540.0 nm. 
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the total maximum error in the neon temperatures is 100 K. 
The copper line should also be corrected not only for isotope separa-

63 65 . tion ( Cu: Cu• 0.67: 0.33) but also for hyperf1ne structure. The 
spin of the Cu nucleus is 1/2 and the angular momentum of the upper. 
and lower level of the used transition 3/2 and 1/2. This leads to a· 

splitting of those levels according to figure 5-3 (ENG63). With the 
selection rule aF:+l or 0 there are six possible transitions (f is 
the resultant vector of the total electronic momentum and the nucle-

. 
:::1 . 
Gl 
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Fig. 5-4: Line p~ofite of 
the Cu 515.3 nm tine ob
tained at a discha~ge 
cu~~ent of 5 mA. Onty 
the t~o ta~gest compo
nents a~e taken into ac
count in the compute~ 
fit. 
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ar spin). This goes for both isotopes so the line consists of twelve 

components. The isotope separation is 0~32 pm (ELB61) but the distan

ces of the hyperfine structure components are u~known. A measurement 

of Ritschl ind~cates that the line consists of two components separa

ted at o~J pm of equal intensity (RIT32). Figure 5-4 shows a measure

ment of the line structure obtained with our hollow cathode at a low 

discharge current. The Doppler width in this. case is about 0.8 pm so 
other components, ar·e unresolved. It can be expected that the split

ting of the lower level is larger than that of the upp$r .level becau

se in the lower level the electron is closer to the nucleus. So the 

\two lines observed each consist of six unresolved components. The re-

2 4 6 s lP 
wavelength (pm~ 

i 

~: distance of 

hyper fine 

coaponents 
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wavelength (pa) 

Fig. S-.5: L1ine pztofi~es of the coppezt .51.5. 3 nm Une measuzted 1i1ith the 
Fabzty-PAztot inteztfeztometezt. The stztaight Une in the uppezt figuzte is 
a one-Voigt fit., in the ~o1iJei' it is a t1iJo-Vo·l:gt-fit. 
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lative strength of the lines is given by their multiplicity 2F+l. 

r~r the two groups of six lines this sums up to 15 and 9. Compute~ 

fits have been made with one Voigt and with two Voigts separated at 

0.8 pm with relative intensities of 1:1 and 15~.9. Figure 5-5 shows a 

one-Voigt fit and a two Voigt-fit with intensities 1:1. Figure 5-6 

gives the temperatures that were derived from the fits. It appears 

that the two-Voigt results are 600 K below the one-Voigt. A fit 

with the 1:1 ratio gives a difference with the 15:9 ratio of 20 to 

30 K (VIS80). So it is essential to take into account the isotope 

effect and the hyperfine structure of this line, otherwise too high 
temperatures are obtained. The intensity ratio is not very critical.· 

The 521.8 nm line used by Vaessen has its upper and lower level in 

the same groups as the 515.3 nm line so isotope and hyperfine split

ting must be in the same order of magnitude. Since these effects we

re not considered their results for the Cu-temperature will also be 

600 K too high (VAE78). Figure 5-6 shows that the Cu-temperatures 

obtained with the two-Voigt fit are equal to the Ne-temperatures 

within experimental error. This is consistent with the results of 

section 6-1. So no attempts were made to obtain copper temperatures 

at higher currents also because the necessary absorption correction 

will lower the accuracy. The error for the results of figure 5-6 is 
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around 150 K because the signal to noise ratio was not as good as 

with the neon line. 

When line profiles are measured with the OGE there is a point that 

has to be taken into account that was not mentioned in section 4-2. 

The laser beam must be weakly absorbed in the centre of the line. Be

cause in the wings of a line the absorption is always weak the laser 
beam will produce the same local effect along its path through the 

plasma. If at the line centre the beam is absorbed for say 50% the 
local effect st the end of the glow is half as large as at the begin

ning and the total effect will be too small compared to the effect 

in the wings. This results in a flattening of the profile in the sa

m~ way as self-absorption. Of course a correction can be made after

wards, but it is easier and more accurate to avoid the effect. This 

appeared to be possible with the 576.4 nm line. This 3p-4d transiti

on shows an absorption of less than 5% whereas 3s-3p transitions, as 

far as they can be reached with the dye laser, have absorptions be
tween 20 and 80%. Another condition, which was derived in section 

4-2, is that the laser power should be low. It was concluded that in 
the region where the OGE depends linearly on the laser power correct 

'results can be obtained. figure 5-7 shows an example of this power 

dependence with the laser beam focussed in the centre of the dischar

ge. Its shape is consistent with formula 4.2.6. The power used for 

the experiment was around 50 mW into the discharge which was just 
outside the linear region but was needed to obtain a good signal 

,> 

50 

57 

~0 
pow~r (mW) 

Fig. S-?: PoweP dependence 
of the OGE at diffepent 
auPPents and a p~essuPe of 
2 TOPP. 



0 2 4 6 8 
frequency (GHz) 

10 

Fig. 5-8: E~ampte of a measured OGE profite obtained at 4 Porr and 
500 mA. Phe to~er tine is 5~ the difference bet~een the measured pro
fite and a teast squares fit ~ith t~o Voigt functions retated to the 
isotope effect. Phe ~ave tength is 578.4 nm • 

..... 
llrl ...., 
G) .. 
::1 
+' .. .. 1400 G) 

1:1. • G) 

+' 

1200 

1000 

800 

Fig. 5-9: Comparison of temperatures obtained ~ith the Fabry-P4rot 
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to noise ratio. The last experimental condition that has to be ful

filled is that the measurements must be made in a steady state becau

se the equations in section 4-2 were solved for that case. Therefo
re a low chopper frequency of 70 Hz was chosen. Figure 5-8 shows an 

example of an OGE-profile of the 576.4 nm line under the mentioned 

conditions with five times the residue of the measured profile and 

a Voigt-fit where again a correction has been made for the two neon 

isotopes. Figure 5-9 gives the temperatures obtained with the OGE at 

576.4 and 585.2 nm; also indicated are the results of the Fabry-P~

rot interferometer under the same conditions. The results of the OGE 

with the 576.4 nm line and the Fabry-P~rot at 540.0 nm are in good 

agreement, i.e. equal within experimental error. As can be expected 
·the results with the 585.2 nm line are too high. 

Besides the very small appararus profile the temperature measurement 

with the OGE has another advantage. The laser beam can be focussed 

to a small diameter and can be positioned at different places within 

the discharge. This gives the possibility to measure the temperature 

of t~e plasma as a function of its radius. With the Fabry-P~rot this 
is not possible. There is not enough light to obtain a reasonable 

signal to noise ratio from a volume with dimensions small enough to 

get a reasonable spatial resolution. With the laser beam focussed to 

a diameter of D.J mm the temperature can be measured at 10 radial po

sitions inside the cathode. Figure 5-10 shows the result of this me-
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asurement. It shows that inside the glow the temperature is constant 

within experimental error, i.e. 100 K. 

This last result is very interesting: it shows that the production 

of heat takes place in the cathode dark space. This production of 
heat is caused by the elastic and charge transfer collisions that ions 

experience when they are accelerated by the electric field in the 

dark space. Section 6-1 gives a detailed calculation on these colli
sions. It also indicates that elastic losses in the glow are low. 

The results obtained here for the neon temperatures at 2 Torr are in 

good agreement with previous results (VAE78). At higher pressures 

the temperature decreases due to the higher heat conductivity of the 

gas. The second conclusion is that the copper temperature is equal 

to the neon temperature so there is a good thermal contact between 

the two species. Further it can be concluded that gas temperatures 

can be measured with the OGE if the experimental conditions are 

well chosen. The last conclusion is that the gas temperature is 

constant in the glow. 

5-2. Electron transport temperatures 

In section 4-3 a model has been presented for the time-dependent OGE. 

Because ambipolar diffusion is the mechanism by which electrons and 

ions leave the glow and because this diffusion is by far the slowest 

process the diffusion coefficient can be calculated from the measu

rement. Figure 4-7, which gives the calculated effect, shows a maxi

mum after a certain time. Depending on the relative amplitudes of tne 

two constituents this maximum occurs at t* between 0.5 and 0.9. Figu

re 5-11 shows a measurement of the OGE as a function of time. The wa

velength was 576.4 nm which originates from a high lying 3p-4d tran
sition. Special care was taken that the ballast resistor of the dis

charge had a very low self induction. This was obtained by putting 

100 carbon resistors of 33 kO parallel obtaining a resistor of 330 Q 

with no inductance effects up to 1 MHz, whereas a normal wire-wound 

resistor is free from such effects only up to 2 kHz. With such a 

wire-wound resistor the maximum in the OGE becomes higher with res

pect to the tail and oscillations show up in the tail. 

A fit to the measurement has not been made with the computer becaus• 
the integrations of formula 4.3.6 take too much time. The OGE has 
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been calculated Jor several values of Al/A2. Then the decrease of the 

' measured effect after Jt:ax was determined and compared with the cal
culation.s to obtain Al/A2 and t• for the measurement. figure 5-11 max · ' 
also shows such a fit (the points) with t• :0,7 and Al/A2:40, from max . 
the the ambipolar diffusion coefficient follows: 

(5,2.1), 

where tmax is the time (in seconds) at which the maximum occurs in 
the measurement. This ambipolar diffusion coefficient is related to 

the electron temperature by (OSK58): 

(5.2.2), 

where 01 is the ion diffusion coefficient and Ti is the ion tempera
ture which is equal to the gas temperature. But as stated in section 
2-4 a neon ion can undergo a charge transfer collision with a copper 

atom producing a copper ion. Since the diffusion coeff cients of cop

per and neon atoms differ by a factor two (SMI72, MAL6 ) it is impor

tant to know the mean free path of the charge transfer reaction. With 

61 

0 20 40 60 
time (J.Is) 

Fig. 5-ll: Measul'ement of the time-dependent OGE. The points a:re 
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a copper density of 1019 m- 3 , a temperature of 1200 Kanda charge 
transfer cross section of 300 A2 (see 5-4,5-1 and 6-3) the mean free 

path of the charge transfer reaction is smaller than 0.1 mm. This 

means that the neon ion created by the OGE almost immediately makes 
a copper ion so the ion diffusion coefficient in 5.2.2 must be the 

copper diffusion coefficient (it can be assumed that the atomic and 

ion diffusion coefficients are equal). This diffusion coefficient is 

calculated by Malinaukas as a function of temperature (MAL69). At 

room temperature the result is the same as the experimental value 

found by Ernie (ERN81). 

Figure 5-12 shows the electron temperatures that have been obtained 

from this experiment. The increase of the electron temperature with 

the pressure is rather unexpected. Probe measurements gave results of 

1.2 to 0.2 eV going from 2 to 5 Torr (KHV79) and from 6 to 2 eV be

tween 1 and 5 Torr (PAC73). But both measurements were performed at 

very low current densities (below 1 mA/cm 2 ) and the accuracy ~s ques

tionable because the probe characteristics changed during the measu

rements. The observed increase of the electron temperature points to 
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increasing ambipolar diffusion (s,ee 5-5 and 6-3). The obtained ac

curacy is difficult to estimate because the electron energy distribu

tion is not Maxwellian {see 6-2) so the result can bet~er be called . 
'an average electron transport temperature. 

5-3. Densities of ions. 

With the set-up as described in section 3-2 the densities have been 

measured of copper and neon ions. The current through the channeltron 

was taken to be proportional to the flow of ions through the sampling 
hole with the spectrometer fixed at a certain mass. An absolute cali

bration was not carried out. It is difficult, if not impossible, to 

relate the ion flow through the hole with the ion density in the dis

charge and to make corrections for the variations in acceptance of 

the spectrom~ter. So the results presented here are relative ion den

sities. 

Both neon and ?Opper ion densities have been measured ,a a function 

of the discharge current. The pressure in the discharge was 5 Torr. 
In ffgure 5-13 the results are shown. There is good agreement with 

the model of de Hoog et al for low values of the current density 

{H0077). This model predicts a linear increase of the neon ion dens!-
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'ty at low.current densities. The measurements show this linearity up

to 25 mA/cm 2• In the same range the copper ion density increases mo

re than thr~e decades which is also in accordance with the model. At 

higher currents the neon density should saturate and the copper den

sity should increase linearly with the current. In the experiment the 
copper ion current saturates and the neon ion current even decreases 

a little. It is very unlikely that this is due to recombination of 

ions because the electron density is not high enough (see 6-3). Recom

bination of molecular ions is also estimated to be small (see 2-4). 

