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General introduetion 

This thesis refl.ects the results of a study of the expanding cascaded are 
plasma as a souree for hydrogen ions and atoms. The expanding cascaded 
are setup has been developed toserve as a plasma souree for fast deposition 
of amorphous or cristalline carbon layers [1, 2, 3] and for amorphous silicon 
layers [4]. More fundamental research has beendoneon pure argon plasmas 
of this type [5, 6]. This type of setup combines the dissociative and ioniz
ing power of a dense discharge, the cascaded are souree plasma, with the 
transport properties of a partiele beam, the plasma expansion. A further 
advantage is that the souree plasma is not influenced by the conditions in 
the low pressure reactor; as a consequence, the plasma beam characteris
tics can he controlled by the discharge settings of the souree and of the low 
pressure chamber independently. This gives a large freedom in the choice of 
experimental conditions. 

In the expanding cascaded are deposition projects, studies were primarily 
aimed at the deposition of good layers, and not dedicated to the role of 
hydrogen in the plasma kinetics. Still in most experiments hydrogen gas is 
seeded into the argon souree plasma, and even if no hydrogen is added, it is 
produced in the plasma beam in the dissociation of e.g. CH4 or SiH4, and in 
subsequent wall association and desorption. Consequently, hydrogen kinetics 
in the plasma beam are relevant to the plasma beam deposition even if no 
hydrogen is seeded. 

Here, pure hydrogen or hydrogen-argon plasmas are studied. At the foun
dation of this work lie a cooperation with SHELL Research France and a 
Euratom research program. The cooperation with SHELL was aimed at the 
development of a large flux hydrogen atom source. The scientific questions 
that came up during this initially technological work have stimulated the 
development of the new RF probe activated actioometry and catalized the 
insight in the recirculation of background gas in the reactor and its infl.u
ence on the plasma beam. A spin-off of this work is the treatment of iron 
archeological artifacts as described in chapter 8. In the framework of plasma 
deposition, there is interest in atomie hydrogen as a selective etching medium 
for weaker honds on deposited layers and for passivation of dangling honds. 
The role of the hydrogen atoms in the dissociation of e.g. silane in plasma 
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2 Chapter 1 

beams may he underestimated so far, and even he more important than i ons 
and electrons [7]. 

In the frameworkof a broad Euratom program on Neutral I!eam Injection 
(NBI) for the heating of TOKAMAK plasmas, the use of the cascaded are 
plasma as a hydrogen ion souree has been investigated. In the course of 
this work, the importance of molecular kinetics and the internal energy of 
molecules has become evident. The anomalous fast recombination mech
anism that is proposed in this thesis is expected to he important in any 
plasma where sufficient vibrationally and/or rotationally excited molecules 
are available. This is certainly the case in the expanding cascaded are plasma 
setups as used at the Eindhoven University of Technology. A dear example of 
such a plasma may also he found in negative ion volume sources, that need 
high densities of vibrational excited molecules for negative ion formation. 
Another example is found in interstellar clouds, in which high vibrational 
temperatures are observed. 

A short characterization of the souree plasma and the plasma beam is 
given in the following. 

Souree plasma 

The cascaded are plasma is operated at high current densities (35-70 A 
through a 4 mm diameter channel) and at near- atmospheric pressures (0.1-
1 bar). Under these conditions the coupling between electron and heavy 
partiele temperature is good. The cascaded are plasma has been studied 
extensively for argon gas operation. In that case the electron temperature 
and the heavy partiele temperature bothare"' 1 eV. The ionization degree 
in the souree plasma is around 5%. The high electron density, high heavy 
partiele temperature and density and low electron temperature compared to 
most other discharges make that the plasma is strongly collision dominated. 
Radiative losses are relatively smalland the energy efficiency for dissociation 
and ionization is high compared to other types of discharge. 

When operated on hydrogen gas, a molecular component is added to the 
gas. The lighter mass of hydrogen compared to argon and the dissociation of 
molecules in the plasma and the re-association of atoms to molecules at the 
walls of the souree give rise to an increased heat conductivity. Due to larger 
heat losses to the walls, at the edges of the plasma channel temperatures 
can he substantially lower in a hydrogen plasma than in the argon case. At 
the center of the cascaded are souree the conditions are still expected to he 
comparable to the argon plasma. 
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Plasma beam 

The plasma beam has been studied intensively for argon plasmas. The hot 
souree plasma expands into a low pressure chamber, 0.1 to 10 mbar back
ground pressure. After a supersonic expansion and a shock, a subsonic 
plasma beam is obtained. This is the region that is studied bere in more 
detail for hydrogen. The plasma beam has a low electron temperature ('""" 
0.3 eV) and an electron density of a few times 1017 to a few times 1019 

m-3• The plasma beam is a recombining plasma afterglow; no power input 
takes place. The electron temperature is far too low to make excitation of 
electronk states possible (all excited states have energies above 10 eV in 
hydrogen/argon plasmas). Yet the plasma emits a spectrum. The excited 
states that are observed in emission are populated by recombination pro
cesses from atomie or molecular ions. The emission spectrum consequently 
contains information on the ions in the plasma and not on the bulk of the 
neutral particles. The electron energy distribution function (EEDF) is still 
expected to be Maxwellian in most cases. 

Outline of the thesis 

The hydrogen cascaded are setup is discussed in chapter 2. Here the rele
vant technica! information for the construction and operation of the plasma 
machine on hydrogen gas is given. The application of the setup as an atomie 
hydrogen souree is characterized in chapter 3. Here also the new RF probe 
activated actinometry technique is introduced. Chapters 4 and 5 are related 
to the molecular kinetics in the plasma. The anomalous fast recombination 
process that has been observed with Langmuir double probe measurements 
is described in chapter 4. Molecular processes leave their 'fingerprints' in the 
atomie Balmer emission spectrum. The emission spectroscopy is described 
in chapter 5. The interpretation of the molecular hydrogen plasma is subject 
to chapter 6. Molecular spectroscopy can yield information on the rotational 
and vibrational temperature and can be used to estimate the dissociation 
degree of the plasma. This chapter offers the theoretica! basis for the ac
tive actinometry and for the molecular spectroscopy performed at AMOLF, 
Amsterdam. At AMOLF theemission spectrum of the plasma of the FOM 
Surface Conversion Experiment (FOMSCE) was measured (chapter 7. This 
work represents the link to the negative ion production in the framework of 
the Euratom program. The spectroscopie work also served as a pilot exper
iment for the interpretation of the molecular Fulcher spectrum. Chapter 8 
deals with the treatment of iron archeological artifacts in a hydrogen plasma 
beam. This chapter describes the promising results of a survey program in 
the twilight zone between plasma physics, surface physics and archeology. 
The main conclusions of the preceding chapters are shortly summarized in 
chapter 9. 
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The experimental setup 

The hydrogen plasma setup is based on the same concept as the Eindhoven 
plasma beam deposition machines [1, 4]: a cascaded are thermal plasma 
souree at moderate pressure (0.1-1 bar), expanding into a low pressure (0.1-
50 mbar) vessel. The thermal plasma is efficient in the production of ions 
and radicals. The expansion into the low pressure chamber results in a fast 
plasma beam, that takes care of a directed transport of the reactive particles 
from the souree to a target region. This concept has proven to be very 
succesful in the application of fast deposition of a:C-H and a:Si-H layers 
[2, 4]. 

H2 alann 

Figure 2.1. The hydragen plasma machine. MFCJ and MFC2 are the mass flow 
controllers for the argon and hydragen gas feeding. 

In the hydrogen plasma machine the objective is a large flux of hydrogen 
ions, or, in other applications, hydrogen atoms. An overview of the plasma 
setup is given in Fig. 2.1. Indicated in the figure are the cascaded are source, 
the gas feed system, the expansion chamber, the pumping system and the 

5 



6 Cha ter 2 

hydrogen alarms. The plasma reactor and vacuum system are described in 
section 2.1. In order to be able to operate on large hydrogen fractions, mod
ifications of the souree were necessary. These are discussed in section 2.2. 
The operation of the plasma machine is subject to section 2.3. Here char
acteristics of the souree like energy efficiency and heat load to the cascaded 
are at varying hydragen fraction in the plasma are given. Also items like 
stability and reproducibility of the plasma are addressed here. Hydragen is 
a highly flammable and explosive gas. A hydragen plasma machine therefore 
demands provisions to ensure safe operation, even in the case of malfunction
ing of the system. Section 2.4 deals with this. Condusions are summarized 
in section 2.5. 

2.1 The expansion ehamber 

The plasma emanating from the cascaded are souree expands into the low 
pressure expansion chamber. This chamber is a cylindrical stainless steel 
vessel (1=0.4 m, 0=0.4 m), with at the front and back side an aluminum 
circular flange. Flanges and chamber are water cooled. On the front side 
flange the cascaded are souree is mounted. A quartz window at the left side 
of the reactor allows spectroscopie measurements. Two other flanges at the 
top and right side are used to mount various diagnostic equipment. An MKS 
122 A Baratron pressure transducer and a Balzers TPG 040 Pirani are used 
to measure the pressure in the reactor. The reactor is pumped by a line 
of two roots pumps and a rotary pump. The maximum pumping capacity 
is 1000 m3 /hour and can be regulated by a valve between the low pressure 
chamber and the pumps. At full pumping capacity a pressure of "' 0.4 mbar 
can be maintained at a gas flow of 3.5 standard liter per minute, which is 
the default gas flow. The pumping speed and therewith the pressure in the 
reactor can be regulated by a manually adjustable valve between the reactor 
and the pumps. The pumping speed of the vacuum system is equal for argon 
and hydragen gas. 

At the souree si de of the reactor, at the nozzle position, a magnetic field 
coil is mounted. The axial field strength as a function of position in the 
reactor is given in Fig. 2.2 (a). The shape of the magnet ie field is seen in 
Fig. 2.2 {b). This magnetic field can be used to confine the plasmaand thus 
increase the electron density in the plasma. 

2.2 The easeaded are souree 

The cascaded are thermal plasma souree is depicted in Fig. 2.3. It is of 
the same design as the one presented by Kroesen [3] for argon plasma gen
eration, with some additional features to enable stable plasma operation on 
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Figure 2.3. The cascaded are source. 



8 Chapter 2 

hydrogen gas. In the cascaded are a discharge is sustained between three 
concentrically placed cathocles and an anode plate. The plasma is thermally 
confined by a stack of water-cooled copper plates with a central bore of 4 
mm, forming a plasma channel. Thus a so-called wall-stabilized plasma is 
obtained. The plates are electrically isolated by polyvinylchloride spacing 
rings with a thickness of 1 mm. Inside these rings a Viton 0-ring is mounted 
as a vacuum seal. These 0-rings are protected from the plasma by shielding 
rings, made of boron nitride. The are length can he varied hy changing the 
number of cascaded plates. 

Gas is fed in at the catbode side and the plasma can leave the souree 
through a nozzle plug that is screwed into the anode plate. The argon and 
hydrogen gas flows are regulated by mass flow controllers. After the mass 
flow controllers the argon and hydrogen flows come together in a small cylin
der (volume 0.51). In this cylinder the gases are mixed and are fed to the are 
together. At the are inlet also a Baratron pressure transducer is mounted. 
Without the mixing cylinder the plasma tends to go toa mode of operation 
in which the argon and hydrogen flows start oscillating and eventually the 
entire plasma may he seen to switch between a pure argon mode and an 
argonfhydrogen mode. The cylinder acts as a gas buffer and keeps the com
position of the gas flow to the are constant, and a stabie plasma is obtained. 
In order to enable the operation of a plasma on hydrogen gas, furthermore 
the implementation of the cascaded are is modified at a few points compared 
to the original design by Kroesen. A hydrogen plasma generally has a larger 
heat conductivity than an argon plasma, cf. Fig. 2.4, where an increase in 
power loss to the cooling water is seen with increasing hydrogen fraction. 
The available power supply did not allow higher hydrogen fractions than 
56%. However, recent experiments by Qing [8] show that the results from 
Fig. 2.4 can he extrapolated linearly towards 100% hydrogen. All parts di
rectly exposed to the plasma are therefore charged with a higher heat load. 
Therefore these parts are made quartz (shafts around catbode bolders) or 
boron nitride (shielding rings) insteadof teflon or polyvinylchloride as usual 
in the argon cascaded are. 

The catbode tips are getting much hotter too in hydrogen. If the default 
1 mm catbode tips are used, a shower of metal dropiets is observed in the 
plasma beam emanating from the souree and the tips are eroded away com
pletely within one hour. If the are is to he used for hydrogen plasma thicker 
catbode tips are required. With 2 mm diameter tips and a proper starting 
and stopping of the plasma ( cf. section 2.3) no sputtering is observed and 
the standing time of the cathocles is very long. 

The operation voltage and consequently the electric field strength is also 
higher for a hydrogen plasma than for argon, cf. Fig. 2.5. This invokes 
the risk of discharges between cascade plates instead of through the plasma 
channeL To avoid this, the inner diameter of the boron nitride shielding 
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Figure 2.4. The heat balance for aryon and hydrogen plasmas. Both the total power 
input and the heat loss to the cooling water are several times laryer in a hydrogen 
plasma than in an aryon plasma. Results are for a 10 plate cascaded are. The 
discharye current is 45 A, the total gas flow is 3.5 slm. 

rings reaches the plasma channel. It has been found empirically, that the 
top shielding ring, between the cathode holder and the fi.rst plate, must have 
a larger internal diameter ("' 10 mm) than the other rings. Furthermore 
sharp edges inside the souree are rounded, in order to minimize electric field 
gradients. 