Another effect that may occur is that the ion flow through the hole 
is limited due to an electric field near this hole. This field will 

increase with current making the extraction less effective. 

Recent measurements by Mo Yang support this last explanation (YAN82). 

He measured copper ion flows linear with the current in the high 

current region consistent with the model. In his measurement the 

neon current extracted at the centre of the glow was less than 1% of 
the copper ion current. Combined with the measurements presented he

re it can be concluded that the qualitative aspects of the ion densi

ties in the glow are well understood. 

figure 5-14 shows a scan of the mass spectrometer. Other ions detec-
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Flg. S-14: Scan of the mass spectrometer at a discharge current ~f 
200 mA. At the circ~es the sensitivity of the detector ~as increased 
~ith a factor ten both tlmea. 
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ted were: 'Ne 2+, Ne;, cu; and the impurfty ions: N;, co;, CuOH+, CuO+ 
+ . d and CuN2 • The copper compounds are only detecte as tr~ces at ratios 

of about 10-3 with respect to the dominant ion currents. All mo

lecular species, including cu;, appeared to vanish at c!urrent -densi

ties above 90 mA/cm 2• This means that the conclusion of section 2-4 

that molecular ions are not very important in the glow af a hollow 

cathode discharge is confirmed. 

5-4. Densities of excited states. 

As indicated in section 3-4 the densities of excited states have 

been measured. The dye laser could be used to observe the neon 

3s(J/2) 2 , 3s(J/2) 1 , Js~(l/2) 0 , 3s'(l/2)1 and 3p(5/2) 3 states. The 

4s 2 2o312 state ~f copper could also be studied. The absorption me

thod with the dye laser has first been tested for diffeTent laser po

wers. This power must be low because the densities of the levels of 
the irradiated transition should be undisturbed as much' as possible. 

It turns out that below 1.0 ~W the measured density is independent 

of the power but there is a rapid decrease above that power level. A 
second check that was made was to use three wavelengths, 597.6, 

594.5 and 588,2 nm, to determine the density of the 3s(3/2) 2 state. 

It turned out that with the transition probabilities given by Wiese 

(WIE66). the values were n~t identical, but with the new data from 

Reader (REAaO) the agreement was within 3%.which is better than the 

accuracy given for the transition probabilities (10%), All the re
sults given here were obtained with laser powers of around 0,5 ~W. 

With the laser beam focused into the discharge, the densities could 

be measured as a function of the radial position. The densities have 
been measured at currents between 0.1 and 1 A. The neon 3s(3/2) 2 and 

. 2 2 
3p(5/2) 3 states and the copper 4s o312 state have been measured at 

2, 5 and a Torr. The neon state Js'(l/2) 1 at 2, the 3s'(l/2) 0 at 5 

and the 3s(3/2) 1 at a Torr. The results are shown in figure 5-15. It 

can be seen that the profiles of the neon excited state densities are 
fairly identical at the same current and pressure. The experimental 

error for the Js states was less than 10%. For the 3p state and 

the copper state it was around 301 because for these transitions 
the absorption was an order of magnitude lower. 

Since the densities of the different excited states of ~eon at the · 
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same current and pressure have equal profiles the loss mechanism of 

the metastable stat~s Js(J/2) 2 and Js'(l/2) 1 is mainly collisipns, 

most probably by electrons, and not diffusion. In section 6-3 this ' 

subject will be discussed in more detail. The measurements are in ac

cordan~e with the spatially resolved OGE measurements of section 4-4. 

The currents used here always give a negative OGE which also means 

extra ionization by electron collisions. The depletion of the copper 

density in the cen~re of the glow is larger than that of neon. This 

indicates a non uniform distribution of copper ground state atoms 

with higher densities near the cathode. 

The copper ground state density has been measured from the absorption 

of the 249.2 nm line. The absorption of the 324.7 nm line was too 

high to obtain accurate results. The emission of this line was measu

red with, Iw' and without, I
0

, mirror (see fig. 3-J). With pinholes 

a spatial resolution of 0.2 mm was obtained. Now the absorption coef

ficient follows from: 

I -I 
1 w 0 

AI = - -z-
't RIO 

(5.4.1), 

where 't is the transmission of the rear viewing port and R the reflec

tion coefficient of the mirror. By using a very low discharge current 

t"
2R was determined to be 0.47!0.02. Due, to the small size of the mea

surement volume the -signal is small and although a lock-in amplifier 

was used and the LSI 11/04 computer averaged ten successive measure
ments separated at 0.5 second there still remained some noise (about 

"' ;:1 
cO ...., 
!>. .... 

'PI 
!II 
1:1 
41 .... 
1:1 

'PI 

~------------~ ~ ~------------~ 

I 
0 

'PI .... 
c:lo 

"' 0 
!II 
.0 
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1 

radial position 

J?-lg. 5-16: E:cample of measuzted intensities of the oqppezt 249.'2 nm 
Une at 5 Toztzt and 800 mA. The full lines azte the fits. 
The ztight pioture gives the absoztption ooeffioient and its fit. 
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5% of the maximum). In using for~ula 5.4.1 the spread in the A1 va

lues bec.ome much larger. To increase the accur,acy sym"tric polyno

mials (up to r 6 ) were fitted to the measured intensities and from 

these the A1 values were calculated. Figure 5-16 shows an example of 

the measured intensities, their. fits and the A1 values!obtained di
rectly and from the fits. 

The relation between A1 and k
0
1, the optical depth, was made accor

ding to Vaessen (VAE78). Temperatures of section 5-l were used to de

termine the Gaussian part of the line profile. For the 'Lorentzian 

part a natural line width of 0.36 pm was taken and a foreign atom 

broadening of 0.08 pm/Torr (VAE78). From a plot of A1 versus k
0

1 at 

the correct Lorentz-Gauss fraction the k 1 values werelobtained. 
0 ' 

With formula J.4.J the density of the copper ground state atoms can 

than be calculated. Figure 5-17 shows the results at 2, 5 and 8 Torr 

at currents between 0.1 and 1.0 A. The points in this figure are the' 

measured values, the full curve is a fit with a symmetric polynomial. 
In general the copper densities near the cathode increase linearly 

with the current. As a function of the pressure the density near the 
cathode is almost constant. At higher pressures the density in the 

centre of the glow is zero. So charge transfer ionization .is very ef

fective at this pressure. In section 6-J this will be worked out fur

ther when the copper densities will be calculated. 

5-5. Electron densities 

From Stark broadening of spectral lines it is possible to determine 

electron densities in a plasma (see sections J-2 and J-5). In the ca

se of neon a transition between ~ighly excited states must be chosen 

to get a Stark broadening that is high enough to be measured. Appen

dix A' describes the calibration of the Stark parameter of the 576.4 

nm line of neon in a cascade arc discharge (i.e. a Jp-4d transition). 

It was found to. be 0.289 nm at ne=I0 22 m-J and Te=l eV, This implies 

line widths of leas than 1 GHz for the Stark broadening in the hol

low cathode discharge. In order to eliminate Doppler broadening as 

much as possible the profiles were measured with the s~turated absor

ption spectroscopy method described in section J-5. Bu~ as already 
mentioned there at high pressure collisions influence the Doppler

free line profile. ~igure 5-18 shows saturated absorption profiles 
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at 2, 4 and 6 Torr at 0.1 A showing the influence of the pressure. A 

fit was made with the profile described in section 3-5. This fit is 

also indicated in figure 5-lB. Figure 5-19 shows the lorentz widths 

that have been obtained from the saturated absorption profiles. They 
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are compared with widths from the Dapple~ broadened OGE which wa~ re~ 

corded simultaneously (see' 4-2). At high currents and ~ressures the, 

results from the saturated absorption become inaccurate due to the 

small signal and because the Doppler-free peak hardly exceeds the 

Do~pler broadened background. Also at high currents the Lorentz width 
· <~J GHz) is not much smaller than the Doppler width <~i.5 GHz). This 

makes the computer fit more difficult and also less accurate. So for 

2 and 4 Torr at high currents and for 6 and 8 Torr the lorentz part 

of the OGE has been used. Also indicated in figure 5-l~ is the sum 

of the riatural line width (6St5 MHz, GRU78, CHA79}, pressure broade-

ning (37 MHz/Torr, BIE78) and saturation broadening (30 MHz, LET77}. 

According to Sobelman the Stark broadening also depends on the elec

tron temperature and a contribution from the ions is present (SOB72). 

With the results of section 5-2 a correction has been made for the 

electron temperature (MOR82). The contribution of the ions is around 
10,. in the hollow cathode discharge and around 151\1 in tihe cascade arc 

discharge. So it was assumed that the ion contributions more or less 
cancel each other. The obtained electron densities are given in figu

re 5-20. The absolute accuracy is estimated to be 40,., ;The relative 
accuracy between different currents and pressures is ld~ (MOR82}. 

These results are a factor 2 higher than the values found by McNeil 

0 .2 .4 .6 .8 
current (A) 

Fig. 5-20: Etect~on densities in the hotto~ cathode discharge. 
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(NEI77). He measured the Stark width of the He-line by adding 5% H2 
to the discharge. The effect of this addition is unknown but it can 

be significant because the ionization limit of H2 is much lower than 

that from Ne. 
Besides the electron density it is interesting to consider the de

gree of ionization. Tabel,5-l gives the results. At a current of 1 A 

ne has been extrapolated,- at a pressure of 5 Torr it has been inter

polated. So although the electron density increases with pressure 

TabeL 5-l: Ionization degree of the pLasma inside the hoLLow cathode. 

current 

pressure 0.1 A 0.4 A 1.0 A 

(Torr) n n "e1"a n n a "e1"a n e n a "e1"a e a e 
2 .55 2.60 .21 1.7 1.67 1.02 3.3 1.33 2.5 

5 1.25 6.98 .18 3.5 4.78 .75 6.2 3.39 1.8 

8 2.1 11.3 .18 5.6 8.69 .64 9.1 6.56 1.4 

"e in n
8 

in -3 
m ' 

the ionization degree decreases. At a constant current the flow of 

ions and electrons through the cathode surface is almost constant be

cause there is only a small variation in the burning voltage as a 

function of the pressure (upto 15%, see fig. 2-4). The conductivity 

a of a plasma is given by: 

2 

a = 
e ne 
m v c 

(5.5.1), 

where v is the collision frequency of electrons and neutr~ls. This c 
frequency is inversely linear with pressure. So to keep the ion and 

electron flow constant n should increase linear with pressure. This e 
is in reasonable agreement with the results obtained here. Also the 

decrease of the ionization degree is in accordance with the higher 

~lectron temperatures at higher pressures as obtained in section 5-2. 
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CHAPTER 6. MODEL CALCULATIONS 

Some calculations that are of interest for the properties of the dis

charge will be described here. The first process to be discussed is 

the sputtering. One of the important parameters in this sputtering 
is th~ energy of an ion with which it strikes the cathode because 

this energy is directly related to the amount of sputtered atoms 

(WEH57). The energy will be calculated with a Monte Carlo simulation. 

The second section is concerned with the electron energy distribution 

function. The relative amount of beam electrons is calculated with a 

collisional radiative model and the experimental results of chapter 

5. In the last part a numerical solution of the diffusion equations 

is given. The calculated metal density is compared with the measure

ments. With this procedure several important elementary processes 

can be determined. 

6-1. Ion energies at the cathode. 

In section 2-4 the sputtering process was mentioned as one of the im

portant properties of the hollow cathode discharge in relation with 

laser action. This sputtering brings the actual laser medium in the 

discharge. Ions ~oming out of the glow, by diffusion, ~re accelerated 

by the field in the cathode dark space and hit the cat~ode with high 
energy. They can release one or more atoms from the surface. The num

ber of sputtered atoms per incident ~on, called the sputtering yield, 

depends mainly on the energy of the ion and somewhat on its mass 
(WEH57). Thus it is important to know the energy of the ion when it 

hits the cathode. Of course the maximum energy is giveri by the volta

ge between cathode and glow. But there are two effects that will slow 

down the ions. The first is elastic interaction with gas atoms. The 

second is charge transfer, creating a slow ion and a fast neutral. 