Finally, it appeared that the shape of the nozzle has a large infl.uence on 
the outfl.owing plasma in the case of hydrogen operation. A nozzle with a 
straight channel [1] produces a weak plasma beam. With a conical channel 
this improves, and a parabolically diverging channel yields the best results. 
This type of nozzle is used in all experiments. It is sketched in Fig. 2.3. The 
design of an optimized nozzle is beyond the scope of this work. Considera
tions in the nozzle design are discussed in e.g. [9]. 

There have been no dedicated experiments to determine the standing time 
of this cascaded are. However, over the years it has not occurred that parts 
had to he replaced due to regular wear. The largest period of experiments 
without modifications on the are lasted over 2000 hours. During this period 
the are operation conditions were varied over a wide range of currents and 
gas fl.ows, and the plasma has been started and extinguished hundreds of 
times. As the starting of the plasma is probably the most darnaging part of 
the operation, it seems justified to conclude that the standing time of the 
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Figure 2.5. The voltage in the are channel versus hydrogen fraction. The axial 
position is the distance from the cathodes. The operation voltage and consequently 
the electric field increases linear with the hydragen fraction in the gas flow. The 
same plasma settings are used as in Fig. 2.4. 

are is by far more than 2000 hours. 

2.3 Plasma operation 

Most of the operation of the hydrogen plasma machine is PLC controlled. 
The plasma is started at argon gas. A high voltage, low current power supply 
starts a glow discharge with a current of"' 1 mA for a period of 4 seconds. 
At the sametime the main are power supply is started. This is a slow start 
supply with a rise time of 1-2 seconds. This way a smooth start is obtained 
without a voltage or current overshoot. The eledric scheme of the are souree 
is shown in Fig. 2.6. It appeared to be important to start on 100% argon, 
as even small traces of hydrogen present during starting result in damage of 
the cathodes. Before switching off the plasma, approximately 1 minute pure 
argon operation is applied to remove all hydrogen absorbed in the roetalparts 
of the cascaded are. This prevents damage in subsequent plasma startups. 

Hydrogen gas feeding changes the operation charaderistics of the souree 
considerably. Fig. 2.7 shows the energy efficiency as a fundion of the gas 
ratio. This is the fraction of the energy input to the are that is converted to 
the emanating plasma flow. The efficiency decreases from approximately 50% 



The experimental setup 11 

Figure 2.6. Electric scheme of the cascaded are souree. A glow discharge is started 
with the high voltage power supply HV. The are power supply then takes over and 
starts the higher current are discharge. The resistors of 12 n in line with each 
cathode help to stabilize the discharge. 
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Figure 2. 7. The energy efficiency -the fraction of the oh mie power input that is 
ends up in the outflowing plasma- versus the hydrogen fraction. The same settings 
as in Fig. 2.4 apply. 
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for full argon to 35% for hydrogen. Evidently the larger heat conductivity 
of .the hydrogen plasma leads to more energy loss. The efficiency decreases 
until a hydrogen seeding fraction of "" 7% is reached and then remains nearly 
constant. At the same seeding fraction, in the plasma beam, emanating 
from the source, the argon spectrallines have disappeared from the emission 
spectrum. The latter indicates in a recombining plasma that there are no 
argon ions left. This suggests that the ions play a central role in the heat 
loss to the walls of the are channel. The ambipolair dilfusion is larger for 
hydrogen than for argon due to the smaller ion mass. 

Another effect is that the viscosity of a hydrogen plasma is much lower. 
At equal gas flows therefore the pressure at the inlet side of the cascaded 
are is much lower in the latter case. This is seen in Fig. 2.8. An important 

500 • are inlet 
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• • • • 
~ 300 • • .J:J • e • • • • ._.. • e • • • ;;; 200 • • "" • • e • c. 
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À 

0 
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Figure 2.8. The are pressure at inlet, halfway the are and at the anode as a function 
of hydrogen froction in the plasma. 

feature of the cascaded are souree is the stability of the plasma. In general 
are discharges tend to show poor stability and/or reproducibility. Comparing 
a cascaded are discharge to conventional are discharges with simHar power 
density and gas flows, an important difference is that the are in the cascaded 
are is longer, and the same power input is obtained at a lower current and a 
higher voltage. Consequently the influence of the cathocles on the total are 
behaviour is smal!. As instahilities occur especially in the cathode region, 
this improves the overall stability of the source. The stability of operation 
is further improved by the addition of resistors in line with the cathodes, cf. 
Fig. 2.6. 
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Figure 2.9. The intensity of the H13 spectralline versus time after plasma startup. 

The stability and reproducibility of the plasma have been measured for 
on the intensity of the hydrogen H13 spectralline. The intensity is measured 
in the expansion chamber at an axial position 24 cm downstream the plasma 
source. Plasma settings are 20% atomie hydrogen in a total gas flow of 3.5 
slm, discharge current 65 A, pressure 0.5 mbar and a coil current of 250 A. 
The sample time was 1 second, equal to the sample time in spectroscopie 
measurements. Fig. 2.9 shows the measured intensity of the H13 speetral 
line in the first hour after plasma startup. The figure shows that during the 
first half hour the intensity is slowly increasing and then remains constant 
within an error of 5%. The initial drift can he attributed to warming up 
of the are power supply. It is observed that the discharge current setting 
drifts during this initial period. Fig. 2.10 concerns the reproducibility of 
the plasma system. It shows the intensity of the H13 line over a few runs. 
Between two runs, the plasma is switched off and all gas :flows are put to 
zero. The power supply is kept at standby, to avoid the above mentioned 
warming up time. Then the plasma is restarted, and all settings are restored. 
Between the second lastand last measurement the entire vacuum system was 
shut down, the reactor was pressurized and the cathocles were replaced. The 
latter was to study the in:fluence of catbode condition and alignment. It is 
evident from the figure that the signal reproduces within 5% in all cases. 
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Figure 2.10. The intensity of the Hp spectralline during several plasma runs. The 
sameplasma settings as in Fig.2.9 apply. Between two plasma runs, the plasma 
has been switched off and all flow and current settings have been set to zero. Before 
the last run, the are souree was dismounted and the cathodes were replaced. 

2.4 Safety considerations 

Hydrogen is a highly flammable and explosive gas and therefore requires 
safety measures. In the current setup, an important consideration in the 
safety strategy is that the amount of hydrogen in the system is small at all 
times: the volume in the gas feeds at the high pressure side is very small and 
the pressure in the reactor is in the order of 1 mbar under plasma conditions. 
lf therefore a hydrogen alarm situation occurs, shutting down the system 
immediately eliminates a dangerous situation in the system. The system is 
shut down if one of the hydrogen detectors gives alarm - there is a detector 
above the gas botties and one above the source, see Fig. 2.1 -, if the gas 
exhaust system fails, at malfunctioning of any part of the vacuum system 
or if an alarm button is hit. The gas exhaust system starts at the high 
pressure side of the pumps. Gas from the plasma machine is mixed with a 
large volume of air in a grounded metal mixing piece to values far below the 
flamability limit of hydrogen. A ventilator with a capacity of 800m3 hour-1 

takes care of this. 
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2.5 Conclusions 

When the H+l- project was started, operation on high hydrogen seeding 
fractions or even full hydrogen was expected to be difficult. It has appeared, 
however, that only minor modifications on the argon cascaded are design 
used by Kroesen [l.] were needed to obtain a reliable hydrogen plasma plasma 
souree. Neeessary modifieations are related to the higher electrie field and 
the larger heat load in the souree, if operated on hydrogen. With this modi
fications and a eareful plasma starting and stopping procedure, the cascaded 
are is a plasma souree with a very long (:::P2000 hours) standing time that 
produces a stabie plasma beam. An important factor in the stability are the 
cascaded are plates. These yield a long and stabie are, diminishing the rela
tive influenee of instahilities in the cathode region on the total are behaviour. 
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Atomie hydrog'en souree 
featuring reeireulation 

3.1 Introduetion 

Atomie hydrogen is an important species in numerous plasma chemical appli
cations. Examples are found in plasma deposition of a-C:H and a-Si:H layers, 
where the hydrogen radicals abstract or passivate dangling honds during de
position [1, 4]. Another application is described in chapter 8: the treatment 
of iron archaeological artifacts. The number of chemical bulk processes in 
which atomie hydrogen could he used is enormous. As an example, the work 
subject to this chapter was started in cooperation with SHELL Recherche, 
France, with the aim to develop an effi.cient atomie hydrogen souree for use 
in volume chemical processes. For application in bulk processes economie 
considerations are important. Therefore the energy efficiency of the souree 
and the dissociation degree of the feeded gas are important features. Section 
3.2 describes the cascaded are characteristics. These have been estimated for 
the produced plasma from the heat balance in the source. 

The dissociation degree bas also been determined downstream the plasma 
beam in the low pressure reactor. Heretoa new diagnostical technique was 
developed, RF excited active actinometry. This technique and results for the 
plasma beam are found in section 3.3. 

The dissociation degree that was measured downstream the plasma beam 
is found to he significantly lower than that at the exit of the source. Insection 
3.4 it will he argued that recirculation processes in the reactor, mixing back
ground gas with the plasma emanating from the source, have an important 
influence on the plasma beam characteristics. 

The relation between the souree plasma, the plasma beam and the recir
culation process are discussed in section 3.5. 

17 
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3.2 The plasma souree 

The cascaded are souree is described in detail in chapter 2. For the atomie 
hydrogen souree application subject to this chapter the number of cascade 
plates was 3 or 4. The souree has been operated on hydrogen gas flows of 
3, 6 and 9 sim at two different discharge currents, 35 and 50 A. The heat 
loss of the plasma to the cooling water was measured for the cathodes, the 
anode and for each cascade plate. The heat loss was measured by an array 
of water flow meters and temperature sensors at the inlet and outlet side of 
the cooling water channels. The Ohmic input power along the plasma axis 
was determined from the are current and the voltage at each part of the are. 
The experimental setup that has been used for the characterization of the 
cascaded are plasma is sketched in Fig. 3.1. In the following the energy effi. 

PC 

Figure 3.1. Schematic representation of the setup used for the characterization 
of the cascaded are plasma. The voltage is measured at the cathodes and at each 
cascade plate. The water flow to each part is measured with a flow meter at the 
water inlet side. The water temperafure is measured at the inlet and outlet side of 
the cooling channels of the cathodes, e(.lch plate and the anode separately. 

ciency, the dissociation degree, and the ionization degree are defined. With 
these definitions arelation between the Ohmic input power, the gas flow and 
the dissociation and ionization degree is established. The energy efficiency 71 
is defined by 

1j = Pplasma = 1 _ Pcool (3.1) 
Pohmlc Pohmlc 

where Pplasma is the power which is effectively coupled into the plasma, Pohmlc 
the Ohmic input ( total electric power input) and Pcool the heat loss to the 
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cooling water. The efficiency is determined for the cathode, anode and each 
plate. Pohnûc is calculated from the are current and the voltage drop between 
adjacent plates. Pcool is determined by measuring the water flow and the 
increase in temperature of the cooling water. 

The dissociation degree of the partiele flow leaving the cascadedarc is 
defined by 

~H 
j3 = 2~0 (3.2) 

H2 

where ~H is the atomie hydrogen partiele flow and ~'12 is the molecular gas 
flow at the are inlet. This is the fraction of the incoming hydrogen atoms 
that is not bound in molecules but exists as free radicals. 

The ionization degree is in a similar way defined in relation to the inlet 
gas flow, 

(3.3) 

with ~ion the total ion flow. 
Starting from the analysis of the energy balance analysis, an upper and 

lower limit for the dissociation degree can be estimated. The power that is 
effectively coupled into the plasma is used to heat, dissociate and ionize the 
hydrogen content, 

Pplasma = Ateat + Pdiss + ..Aon (3.4) 

Note that only atomie ions are considered as the high electron density in 
the plasma guarantees immediate destruction of molecular ions by dissocia
tive recombination. The four terms at the right hand side will be regarcled 
successively. 