Since cross sections for resonant charge transfer can be large (WIL 

74) this process results in a large loss of kinetic energy by the 

neon ions. Copper ions which will be nearly always in the ground sta

te will not experience charge transfer. The cross section for this 

reaction with neon atoms is very small because there is a large dif

ference between the ionization energies of copper and neon atoms. Re

sonant charge transfer with copper neutrals will not occur frequent-
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ly because the copper neutral density is low. 

Up to now in calculations only charge transfer has been taken into 

account (CH082). In an experiment Davies and Vanderslice measured 

ion energies at the cathode of a glow discharge (DA¥63). They conclu
ded that in the d~se of neon it was sufficient to take into account 

charge transfer only and derived a charge transfer cross section of 

15 A2• for copper ions the elastic collisions must be taken into ac

count. This is important because at high currents it is assumed that 
the sputtering is mainly caused by the copper ions. 

A calculation has been made using a Monte Carlo simulation method. 

An ion at the edge of the glow is given a velocity towards the catho

de. This velocity was taken at random from a Boltzmann distribution 

with a maximum at the temperature of the glow. Then after a mean free 

path, taken at random from a Poisson distribution, a collision with 

a thermal atom with random velocity was simulated. The velocity after 

the collision can be calculated and the ion proceeds to the next col

lision. This is repeated until the ion reaches the cathode. Its velo

city is known so its energy can be calculated. This energy is classi

fied in intervals between zero and the cathode fall energy. Then each 
ion ends up in one interval and with a sufficient number of ions an 

energy distribution is built up. 

The two main characteristics. of this calculation are: the loss of 

energy in a collision and the mean free path between collisions. The 

charge transfer collision can easily be simulated: each collision is 
given a probability of one half that the ion starts after the colli

sion with thermal energy. The elastic collision can be calculated 

most easily in the centre-of-mass coordinate system of the two colli
ding particles. Then this collision is represented by a rotation ~ 

+ + + of the difference vector v of the. velocities v1 and v2 of the colli-

ding particles, see figure 6-1. In the centre-of-mass system the ion 

velocity ~~ after the collision is: 

+' + +' 
v1 = vc + m2/M v (6.1.1), 

where: 

lv' I = lvl = lvf + v~- 2v1v2cos 0 

Three coordinate systems had to be used to describe the situation: 
-the laboratory system x,y,z 
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-the v1 system : X,Y,Z 
-the centre-of-mass system : X',Y',Z'. 
figure 6-2 shows this situation. The relation between XYZ and X'Y'Z' 
is a rotation over an angle • Now equation 6.1.1 must be transformed 

to the xyz system. With the relation: 

cos~' = cos~cose + sin~sin9cos($-~) 

one finds: 

vices~' = -Acos~ + Bsin~cos~ + Csin~sin$ 

with: 

(6.1.2), 

a ina 

cos a 

0 

OJ [-m2/M.vcos9+vccose l 
0 x -m 2/M.vsin9cos$+vcsina 
1 m2/M.vsin9sin$ 

where vi cos~' is the velocity of the ion after the collision in the 

z-direction, M:m1+m 2 ,m1 is the mass of the ion and m2 the mass of the 

atom. In the program w and 9 were chosen at random to simulate the 

collision. 

Between the collisions the ions will gain energy from the field. The. 

electric field is assumed to be linear with the position so the ener

gy gained will not only depend on the distance travelled but also on 

the starting position. According to figure 6-3 the force on an ion 

is: 

(6.1.3). 

Taking an ion at position xN with velocity xN the position xN+l and 

the velocity xN+l after a time T can be calculated with 6.1.3: 

0 d 

Fig. 8-3: EZeotPic fieZd and 
potential as assumed in the 
cathode daPk space. 
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XN+l = XN coshyT + xN/y sinHyT 

xN+l = xNy sinhyT + xN coshyT 

where y:leE
0

/m1 and T is the time between two collisions. 

(6.1.4), 

(6.1.5), 

The time or the distance between two collisions must be evaluated 

from the collision cross section. These cross sections have to be 

known as a function of the energy. Only estimates however are availa

ble. The elastic collision cross section exists of two parts: the 

momentum transfer collision cross section and the forward scattering 

cross section. The cross section for momentum transfer can be taken 

as a disk with the diameter of the atom, giving a value of 2 to 3 A2• 

The cross section for forward scattering is much larger, about 30 A2, 

but such a collision hardly has an .effect on the energy of the ion. 

The charge transfer cross section has recently been measured b¥ He

gerberger et al (HEG82). They found a linear decrease from 30 A2 at 

1 eV to 20 A2 at 100 eV. 
In the calculation for the neon ions first a mean free time between 

collisions was assumed. This time was derived from a total cross sec

tion containing the three processes mentioned above. The total elas

tic cross section .was taken equal to the charge transfe~ cross sec

tion and the momentum transfer cross section was always, taken 2.5 A. 
Each collision has an equal probability to be elastic o~ a charge 
transfer~ When it is elastic it has a small chance to b~ momentum 

transfer and a large chance to be forward scattering. In this way the 

different processes can be given probabilities according to their 

cross sections. To obtain energies similar to experimental results 
of Davies a total cross section of 200 A2 is necessary. This would 

. 2 
imply a charge transfer cross section of 100 A which is far larger 

than the measured value of 30 A2 • Detailed calculations showed that 

the ion stays near the glow a long time and once it gains a little 

energy it traverses the dark space almost at once because the time 

between collisions was kept constant (with random variations). Also 

a lot of ions were scattered back into the glow (70%). 
With the assumption of a mean free path between collisions, which 
means that the cross sections do not depend strongly on the energy, 

a total cross section of 30 A2 gave a result that was in good agree

ment with Davies'results. The effective charge transfer cross sec

tion then is 15 A2 and the average number of charge transfer colli-
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sions is 30, whereas Davies et al:arri~ed at 15 A2 and 25 collisions. 

The value of Hegerberger (25 A2 .at 10 eV) is larger but still it can 

be concluded that a mean free path between collisions is a better 

approximation than a mean free time. 

The same calculation has been carried out for the copper ions. Here 

only a momentum transfer cross section of 2.5 A2 has been used. Again 

the assumption of a mean free path was made since this cross section 
will not depend strongly on the energy in the considered range. The 

results are shown in figure 6-4 for the neon ions. Two values of the · 

pressure were used. At 0.5 Torr the length of the cathode dark space 

was taken 10 mm which is identical to the circumstances of the measu-' 

rement by Davies et al. At 10 Torr three different lengths of the 

dark space were used because its length is not precisely known. With 

0.5 mm the results are identical with the results at the low pressu

re. At smaller lengths the average energy of the ions becomes some

what higher because fewer collisions occur. In figure 6-5 the re

sults for the copper ions are given. These are shown only at 10 Torr 

for different lengths. It shows that copper ions can lose about half 

of their energy in the elastic collisions with the neon atoms. The a

verage number of collisions experienced by the copper ions is six. 

As a conclusion it can be said that the average energy of the neon 

ions will be between 10 and 20 eV and of the copper ions between 100 

and 150 eV. These energies will not depend strongly on the pressure 

but they may become somewhat higher at high currents where the length 

of the dark space becomes smaller. 

Now the sputtering yield of the ions at these energies should be con

sidered. The yield of copper atoms by neon ions has been measured by 

leagrid et al for ion energies between 50 and 600 eV (lEA60). At 50 
eV this yield is almost zero (<10- 3 ) at 200 eV it is 1.0 and at 600 

eV 2.0 (atoms/ion). So the sputtering due to neon ions in the hollow 

cathode discharge can be neglected. 
The yield of copper ions has not been measured directly. It is often 

assumed that due to its higher mass copper will have a higher yield 

than neon. Recently this yield has been calculated as a function of 

the mass of the incident ion (HOU79). It shows that there is a maxi-. 

mum at a mass of 50. This calculation is in good agreem•nt with va

rious experiments (lAE60, WEH57) so from it the conclusion can be 

drawn that the yield of copper will be similar to that of argon. The 
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yield o1 argon ions on copp~r is 0.48 at 100 eV, 1.10 at 200 eV and 

1.59 at 300 eV (WEH57). The conclusion from this calculation is that 

the self-sputtering hypothesis suggested by de Hoog (H0077) is indeed 

valid. The sputtering yield of neon can be neglected compared with 

copper. A secmnd conclusion is that the value of 2 used by Warner et 

al in their model calculation is too high (WAR79). In their model 
of the hollow cathode discharge a yield of more than 1 is necessary 

to obtain a solution. Considering the above calculations a value of 

around 1 is realistic, taking the burning voltages of figure 2-4. The 

consequences for the model will be discussed in section 6-3. 

Another feature of the sputtering process is that the copper atoms 

coming from the cathode surface can have a considerable energy. Mea

surements of the energy distribution have been made by Stuart et al 

using mercury and noble gas ions with energies between 80 and 1200 eV 

(STU64). The result was a distribution that was more or less Maxwel

lian. The maximum of the distribution depends on the mass and on the 

energy of the incoming ion. At an energy of 600 eV this maximum lies 

at 0.4 eV for neon ions, 1.1 eV for argon ions and 2.6 eV for mercu

ry ions. At 100 eV these values are about 50% lower. So when a cop

per atom is sputtered by a neon ion it will have an energy of 0.1-0.2 

eV, which is almost thermal. When it is sputtered by a copper ion 

ita energy will become around 1 eV. Going towards the glow it will 

loose its energy in momentum transfer collisions with neon atoms. As

suming that the cross section is the same for the Cu-ion, the Cu-stom 

will experience six collisions on the average which is enough to 
thermalize the atom. This shows again that it is not very likely that 

the copper temperature in the glow is different from the neon tempe

rature (see section 5-l). 

Besides copper atoms other species that are brought into the dischar

ge are copper molecules and ions. Gerhard et al measured the yield 

for Cu 2 and Cu 3 compared to the yield of copper atoms using argon 

ions with energies between 100 and 1000 eV (GER75). They measured 

0.5% at 100 eV and 2.5% at 200 eV for Cu 2• For Cu3 no value was gi

ven but for a comparable metal as silver 0.03% was found at 200 eV. 

In the glow these molecules will easily dissociate so they will not 

be important for the discharge theory. The relative amount of ioni

zed copper atoms sputtered from the surface is in the order of 1% as 

measured by Honig (HON58). Although Hart et al found that the energy 
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of these ions is around 4 eV (HAR80) they also do not play an impor

tant role in the discharge because they are drawn back to the cathode 

immediately by the electric field. 

6-2. The electron energy distribution function. 

In the previous chapter the results of the measurements of several 

par~meters in the discharge are reported. In this section they will 

be used for the calculation of the number of beam electrons in the 

discharge. This is done by using a collisional radiative model to 

describe the plasma. It is a copy from the model by Pots et al which 

was made to describe the plasma in an argon arc hollow cathode dis

charge (POT78). Such a model is capable of calculating the densities 

of excited states. The number of excited states that is taken into 

account is determined by the accuracy to be obtained, the availabili

ty of data and the computer time that can be spent. The fine struc

ture of groups of excited states is not taken into account except 

for the 3s group because it consists of four states of which two are 

metastable. Besides these four 3s states 14 excited states have been 
included. They are shown in figure 6-6. Data that must be known for 

these levels are transition probabilities and cross sections for ex

citation and de-excitation. Transition probabilities of high lying 

levels are often not known or have a high uncertainty (upto 50%, GRO 

82, REA80). Data on c~oss sections are even more limited. Only a few 

excitation cross sections from the ground state have been measured 

(LIN70) and a few ionization cross sections (HYM79). All known expe

rimental values have been used. When no experimental data were avai

lable formulas developed by Vriens were used to calculate the cross 
section (VRI73). 