An upper limit estimate of the energy needed for heating is made as 
follows. Consider the thermal energies of the different species, molecules, 
atoms, ions and electrons, 

5 3 3 3 
Pheat = ~H2 '2 kflTH2 + ~H' 2 kflTH +~i' 2 kfl11 + ~e' 2 kfl.Te {3.5) 

The average temperature of the molecules leaving the are is certain to be 
below 0.4 eV {4500 K) because above this temperature dissociation is almost 
complete, cf. table 3.1. In the perifery of the are, near the cold walls, 
moleculescan still exist. The atoms, ions and electroos are assumed to be 
at an average temperature of 1 eV {11500 K). This is a typical temperature 
for the hot center of the plasma channel [10]. In this treatment the kinetic 
energy, that is carried in the plasma flow, is not separately accounted for. 
Calculations by Vallinga [11] show that the flow velocity is < 0.2 Mach 
number in the first 90% of the plasma channel. At this position the plasma 
has almost reached its final composition. If the temperatures in Eq. 3.2 are 
considered to be stagnation temperatures, an estimated error of 10% is made 
here. 
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The power used for dissociation is presented by 

P dîss = 2 • /3 • fP'12 • Edîss 

Chapter 3 

(3.6) 

where Edîss=2.3 eV is the dissociation energy per atom, so half the energy 
needed to dissoda te a molecule. For ionization the expression is simHar, 

l1on = 2 · a · fb'12 • E;on (3.7) 

Here Eion=13.6 eV is the ionization degree. Combining Eqs (3.2) - (3.7) 
and substituting the dissodation energy per atom 2.3 eV and the ionization 
energy 13.6 eV the following expression is obtained: 

p:~ma = 1 + 6.5{3 + 34.5a 
H2 

(3.8) 

where the power is given in eV fsec and the flow in particles/sec. Equation 

T (°C) H2 H H+ 
300 2.7. 1019 

1000 8.1. 1018 

2000 4.1 . 1018 6.5 ·1015 

3000 2.3. 1018 3.9. 1017 

4000 4.7. 1017 1.5. 1018 

5000 3.7. 1016 1.6 .1Q18 

6000 5.1 ·10
15 1.3. 1018 8.1· 1013 

8000 3.5. 1014 1 . 1018 2.5 ·1015 

10000 6.8 ·1013 7.7. 1017 1.9. 1016 

12000 5.3·1017 7.1 ·1016 

14000 2.8 ·1011 1.5. 1017 

16000 1.1 ·1011 2.0. 1017 

18000 3.5. 1016 2.1. 1017 

20000 1.2 ·1016 2.0 ·1011 

Table 3.1. Hydragen plasma composition as a function of temperature. Densities 
are calculated values per m3 at a total pressure of 1 bar. 

(3.8) establishes arelation between the ionization degree and the dissociation 
degree of the plasma. 

In order to be able to estimate the dissociation degree of the plasma, 
according to Eq. (3.8) the ionization degree must be known. Here an upper 
and lower limit of the ionization degree are made. These yield a low and 
a high estimate of the dissodation degree. It will be seen that the relative 
difference between these two values does not exceed 20%. 
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Table 3.1 shows that in full equilibrium plasma ionization only occurs 
after full dissociation has taken place. However, in the cascadedarc there 
is no thermal equilibrium over the plasma radius. To be able to estimate 
a dissociation degree, according to Eq. (3.8) the ionization degree must be 
known. For a lower limit estimate, a comparison with an argon plasma at 
similar circumstances can be made [10]. In the are center the temperature is 
1 e V as well in argon as in hydrogen. Th ere the ionization degree is typ i cal 
5-10% and for molecular gases the dissociation is complete. The situation is 
different closer to the wall; in monoatomie gases the Te profile is rather flat 
and only close to the wall a transition layer occurs. In hydragen however 
the conductive high Te plasma channel is considerably smaller due to heat 
conduction. In the now extended wall layer a substantial residual molecule 

. density may exist; this in fact is the very reason why the dissociation degree 
is not 100%. Hence the smaller the central hot channel the more escape of 
molecules and the smaller the average ionization degree averaged over the 
are exit area. A first information on the effective surface of the central, 
ionized channel comes from the plasma resistance. The conductivity in the 
plasma is only high in the central, high Te channel. Here it is governed by 
Coulomb e-i scattering and is proportional to T:l2 fnA, in which A is the 
Coulomb logarithm[12]. As the electron temperature is 1 eV both for argon 
and hydrogen the change in resistance is fully caused by a change of the cross 
section of the conducting channel, i.e. the hot plasma center. Experiments 
show a four times larger voltage drop in a hydragen plasma than in an argon 
plasma. For the overall ionization degree in a hydragen plasma this would 
mean a four times smaller value than in a corresponding argon case. As a safe 
high estimate only a factor two lower ionization is taken. This allows for a 
somewhat higher value of the axial electron density in the hydragen case. At 
the used flows, the cross section averaged ionization degree for argon is less 
than 5%. For the hydrogen case the lower limit of the calculated dissociation 
degrees and atomie hydrogen flows are obtained by assuming 2.5% ionization, 
the higher limit by assuming a negligible contribution of ionization. 

3.2.1 Flesults 

Fig. 3.2 showsfora three and a four plate are the total Ohmic input power, 
the heat loss to the cooling water and the power that remains in the plasma, 
all as a function of flow. At increasing flow the Ohmic input power increases. 
This increase goes fully to the plasma; there is no significant increase in heat 
loss to the cooling water. At the higher current, 50 A, the magnitudes of the 
Ohmic input, of the heat loss and of the remaining power to the plasma all are 
higher than at 35 A. The ratios between these three quantities however does 
not change significantly. More current therefore means a higher power input 
without a change in efficiency. Fig. 3.3(a) shows the efficiency according 
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Figure 3.2. The power balanee in the souree for (a) a three plate are and (b) a 
Jour plate are. The open markers eorrespond to a 50 A plasma current, the closed 
markers to 35 A. The diamonds represent the total Ohmic power input to the 
source, the down triangles to the heat loss to the cooling water and the up triangles 
to the power that remains in the plasma. 

to Eq. (3.2) calculated from the data of Fig. 3.2. It shows an increasing 
efficiency at increasing gas flow. The four plate are shows a luwer efficiency 
than the shorter one. The influence of the current is not significant. The 
dissociation degree, calculated from Eq. (3.8) is given in Fig. 3.3 (b). It 
shows that at the lowest flows the dissociation degree has the highest values. 
The power input per slm hydrogen gas is then maximum. The point in Fig. 
3.3 (b) that indicates full dissociation is forsome reasous inaccurate: first, the 
efficiency is very low and therefore the determination of Pplasma is inaccurate. 
Second, at sueh low flow and high power input the ionization degree of the 
plasma may exeeed the estimated maximum of 2.5%. The atomie hydrogen 
flow emanating from the cascaded are souree is plotted versus gas flow in 
Fig. 3.4 for a three and a four plate eascadedarc. lt shows that although 
the dissociation degree is highest at low gas flows, this fact is more than 
eompensated for by the larger gas flow; maximum H0 flow is reaehed at high 
flow and high eurrent. 
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Figure 3.3. (a) The energy efficiency of the souree for the 9 and 4 plate are. (b) 
Upper (triangles up) and lower (triangles down) estimate of the dissociation degree 
of the plasma emanating from the source. Open markers correspond to the 50 A 
plasma current, solid markers to 95 A. 

The efficiency of the cascadedarc as an atomie hydragen souree increases 
with increasing gas flow and eurrent. The four plate are gives a higher dis
sociation degree than the three plate are, however, the efficiency goes down. 
Therefore, to obtain a higher dissociation degree, an increase in current is 
more appropriate than an increase in are length. If the primary goal is to 
obtain a high dissoeiation degree and energy efficiency is not important, a 
longer are is an alternative to high current operation. This situation might 
for example occur if anatomie beam is needed for research applieations. 

Finally, it is mentioned that at lower gas :flows the ionization degree is 
expected to be higher than at higher gas :flows. As a eonsequenee, it is likely 
that the dissociation degree at low gas :flows is closer to the estimated lower 
limit (2.5% ionization assumed) and at high gas flow doser to the estimated 
no ièmization limit. 
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Figure 3.4. The atomie hydrogen flow from the cascaded are souree for the three 
(lejt) and jour (right) plate are. Again open markers indicate 1=50 A, closed 
markers 1=35 A. Triangles down correspond to the lower estimate, up to the higher 
estimate. 

3.3 Plasma beam 

The dissociation degree has also been measured in the plasma beam at a 
position of 25 cm downstream of the souree exit. Hereto a new diagnos
tic was developed and implemented, based upon actinometry on the atomie 
Balroer Ha (H(n=3)-+ H(n=2)) and the molecular Fulcher a (t:FII -+ a3E) 
spectrum. If actinometry is to produce information on the ground state 
densities of atoms and molecules, it is required that the levels that are ob
served in emission are populated by direct electron impact excitation from 
the ground state. The electron temperature in the recombining plasma beam 
is low, ""0.3 eV, too low todeliver a significant excitation of ground state 
atoms (EH(n=3) = 12.1 eV), or molecules Ed3n = 14 eV). Therefore an active 
method is required. Here RF excited active actioometry is introduced. In the 
plasma beam a RF probe exciter is placed, that locally heats the electrons. 
The electron temperature is increased enough to produce excited atomie and 
molecular states that can be observed in emission. The RF probe setup and 
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Figure 3.5. The RF excited actinometry setup. The probe surface is a thin stainless 
steel platelet, 20x10 mm, with rounded edges. The probe is placed 25 cm from the 
souree exit, with the length axis of the platelet aligned to the plasma axis. 

spectroscopie system are depicted in Fig. 3.5. The RF power is kept at "' 
15 W during the experiments. The intensity of the emitted light increases 
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Figure 3.6. The ratio of the atomie HOt to the molecular Q(o-o)(l) spectralline as 
a function of applied RF power. 

with the applied power. The ratio of atomic-to-molecular light as a function 
of power is given in Fig. 3.6. Between 10 and 20 W this ratio shows a. slight 
decrease. If the RF probe changes the dissocia.tion degree of the plasma., 
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Figure 3.7. A recorded spectrum from the RF probe exci.ted plasma. 

an increase with applied power must be expected. From this observation is 
concluded that the plasma dissociation degree is not significantly influenced 
by the RF probe. The obvious decrease of the atomic-to-molecular emission 
below 10 W may correspond to an increase in electron temperature, as will 
be argued later. 

Under the experimental conditions during the here presented measure
ments, the plasma beam hardly emitted any light. If the RF power was 
switched on, a bright plasma plume with a diameter of approximately 2 cm 
was observed. Fig. 3. 7 shows an example of a recorded spectrum. A rela
tion between the atomie and molecular densities on the one hand and the 
observed intensities of the atomie line and the molecular band on the other, 
is established in chapter 6: 

(3.9) 

Here Apq is the radiative transition probability for a transition p ----+ q, and 
r;ad the radiative lifetime of the excited level p. Values for these parameters 
are taken from [13]. The Franck-Condon factors qvov' and the atomie and 
molecular cross sections u;ax and u}ta"' are found in chapter 6. The term 
F:01 / Q~ot was calculated for a rotational temperature of "' 1300 K, that was 
determined from the rotational spectrum following the procedure described 
in chapter 6. The value for the correction factor C1hr(e) that accounts for 
the di:fference in threshold energy for excitation of the atomie and molecular 
lines is calculated from Eq. (6.47) for an electron temperature of 4 eV. 
The dissociation degree has been measured on the plasma beam axis 25 cm 



Atomie hydrogen ... 27 

downstream the souree as a function of the gas flow, Fig. 3.8. In the same 
figure the dissociation degree as determined at the are exit from the power 
balance is plotted. Apparently the dissociation degree is significantly lower 
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Figure 3.8. The dissociation degree in the plasma beam determined with active 
actinometry 25 cm downstream the souree (• ), and determined from the power 
balance at the souree exit (o ). Plasma settings are 3 slm H2 as flow, are current 
35 A. 

in the plasma beam than in the plasma emanating from the souree ( cf. Fig. 
3.3). Furthermore in the plasma beam there is a (weak) positive correlation 
between the gas flow and the dissociation degree, whereas in the souree the 
opposite is the case. It will he argued in the next section, that recirculation 
of background molecular gas has an important influence on the plasma beam 
characteristics. 

3.4 Recirculation 

Doderstanding the discrepancy between the dissociation degreemeasured in 
the souree and in the plasma beam requires a closer look at the transport of 
the plasma in the expansion chamber. In the following an order-of-magnitude 
discussion will he presented, that is of value for a wider range of experiment al 
conditions. The transit time of the plasma from the souree exit to the back 
wallof the chamber depends on settings as gas flow and pump speed, but is in 
the order of 0.5 ms. The average residence time of a partiele in the expansion 
chamber is much longer: at a gas flow of 3 slm, a background pressure 
of 0.5 mbar, and an average background gas temperature of 600 K the 50 
liter chamber will be refreshed every 0.2 s. Therefore, by camparing these 
two transport times it is concluded that particles have many recirculations 
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Hadsorped 

Figure 3.9. A schematic model of the flow in the reactor. The plasma beam flows 
through region I, the gas flow retuming from the back wal/ recirculates through 
region 11. Region 11 is the surface of a cross section of the reactor minus the 
plasma beam cross section. 

before they are pumped away. Moreover, seeding of background gas in the 
main plasma flow must be considered. A schematic model of the flow in the 
reactor is depicted in Fig. 3.9. The region through which the plasma beam 
flows is annoteel region I, the background area region II. If the pumping is 
negleeteel for the moment (Tres > > Ttransit,recirc) a gas flow through region 
I to the right must be compensated by an equal gas flow in the opposite 
direction through region II. The ratio of region I to region II is estimated 
oe 1/10 from visual information of the plasma beam size. The recirculation 
time consequently is lOx larger than the transit time, but still one or two 
orders of magnitude less than the resiclence time. Particles will therefore 
redreulate many times befare being evacuated from the reactor. Typical 
transport times are listeel in table 3.2. Besides this, hydrogen atoms will be 

Trecirculation 

5 msec 

Table 3.2. Transport times in the expansion chamber 

able to 'see' the walls frequently before they are evacuated to the pumps. On 
metal walls an atomie hydrogen layer is adsorbed. The sticking probability 
of a hydrogen atom can be up to 1 on a clean metal wall. Eventually, if an 
incoming hydrogen atom hits an adsorbed atom, association may occur and 
a molecule can be desorbed. Resuming, atomie hydragen is very likely to 
be adsorbed at the walls and by associative desorption it will come off as 
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molecular hydrogen, cf. Eq. (3.10): 

H + H(adsorbed) ~1 H2(desorbed) (3.10) 

The hydrogen molecules coming from the walls are rovibrationally excited 
[14, 15, 16]. The consequences of this rovibrational excitation for the ioniza
tion degree will he dealt with in chapter 4. In chapter 5 the possible impact 
on the plasma emission is discussed. For the proceeeding of this chapter, 
the rovibrational excitation of the molecules is not important, and will he 
ignored. 