The processes taken into account in the model are: excitation,de-ex

citation and ionization by electron collisions, three particle recom

bination, radiative recombination and decay and absorption of reso

nance radiation. Experimental values are needed for ground state a• 

tom, electron and ion density, gas and electron temperature and plas

ma radius. It is assumed that electron and ion densities are equal 

since the density of doubly ionized atoms is at least three order~ 

lower than that of singly ionized atoms. Copper ions have not been 

considered in this calculation so it must be restricted to current 
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Fig. 8-6: Levels used in the collisional Padiative model. Also indi
cated ape the pPocesses that have been taken into account. 

densities where the copper ion densities are low. Taking into account 
the copper levels is problematic because there are insufficient data 

on cross sections for excitation,, ionization or charge transfer. Al
so data on transition probabilities are very limited whereas the cop

per ion has a very complex spectrum. This makes it impossible to ma

ke a collisional radiative model including copper with a reasonable 
accuracy. In section 6-3 the copper ion density is seen to be low 

enough to justify this simplification. 

The plasma radius depends on the thickness of the cathode dark space. 

The most correct way to determine this length is to measure the po
sition where the electric field becomes zero.as was done by Little 

and.v~n Engel (LIT54). An estimation of this length can also be made 

form the radial profile of the spontaneous emission (FUJ75). This me-
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I 

thod is perhaps not very accurate because different wavelengths give 

different results but since the thickness of the dark space is much 

smaller than the cathode radius this error will not greatly influen

ce the results. 

When for one condition of the discharge all parameters are put into 
the program it will calculate the densities of the excited states. 

Since the densities of some excited ~tates have been measured (see 
5-4) this gives the opportunity to check the results. It turns out 

that the calculated metastable density is two or three orders lower 

than the measured value. This result was to be expected since the 

program uses a Maxwell distribution for the electrons with the tempe
rature of the slow plasma electrons as obtained from the time-depen

dent OGE. Since this temperature is around 1 eV there are few elec

trons that have sufficient energy for excitation or ionization from 

the ground state. This result confirms that the beam electrons cause 

the excitation as was also indicated by the general formulas of sec

tion 2-4. 
It is possible to extend the calculations by bringing in a fraction 

of electrons with high ~nergy. The easiest way to do this is to give 

them all the cathode fall energy. This makes it possible to add a 

A 

c 

e c 

B 

energy (eV) 
eV 

c 

Fig.6-7: EZectron energy distribution functions. A: catcutat~on by 
Khvorostovskii# B: measurement by GiZZ and Webb# C: MaxweZZ distri
bution pZus a peak at cathode faZZ energy as used here. 
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term to the excitation rate in a simple manner. It is of course not 

exactly corresponding to the r'eal situation where the tall is overpo

pulated with respect to the Maxwell distribution but calculating this 

overpopulation more exactly would greatly complicate things without 

giving much more relevant information because the cross sections do 

not strongly depend on the electron energy in this region. Figure 
6-7 shows electron energy distribution functions that have been ob

tai':'ed .from calculations (KV079) and experiments (Gil76). Also indi

cated is the Maxwell distribution with a peak in the tail as used he
re. Both Kvorostovskii and Gill cannot determine the amount of fast 

electrons because the calculation and the experiment are not suited 

for low energy electrons. 

17 18 19 20 21 
level energy (eV) 

Fig. 6-8 : Calculated densities of the e~cited levels considered 
in the collisional radiative model.for different fractions of beam 
electrons. 
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The fraction of beam electrons was built ih the program as a parame~ 

ter that could be adapted to obtain a metastable density equal to 

the measured value of section 5-4. figure 6-8 shows an eX$mple of ex

cited state -densities at different values of this fraction. In this 

picture the densities have been divided by the statistical weight. 

figure 6-9 shows the results for the metastable density at different 

currents where the fraction has always been chosen such that the 
Js(J/2) 2 density had the measured value. Also indicated in this_ figu

re are the densities of another Js level and the Jp level calculated 
at the same fraction and also compared to their measured value. If 

the model is correct these values should also be the same. Only at 5 

Torr at higher currents there is a considerable deviation (up to a 

factor 2), otherwise the agreement is good considering the accuracy 

of the transition probabilities and the cross sections. The fractions 

needed to obtain these results are also indicated in figure 6-9. At 

2 Torr it is around 2.10- 3 • At higher pressures the values are lower~ 
This indicates the faster Maxwellization of the beam electrons at 

higher pressures, i.e. higher electron densities. This than leads to 

higher average temperatures of the plasma electrons as found in sec
tion 5-2. 
A very interesting calculation has recently been published by Boeuf 
et al (BOE82). They have calculated with a Monte Carlo method the 
electron energy distribution function at the edge of the glo~ of an 

~bnormal glow discharge. They included excitations and elastic colli

sions and us•d a method quite similar to the one described in section 

6-1. Their result is an exponentially decaying distribution function 
1 with an average energy of around 5 eV and a peak at the cathode fall 

energy. The area of this peak is 10-J times the total area. Although 

their average energy is higher the agreement with the calculations 
reported here is good. 

The conclusion that can be drawn from this section is that the exci

tation and ionization of neon by the beam electrons is again ~mpha
sized. It is possible to calculate the relative amount of these beam 

electrons in away that has not been used before. The results are con

sistent with other experiments and calculations (GIL76, BOE82). 
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6-3. Diffusion equations. 

The only model of the hollow cathode discharge in relation with laser 
operation has been published by Warner et al (WAR79). In this model 

three species are considered: buffer gas ions, Ne+, metal stoma, Cu, 

and metal ions, Cu+. Three processes are taken into account: ioniza

tion of neon atoms by beam electrons, charge transfer ionization of 

1
COpper atoms and loss of ions by diffusion. The ionization by beam 

electrons is taken uniform over the plasma because of the long mean 

free path of these electrons. Direct ionization is estimated to con
tribute only about 1% to the ionization of copper. Recombination of 

ions is incorporated in an effective gain factor. Under these assump

tions they solve the model equations integrated over the discharge 

volume. Then the average metal density can be calculated as a func-

tion of 
2.10-15 

the current. From comparison with experiments a value of 
3 . 

m /s is found for the charge transfer rate, 1.85 for the 

sputter coefficient of copper and 0.01 for the sputter coefficient 
of neon. 

With the experimental results of chapter 5 the assumptions made in 

this model can be checked. To check the model further it is neces

sary to solve the equations as a function of the position. First the 

ionization of neon can be considered. Direct ionization is given by: 

Neo + ~ N + -eb e + eb + ep 

And the stepwise ionization from a metastable level 

C1 
Nem + e- -! + -p Ne + 2ep 

(6.3.1). 

is: 

(6.3.2). 

At the energy of a beam electron the cross section crm is assumed to 

be low enough to neglect the ionization of metastables by beam elec

trons but the ionization by low energy plasma electrons must be ta- 1 

ken into account. The cross sections cr and G have maxima of 6 A2 
m o 

and 0.7 A2 reap. (STE80, DIX73). T.he total number of ionizations 

from the reactions is given by: 

dNe+ 
~ = 0 Ne 0 0 b <croveb> 

dNe+ 
~ = 0 Nem 0 e <crmvep> 

With nN o~3.lo 22 m- 3 n =5.lo 19 
.e_ e 

-3 m 

(6.3.3), 

(6.3.4). 
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v b=lO.v , where nb is the density of the beam electrons and v the e ep 
velocity of the elec~rons, it is found that the metastable ionization 

contributes less than 10% to the total ionization. So the assumption 
·of uniform ionization can be maintained. for the direct ionization 

of copper a cross section of 3 A2 is used (WAR79). Assuming the char

ge transfer cro1ss section to be "'300 A2 (derived from the reaction 

rate of 2.lo- 15 m3/s) the relative contribution of direct ionization 

is 10%, assuming that the direct ionization is performed by beam and 

plasma electrons. So in the model only charge transfer ionization of 

copper will be considered. The reaction rate of direct recombination 

can be estimated with the tables of Bates et al (BAT62). With ne"'5~ 

1019 m- 3 and T "'0.5 eV this rate is less than lo- 17 m3/s. This gives 
e 

a characteristic time for this process of around 10 ms which is much 

longer than the ambipolar diffusion time (see 5-2). So recombination 

does not have to be considered in the model. In section 2-4 recombi

nation through molecular ions was already ruled out. 

So the assumptions made by Warner can be maintained. T~e equations 
will be given here in cylindrical coordinates, since the cathode 

ysed is cylindrical. A final assumption is that all variables depend 

only on the radial position r. Since most measurements have been done 

in the stationary state the equations will only be solved for this 
case. They can now be written as: 

(6.3.5), 

(6.3.6), 

D .!. .!L r .£.._ n = 
Cu r dr dr Cu (6.3.7), 

where D is the diffusion coefficient and k the reaction rate. Becau

se of the charge transfer reaction the equations are non-linear. They 

have been solved numerically using a forward integration method. To 

do this boundary conditions are necessary. for symmetry reasons the 

first derivatives of the densities, i.e. the flows, must be zero in 

the centre of the glow. further it is assumed that the;ion densities 
are zero at the cathode. 

The final condition concerns the metal density at the cathode. War

ner et al use as sputtering condition: 

(6.3.8), 
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where j is the flow and S the sputtering coefficients. This 
condition must however be worked out on a more sophisticated basis. 

From gas kinetic theory it follows that metal atoms will come back 

to the surface with a flow rate (DAN64): 

. dneul 
Jeu = neu(a).c/ 4 - Dcu/Z.~ r=a (6.3.9), 

where cis the average velocity of the coppe~ atoms and r=a is the, 

position of the cathode. These atoms have a chance A that they will 

stick to the surface. Also copper ions, after recombination on the 
surface, may stick or be reflected (EeK78A). Their sticking coeffi
cient is A•. Data on sputtering of light ions indicates that A•~o.a 

at ion energies of a few hundred eV (EeK78B). For atoms with thermal 

energy A can be between 0.5 and 0.01 depending on the structure of 

the surface. When the surface is crystalline a value as low as 0.01 

can be reached. Warner et al do not include the term 6.3.9 and they 

implicitly assume A=A•:l. Therefore they need quite high values of 

the sputtering coefficients to obtain the experimentally observed me

tal density. To obtain 1.85,as they do, for Set copper ion energies 

of at least 400 eV are necessary (LAE60). When A is lower than 1, Set 
can also be lower as will be shown. The metal flow at the cathode 

can now be written as: 

- ~u d;u ) - SNt JNt - set Jet -(l-A.)Jet 
D dn I 

r=a 
(6.3.10), 

In the stationary state there will be no net metal flow so:-jcu=Jet· 
Defining P=k.n nN there finally is the condition that the flow of 

1 e e 
ions is equal to their production: 

2~r<Jet + jNt) = ~r 2 P (6.3.11). 

With this and 6.3.9 the metal flow at the cathode can be written as: 

(6.3.12). 

This gives a complete set of three second order differential equati
ons and six boundary conditions, For convenience they are rewritten 

in first order form: 

(6.3.13), 
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(6.3.14), 

dnN! p 
~ = -(jcu + ~)/DNt (6.3.15), 

dncti 
~ = -jcti1°cti (6.3.16), 

and jcti and jN! follow from j---~· 
The metal ion density can be obtained directly from these equations 

and the boundary condition nct=O at r:a. Using the measured metal 

density ncu;e~p of section 5-4 this becomes: 

D 
ncti(r) = DC~(ncu exp(a)-ncu exp(r)) ( 6.J.l7). 

Cu ' ' 

Sp the metal ion density profile is obtained by putting the metal 

density upside down and making it zero at the edge •• The absolute a

mount of metal ions in the centre depends on the ratio of the diffu

sion coefficients, i.e. the electron temperature (see 4-3). 

The remaining variables can be solved numerically. Since the equati

ons are non-linear a forward integration method is feasible. To start 
the integration a starting condition must be determined. Here r=a 

has been taken with the experimental value of th~ metal density. 

There are several parameters in this system. The diffusion coeffi

cients have been taken from literature. for DN+ see section 5-2. for e . 
Dcu only values of calculations by Koshinar were available (KOS81). 

He uses a Lennard-Jones interaction potential to calculate Dcu be
tween 300 and JOOO K. for argon and krypton as ambient gas his cal

culations agree within 10% with experimental results. At room tempe-. 
rature his value for neon is identical to the measured value obtai-

ned by Einie (ERN82). The sputtering coefficients were taken Scti=l.l 

and SNt=0.003 (see 6-1). The sticking coefficients were initially 
'II -15 chosen A :0.8 and A:O.l •. The charge transfer rate was taken 2.10 

m3/s. The production P can be related to the total curtent, I, assu
ming that in the discharge the current is carried by t~e ions, which 

may give an error of 10%. This leads to: 
a. 
I 2wr p dr = 1/L (6.3.18), 
0 

where L is the length of the discharge. 



If these parameters are substituted in the program the solution will 

in general not fulfil the boundary condition Jcu=O at r=O. To obtain 
this parameters should be varied; Parameters that were relatively 

well known, i.e. Scli SNI' Dcu and DN3 we~e kept unchanged. But as 
can be seen from 6.3.12 the value of A* is not critical. It can be 
varied between 0.1 and 0.9 without changing much in the other para

meters and the solution. So it was kept at O.B. This leaves two para
meters to be varied, A and kc. There are also two conditions that 

must be met. first Jcu=O at r=O as already mentioned but also ncu 
must be in agreement with the measurement. In reality it is ea-
siest to choose a value of kc and then vary A until Jcu=O at r=O. 
Then if the metal density is lower or higher than the experimental 
value another value of kc must be tried. figure 6-10 gives the best 
results that were obtained this way. The calculations are compared 
with the least-squares fit to the measurement of section 5-4. The 
shape of the experimental curve is well explained by the calculati
ons considering the error in the measurement. The maximum difference 
between experiment and calculation is 3.1018 m- 3 which is only 51 of 

the maximum copper density. In tabel 6-1 the values of A and k are 
c 

listed with which these results were obtained. Also the diffusion 

coefficients used in the calculation are listed. 

Tabet 6-1: Diffusion coefficients used in the catcutation and the 
sticking coefficients and cha~ge t~ansfe~ ~ates that ~e~e obtained. 
Din m2!s~ A in pe~oents~ kc in 10-10 m3;s. 

current I preasure (Torr) 

(A) 
2 5 B 

0cu 0Nti A kc 0cu I 0Nti A kc 0cu 0Nti A ke 

.1 ,06 .129 2.8 3.0 ,019 . .O!;o 2.4 3.0 .ou .030 - -

.2 .DB .238 1.9 1.5 .022 ,107 2.8 2.5 .013 .067 2.8 2.5 

.4 j·" .285 2.2 1.1 .034 .154 3.8 3.0 .018 .132 3.3 2.5 

.6 .15 .:H9 2.7 1.0 .047 .184 4.3 3.0 .024 .162 3.8 2.5 

1.0 .22 .379 4.0 1.5 .064 .231 4.7 2.1 .032 ,219 4.5 2.5 

The solutions obtained here are not unique since varying the parame

ters a little will give solutions that may fit equally well to the 

experiments. 

from tabel 6-1 an average value of 2.J 1015 m3/s is found for kc 
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Fig. 8-10: CaLcuLated metaL densities (points) compared ~ith the Least
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which agrees well with the value of Warner. It leads to a charge 

transfer cross section of 300!60 A2• f~rther A always is in the order 

of several percent which would indicate that the surface is cry~
talline. Also A increases with current but is rather independent of 

the pressure. This is .in ag~eement with other measureme~ts showing 
that the sticking coefficient becomes higher when the atom has more 

energy (ECK78B). 

The neon ion densities are also calculated from the model. These are 
shown in figure 6-11. The profiles are more or less parabolic. This 

is in agreement with a constant production and a loss by diffusion 

only as indicated in section 4-3. So the loss of neon ions due to 

charge transfer is not high for the currents used here. The sum of 

the calculated copper and neon ion densities in the centre should be 

equal to the measured electron density as given in section 5-5. Both 

are listed in tabel 6-2. The values of ne for 1 A have been extrapo

Tabet 8-2: Ion densities compared ~ith etectron densities. 

current(A) pressure( Torr) 
2 5 8 

nNi nco ne nN; nco ne 0 Nt "ct ne 
.1 .60 .1 .53 1.07 .2 1.30 - - 2.10 

.2 .83 .1 1.05 1.78 • 2 2.25 3.04 .2 3.45 

.4 1.39 .1 1.85 2.08 .3 3.80 3,55 .2 5.60 

.6 1.65 .2 2.50 2.37 .J 4.85 4.19 .3 7.2p 

1,0 2.13 .2 3,30 ),05 .4 6,20 5.23 .4 9.20 

lated, at 5 Torr they have been interpolated. The error in ne was 

estimated ta be 40%. So at low currents the agreement is good but at 

high currents the calculated ion densities are too low. From 6.3.15 

it follows that nN~ is directly related to DN~· So the deviation at 
high currents may be explained by a too high value of the ion diffu

sion coefficient taken from literature or by a too high electron 
temperature. The metal ion density is low because of the high diffu~ 

sion coefficient of copper. This also depends strongly on the elec~ 

tron temperature because the diffusion is ambipolar. 

It has been shown that the assumptions for a diffusion model are cor
rect. With a detailed sputtering condition the metal density in the 

hollow cathode can be calculated in good agreement with the experi

ment and with realistic values of the parameters. From this the char

ge transfer cross section was calculated to be 300!6o A2• The ion 

densities have profiles of parabolic shape. The calculated total ion 
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ion density agrees satisfactorily with the electron density obtai~ed 
with the saturated absorption spectroscopy. At higher currents the 
deviations are larger but still within experimental error. The metal 
ion density is low enough to be neglected in the model calculations 
of section 6-2. 
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CHAPTER 7. CONCLUSIONS 

-When isotoP,e separation and hyperfine structure are taken into 

account in the line shape the temperatures of copper and neon atoms 

.are equalt with values up to 1500 K. 

-Temperatures of gas atoms can also be obtained from line shapes 

obtained by the optogalvanic effect (OGE). The conditions for this 

measurement are that the irradiated transition must be between two 

highly excited states, the laser beam must be weakly absorbed and 
'·' the plasma must be in a stationary state. This method gives the 

opportunity to measure the temperature in the glow as a function of 

the radial position. 

-The temperature in the glow is constant. This indicates that the 

production of heat takes place in the cathode dark space and that 

elastic losses in the glow are low. 

-Average electron transport temperatures have been derived from the 

time dependent OGE. This can be done because this time dependence 

is governed by ambipolar diffusion. 

-Mass spectroscopic investigations have shown that molecular ions 

are not very important in the glow of a hollow cathode discharge. 

-Absorption of laser radiation, at sufficient low intensitieat is a 
simple and accurate method to determine spatially resolved excited 

state densities. for the Ne 3s states this density is .~10 18 m- 3 , 
f~r Ne 3p ~1017 m- 3 and for Cu 4d ~1017 m- 3 • Because these values 

are not very high stepwise ionization can be neglected compared to 
the ionization by beam electrons of ground state atoms. 

-Copper ground state densities have been obtained with the absorp

tion of resonance radiation. It shows that at high pressure copper 
atoms do not reach the centre of the glow because of ~he high 

charge transfer rate. 
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-Electron den~ities, with values between 1 and 9 1019 m- 3 , have been 

obtained from line profiles obtained by Doppler-free saturated 
absorption spectroscopy and optogalvanic spectroscopy. 

-The positive OGE is not due to the loss of ionization from meta
stable-metastable collisions but from the loss of ionization 
through electron-metastable collisions. 

-A positive OGE occurs only when the lower level of the irradiated 

transition is a metastable or when it is close enough to a meta
stable to have a good coupling by electron collisions~ 

-At high enough currents the OGE becomes negative for all transi
tions because the coupling between levels becomes stronger so the 

de-excitation of a metastable through electron collisions makes 
such a level, in effect, resonant. 

-As a function of the frequency the sign of the OGE can change when 

the lower level of the irradiated transition is a metastable. This 
is due to the larger escape of resonance radiation in the wings 
compared to the escape in the centre of the line. 

-The OGE is enhanced in the cathode dark space because beam elec
trons are made or lost. 

-Ion energies at the cathode have been calculated with a Monte Carlo 
simulation method. The average energy of the copper ions is about 
50% of the cathode fall energy, for neon this is about 10%. 

-From the ion energies the average sputtering yields have been ob
tained. For copper this gives 1.1 atoms/ion, for neon 0.003 atoms/ 
ion. This shows that the sputtering in a hollow cathode discharge 
is mainly caused by the copper ions. 

-With a collisional radiative model the relative amount of beam 
electrons has been determined to be in the order of lo-3 • 
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-From the experimental data the processes th~t mainly determine the 

plasma inside the hollow cathode can be estimated, These are: 

ionization of neon atoms by beam electrons, ionization of copper 

atoms by charge transfer with neon ions and loss of ions by ambi

polar diffusion. 

-Under the assumptions mentioned above the copper atom density has 

been calculated. from comparison with experimental copper densi

ties, the charge transfer cross section has been obtained, giving 

'oo:6o A2. 

-The sticking coefficient for the copper atoms is under the condi

tions of the hollow cathode discharge a few percent. This may indi

cate that the surface of the cathode is poly-crystaline. 

-The sum of the calculated ion densities agrees reason bly well 

with the measured electron densities in the centre of the glow. 

101 



REFERENCES 

AM182 
AUSBO 

BAT81 

BAT62 

BEN79 

BIE78 
81052 
BL076 

BOE82 
BOR67 

BOY69 

BRA78 

BRI78 

CAR74 

CH082 
CHR77 

COL70 
CORBO 

COT19 

CSI74 . 

DAI77 
DAN64 

DAN SO 

DAV63 

C.G. Aminoff, M. Pinard, J. Physique 43 (1982) 263, 

B. Auschwitz, H.J. Eichler, W. Wittwer, Appl. Phys. Lett •. 
36 (1980) 10. 
J, Batenburg, Eindhoven University of Technology, inte~nal 
report VDf/NT 81-11 (in Dutch), 1981. 
D.R. Bates, A.E. Kingston, R.W.P. McWhirter, ~roc. Roy. Soc. 
(London) ~ (1962) 297. 
W.R. Bennett Jr, Atomic gas ~aseP tPansition data~ Ifi/Ple
num, New York, 1979. 
A. Bielski, J. Wolnikowski, Acta Phys. Pol. A54 (1978) 601. 
M.A. Biondi, Phys. Rev. ~ (1952) 660. 
C. Blom, Twente University of Technology, internal report 
(in Dutch) 1976. 
J.P. Boeuf, E. Marode, accepted for publication in J. Phys. D. 
V.S. Borodin, Y.M. Kagan, R.I. Lyaguschenko, Sov, Phys. 
Tech. Phys. l! (1967) 887. 
T.J.M. Boyd, J.J. Sanderson,. Plasma Dynamics~ Nelson, London, 
1969. 
D.J. Bradley. High po~eP lasePs and applications. Editors: 
K.L. Kompa, H. Walter. Springer, Berlin, 1978. 

W.B. Bridges, J. Opt. Soc. Am. ~ (1978) 352. 
H.S. Carslaw, J.C. Jaeger, Conduction of heat in solids~ Ox
ford University Press, 1973. 
Y. Chouan, D. Collobert, J. Physique 43 (1982) 279. 
L.A. Christian, C.G. Carrington, W.J. Sandle, J,N, Dodd. 
from: LaeeP SpeotPoscopy~ vol. 3~ edited by J.L. Halland and 
J.L. Carlsten, Berlin, 1977. 
G.J. Collins. Thesis, Yale University, 1970. 
H. Cornelissen. Eindhoven University of Technology, internal 
report, VDf/NT 80-07. 
W. Cottaar. Eindhoven University of Technology, internal re
port, VDf/NO 79-06. 
L. Csillag, M. Jlinossy, K. R6zsa, T. Salomon, Phya. Lett. 
50A (1974) 13. 
J.W. Daily, Appl. Opt. 1i (1977) 2322. 
E.W. McDaniel. Collision Phenomena in Ionised Gases~Wiley 
and Sons, New York, 1964. 
K. Danzmann. Ent~icklung und untePsuchung eineP HochstPom
Hohlkathode ale LichtqueZZe suP Messung optisoheP UbePgangs
~ahPscheinliohkeiten deP Soh~ePmetalle~ thesis, Univeraitat. 
Hannover, 1980. 
J. Tudor Davies, J.M. Vaughan, Aatrophys. J. (USA), 1ll 
(1963) 1302. 