In the region 20 to 30 cm downstream the souree the plasma composition 
is already dominated by the background gas. As an example, for a hydrogen 
gas flow of 3 slm the plasma is expected to he nearly fully dissociated at the 
souree exit (cf. Fig. 3.3), whereas the measured dissociation degree at z=25 
cm is "' 10%. If the background gas is asssumed to he fully molecular, at 
z=30 cm the plasma is a mixture of 10% souree plasma with 90% background 
gas. 

Another experiment has been performed to investigate the importance of 
recirculation. An argon plasma beam is exposed to hydrogen puffs of 100 
psec of hydrogen gas. The setup for this is scetched in Fig. 3.10. The effect 

gas 
feed 

Figure 3.10. The experimental setup for the pulsed valve ezperiments. 

of the hydrogen puffs on the argon plasma has been stuclied by emission 
spectroscopy on the hydrogen Balmer KI' line, the argon 696.5 nm speetral 
line and by a Langmuit probe. Experimental conditions are tabulated in 
table 3.4. Although a hydrogen plasmaandan argon plasma are not entirely 
oomparable, still these experiments can give a good indication of the effect 
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Plasma settings Pulsed valve settings 
(?Ar 3.5 slm pulse time 100 JLSec 
I are 40 A pulse frequency 10Hz 

Pback 0.4 mbar (?peak 10 slm H2 
ne -1019 m-3 cpmean 0.01 slm Ho 

Table 3.3. Ezperimental conditions for pulsed valve ezperiments 

of background molecular hydrogen on a plasma beam. The excitation of the 
Ha line occurs through the reaction 

Ar+ + H2 --+ ArH+ + H 

Ar H+ + e --+ Ar + H* 

the excitation of the Ar line through 3 partiele recombination 

Ar+ + e + e --+ Ar* + e 

(3.11) 
(3.12) 

(3.13) 

The effect of a hydrogen puff on the intensity of the Ha line is shown in Fig. 
3.11. lnitially the intensity of the Ha is low. This is the level determined 

Figure 3.11. The intensity of the Ha line in emission measured on the plasma 
beam. 

by the residual hydrogen background from the previous gas puff. After the 
next puff, initially a peak is observed with a duration determined by the 
pulse open time. After this peak the intensity remains high; a slow decay 
is observed. A similar picture arises from measurement of the Ar 696.5 nm 
spectralline, although for the argon line intensity a depletion rather than an 
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increase intensity is observed (cf. Eqs (3.12, 3.13)). The floating potential 
of the Langmuir probe has a slightly longer time scale. 

3.5 Discussion 

A comparison between the dissociation degree of the plasma emanating from 
the souree and the plasma further downstream shows that the dissociation 
degree is much lower in the latter case. First the experimental methods are 
discussed in section 3.5.1. The recirculation concept and implications of this 
for the expanding cascaded are plasma setup are discussed in section 3.5.2. 

3.5.1 Experimental techniques 

The dissociation degree in the souree is determined from the power balance 
and an estimated ionization degree. The estimate of the ionization degree is 
based on a comparison with an argon cascaded are plasma under similar con· 
ditions. As the major part of the energy coupled into the plasma is consumed 
by dissociation of the molecular hydrogen, the thus obtained dissociation de· 
gree is not very sensitive to the ionization degree used in the calculations. 
Furthermore, according to the dissociative recombination process described 
in chapter 4, each ion emanating from the souree will produce 3 atoms in its 
loss process. Thus chemica! energy stored in ionsis 're-used' for dissociation 
with an efficiency of "' 50%. Consequently, the dissociation degree calculated 
with the upper limit ionization degree estimate is expected to give a good 
lower limit estimate of the dissociation degree. 

Downstream the dissociation degree is measured with RF excited active 
actinometry. This is a new method that has not yet been confronted with 

· other measurement techniques yet. The consequences of possible erroneous 
assumptions in the interpretation of measurements can be addressed. If 
the electron temperature, that is assumed to be 4 eV in reality is higher, 
this influences the correction factor Cthr(t:). From Fig. 6.11 it can be seen 
that this gives an underestimation of the dissociation degree of ~ 25% if Te 
approaches infinity. If on the contrary the electron temperature in reality is 
lower, the atomie density is overestimated and consequently the dissociation 
degree is overestimated. This would only strengthen the recirculation model 
presented here. 

The pulsed valve experiments are used to illustrate the influence of gas 
in the background on the plasma beam. 

3.5.2 Implications of the recirculation process 

Due to the redreulating background gas that is mixed into the plasma beam, 
the actual dissociation degree in the beam can be several times lower than 
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expected from the source. This is not necessarily a problem. The hydragen 
atoms are rather diluted with molecular gas than lost. The issue is that the 
atoms must reach their target befare they are lost at the walls of the reactor. 
Consequently, the reactor design is important. The choice of the wall material 
has a strong influence on the chance that hydrogen atoms associate on the 
walls. The geometry of the reactor determines the recirculation patterns. For 
example, a narrow reactor diminishes the ratio of recirculation over residence 
time. Concluding, the plasma beam charaderistics are strongly influenced by 
the recirculation of background gas and the walls. In this context, the often 
used expression 'free expanding plasma' suggests that there is no influence 
from the walls and is regarded misleading. 
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Anomalous recombination 
hydrogen plasma jet 

4.1 Introduetion 

• In a 

Rotational and vibrational excitation of hydrogen molecules is known to he 
essential in negative ion formation, as the dissociative attachment reaction is 
endothermic. In this chapter it is argued on the basis of ion density measure
ments in a hydrogen plasma jet, that rovibrational exitation also can cause 
an anomalous fast recombination lossof protons. The mechanism involved 
is a charge transfer from a proton with a rovibrationally excited molecule, 
followed by a molecular dissociative recombination. The rovibrational exci
tation is needed as also the charge transfer is endothermic. The experiments 
discussed in this chapter concern the jet of a thermal plasma expanding into 
a low background pressure (0.5 mbar). The source, a cascaded are, is a hot 
thermal plasma (1 eV) and produces predominantly atomie ions. The result
ing plasma jet is cooled by expansion down to temperatures of 0.2 e V both 
for the heavy particles and for the electrons. The plasma is free expanding, 
i.e. the walls of the reactor are far from the plasma. There is no important 
negative ion formation expected under the experimental conditions. Yet a 
strong decrease in the ion density is observed in the hydrogen plasma jet, 
which can he explained only by the above mentioned charge transfer mech
anism. This mechanism can he important in any plasma where hydrogen 
atomie ions and rovibrationally excited molecules are present. Examples are 
volume negative ion sourees [17, 18, 19], interstellar shock waves [20], plasma 
deposition [2, 21] and hydrogen atom and ion sourees [22]. The experimen
tal arrangment under research ( cf. chapter 2), can he divided in a souree 
part, where the plasma is generated, and a low pressure chamber, where the 
plasma expands to a recombining jet. The souree is a cascaded are. For a 
detailed description of the cascade are plasma we refer to other publications 
[3, 10]. Here it will he described in a condensed manner. It consistsof three 
tungsten cathocles at one end, a stack of eight water cooled copper plates 
insulated electrically from each other by PVC spacers and vacuum sealed by 

33 
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0 rings, and an anode plate at the other end. Through the copper plates 
there is a central bore diverging from three to four mm, forming a central 
channel of approximately 50 mm length. The center of the anode plate is 
a 4 mm nozzle, connecting the cascaded are to the vacuum chamber. The 
discharge is created between the cathocles and the anode plate. The pressure 
in the are is subatmospheric (0.1-0.5 mbar). 

The vacuum chamber is a vessel with a diameter and a length of 400 
mm. A set of two rotary pumps and a roots blower keeps the pressure 
at 0.5 mbar in the descibed experiments. At the given flows the residence 
time of a partiele in the vessel is in the order of 0.1 sec. The ion density 
measurements are performed using a Langmuir double probe. The Langmuir 
probe could be positioned at 200 to 310 mm from the exit of the cascaded are. 
A radial scan from -50 to +50 mm from the plasma axis could be made. The 
probe charaderistics were interpreted using the classica! Langmuir theory, 
assuming a negligible sheath thickness. The probe dimensions were chosen 
such, that the probe diameter is much smaller than all relevant mean free 
path lengths and much larger than the Debije length in all experiments. The 
tungsten probe wires have a diameter of 400 J,tm, a lengthof 7 mm and the 
distance between the two wires is 2 mm. 

In what follows we first will discuss the plasma souree and then the plasma 
expansion. Three plasma compositions have been studied: pure argon, 10% 
hydrogen in argon and 95% hydrogen in argon, hereafter refered to as pure 
argon, low hydrogen and high hydrogen case respectively. The latter case is 
very close to a full hydrogen operated source; 5% argon was added near the 
cathocles to proteet them from erosion. 

4.1.1 The plasma souree 

The souree is characterized by a high partiele and power density. This results 
in a plasma that is strongly collision dominated and the excited states are 
in equilibrium, the so called pLTE state [23]. The ionization degree is high 
and the temperature is in the 1 eV range. As a consequence, the excitation 
from the ground state to the first excited level, which is the largest energy 
step, invariably leads to ionization due to ladder excitation. Furthermore, in 
this type of callision dominated plasma the ions will preferably be from the 
species with the lowest ionization energy, as charge exchange is very effective. 
The souree is operated on 3 slm (standard liter per minute) at a power input 
of 3 kW in the pure argon case, and up to three times more if hydrogen is 
admixed. This yields a plasma with an ionization degree of 10% at the exit 
(anode side) of the souree [10]. 

Now consider the situation in the plasma if hydrogen is added. Relating 
measurements on stationary cascaded are plasmas to the presented situation, 
the same are current gives the same axial temperatures for hydrogen and ar-
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gon within 10% [24]. Vallinga [ll] has shown that in a flowing cascaded 
are hydrogen plasma the axial electron density is somewhat higher than in 
argon at the sameelectron temperature and gas flow. Furthermore, if the 
ionization degree is more than 1% the plasma conductivity is determined by 
Coulomb collisions, independent of the electron density and o:: Te-312 [3]. As 
the electron temperature is equal within 10% for the two cases, the plasma 
resistance is reversely proportional to the effective plasma channel cross sec
tion. In the low hydrogen case the plasma resistance is found to he almost 
2 times higher than in argon, indicating a two times smaller plasma channel 
cross section. Combining this with the foregoing we conclude that the av
erage electron density in the low hydrogen case will he less than a factor of 
2 lower than that in argon. Experimental confirmation of this statement is 
available for low admixtures up to 1.4% hydrogen [26], showing no difference 
with the full argon case at the are exit up to the gasdynamical shock. As 
mentioned above, the ionized particles in the souree plasma will preferably 
he from the species with the lowest ionization energy, in casu hydrogen. If 
the percentage of atomie hydrogen admixed is below the ionization degree in 
pure argon, the plasma ionizes the added hydrogen by means of the charge 
transfer between argon ions and hydrogen atoms. This process is very effec
tive until the full amount of argon ions is consumed; at above roughly 5% 
molecular hydrogen gas flow in argon the i ons will mainly he H+. Experi
mental support for this is found in emission spectroscopy in the expansion 
close to the exit of the same plasma souree [22]. In a situation where 10% 
hydrogen was added in the plasma source, the only speetral lines measured 
in the expansion section were the atomie hydrogen Balmer series. Since the 
temperature in the expansion is decreasing fast to values of about 0.3 eV 
[6], the light emission in the argon case can only originate from dieleetronie 
recombination. The absence of argon lines, therefore, implies the absence of 
a significant argon ion density. 