102 



DAV63A W.D. Davies', T.A. Vanderslice, Phys.Rev. 131 ( 963) 219. 
DEM81 W. Demtr8der, Laser spectroscopy, Springer, Berlin, 1981. 
DIE79 J.W.H. Dielis, Investigations of Townsend discharges in neon 

by mass spectroscopy, thesis, Eindhoven University of Techno
logy, 1979. 

DIEBO J.W.H. Dielia, F.J. de Hoog, D.C. Schram, J. Appl. Phys. 51 
(1980) 5708. 

DIX73 A.J. Dixon, M.F.A. Harrison, Proc. 8th ICPEAC, pt. 1, p .• 405, 
Beograd, Yugoslavia, 1973. 

ECK78 W. Eckstein, V.A. Molchanov, H. Verbeek, Nucl. Instrum. and 
Methods ~ (1978) 599. 

ECK78A W. Eckstein, H. Verbeek, J. Nucl. Mater. ~ (1978) 365. 
EIC79 H.J. Eichler, H.J. Koch, J. Salk, G. Schafer, IEEE. J. Quant. 

El. QE15 (1979) 908. 
EIC81 H.J. Eichler, H.J. Koch, R. Molt, J.L. Qiu, Appl. Phys. 826 

(1981) 49. 
ELB61 M. Elbel, W. Fischer, z. Phys. ill (1961) 151. 
ENG72 H.A. Enge, M.R. Richards, J.A. Wehr, Introduction to atomic 

Physics, Addison Wesley, Reading Massachusets,: 1972. 
ER£79 G. Erez, S. Lavi, E. Miron, IEEE. J, Quant. El. QE15 (1979) 

1328. 
ERN81 D.W. Ernie, H.J. Oskam, Phys. Rev. A23 (1981) 325. 

FEL79 D. Feldmann, Opt. Commun. ~ (1979) 67. 
FUJ75 K. Fujii, Jap. J. Appl. Phys. li (1975) 1339. 
GAR65 M. Garbuny, Optical Physics, Academic Press, N~w York, 1965, 
GAU70 W. Gautschi 1 Siam. J. Numer. Anal. l (1970) 187. 
GEE55 c. van Gee!, Zelfinductie en nalevering in gasontladingen, 

thesis, Technical University Delft, 1955. 
GER75 W. Gerhard, H. Oechsner, z. Physik ~ (1975) 41. 
GER78 H. Gerhardt, E. Matthias, F. Schneider, A. Timmermann~ z. 

Phys. ~ (1978) 327. 
GER80 D.C. Gerstenberger, R. Solanki, G.J. Collins, IEEE QE16 

(1980) 820. 
GIL77 P. Gill, C.E. Webb, J. Phy·s. D: Apjll. Phys. !Q (1977) 299, 
GOL79 J.E.M. Goldsmith, A.I. Ferguson, J.E. Lawler, A.L. Schawlow, 

Opt. Lett. ~ (1979) 230, 
GRE76A R.B. Green, R.A. Keller; G.G. Luther, P.K. Schenck, J.C. 

Travis, Appl. Phys. Lett. ~ (1976) 727. 
GRE76B R.B. Green, R.A. Keller, P.K. Schenck, J.C. Trhvis, G,G. Lu

ther, J. Am. Chern. Soc. 98 (1976) 8517. 
GRI63 H.R. Griem, Phys. Rev. 131 (1963) 1170. 
GRI74 H.R. Griem, Spectral line broadening in plasmas, Academic 

Press, 1974. 
GR081 T. de Groot, Eindhoven University of Technology, internal re

port VDF/NT 81-02, 1981. 

103 



GR082 

HAN79 

HARBO 

HEG82 

HOEBO 

HOL51 

HOL25 

HON58 

H0077 

HOU79 

HYIH9 

JACBO 

JAIBO 
JAV61 

JEN57 

JOH78 

JON74 

KAG72 

KHOBO 

KON82 

KOS81 

KROBO 

LAD13 

LAE60 

LAW79 

LAWBO 

LESS! 

LET77 

M. Grozeva, N. Sabotinov, Opt. Commun. 41 (1982) 57. 

T.W. Hansch, A.L. Schawlow, G.W. Series, Scient. Am. 240 
(1979) 13. 

R.G. Hart, C.B. Cooper, Surf. Sci. 2i (1980).105. 

R. Hegerberger, M.T. Elford, H.R. Skullerud, J. Phys. B. At. 
Mol. Phys. 11 (1982) 797. 

W.J. van den Hoek, J.A. Visser, J. Appl. Phys. 2.! (1980) 5292. 

T. Holstein, Phys. Rev • .!!l (1951) 1159. 

J. Holtsmark, Z. Physik 11 (1925) 722. 

R.E. Honig, J. Appl. Phys. ~ (1958) 549. 

F.J. de Hoog, J.R. McNeil, G.J. Collins, J. Appl. Phys. 48 
(1977) 3701. 

M. Hou, M.T. Robinson, Appl. Phys. ~ (1979) 381. 

H.A. Hyman, Phys. Rev. A 1.Q. (1979) 885. 

D.J. Jackson, E. Arimodo, J.E. Lawler, T.W. Hansch, Opt. 
Commun. 1l (1980) 51. 

K. Jain, IEEE. QE16 (1980) 387. 

A. Javan, W.R. Bennett Jr., ~.R. Herriott, Phys. Rev. Lett. 
~ (1961) 106. 

F.A. Jenkins, H.E. White, Fundamentals of optics, McGraw 
Hill, New York, 1957. 

T.F. Johnston Jr., Laser Focus li (1978) 58. 

G.J. de Jong, E.H. Piepmeier, Spectrochim. Acta 29B (1974) 
159. 

Y.M. Kagan, R.I. Lyagushenko, S.N. Khovorostovskii, Opt. 
Spectr. 11 (1972) 232. 

S.N. Khovorostovskii, Sov. Phys. Tech. Phys. ~ (1980) 1092. 

L.U.E. Konings, Eindhoven University of Technology, internal 
report VDF/NT 82-04, 1982. 

J. Koshinar, N.A Kryukov, T.P. Redko, Opt. Spectr. 50 (1981) 
32. 

J.P.C. Kroon, Eindhoveb University of Technology, internal 
report VDF/NO 80-06, 1980. 

R. Ladenburg, F. Reiche, Ann. Phys. ~ (1913) 181. 

N. Leagrid, G.K. Wehner, J. Appl. Phys. 11 (1960) 365. 

J.E. Lawler, A.I. Ferguson, J.E.M. Goldsmith, D.J. JAckson, 
A.L. Schawlow, Phys. Rev. Lett. 42 (1979) 1046. 

J.E. Lawler, Phys. Rev. A 11 (1980) 1025. 

A. Lesage, M.H. Miller, J. Richou, Truong-Back, in: SpectroaZ 
Zine shapes, edited by B. Wende, Walter de Gruyter, Berlin, 
1981. 

I 

V.S. Lethokov, V.P. Chebotaev, NonZinearo Zasero spectrooscopy, 
Springer Verlag, Berlin, 1977. 

104 



LIT 54 
MAL69 
MAS62 
MEH78 
ME I 53 
MIT71 

, MOR82 

NEI75 

NEI77 

NIJSO 

NIP81 
OSK58 
PAC73 

P.f. Little, A von Engel, Proc. Roy. Soc. ,all! (1954) .209. 
A.P. Malinaukaa, M.D. Silverman, J. Chern. Phys. 50 (1969) 3263. 
H.S.W. Massey, Repts. Progr. in Phyaiea .!1 (1962) 39. 
D.M. Mehms, T.M. Niemczyk, Appl. Spectr. 32 (1978) 269. 
K.W. Meisner, W.f. Miller, Phys. Rev. 21 (1953) 896. 
A.C.G. Michell, M. W. Zemanski, Resonance Padiation and 
e~oited atoms, Cambridge, 1971. 
P~J. van de Morte1, Eindhoven University of Technology, 
internal report VDf/NT 82-24, 1882. 
J.R. McNeil, G.J. Collins, K.B. Persson, D.L. franzen, Appl. 
Phys. Lett. ll (1975) 595. 

J.R. McNeil,Ne!.d sputtePed metal vapo:b lasel" systems, thesis 
Colorado State University, 1977. 
f.C. van Nijmwegen, Eindhoven University of T~chnology, in
ternal report VDf/CO 79-10, 1980. 
M.A. Nippolt, R.B. Green, Appl. Opt. 20 (19811). 3206. 
H. J. Oskam, Philips Res. Rep. 1l (1958) 358. 

I 

I.K. PAcheva, P.M. Pramatarov, N.N. Kristov, Sov. Phys. 
Tech. Phys. 11 (1973) 1833. 

PAH58 M. Pahl, U. Weimer, z. Naturforsch. 13A (1958) 753. 
PAS16 f. Paschen, Ann. der Physik 1Q (1916)901. 
PAV74 M.G. Payne, J.E. Talmage, G.S. Hurst, E.B. Wagnre, Phys. Rev • 

.a2. (1974) 1050. 
PEN28 
PEP78 
PHE59 
POT78 

POT79 

REA SO 

REI SO 
RIS71 
RIT32 
ROSS! 

ROZ77 

SCH70 
SMI64 

105 

f.M. Penning, Nederl. Tijdschr. voor Natuurk. {1928) 137. 
D.M. Pepper, IEEE. QE14 (1978) 971. 
A.V. Phelps, Phys. Rev. ill (1959) 1011. 
B.f.M. Pots, B. van der Sijde, D.C. Schram, Physics 1!£ 
(1978) 369. 
B.f.M. Pots, TuPbulenoe and tPanspoPt in a magnetized al"gon 
plasma, thesis, Eindhoven University of Technology, 1979. 
J. Reader, C.H. Corliss, W.L. Wiese, G.A. Martin, Wavelengths 
and tPansition pPobabilities fol" atoms and atomic ions, 
NSRDS-NBS68, Washington, 1980. 
R.D. Read, G.J. Collins, K.B. Persson, IEEE. QE16 (1980) 3. 
L.A. Riseberg, L.D. Scheerer, IEEE.~ (1971),40. 
R. Ritschl, z. Phys. 11 (1932) 1. 
R.J. Rosado,An investigation of non-equilibl"ium effsots in 
thsPmal al"gon plasmas, thesis, Eindhoven University of 
Technology, 1981. 
K. Rdzsa, M. J~nossy, J. Bergou, L. Csillag, Opt. Commun. li 
(1977) 15. . 

W.K. Schuebe1, App~. Phys. Lett. 1! (1970) 470~ 

J. Smith, J. Appl. Phys. li (1964) 723. 



SMI72 
SMY79 

SOB72 

SOL80 

STE79 

STE80 

STE82 

STU64 
TH075 

VAE78 

VAI80 

VEL82 

VER82 

V.IS81 

VRI73 
WAK81 
WAR79 

WAR 55 
WEB76 
WEH57 
WHI63 
WIL74 

YAN81 

ZAL79 

ZAL81 

D. Smith, A.G. Dean, N.G. Adams, Z. Physik, 253 (1972) 190. 
K.C. Smyth, B.L. Bentz, e.G. Turk, W.W. Harrison, J. Am. 
Chern. Soc. 101 (1979) 797. 
!.I. Sobelman, Intvoduction to the theovy of atomic speatva, 
Pergamon Press, Oxford, 1972. 
R. Solanki, W.M. Fairbank Jr., G.J. Collins, IEEE. QE16 
(1980) 1292. 

L.W.G. Steenhuysen, Investigations on aftevglows of neon gas 
dischavges, thesis, Eindhoven University of Technology, 1979. 
K. Stephan, H. Helm, T.D. Miirk, J. Chern, Phys. J.1. (1980) 3763. 