4.1.2 The plasma jet 

The outflowing plasma jet in pure argon was stuclied thoroughly by Van 
. de Sanden [6] by means of accurate Thomson-Rayleigh scattering measure

ments. The main characteristics are listed here. Directly after the souree the 
plasma expands supersonically and cools down to 0.3 eV. The plasma com
position is frozen in as a result of the high velocity and low density. After 
a few centimeters, when the stagnation pressure in the plasma jet becomes 
equal to the background pressure, a shock occurs. After the shock the flow is 
subsonic and only slightly decelerates over the stuclied region (200 to 310 mm 
downstream the source). The plasma jet in pure argon does not recombine 
significantly, in accordance to theoretica! expectations: radiative and three 
partiele recombination are too slow. The absence of recombination is con-
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firmed by Langmuir double probe measurements, that show good agreement 
with Thomson-Rayleigh scattering results [8]. Figure 4.1 shows three radial 
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Figure 4.1. Radial ion densities in the plasma jet for pure argon at 200, 255 and 
310 mm downstream the plasma source. The are current is 45 A, the reactor 
pressure is 0.5 mbar. 

ion density profiles at 200, 255 and 310 mm from the source, which can he 
described by Gaussian profiles. The surface under these Gaussian profiles 
remains approximately constant for the three different axial profiles. This 
indicates that the ion line density Ni, i.e. the ion density integrated over the 
cross section of the jet, is constant. As the flow velocity Wplasma is approxi
mately constant, this implies that the ion flux is approximately constant for 
the three axial positions, confirming that no significant recombination occurs 
for argon. 

If hydragen is added to the plasma the situation changes drastically in 
the plasma jet. The plasma temperature is lower, 0.2 eV in the low hydragen 
case and somewhat more than 0.1 eV in the high hydragen case. Fig. 4.2 
gives the radial density profiles as measured with a Langmuir double probe 
at 200, 2.55 and 310 mm downstream the souree for the three stuclied plasma 
compositions. Apparently the presence of hydragen can lead to a decrease of 
the ion density of three to four orders of magnitude. The low hydragen case 
plasma has almost the same acoustic properties and can therefore directly he 
related to the argon plasma. The acoustic properties of the high hydragen 
case plasma will he closer to the full hydragen case. In this case the veloeities 
can he up to a factor of {(mH/mAr) larger, where mH and mAr are the 
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Figure 4.2. Radial ion density profiles forArand Ar/H2 mixtures. The are current 
is 45 A and reactor pressure is 0.5 mbar in all cases. The y-scale is now logarithmic. 

mass of the hydrogen and argon atom. In the following we will concentrate 
on the low hydrogen case in comparison with the pure argon case. The 
radial density profiles measured in the hydrogen mixtures are not significantly 
broader than in a pure argon plasma (cf. Fig. 4.2), confirming similar 
transport behaviour. As the ion density at the souree and the flow behaviour 
are similar for the first two cases, the addition of hydrogen must cause a 
new and strong recombination channel in the bulk plasma. To establish the 
cause of this decrease several items have to be addressed. As mainly atomie 
hydrogen ions leave the source, the responsible mechanism must start with 
these ions. It can easily be shown that two and three partiele recombination 
are not effective at the given time scale and plasma densities, as is also 
evident from the pure argon case. The same thing accounts for the formation 
of negative ions in combination with mutual annihilation. Here we present 
a mechanism based on charge exchange and dissociative recombination that 
explains for the observed electron density decay. First step in this reaction 
mechanism is the charge transfer between a proton and a rovibrationally 
excited molecule 

(4.1) 

The molecular ion formed by the charge transfer reaction can directly recom
bine dissociatively, 

(4.2) 



38 

or by formation of H! 
Ht + H2 __. Ht + H 

again followed by dissociative recombination: 

or 

Chapter 4 

(4.3) 

(4.4) 

(4.5) 

Reaction 4.2 is very fast. Under the plasma conditions as presented in this 
chapter, due to the low ionization degree reactions 4.3 to 4.5 will be domi
nant, as was confirmed by the presence of a significant amount of H! in mass 
spectroscopy measurements and the total absence of Ht [22]. The rate coef
ficient for reaction 4.5 has been subject to discussion in several publications 
over the years [27, 28, 29, 30, 31]. It is likely to be very large. Therefore, 
in the molecular recombination channel the charge transfer reaction is an 
essential step. For ground state molecules this is an endothermic reaction. 
Niedner et al. [32] have shown that this charge transfer is a two step mech
anism: a vibrational excitation to v ~ 4 foliowed by a resonant, exothermic 
charge transfer. In a plasma, a fraction of the molecules willalready be in the 
vibrational states v ~ 4. Cross sections for the secoud step, the exothermic 
charge transfer, are not available. However, in an exothermic charge transfer 
reaction the Langevin limit [33] usually is a good estimate for the charge 
transfer cross section ffeT· The corresponding charge transfer rate keT has a 
value of approximately 2.5·10-15 m3s-1• Now the time dependent behaviour 
of the atomie ion density is given by 

(4.6) 

which has the solution 

(4.7) 

The evolution of nH+(t) in time due to the charge exchange channel now de
pends on nHv,r and keT· At the position of the measurements the ion density 

2 

has decreased by almost three orders of magnitude, so nH;,rkcT :=::: ln(1000). 
At a typkal temper at ure of 2000 K and a time of fligth of 0.4 msec, a popula
tion density for H;·r of:=::: 1019 m-3 is required. It has been measured that in 
the vessel and in the plasma jet the a bundance of H2 is much larger than that 
of H atoms, even though the souree delivers mainly atoms and atomie ions. 
The reasou for the dominanee of molecular hydrogen is the wall association 
of atoms to molecules and the finite residence time of ""' 0.1 second. The 
molecular hydrogen density is approximately 2.5·1021 m-3 at a pressure of 
0.5 mbar and temperature of 2000 K. A vibrational temperature of approxi
mately 3000 K yields a suflident thermal population of the higher vibrational 



Anomalous recombination ... 39 

levels.The vibrational temperature can be 'frozen' in the expanding plasma 
jet [34]. Upstream the temperature is higher, so there may be an overpop
ulation of higher vibrational levels. Another souree of vibrational excited 
molecules can be the Eley-Rideal associative desorption of hydrogen atoms 
at the walls. lt is suggested [14] that up to 40% of the thus formed molecules 
reenters the plasma in a vibrational excited state v ;::: 4. As the reentering 
molecules form the main part of the residual H2 abundance, this again makes 
a significant vibrational population plausible. So far we foliowed the two-step 
reaction, vibrational excitation followed by charge transfer. However, as the 
gas temperature is close to the electron temperature in the presented experi
ments, the internal energy of the molecules in reaction (1) may well originate 
from rotational excitation. The increasing statistica! weights of the higher 
rotationallevels ( 2K + 1) will enhance their importance. In this sense the ex
perimental situation here presented is different from the usual low pressure 
gas discharges where the rotational excitation is negligible. Resuming, the 
main points of the above are: 
L charge exchange followed by dissociative recombination is the dominant 
ion loss processes; 2. both are fast; 3. vibrational and/or rotational excita
tion are essential to have a fast charge exchange. 

A last point will he addressed here. The charge transfer is assumed to 
be the rate limiting step in the above described recombination process. This 
is certainly true in the first part of the plasma jet, as the electron density 
is high and ne knR > nw.r keT, where knR is the dissociative recombination 

2 

rate coe:fficient, keT the charge transfer rate coe:fficient and nH•·r the density 
2 

of rotationally and vibrationally su:fficiently excited molecules. However, un-
der the assuinption that the density of excited molecules is not decreasing 
very fast, the observed e:fficient molecular recombination process decreases 
the ion and electron density decrease fast to such low values that the dis
sociative recombination beoomes the rate limiting process. This actually is 
the case between z=200 and z=310 mm, where the electron density is a few 
times 1016 m-3 in the low hydrogen case and even lower in the high hydrogen 
case, see Fig. 4.2. The ratio H+ : Há can be estimated by balancing the pro
duction and destructien of the molecular ion. The production is gouverned 
by reaction 4.1 and the destructien by 4.4, 4.5. Balancing destructien and 
production we obtain: 

nenH+kDR = n'finw,r (4.8) 
3 2 

For ne=5·1016, the maximum value in the low hydrogen case, this yields 
a ratio H+ : Há of 1:10. As a consequence, the dominant ion at these 
positions will be Há rather than H+. Therefore, for the Langmuir probe 
measurements the Há ion mass is used in both the low and high hydrogen 
case. This implies that almost all atomie ions emanating from the souree 
already have been transfered to molecular ions, confirming that reaction 4.1 
is very fast. In Fig. 4.3 the radial profiles from Fig. 4.2 are integrated to line 
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Figure 4.3. Axialline ion densities for the three plasma compositions. 

ion densities N;, i.e. the ion densities are integrated over the cross section of 
the plasma jet. At the top of this Fig. a time scale is added. The time scale 
along the plasma axis is given by t = z/tvp/aama 1 where Wp/aama is the plasma 
flow velocity. After the shock the plasma is only sligthly decellerating. The 
magnitude of the velocity depends on the pressure in the expansion chamber, 
and has a value between 500 and 1000 ms-1 [3]. Under the given conditions it 
is estimated to he 600 ms-1 . The addition of a time axis allows us to estimate 
the rate for dissociative recombination for Hj ions. Using the molecular ion 
mass for the probe measurements and the decrease in ion density observed 
from Fig. 4.3 kvR is estimated at a value of 6·10-14 m3 s-1 at a plasma 
temperature of 2000 K. The accuracy of this value is estimated to he 50%. If 
we assume that the re-l dependenee of the dissociative recombination cross 
section on the electron temperature as found in litterature [30] is still valid 
around 2000 K, the agreement is good: we find 2·10-13 m3 s-I, extrapolated 
to 300 K, whereas in litterature values from 1.7-2.3·10-14 m3 s-1 are reported 
[28, 29, 30, 31]. 

4.2 Conclusions 

The presented experiments show, that expansion leads to an electron density 
of down to 1019 m-3 in a pure argon plasma jet, with a marginal infl.uence of 
recombinative atomie processes. In a hydrogen containing plasma jet three 
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to four orders of magnitude lower ion densities are found. The anomalous 
fast recombination in hydrogen can not he explained with two- or three par
tiele recombination in the pure hydrogen and argon/hydrogen mixtures. It 
is shown that the observed ionization loss can he described by the molecu
lar dissociative recombination process. However, the cascaded are souree is 
known to contain only atomie i ons. In this chapter a molecular channel is pro
posed that is based on the conversion of atomie to molecular ions by charge 
transfer. This charge transfer reaction is endothermic if the molecules don't 
have an important internal energy, vibrational andfor rotational. However, 
if the internal energy of the ion is sufficient the reaction becomes exothermie 
and can become very fast. It is shown that with the charge transfer cross 
section according to the Langevin limit and with reasonable assumptions on 
the rovibrational population, the charge transfer reaction is fast enough to 
explain the observed time scale behaviour of the recombination process in 
the plasma jet, whereas no reasonable alternative explanations seem to he 
available. This implies, that in any hydrogen dominated plasma that con
tains a suflident rovibrational population and atomie ions charge exchange 
can he an important souree of molecular hydrogen ions. 
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The atomie hydragen Balmer 
spectrum 

5.1 Introduetion 

In the recombining plasma beam the emitted spectrum originates from re· 
combination processes. The in gas discharges prevalent excitation of particles 
from the ground state is not possible (first excited level at ""' 10 eV). This is 
a natural consequence of the low electron temperature of the plasma (,....., 0.3 
eV). For the argon expanding cascaded are plasma bearn, it has been shown 
that the dominant process that populates excited states that are observed 
in emission is three partiele recombination Ar++ e + e -+ Ar*+ e [35]. In 
the hydrogen plasma beam, besides the atomie three partiele recombination 
H+ + e + e-+ H"' + e also recombination with molecular ionsis possible [36]. 
An example of a recorded emission spectrum from a hydrogen plasma beam 
is given in Fig. 5.1. Only the atomie Balmer spectrum is observed. Ap
parently the atomie recombination processes ónly populate atomie excited 
levels. 

From the atomie spectrum an Atomie S.tate Distri bution E.unction ( ASD F) 
can he determined. It appears that in a recombiningplasma this ASDF shows 
an inversion. Whereas in e.g. a helium plasma this effect is marginal, in a 
hydrogen plasma the inversion can he very strong {37]. Several studies have 
been dedicated to this phenomenon in recombining hydrogen plasma beams. 
Up to now all efforts to explain the observed inversion theoretically have been 
restricted to atomie models (only H+ ions) {38, 39, 40, 41). As it appears 
that these atomie models are inadequate to explain the experimental results, 
additional sourees must he present that populate excited atomie states. In 
this work also molecular recombination processes are considered. Based on 
the abundance of rovibrationally excited molecules that is argued in chapter 
4, possible sourees are suggested for excited states. 
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Figure 5.1. A part of the measured spectrum from a hydrogen plasma beam. Only 
the atomie Balmer lines are observed. Default plasma settings are used, with a 
hydrogen seeding froction of 20%. 