D. Sterenborg, J.J.A.M. van der Mullen, D.C. Schram, B. ~an der 
Sijde, Int. Conf. on Plasma Physics, G-oteborg,19B2. 
G. Stuart, O.K. Wehner, J, Appl. Phys. 11 (1964) 1819. 
J.A. Thornton, V.L. Hedgecoth, J. Vac. Sci. Techno!. 12 
(1975) 83. --

P.H.M. Vaessen, F.J. de Hoog, J.R. McNeil, Phys. Lett. 68A 
(1978) 204. -

V.V. Vainer, I.G. Ivanov, M.F. Sen, Sov. Phys. Tech~ Phys, 
ll (1980) 892. 
E.M. van Veldhuizen, F.J. de Hoog, Nederl. Tijdschr. voor 
Natuurk. A48 (1982) 61. 

P.W.E. Verhelst, N.F. Verster, accepted for publication in 
Software - Practise and Experience. 
B.M. Visser, Eindhoven University of Technology, internal re
port VDF/NT 81-21 1 1981. 
L. Vriens, Phys. Rev, Lett. 1Q (1973) 585. 
H. Wakata, S. Saikan, M. Kimura, Opt. Commun. l! (1981) 271. 
B.E. Warner, K.B. Persson, G.J. Collins, J. Appl. Phys. 1Q 
(1979) 5694. 
R.W. Warren, Rev. Sci. Instr. ~ (1955) 765. 
C.E. Webb, Inst. Phys. Conf. Ser. ~ (1976) 1. 
G.K. Wehner, Phys. Rev. 108 (1957) 35. 
A.D. White, E.I. Gordon,· Appl. Phys. Lett. l (1963) 197. 
C.S. Willett, Intvoduation to Gas Lasers: Population Invev
sion Mechanisms~ Pergamon Press, Oxford, 1974. 
Mo Yang, Ein Kupfevdampf-HohZkathodenZasev mit Dauerstviah
Emission im UltvavioZetten SpektvaZbeveiah~ thesis, Univer
sitat MOnchen, 1981. 
E.F. Zalewsli, R.A. Keller, R. Engleman Jr, J. Chern. Phys. 
1.Q. (1979) 1015, 
E.F. Zalewski, R.A. Keller, C.T. Apel, Appl. Opt. 1Q (1981) 
1584. 

106 



Appendix A. Measurement of the Stark parameter of the 576.4 nm line 

in a cascade arc discharge. 

For a measurement of Stark parameters one should have a medium with 
a high electron density. This density must be well known. Both de

mands are met with the cascade arc as described by Rosado (ROSSO). 

Besides electron densities in the range of 1022-1023 m- 3 this arc is 

in partial local thermal equilibrium, i.e. the excite~ state densi
ties are in equilibrium with the continuum and the ele~tron tempera

ture is equal to the gas temperature. The measurements reported here 

were all caried out at a pressure of 1 bar and a current of 80 A. 

Three neon lines were measured: 576.4, 585.2 and 748.9i nm. From this 

last line the Stark parameter was known from calculations by Griem 

(GRI74). Also the Ha-line was measured (486.1 nm). This line is p~e
sent due to residual water vapour in the discharge. This offers the 

~pportunity to measure the electron densities. The method has been 
checked against interferometric methods giving no greater deviation 

than 5~. 
Figures Al,2,3 and 4 show the profiles of the measured lines. The 

temperature was determined by the source function method from the 

585.2 nm line (ROSSO) and from the resistivity of the arc. Both me

thods give 11.000!1.000 °K. This high temperature means that pres

sure broadening can be neglected since the density inside the arc be

comes low (the line width due to pressure broadening is less than 

1 pm). This means that the line widths are completely ~etermined by 

Stark broadening if there is no self-absorption. This was checked 
with the mirror of the source function equipment. The 576.4 and 

748.9 nm lines had no absorption and their line shapes are fairly 
well Lorentzian. The 585.2 nm line had 30~ absorption ~t its line 

centre which makes it useable for.the source function ~ethod. 

From the Ha half width an electron density of 1.6 1022 m- 3 was cal

culated. This gives Stark parameters of 0.289 nm for the 576.4nm line 
and 0.046 nm for the 748.9 nm line (both at n =10 22 m-3 and 10.000 . e 
°K). The error in these values is around 10% due to the uncertainty 
in the electron density and to the presence of the continuum which 

makes it difficult to determine the wings of the Lorentz lines. Griem 

gives a value of 0.0208 nm for the 748.9 nm line which is more than 

a factor two below the value measured here. 
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Fig. A1: PPofi'Le of the Hf3-Une as ;measuPed in the cascade aPe. 
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Fig. A2: PPofi'Le of the neon 6?6.4 nm 'Line as measuPed in the cas
cade aPe. 
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Fig. A4: PPofite of the neon 748.9 nm 

de aPe diachaPge. 
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Appendix B. Electrical circiuts. 

+V=12(V) 

-V=12(V) -v -v 

Cir>ouit 1: Photo tr>ansistor> and amp Ufier> for> the 'Long eta 'Lon des
or>ibed in section 3-B. Phe output gives PPL-pu'Lses that can tr>igger> 
the DAS of the Eur>obus system (made by P. d. van de Mor>te'L). 

+12 

Cir>ouit 2: Pr>igger>ing of the ~ave'Length meter> of section 3-6. Phe 
vane s~itched osoi'L'Lator> is mounted on the car>r>iage~ the coi'L L on 
':its mounting I'Pame (made by A. B. M. Hfl.sken). 
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T 10}.1 

B 

Cirocuit 3: Intensity stabiUz.ation of the roing dye 'lasero as descroibed 
in section 3-6. The output signal. goes to the po~el' suppLy of the 
arogon ion tasero (made by A. Kempero), 

100\l 

+l2V 

OUT 

0 

l00}.1-l2V 

Cirocuit 4: Photo diode and amp'lifiero used in the ~avetength metero of 
section 3-6. T~o identical. amp'lifieros ~eroe used~ theiro ,output sig
naLs go to the inputs of the aountero (made by T. Bissah,opsJ. / 
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r-- - - - - - ...E.ML..a.5UQB--.., 
1 K 1 2 • • • D10 D11 A( 
L ~ 

180V 

-2000V 

Ci~cuit S: Photomuttiptie~ as used ~ith the Fab~y-P4~ot inte~fe~o
mete~ desc~ibed in section 3-2. 

180 +6 

"''100n 

6p8 

Ci~cuit 6: Amptifie~ that can be used in combination ~ith the photo
muttiptie~ of ci~cuit S giving TTL-output pulses suitable fo~ the 
scale~ of the Eu~obue system (made by T. Bieschope). 
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SUMMARY. 

In this thes~s the results are given of measurements and calcula
tions concerning the plasma of a hollow cathode glow discharge. A 
coppe1-neon discharge was chosen because this configu~ation has 
been used to build a laser with high c.w. output power in the ultra
violet. 

Several diagnostics have been employed to determine the plasma para
meters. Fabry-P~rot interferometry has been used to determine the 
temperature of copper and neon neutrals. It has been shown that for 
the neon line the isotope separation must be taken into account. For 
the copper line hyperfine structure must also be considered. It 
turns out that the temperatures of neon and copper are the same. The 
temperature goes up to 1500 K at 2 Torr although the cathode is wa
ter cooled. At higher pressures the temperature is somewhat lower, 
up to 1200 K at B Torr. 
The densities of ions have been determined with a mass spectrometer. 
Only a relative result has been obtained. At low currents the neon 
ion density increases linear with current and the copper ion density 
increases much faster as was expected from theory. At high currents 
experimental difficulties with the sampling hole lead t~ lower den
sities then was expected. This experiment also showed that molecular 
ions do not play an impoitant role in the plasma of the hollow ca-

' th~de discharge. 
From absorption measurements using a dye laser as a source the den-
sities ~ere obtained of several excited states of neon, including 
the metastable states. Also one, excited state of copper could be 
observed this way. The density of copper ground state a~oma was ob
tained from the absorption of the ultraviolet resonance radiation. 
Doppler-free line profiles have been measured with saturated absorp
tion spectroscopy. By calibrating the Stark parameter of the line 
used,in a cascade arc discharge, electron densities have been obtai
ned from these profiles. The value of this electron density is be-

d 9 
19 -3 . 

tween 1 an 10 m and it increases with current and pressure. 
Using the optogalvanic effect (OGE) two new diagnostic methods have 

I 
been developed. It has been shown, theoretically and experimentally, 
I 

that line profiles can be measured with the OGE. From these profiles 
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gas temperatures have been obtained. This method gives the opportu

nity to measure the temperature in the glow as a function of,the ra
dial position. It turned out that the temperature in the glow is con
stant. This means that the production of heat takes place in the ca
thode dark space and that elastic losses in the glow are not large. 

The time-dependence of the OGE has been measured and calculated. 
This shows that the measured effect can not be explained from the 
change in level densities or the change in the ionization. The only 

mechanism with a characteristic time in the order of the measured 
time is the loss of ions by diffusion. So from the experiment the 
diffusion time can be obtained. Since this diffusion is ambipolar 
the electron temperature can be derived from it. Two things must be 
reminded in this derivation: the electron energy distribution func
tion is not Maxwellian and the diffusion may be by copper ions or 

neon ions. So the result should be called an estimate of the average 
electron transport temperature. 
A five level model has been made to derive the qualitative aspects 
of the OGE for different transitions as a function of the current. 
In this model only electron collisions and radiation are considered. 
It shows that for a transition between highly excited states the OGE 
is always negative. When the lower level is metastable the effect is 
positive at low currents and negative at high currents. If the lowei 
level is very close to a metastable its OGE may be negative at low 
currents, positive at intermediate currents and negative at high cur
rents. All these cases have been found in the experiments. In some 
cases the sign of the OGE even changes as a function of the laser 
frequency. This can be explained with the frequency dependence of 
the escape of resonance radiation. In the cathode dark space the OGE 
is enhanced by the energy that the electron gaines from the electric 
field. 

Calculations have been performed to obtain parameters that could not 
be measured. With a Monte Carlo simulation method the energy distri
butions of ions arriving at the cathode have been obtained. from this 
energy the sputtering yields of the copper and neon ions have been 
.estimated. for copper 1.1 atoms/ion was found and for neon 0.003. 
This shows that the sputtering in the hollow cathode discharge is 
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mainly caused by the copper ions. 

Using a collisional radiative model the relative amount of beam e

lectrons has been calculated by making the calculated metastable den

sity equal to the measured value. The result is a fraction of beam 
-} 

electrons in the order of 10 • The agreement with other experiments 

and calculations is good. 

finally a model has been made to calculate the density of copper a
toms and copper and neon ions. From the experimental data it follows 

that three processes dominate the behaviour of the plasma inside the 

hollow cathode, i.e. the ionization of neon atoms by beam electrons, 

the ionization of copper atoms by charge transfer with neon ions and 

loss of ions by ambipolar diffusion. Also the sputtering condition 
has been considered in detail by taking into account sputtering from 

copper and neon ions, the thermal motion of copper atoms and the 

sticking coefficients of copper atoms and ions. To check the model 

the equations have been solved as a function of the position using a 
Runge-Kutta forward integration method. By fitting the calculated 

copper density to the measured values the charge transfer cross sec

tion has been calculated to be Joo±6o A2• for the sticking coeffi

cient of the copper atoms a value of a few percent was found. This 
may indicate that the surface of the cathode is poly-crystaline. 

The sum of the calculated ion densities agrees reasons ly well with 

the measured electron density. 
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SAMENVATTING. 

In dit proefschrift zijn de resultaten weergegeven van metingen en 

berekeningen aan hat plasma van een holle kathode glim~ntlading. Er 

is gekozen voor een koper-neon ontlading omdat deze configuratie ge

bruikt wordt voor het bouwen van een continue ultraviolet laser. 

Verscheidene diagnostieken zijn gebruikt om de plasma parameters te 

bepalen. Fabry-P~rot interferometrie is gebruikt om de temperatuur 
van neon en koper neutralen vast te stellen. Er is aangetoond dat 

bij neon de isotoopsplitsing meegenomen moet worden. Bij koper moet 

tevens de hyperfijnstructuur worden beschouwd. Dan blijkt dat de tem

peraturen van neon en koper gelijk zijn. De temperatuur loopt op tot 

1500 K bij 2 Torr hoewel de kathode watergekoeld is. Bij hogere druk

ken wordt de temperatuur wat lager, tot 1200 K bij 8 Torr. 

Dichtheden van ionen zijn bepaald met een massaspectrometer. Aileen 

relative resultaten zijn verkregen. Bij !age stroomsterkten stijgt 

de neon ionen dichtheid lineair met de stroom en de koper ionen 

dichtheid stijgt vee! sneller zoals uit de theorie verwacht was. Bij 

hogere stroomsterkten leidden experimentele problemen met het extrac

tiegat er toe dat er lagere dichtheden werden gemeten dan werd ver

wacht. Dit experiment toonde tevens aan dat molecuulionen niet erg 

belangrijk zijn in het plasma van de holle kathode ontlading. 

Uit absorptiemetingen waarbij een laser als bron ward gebruikt, zijn 

de dichtheden bepaald van enkele aangeslagen niveaus van neon, wear

onder de metastabiele toestanden. Ook een aangeslagen niveau kon op 

deze manier bekeken worden. De dichtheid van koper in de grondtoe
stand is bepaald met de abaorptie van resonantiestraling. 

Dopplervrije lijnprofielen zijn gemeten met verzadigingsabsorptie. 

Door de Starkparameter van de gebruikte lijn te ijken in een cascade 

boog ontlading konden hieruit de electronendichtheden verkregen wor-. 
den. De waarde van deze electronendichtheid ligt tussen 1 en 9 1019 

m- 3 en neemt toe met stroomsterkte en druk. 

Met gebruikmaking van het optogalvanisch effect (OGE) zijn twee nieu

we diagnostische methodes ontwikkeld. Er is aangetoond, theoretisch 

en experimenteel, dat lijnprofielen gemeten kunnen worden met het 

OGE. Uit daze profielen ken de gas temperatuur bepaald worden. Deze 
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methode geeft de mogelijkheid de temperatuur van het glimlicht ala 

functie van de radiale positie te meten. Daaruit bleak dat de tempe

ratuur in het glimlicht constant is. Dit betekent dat de produktie 

van warmte plaatsvindt in de donkere ruimte en dat elastische ver

lie~en in het glimlicht niet groot zijn. 

Het tijdsafhankelijke OGE is gemeten en berekend. Hieruit blijkt dat 

het gemeten effect niet verklaard kan worden met de verandering in 

niveaudichtheden of het verschil in ionizaties. Het enige mechanisme 

met een karakteristieke tijd ter grootte van het gemeten effect is 

het verlies van ionen door diffusie. Uit het experiment kan dus de 

diftusietijd gehaald worden. Omdat deze diffusie ambipolair is kan 

de electronentemperatuur er uit afgeleid worden. Twee dingen waaraan 

gedacht moeten worden in deze afleiding zijn: de electronenenergie 
verdelingsfunctie is niet Maxwells en de diffusie kan via neon of 

koper ionen gaan. Dus het resultaat kan een schatting van de gemid-

delde electronen transport temperatuur genoemd worden.' 

Er is een vijf niveau model gemaakt om de qualitative aspecten van 

het OGE af te leiden voor verschillende overgangen ala functie van 

de stroomaterkte. In dit model worden alleen electronenbotsingen en 

straling meegenomen. Het toont aan dat bij een overgang tussen twee 

hoogaangeslagen niveaus het OGE altijd negatief is. Ala het onderni-
' veau een metastabiel is dan is het OGE positief bij lage stroom en 

negatief bij hoge stroom. Als het onderniveau erg dicht bij een me

tastabiel ligt ken het OGE negatief zijn bij lage stroom, positief 
bij tussenliggende waardes en weer negatief bij hoge stroom. Oeze 
gevallen zijn allemaal gevonden met de experimenten. In een enkel 

geval verandert het teken van het OGE zelfs een functie van de laser

frequentie. Dit kan verklaard worden uit de frequentie afhankelijk

heid van de ontsnapping van resonantiestraling. In de donkere ruimte 

wordt het OGE versterkt omdat het electron dat daar gemaakt wordt 
energie wint uit het electrisch veld. 

Berekeningen zijn uitgevoerd om parameters te verkrijgen die niet 

gemeten konden worden. Met een Monte Carlo simulatie methode is de 

energieverdeling bepaald van ionen die op de kathode aankomen. Met 
deze energie ken de sputteropbrengst van de koper en neon ionen be

paald worden. Voor koper werd 1.1 atomen/ion gevonden, voor neon 
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O.OOJ atomen/ion.'Uit toont san dat het sputteren in de holle kathode 

ontlading voornamelijk wordt veroorzaakt door de kop~rioneh. 
Met behulp van een botsings-stralings-model is de relatieve hoeveel-' 
heid bundelelectronen bepaald door de berekende metastabiele dicht
heid gelijk te maken aan de gemeten waarde. Het resultaat is een 
. -J 
fractie bundelelectronen in de orde van 10 • De overeenkomst met 

andere metingen en berekeningen is goed. 
Tenslotte is er een model gemaakt om de dichtheden te berekenen van 
koperatomen en van koper- en neonionen. Uit de experimentele gege
vens volgt dat drie processen het gedrag van het plasma in de holle 
kathode domineren, te weten de ionizatie van neonatomen door bundel
electronen, de ionizatie van koperatomen door ladingsoverdracht met 

neonionen en het verlies van ionen door ambipolaire diffusie. Ook de 
sputtervoorwaarde is in detail beschouwd. Hierin is meegenomen het 
aputteren van koper- en neonionen, de thermische beweging van de ko
peratomen en de plakcoefficienten van koperatomen en -ionen. Om het 
model te controleren zijn de vergelijkingen opgeloat als functie van 
de pleats met een Runge-Kutta voorwaartse integratie methode. Door 
de berekende koperdichtheid aan te passen aan de gemeten waarde is 

+ Az de botsingsdoorsnede bepaald van de ladingsoverdracht op J00-60 • 

Voor de plakcoefficient van koperatomen is een waarde van enkele 
procenten gevonden. Dit wijst er op dat het oppervlak van de kathode 
poly-cristallijn is. De som van de berekende ionendichtheden in het 
centrum van de ontlading is redelijk in overeenstemming met de game
ten electronendichtheid. 
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NAWOORD. 

Ruim vier jaar heb ik bij de onderwerpgroep Atoom- en Plasmafysica 

mogen w.erken aan de voorbereiding van dit proefschrift. Voor mij 

zijn dat vier aangename jaren geweest waarin ik veel heb kunnen doen 

en kunnen leren.1 D1t werd in de eerste plaats mogelijk gemaakt door 

de uitstekende samenwerking met Frits de Hoog gedurende deze hele 

periode. Het doet me dan ook genoegen dat hij ala co-promotqr heeft 

willen optreden. Daarnaast moet ik Daan Schram bedanken voor de vele 

discussies die hij met mij heeft gehouden over het werk. 

Van groot belsng is tevens geweest de assistentie die ~k steeds van 
de technic! heb gekregen. John Bleize heeft veel geholpen bij de me

tingen, lambert Bisschops en Ries van de Sande bij het bouwen van de 

meetopstelling en Bartus Husken bij allerlei electronische proble-

men. 

Ook een aantal studenten hebben medewerking verleend aan dit proef

schrift in de vorm van een stage of afstudeeropdracht. Hugo Corne

lissen was betrokken bij de eerste pogingen om het optogalvanisch 

, effect te meten. Martin Visser heeft de koper- en neontemperaturen 

bepaald. Frank Vissers heeft een groot aantal metingen van het OGE 

gedaan ala functie van stroom.druk en golflengte. leon Konings is 

bezig gew~est met de meting van het tijdsafhankelijke OGE en de ana

lyse daarvan. Tom de Groot heeft de massaspectrometer metingen uit

gevoerd. Evert Casteleijn heeft gekeken naar een geschikte Doppler

vrije meetmethode. Peter .Eenshuistra heeft de dichtheqen bepaald 
van aangeslagen niveaus. Peter Sigmund is bezig geweest met het. op
lossen van de diffusievergekijkingen. Ala laatste moet ik hier Paul 

van de Mortel noemen die de electronendichtheid bepaald heeft en 

daarnaast ook veal bijgedragen heeft aan het goed functioneren van 

de meetopstelling. 
Ook de hulp van andere medewerkers van de groep mag niet onvermeld 

blijven. Bart van der Sijde heeft een grote bijdrage ge1everd aan de 

berekeningen met het botsings-stralings-model. Bob Timmermans heeft 

zijn medewerking verleend aan de metingen met de cascade boog. Ko 

van de Ree en Jan Voskamp hebben vaak moeten inspringen' bij compu

terwerkzaamheden. 

De afdelingswerkplaats ben ik erkentelijk voor hun snel~e en attente . . 

werk. Tenslotte wil ik lambert Bisschops nogmaals bedanken nu voor 

het maken van de tekeningen van dit proefschrift. 
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Stellingen 

1 

Met behulp van optogalvanische effecten is het mogelijk zowel de gas
temperatuur als de electronentemperatuur te meten in het plasma van 

een holle-kathodeglimontlading. 

Dit proefschrift, Hoofdstuk 4 en 5. 

2 

Ten onrechte wordt in literatuur over holle-kathodeontladingen 

meestal niet vermeld of het een glimontlading dan wel een boog

ontlading betreft. 

3 

De aanname dat het plasma van een holle-kathodeglimontlading in 
lokaal thermisch evenwicht is, is niet juist. 

D.C. 'Jerstenberger, R. SoZanki, 1.J. CoUins, IEEE QE16 (1980) 820. 

'If. ·mbau Texeira, F. CarvaZho Rodrigues, J. Phys. D: AppL Phys. 

12 (1979) 2173. 

E. F. ZaZewski, R.A. KeUer, R. EngeZman Jr, J. Chem. Phys. 

(1979) 1015. 

4. 

De veelal gebruikte veronderstelling dat de gemagnetiseerde plasma

kolom van een holle-kathodeboogontlading invariant is onder longi

tudinale verplaatsing is onjuist. In beschouwingen over radiale 
diffusie mogen axiale gradienten niet verwaarloosd worden. 

5 

In een cascadeboogontlading, bij een druk van enkele atmosferen en 
een gesuperponeerde stroompuls van enkele kiloamperes, kan het niet

ideale plasma gebied worden benaderd. 

6 

Het verstemmen van een kleurstoflaser door middel van het draaien 

van twee kwartsplaatjes, de zgn. galvoplates, is minder goed lineair 
dan de specificaties doen vermoeden. 



7 

Vanwege de beperkingen in de mechanische en thermische eigenschappen 
van de piezokristallen kan een piezo-electrisch gestuurde Fabry-P~rot

interferometer alleen dan optimaal gebruikt worden wanneer de paral

lelliteit van de spiegels d.m.v. een computerregeling optima~! wordt 
gehouden. 

8 
Het feit dat na de eerste test van de TFTR-tokamak in kranten onmid

dellijk werd gesproken van geslaagde kernfusie toont aan dat het de 

betrokken natuurkundigen niet gelukt is goed uit te leggen wat er 
wel had plaats gevonden. 

De VoZkskrant, 27 deaember 1982. 

NederZands Tijdsahrift voor Natuurkunde, (1983) 9. 

9 

Het ontwikkelen van een eenvoudig demonteerbare en repareerbare 

wasmachine kan moeilijk gezien worden als een passende afstudeerop

dracht voor een th-ingenieur. 

10 

Het opgeven van de frequentiekarakteristiek van een luidsprekersys

teem en het daarbij vermelden dat het systeem fase-lineair is, is 
verre van voldoende om de kwaliteit van het systeem vast te leggen. 

11 

Bij gebruikmaking van digit~le apparatuur voor muziekweergave, zoals 

de compact disc, hangt de kwaliteit van het uiteindelijke resultaat 
voornamelijk af van de opnametechnicus. 

12 

Gezien de zeer grate kans op blessures is het onverklaarbaar dat 
voetbal de meest beoefende sport is. 

Eindhoven, 5 april 1983 E.M. van Veldhuizen 