5.2 Experimental setup 

The plasma machine is discussed in detail in chapter 2. At a central position 
in the reactor, a Langmuir double probe was placed. This probe was put 
perpendicular to the magnetic field in order to minimize shadowing effects in 
the case of magnetic field. The probe length was "'6 mm, the probe radius 

quartz 
fiber 

Figure 5.2. The optica[ setup 
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200 J.Lffi. 
An optical system was used to scan the plasma emission in the region 

200-300 mm downstream the source. A schematic representation of the op
tical system is given in Fig. 5.2. Lense L focuses the plasma light on the 
circular aperture of a quartz fiber bundle. The fiber bundie is mounted on 
a y,z positioning system. This system allows axial and radial scans of the 
plasma beam. The other end of the fiber is mounted on the entrance slit of a 
Jarrel Ash 0.5 m monochromator. This end of the fiber bundie is reetangu
lar (0.5x20 mm) in order to improve the transmission of the optica! system. 
The light is detected by a ENI 9698 QB photo-multiplier tube. The pulses 
that are generated in the photo-multiplier tube when a photon is detected, 
are converted to TTL pulses. A PC, that also controls the monochromator 
wavelength setting and the positioning system, further processes the roea
sured signa!. The optica! system is calibrated absolutely with the use of a 
tungsten ribbon lamp. 

5.3 Atomie state distribution function 

In an optica! thin plasma in a stationary situation the density of a state p is 
balanced by production PP 

3 PARTICLEl RECOMB. 2 PAFITICLE RECOMB. COLLISIONAL (OE)EXC. CASCI.OE AAD. 

Pp = n;n;k3r(P) + nen;k2r(P) + E nenqkqp + E Aqpnq 
q~p q 

OTHER SOUReES 

+ Smol,p (5.1) 

Here k3r(P) is the three partiele recombination rate coefficient, k2r(P) is the 
two-particle recombination rate coefficient, kpq is the collisional deexcitation 
rate coefficient from level q to p. Cascade radiation from a level q to a level 
p is proportional to Aqp, the transition probability belonging to the radiative 
transition q -~o p. The souree term Smal is reserved for molecular sourees for 
np. The destruction Dp of a state p is given by 

COLLISIONAL (DE)EXC. IONIZATION RAD. DECAY 

np Dp = np E nekpq + nenpkp; + np E Apq (5.2) 
q~p q<p 

Here kp; is the ionization rate coefficient from a level p, kpq Is the rate co
efficient for collisional deexcitation from the level p, and Apq the transition 
probability for radiative decay. The destruction of levels can either happen 
collisionally or radiatively. At low p values radiative decay will.be the main 
loss process, at high p values collisional dexecitation is dominant 1• For an 

1The radia.tive decay is proportiona.l to L:q<p Apq· This sum scales with p-5 [42]. In 
collisional deexcita.tion the stepwise process kp,p-l is dominant. Basedon classica} consid-
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atomie plasma Van der Mullen derived for the critica! level Per, where colli
sional and radiative decay are equal nep;_ = 4.20 · 1023T-0•5m-3 , with T the 
electron temperature in eV. At this value of p the derivative of production 
over destruction, d~ ( ~) = 0. 

For high excited statea the collisional processes become increasingly ef
fective, and eventually ionization and recombination processes establish an 
equilibrium situation between the highest excited states and the ions and free 
electrons. If a level np is in equilibrium with the ion density, its density is 
described by the Saha-Boltzmann equilibrium equation with T = Te [43, 44], 

(5.3) 

Here n: is the density of state p in Saba-equilibrium, gp the statistica! weight 
of state p, and Epi the ionization energy from level p. In a purely atomie 
recombining plasma Eq. (5.3) is valid for p >Per· In the molecular plasma 
additional excitation sourees are present and the situation can be different. 

A commonly used representation of ASDFs is the Boltzmann plot. In a 
Boltzmann plot ln(npfgp) is plotted versus Epi· Note that Ep; = Ryfp2 , and 
a decreasing energy scale corresponds to an increasing principal quanturn 
number p. An example is given in Fig. 5.3(a). This representation is conve
nient in the case of an atomie plasma, as the high p part of the ASDF is in 
Saha-Boltzmann equilibrium: the slope of the distribution yields the electron 
temperature (cf. Eq. (5.3)). At the position of Peralocal maximum appears 
in the Boltzmann plot, an inversion. Below this position, the radiative decay 
is dominant over collisional processes and the npfgP value will be below the 
Saha-Boltzmann density. 

A useful parameter is the over- or underpopulation factor bp, 

b - np 
P- nS 

p 

(5.4) 

that gives the population relative to the Saha-Boltzmann equilibrium density. 
In a bp-plot bp is plotted versus Epi· An example of a bp·plot is given in Fig. 
5.3(b ). For the high levels, that are in Saha-Boltzmann equilibrium, bp=l. At 
the inversion point Per the radiative decay starts to contribute significantly to 
the depopulation and consequently bp < 1. In an atomie recombining plasma 
values of bp above 1 are not possible [26]. An advantage of this representation 
is that it helps to identify sourees in the excitation space. A clear situation 
is found if bp > 1; this situation can only occur if molecular sourees (Smol,p 
in Eq. 5.1) are available. 

erations (atom radius oe p2) the collisional cross section scales with p4 [42}. Consequently, 
for lower excited levels radiative decay is dominant, for high excited levels collisions dom
inate the decay. The ratio of collisional to radiative decay scales with p4 fp- 5 = p9 • 
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Figure 5.3. (a) Bolzmann plot of the ASDF of anatomie reeombining system. (b) 
bp plot of the same ASDF. 

5.4 Experiments 

Atomie spectra have been recorded for axial positions z=18, 21, 24, 27 and 
30 cm. On each axial position a radial scan was made. This has been clone 
to enable Abel inversion of the measured intensity profiles. This way local 
values of the intensity can be calculated from the measured line integrated 
intensities. The image of the optica! fiber on the plasma is "'5 mm. The 
plasma radius is typically 5 cm. The radial step size was taken 5 mm. 

The radial profiles were fitted with a sum of Gaussians at the samelateral 
position. As the Abel inversion of a Gaussian is a Gaussian [45], the inversion 
can be performed analytically. The locally determined intensities immedi
ately yield the absolute state density (with the optica! system calibrated 
absolutely ). 

In order to increase the electron density and thus to obtain a large in
tensity also for the higher Balmer lines, a magnetic field has been applied 
in the expansion chamber. Unless mentioned otherwise, the coil current is 
250 A, producing a field strength of ~ 0.04 T near the souree decreasing 
to ~ 0.0125 T at z=300 mm (cf. chapter 2, Fig. 2.2). The magnetic field 
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increases the electron temperature and density. The are was operated on a 
high current, 70 A, for the same reason. The total gas flow was kept at 3.5 
slm in all measurements. The pressure inthereactor was 0.4 mbar. 

For each condition the electron temperature and density has been mea
sured at an axial position z=24 using a double Langmuir probe, that was 
placed perpendicular to the magnetic field. The orientation of the Langmuir 
probe relative to the magnetic field is important. It appeared that if the 
probe was placed parallel to the magnetic field lines, the measured electron 
density could be up to a factor of ten lower compared to the perpendicular 
orientation. The measured electron temperature was up to 50% higher in the 
parallel orientation. The use of a Langmuir probe in a magnetized plasma 
must be done with great care. Several complications can occur in the inter
pretation of measurements. To address this matter, ratios of the Larmor ra
dius rl of the electrons, the probe radius rp and the sheath thickness rs must 
be considered. Typical plasma conditions are Te=0.3 eV, ne = 3 · 1018m-3 • 

The magnetic field strength at the center of the reactor is 0.02 T at a coil 
current of 250 A. At these values rl ~ 100 pm, rp ~ 200 pm and rs ~ 2 pm. 
If rl, < rs, the sheath is disturbed and magnetosheath effects should be con
sidered. This is not the case here. If rl, < rp, geometrical effects are involved 
which result in magnetic field shadowing of the probe. This is the case here. 
It has been shown [46] thàt this effect is minimal if the probe is oriented 
at 90° perpendicular to the magnetic field. Figure 5.4 shows a Boltzmann 
plot of a 90% hydrogen, 10% argon plasma. An inversion on p=6 is ob
served. The electron density and temperature were Te=0.31 eV, ne=2.8·1018 

m-3 • A bp plot shows that alllevels are overpopulated compared to atomie 
three partiele recombination. The large bp values show that a souree must be 
present in the ASDF at high p values (p=4-7). The excited levels will not be 
in Saha equilibrium and therefore it is not allowed todetermine the electron 
temperature from the Boltzmann plot. As a matter of fact, if this is done 
anyway from Fig. 5.4 a temperature of"' 0.1 eV is obtained. 

A similar picture is obtained from a 20% hydrogen plasma, cf. Fig.5.5. 
The electron temperature now is 0.31 eV, the electron density 3 · 1018 m-3• 

The electron temperature derived from the Boltzmann plot would now be 
0.32 eV. The observed densities are still an order-of-magnitude too high com
pared to the atomie model. 

If the magnetic field is switched off, ne decreases to 2.4 · 1017 m-3 , and 
Te to 0.21 eV. The npfgp are much smaller, cf. Fig. 5.6. It is noted that 
different from Figs. 5.4 and 5.5 the n3 density is relatively high compared to 
the higher excited states. This distribution, with alocal minimum at p = 4, 
can not be obtained from an atomie collisional radiative model for hydrogen. 
THerefore a souree must be present that strongly populates n = 3. 

Figure 5. 7 shows npf gp and bp for a 3% hydrogen plasma at a coil cur
rent of 125 A. The Langmuir probegave an electron density of 2·1018 m-3 , 
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Figure 5.4. (left) Boltzmann plot of the ASDF measured on a 90% hydrogen 
plasma. The drawn curve is calculated with Te=0.31 eV, ne=2.8·1018 m-3 and 
a purely atomie model. (right) bp plot of the same ASDF. 

Te=0.34 eV. Although the state densities are much higher than in Fig. 5.6, 
a similar behaviour is observed. Also bere a souree must be present, that 
strongly populates p = 3. If a temperature is derived from the Boltzmann 
plot, a low value of <0.08 eV is obtained. Also at high p values the atomie 
model can not explain the observed state distribution. Sourees near p=6-9 
are suggested by the bp-plot. 

If the magnetic field is increased to its default value of 250 A, the Boltz
mann plot of the 3% hydrogen plasma changes drastically. The Langmuir 
probegave an electron density of 4·1018 m-3 , Te=0.35 eV. An electron tem
perature taken from the slope of the Boltzmann plot would yields a value 
Te = 0.29 eV. The npfgp of p = 3 and 4 are high; in the bp plot the over
population of these levels is even larger than that of higher lying levels. In 
an atomie recombining model, these levels have bp < L as they are strongly 
depopulated radiatively. This implies that a souree at p=2-4 must be present. 
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Figure 5.5. (left) Bolzmann plot of the ASDF measured on a 20% hydragen plasma. 
The drawn curve is calculated with Te=0.31 e V, ne=3·1018 m-3 and a purely 
atomie model. (right) bp plot of the same ASDF. 

5.5 Discussion 

In all figures the calculated ASDF from the atomie model gives lower pop
ulations than the experimental values. The shape of the Boltzmann and bp 
plots reveals sourees on p :53 and at higher p-values (5-8). This observation is 
not unique in this work. Van de Sanden [47] showed for several publications, 
addressing the inversion in recombining hydrogen plasmas, bp :> 1 for some 
excited levels if independent ne, Te measurements were available. Atomie 
models are not adequate to explain this kind of results. Strong sourees must 
he present in the ASDF. Molecular processes are considered here. In ref. [36] 
it is argued that in the hydragen plasma beam a considerable fraction of the 
hydragen molecules can be in a rovibrationally high excited state, leading 
to a high density of Hf ions. The high internal (rovibrational) energy can 
also lead to high H- densities [47]. Assuming that these ion densities are 
sufliciently high(- 1017 -1018 m-3, cf. ref. [47]), speculations can be made 
on possible molecular sourees for the ASDF. The first reaction considered is 
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Figure 5.6. (left) Bolzmann plot of the ASDF measured on a 20% hydragen plasma 
with no magnetic field applied. The drawn curve is calculated with Te=0.21 e V, 
ne=2.4·1017 m-3 and a purely atomie model. (right) bp plot of the same ASDF. 

the dissociative recombination 

Ht(v,r)+e-+H(p> 1)+H (5.5) 

If the molecular ion has no vibrational (or rotational) energy, only p=2 is en
ergeticcally accessible. If however the ion has internal energy, higher excited 
states might be accessible. A second molecular channel is mutual annihila
tion, 

H;·r + e -+ H- + H 

H+ + H- -+ H(p = 3) + H(p = 1) (5.6) 

The mutual annihilation can only populate p=3; higher levels are not acces
sible. The sourees on p = 3 that are observed in Figs 5.6, 5. 7, 5.8 can be 
explained with this reaction. Take for example the 3% hydrogen, 250 A coil 
current measurement. The state density n3 ~ 2 ·1014• If n1f ~ ne = 4 ·1018, 

balancing production and radiative decay of n3, km4 nH-n1f = n3(A31 + A32) 
yields nH- ~ 1017 m-3 • 
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Figure 5.7. (left) Bolzmann plot of the ASDF measured on a 3% hydrogen plasma 
with a coil current of 125 A. The drawn curve is calculated with Te=0.34 eV, 
ne=2·1018 m-3 and a purely atomie model. (right) bp plot of the same ASDF. 

The atomie mutual annihilation can not explain the observed sourees at 
higher p values. In molecular annihilation more energy is available, as the 
ionization energy of the molecule is 1.8 e V higher, 

(5.7) 

Data on the final state of the excited atom are not available. An estimate 
can be obtained if the cross sections are calculated with the Landau-Zener 
approximation [48]. These calculations show, that a wide range of excited 
atomie states is accessible, and the cross section is largest near p=4-1. The 
molecular mutual annihilation reaction may therefore explain the sourees at 
high excited levels. 

The three molecular reactions suggested above depend on the densities of 
the involved ions. These densities are determined by the dominant produc
tion and destructien processes. Production of Ht and n- depends strongly 
on the abundance of rovibrationally excited molecules. Measuring of the 
rovibrational populations by e.g. CARS, and measuring of the various ion 
fractions H+, Ht, and H- is desired before further speculation to take place. 
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Figure 5.8. (left) Bolzmann plot of the ASDF measured on a 3% hydragen plasma 
with a coil current of 250 A. The drawn curve is calculated with Te=0.35 eV, 
ne=4·1018 m-3 and a purely atomie model. (right) bp plot of the same ASDF. 

Particularely interesting is also the influence of recirculation of wall produced 
excited molecules. The strong deviations in the ASDF from anatomie model 
make clear that molecular processes have to be included in a proper descrip
tion of the excitation of the Balmer spectrum in a recombining hydragen 
plasma beam. 
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6 

Molecular excitation and the 
EU.lcher a spectrum 

6.1 Introduetion 

The relevanee of molecular spectroscopy on hydrogen plasmas is based upon 
the information that can be obtained about rotational and vibrational struc
ture of the spectrum and the related positioning of the energy over the degrees 
of freedom of the system. This work focuses on the so-called Fulcher a spec
trum. The reason for this choiee is that, unlike other bands in the visible, 
the Fulcher a bands have well known radiative properties. Furthermore most 
molecular levels are not disturbed by interaction with other electrooie states. 
Especially the Q-lines (no change in rotational quanturn number in the radia
tive decay) are very well-behaved. The Fulcher a spectrum originates from 
transitions of the electrooie d3Il state to the a3E state. 

The population and depopulation of the upper, radiative ~Ilu level can 
be described by a balance equation. The discussion is limited to plasma 
conditions under which the levels relevant to the Fulcher band are in the 
Corona phase [23]: all population of the excited state occurs through electron 
impact excitation on the ground state, all decay is radiative. Under this 
assumption no complicated collisional-radiative model including vibrational 
and rotational excitation is needed. Figure 6.1 depiets the potential energy 
diagram of the levels involved in this balance equation. Indicated are the 
ground level, X 1 Et, the upper level ~Ilu and the lower level of the decay 
a3Et. The objective of this chapter is to relate the observed spectrum to 
the rovibrational population of the electrooie ground state. The molecular 
structure and all aspects of collisional excitation and radiative decay are 
addressed in sections 6.2 to 6.5. Practical implieations for the interpretation 
of the Fulcher a spectrum are found in section 6.6. This section concerns 
the ground state vibrational and rotational temperature and an actinometrie 
method that can be used to determine the dissociation degree of a hydrogen 
plasma. 

55 
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Figure 6.1. Potential energy. diagram for the H2 levels involved in the Fulcher 
spectrum. Population of the d3 II state usually originates from e:~:citation from the 
ground state by electron impact, radiative decay can only go to the a3Et state. 

6.2 Molecular structure 

The understanding of a molecular spectrum involves insight in the electronic, 
vibrational and rotational energy levels of the molecules and the possible 
transitions between these. The following treatment is aimed on the inter
pretation of the Fulcher a spectrum, starting from the Schrödinger wave 
equation. 

The wave equation for the hydrogen molecule reads 

(6.1) 

where the i-subscripts refer to electrons {mass me), the k-subscripts to nuclei 
(mass mH) and V is the total potential energy, the sum of the electronic and 
the nuclear potential energy. The Born-Oppenheimer approximation takes 
advantage of the large mass ratio between an atomie nucleus and an electron. 
This allows an adiabatic approach, in which the electrons move in the field of 
fixed nuclei. In this approximation the electronic and nudear wave functions 
can he separated: 

(6.2) 
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The wave equation can now be split into two parts, one descrihing the motion 
of electrous in the field of the fixed nuclei 

(2~e 2t\7i + Eel- Ve) tPe = 0 (6.3) 

and an equation descrihing the motion of the nuclei · under the potential 
E., + Vn 

(~ 2t ~k \7% + Ev,J- Eel- Vn) tPvr = 0 . (6.4) 

Here Ev,J denotes the vibrational ( quanturn number v) and rotational ( quan
turn number J) energy of the molecule. Solving Eq. (6.4) leads to the term 
values of the vibrating rotator 

Eh: = w.(v + !) - w.x.(v + !)2 + B.J(J +I) 

+D.J2(J + I)2
- ae(v + t)J(J +I)+... · (6.5) 

where w., w.x., B., D., ae are rovibrational molecular constants. Commonly 
this equation can be split in to a vibrational and a rotational part, the so
called term values 

in which 

G(v) = w.(v+i)-w.x.(v+!)2 + ... 
Fv(J) = BvJ(J +I)- DvJ2(J +1)2 + ... , 

B11 = B.-a.(v+i)+ ... 
Dv = D. + .... 

(6.6) 
(6.7) 

(6.8) 

In Eq. (6.6) and (6.7) the higher order contributions describe deviations 
from the harmonie oscillator and rigid rotator, respectively. In the electronk 
states relevant to the Fulcher a band Dv < Bv and WeXe < w •. This implies 
that for low values of v and J the models of the harmonie oscillator and rigid 
rotator are accurate and higher ordertermscan be neglected. The vibrational 
and rotational constauts depend on the electrooie state of the molecule (as 
indicated by the subscript .). The values of the molecular constauts for the 
X 1 Et, the a 3Et and the d3 II,. state of hydrogen, used for the calculations of 
the termvalues are provided in table (6.I) [49]. In the following a superscript 
0 to a symbol indicates that it is related to the electronk ground state of the 
molecule, ' relates to the ~TI .. state and " to the a 3Et state. 

6.2.1 Angular-momentum coupling: Hund's case (b) 

The fine structure of a molecule is determined by interactions between the 
angular moment a of electrons, nuclei and their spins. In a molecule there is an 
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internal field along the internuclear axis, there is nuclear rotation, and orbital 
and spin angular momenturn of the electrons. As a consequence, all angular 
momenta can influence each other and none of them may really he a constant 
of motion. Hund (50] has introduced a classification for several limiting 
coupling cases, the so-called Hund cases. Here only the Hund's case (b) will 
he treated, as this describes all molecular states relevant to the Fulcher a 
spectrum. In the Hund's case (b) the orbital angular momenturn and the 
angular momenturn of nuclear rotation are coupled to the internuclear axis, 
but the electron spin is not. If we ignore for a moment the electron spin 
influence, the total angular momenturn is given by 

(6.9) 

Here K is the total angular momenturn apart from spin, N the angular 
momenturn of nuclear rotation and Ä the component of the orbital angular 
momenturn along the internuclear axis. The values that K can take are 

]( = A, A+ 1, A+ 2, ... (6.10) 

Note that for the t:PII state this implies that ]( = 0 does not exist, as A = 1. 
In principle if the el~tron spin :/: 0 this leads to a further splitting 

(6.11) 

However, in the case of the Fulcher a band the triplet splittingis very weak 
and can he neglected in spectroscopie applications. As a consequence, ]( 
insteadof J can heusedas the effective quanturn number. 

6.2.2 Symmetry rules 

Not all states are quantum-mechanicallyallowed. The total wave fundion 
descrihing the molecule has to obey certain symmetry rules. Consider the 
symmetry properties of the hydrogen molecule. The complete wave fundion 
can he represented by a product of five fundions (51] 

.t. _ b'tal . nuc ear nuc ear . 
( 

electronk ) ( electronk ) ( 1 ) ( 1 ) ( nuclear ) 
'~" - or 1 spm 'b . . spm 

• • • Vl ratwn rotatwn . . 
mot1on onentatwn onentatwn 

(6.12) 
The Pauli's Principle implies for the electrons, that the wave function must 
he anti-symmetrie under exchange of two electrons. As only the first two 
fundions of Eq. (6.12) involve electrons, these two must always have opposite 
symmetry. The nuclei of the hydrogen molecule are protons and also have 
half-integral spin. They also obey Fermi-Dirac statistica and the total wave 
fundion should also he anti-symmetrie under exchange of the two nuclei. 
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Consider Eq. (6.12) under such an exchange. The second function, descrihing 
the electronk spin, does not depend on the nuclei. The vibration depends 
only on the internuclear distance and is always symmetrie. The first function 
describes the electronk orbital motion. It is defined relative to the position 
of the nuclei, and can either be symmetrie or antisymmetrie under nudear 
exchange. The corresponding symmetry property is called gerade or ungerade 
respectively. The symmetry of the rotational term of Eq. (6.12) depends 
on the charaderistics of the electronk wave function. Another symmetry 
property is needed here: if refiection in a plane through the internudear 
axis changes the sign of the electronk wave function, it is called negative 
(- ), if the sign does not change it is called positive ( + ). For a homonuclear 
molecule like hydrogen, it can be shown that for positive gerade and negative 
ungerade states Et, E;; even rotational states are symmetrie and odd are 
anti-symmetrie. For Et and E; states the opposite symmetry applies [49]. 
States II, 6., ... have a two-fold degeneracy due to A-type doubling. One of 
the levels of this splitting has a similar symmetry behaviour as a E+ state and 
is designated rr+, 6. + , ... , the other behaves like a E- state and is designated 
rr-, 6.- , ... 

Finally consider the nudear spin function. The spins of the nuclei can 
either be parallel, total nuclear spin I = 1, or anti parallel, I = 0. lf the spins 
of the nuclei are parallel, their wave function is symmetrie, otherwise it is 
anti-symmetrie. It appears that these nuclear-spin states are only very slowly 
interconverted (timescale of months); one can distinguish two modifications 
of molecular hydrogen, para-hydrogen with nuclear spin 0 and ortho-hydragen 
with nuclear spin 1. As the degeneracy ofthe nuclear spin function is (21 + 1), 
the ortho modification occurs three times more often than the para modi
fication. For a homonuclear diatomic molecule as hydrogen this has some 
interesting consequences. The total wave function has to be anti-symmetrie 
under exchange of two identical partides. Consider the ground electronic 
state X 1Et. The first term from Eq. (6.12) is symmetrie under exchange of 
nuclei. Even rotational levels have a symmetrie wave function for E+ states 
so in order to have an overall antisymmetrie wave function the nuclear spin 
function must be antisymmetric; for the electronk ground state of hydrogen 
even rotationallevels occur only for para-hydrogen. Similarly, odd rotational 
levels only occur for ortho-hydrogen. This results in an intensity-alternation 
in the rotational spectrum: as ortho-hydrogen occurs three times more than 
para, the odd rotationallevels are three times more populated than the even 
levels. The <PIIu has two series of levels due to A-splitting, the <f3II+ and the 
<Prr-. The symmetry properties discussed above have different consequences 
for the for ortho- and para hydrogen. For ortho hydrogen odd rotational 
levels are only allowed for the negative series, even rotational levels occur 
only in the positive branch of the A-splitting. For the negative branch there
fore the same intensity alternation is observed as for the ground state: odd 
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rotational levels occur three times more often than even rotational levels. 
For the positive branch the situation is reversed. The allowed levels with the 
appropriate symmetry properties are represented in Fig. ( 6.2). 

6.3 Radiative transitions 

In this section the radiative decay of excited molecular states is treated. In 
section 6.3.1 the selection rules for dipole transitions are summarized. Other 
than dipole transitions are not considered, as their amplitude is generally 
very low. Section 6.3.2 treats the line strengths of the radiation. 

6.3.1 Selection rules 

Selection rules for dipole transitions are related to the symmetry properties 
of the initialand final state as introduced insection (6.2.2). They are listed 
below: 

• positive rotational terms combine only with negative 

+ 4-----+ - + i-!-+ + - i-!-+ - (6.13) 

• gerade electronk states combine only with ungerade 

g 4-----+ u g i-!-+ g u i-!-+ u (6.14) 

Here "4-----+" means that the transition is allowed, "_" means that the 
transition is forbidden. Further selection rules can he deduced specHic for 
Hund's case (b). In this case the quanturn numbers A and S are defined. 
The corresponding selection rules are 

6.A = 0,±1 

6.S= 0 

(6.15) 

(6.16) 

The latter has as consequence that only states of the same multiplicity can 
combine with one another. Although this rule in general is not rigid, it is 
strict for the X 1 E9 , cPII~.~ and a3 E9 state. As the triplet splittingis neglected 
the quanturn number J( is used, and its selection rule is 

6.K = 0,±1 (6.17) 

The branch with 6.1( = 0 is called the Q-branch, the branches with 6.K = 
+1, -1 are calledPand R branch respectively. Note that in order to satisfy 
Eqs. (6.13) and (6.17) simultaneously, the electrooie wave fundion has to 
reverse for Q branch transitions (II- ---1- E+). 
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Figure 6.2. Transition scheme of the 1II,. --+1 Et transition. P, Q, and R denote 
the three possible rotational branches in a radiative transition. The total statistical 
wei.ght of a rotational state is the product of the nuclear spin degeneracy YI and 
the rotational degeneracy 9K = 2K + 1 (cf. nezt section). 
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6.3.2 Line strengtbs 

A general expression for the intensity of a molecular line is given by [49] 

r' 6411'4 v3 1 N An' 
n" = 3h 2J1 + 1 n' n" (6.18) 

The intensity is given in photons m-3s-1• Nn' is the number density of a state 
n' = n'(e',v',K'). The upper and lower level of the transition are denoted 
by n' and n" respectively. A~:, is the transition probability for spontaneous 
emission. In the Born-Oppenheimer approximation the transition moment 
can he separated into an electronic, a vibrational and a rotational part [52] 

A~:,= L IR~:, 12=1 R:'e" 121 Jr:,'v" 12 L I R;'J" 12 

= Ae'e" qv'v" SJ'J" (6.19) 

The qv'v" are the so-called Franck-Condon factors, that describe the distri
bution over the various vibrational transitionsin the Fulcher band. They are 
tabulated in table (6.5). The Hönl-London factors describe the line strengtbs 
of the rotational transitions. Hönl-London factors have a very simple form 
in a pure Hund's case (b) [52]: 

(P-branch) 

SJ,J = 2Jt (Q-branch) 

SJ,J-1 = lf (R-branch) 

(6.20) 

The expression for the intensity of a molecular line Eq. (6.18) can now 
he written as 

n' 6411'4/13 1 
[,.," = ~ 2JI + 1 Aete" qv'v" SJtJII Nn' (6.21) 

This expression can he simplified for the Q lines, as the Hönl-London factors 
are 2J' + 1 in this case 

(6.22) 

6.4 Direct excitation process 

A semi-empirica! method is adapted here to determine the excitation cross
sections for transitions n(e0,v0,K0 ) --t n(e',v',K'): the dependenee on vi
bration and rotation follows from an adiabatic approximation combining the
oretica! and experimental results. As the energy difference between the ini
tia! and final state depends on the initial and final rovibrational states, the 
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distrihution over the excited state is also depending on the electron energy 
distrihution function (EEDF). This matter will he addressed for thermal 
EED F's. 
In :figure 6.1 the excitation is indicated as an electron callision inducèd pro
cess, the direct excitation. The excitation of the d3IIu state hy direct elec
tron impact on the ground state involves a change in the spin multiplicity. 
A singlet-triplet transition in the excitation process can only occur through 
exchange of an incident electron with an electron in the molecule. The spin of 
the two exchanging electrans must he antiparallel [53]. This can he expressed 
hy 

(6.23) 

Unlike most other molecules, hydrogen can have a significant change in ro
tation during the direct excitation, as the small mass of the hydrogen atoms 
makes momenturn transfer from the incoming electron possihle 1. 

6.4.1 Direct excitation: semi-empirical treatment 

Starting point is the theoretical treatment for electron excitation cross sec
tions derived in the sudden approximation hy Ostrovsky and Ustinov [55]. 
Based on this treatment the theoretical expression for the d311 - X 1 E tran
sition in the hydrogen molecule is: 

1 K'+K0 1 
O"n;,,K,-E~o,Ko(ê-êthr) = 2[1=f(-1) ](2!( +1) 

( 

J(' L J(O ) 2 

X L 1 1 0 <7n , -E+ ( ê - êthr) 
- ",L vO 0 

L~l ' 
(6.24) 

In this equation L characterizes the order of the transition multipale from 
the final to the initial state, e.g. L = 1 for a dipole transition. The term 

( I<' L I<o) 
A -A 0 

(6.25) 

1This change in rotation due to electron impact has been demonstrated experimentally 
by Otorbaev et al. [54]. In their experiments the gas temperature is kept at values 
for which only the lowest rotational levels (1 for ortho- and 0,2 for para hydrogen) are 
expected to he populated, and yet a full developed rotational distri bution was observed in 
the Fulcher a emission spectrum. This point is of great importance for the interpretation 
of the measured spectra and we will come back to this later. We note that even more 
direct evidence for this rotational excitation through electron impact is found in the sheer 
existence of the P and R bands. In the ground state the rotational quanturn number must 
always he odd for ortho and even for para hydrogen, without a change in rotation this must 
also he true for the d3 II states. However, allPand R lines originate from states, which have 
even rotational quanturn numbers for ortho hydrogen and odd for para hydrogen. These 
levels can therefore only he populated from the ground state if the electronic excitation is 
accompagnied by a rotatic;mal (de-)excitation. As the strength of the P and R band are 
comparable to the Q bands the coupling must he important. 
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is a scalar, the so-called 3-j symbol. It is tabulated in [56]. The energy 
is given as ê - êthn the energy above excitation threshold. This is conve
nient as the threshold energy depends on the rovibrational energies of the 
initia} and final state of the transition 2• With Eq. (6.24) the excitation 
cross section 0'0 :1: ... '<'+ (ê- êthr) of any rovibrational transition can be 

vltK1 ..._.110,KO 

calculated directly, provided the excitation cross sections starting from the 
ground rotational state, 0'0 : ... IJ+ (ê-êthr) are known. Here L, the order of 

v 1,L vO,o 

the transition multipole, takes the place of K'. The latter can be simplified, 
using the fact that the electrooie trans i ti on time is very short in rel at ion to 
rotational or vibrational movement of the nuclei. In this so-called Franck
Oondon approach electronic, rotational and vibrational excitation are treated 
independently: 

(6.26) 

The total electrooie excitation cross section O'n +- I:+ ( ê - êthr) for the cf3II 
state is 

O'n ... E(ê- êthr) = bf(e- êthr) (6.27) 

where bis the maximum of the excitation cross section and /(ê- êthr) is a 
form function. The threshold energy êthr accounts for the vibrationa.l and 
rotational energy difference of the lower and upper of the excitation in this 
definition. The vibrational terros qvov' are the Franck-Condon factors, that 
describe the redistribution of the ground vibrational states over the excited 
state. The Franck-Condon factors are normalized for summation over v0 or 
v'. They are tabulated in table (6.2). The QL are factors that represent the 
rotational part of the 0'0 :1: ... IJ+ (ê- êthr) in Eq. (6.26). 

v',L vO,o 

These are tabulated in table 6.3. The total rotational part in Eq. (6.24) then 
equals 

[
1 ( 1)1\'+K

0
] ( 1 0 )2 

RKoK' = =F - 2 (21<' + 1) x E 1
\ -~ KO QL (6.28) 

The QL are scaled such that the rotational part of Eq. (6.24) is normalized: 

ERK0K1 = 1 (6.29) 
K' 

The RKoK' are given in table 6.4. From the above an expression for the 
excitation rate coefficient from a state (v0,K0 ) toa state (v',k') can be 
formulated: 

vO Ko loo 
kv',K' = Rf\.'OK'qvov' Fe(ê)b/(ê- êthr)de (6.30) 

ethr 

2Note that the ± and =F in the formula imply that the d3n+ state can only be excited 
from transitions with odd .6..]( = I< - I<' and the d3n- state only from transitions with 
even .ó..K. This is in agreement with the symmetry rules discussed before ( cf. section 
6.3.1). 
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6.5 Thermal rotational and vibrational pop
ulations 

The vihrational distrihution function in the case of a thermal vihrational 
population is given hy 

fv = __!:._ e-G(v)kc/kTvib 

Q'IJ 
(6.31) 

with G(v) the term value in cm-1 as defined in Eq. (6.6), c the speed of light 
in cmjs, and Qv the vihrational partition function 

Q'IJ = E e-G(v) kc/kTvib (6.32) 
'IJ 

Thermal vihrational distrihution fundions for the electronk ground state 
of hydrogen are plotted in Fig. 6.3 for different vihrational temperatures. 
Below 0.2 eV the vast majority of the molecules is in the vihrational ground 

0.8 

0.6 0.0235 eV -> 
'-' ,;a 
~ 

0.4 

0.2 

OI 

0 1 2 3 4 5 

vibrational quanturn number 

Figure 6.3. Ground state vibrational distribution functions for different vibrational 
temperatures. 

state. Ahove this temperature also higher vihrational states are populated. 
The rotationallevels are degenerate hy a factor of (2K + 1). Even ro

tational levels occur only for para-hydrogen in the electrooie ground state, 
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odd only for ortho-hydrogen. The degeneracy due to the nuclear spin I is 
9I = 2I + 1. For para-hydrogen I = 0, for ortho-hydrogen I = 1. The 
rotational distribution function is 

fK = 91 (2!( + 1) e-F(K)hcfkTrol 

Q,. (6.33) 

Here 91 = 1 must be substituted for even rotationallevels and 91 = 3 for odd 
rotationallevels. F(K) is the rotational energy termand Q,. the rotational 
partition function 

Q,. = I: 91 (2!( + 1) e -F(K)hcfkTrc~ 
K 

(6.34) 

Thermal rotational distribution functions for the electrooie ground state 
of hydrogen are plotted in Fig. 6.4 for different rotational temperatures. 
Already at room temperature (T,. 0 t ~ 0.0235 eV) there is a well developed ro-

0.0235eV 

I I ••••...••. 

0.05 eV 

I . 
O.leV 

0.2eV 

I J • 1 ~ ,. • • , • • • • 

O.SeV 

I eV 

! • I • I I I I I . I • I • • . • . . . 

0 2 4 6 8 10 12 14 16 18 20 22 24 

Rotational quanturn number 

Figure 6.4. Ground state rotational distribution functions for different rotational 
temperatures. The intensity alternation is a consequence of the nuclear spin de
generacy. It is 1 for even rotational states, that only occur for para hydrogen, and 
3 for odd rotational states, that only occur for ortho hydrogen. 

tational state distribution. At higher rotational temperatures the maximum 
of the distri bution function shifts towards higher /( numbers; the degeneracy 
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term 2/( + 1 initially dominates over the Boltzmann-exponent e-F(K)hc/kTrot 
in Eq. (6.33). The density of molecules with a high rotational energy can 
be large due to this 2/( + 1 factor. Especially for molecular reactions that 
require a significant internal energy of the molecules this is an important 
observation. 

6.6 Applications 

The density of exited states is related to a balance equation. The discussion 
is limited here to plasma conditions under which the levels relevant to the 
Fulcher a band are in the Corona phase: all population of the excited state 
occurs through electron impact excitation from the ground state, all decay 
is radiative. The balance equation for a rovibrational state of the ~fliT level 
then equals 

In a quasi-steady state approximation excitation and radiation balance [57]: 

ne 2:., 2:., n°( v0
, K 0

) k~~Jf,o = n'( v', I<') 2:., 2:., A~:fk" (6.36) 
vO KO v11 K" 

In relation to this balance equation the vibrational and rotational structure 
are discussed .. An actinometrie method to determine the dissociation degree 
of the plasma is introduced. 

6.6.1 Vibration 

Combining Eqs. 6.26 and 6.31, the vibrational population of the excited 
state is related to the ground state distribution by 

f~( v') oe 2:., qvOv' fv( vo)e-l::.E";b/kT. (6.37) 
vO 

Here e-t::.E"i&/kT. accounts for the difference in vibrational energies of the 
transitions, if a Maxwellian EEDF with a temperature Te is assumed. The 
intensity distribution is determined by the Franck-Condon factors of the 
decay process: 

lv'v" oe J~(v')qv'v" (6.38) 

Here the relation between the ground state vibrational distribution and the 
observed intensity distribution is subject to discussion. The vibrational dis
tribution fundions in Fig. 6.3 show that below a vibrational temperature of 
0.2 eV almost all molecules are in the vibrational ground state. Above this 
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Figure 6.5. The computed intensity distribution in the vibrational spectrum if all 
molecules in the dectronie ground state have v = 0. The vibrational structure is 
a consequence of the Franck-Condon factors in the electron excitation process and 
the radiative decay. 

temperature a vibrational distribution is developed. Fig. 6.5 shows the com
puted vibrational intensity distribution observed in emission of the Fulcher 
a band if all molecules in the electronk ground state have v = 0. An elec
tron temperature of 3 eV has been used in the computations. Apparently in 
the spectrum a full developed vibrational structure is observed, even though 
the vibrational temperature of the ground state is low. The reason for this 
is found in the Franck-Condon factors, descrihing the vibrational transition 
probabilities in the excitation process (table (6.2)). There is no preferenee 
for vibrational transitions .ó.v = 0 in the excitation of hydrogen. This is due 
to the fact that the potentîal curve of the tfliT state is both shifted and differ
ent in shape than that of the X 1E state (cf. Fig. 6.1, [58]). Fig. 6.6 shows 
the infl.uence of the ground state vibrational temperature on the observed 
spectrum. The intensities for the different vibrational temperatures are nor
malized on the intensity of the v', v" = 1 band intensity in the situation 
with zero vibrational temperature. At increasing vibrational temperature 
especially the level v0 = 1 will become populated. As can be seen from the 
Franck-Condon factors from tab1e 6.2 this will lead to a stronger input to 
v1 = 0 and a decrease of v1 = 2,3,4,5. Above 0.2 eV this effect becomes 
significant. 

Another issue is non-thermal vibrational distributions in the electronic 
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Figme 6.6. The influence of the ground state vibrational temperature on the com
puted intensity distribution. The intensities are normalized on the intensity com
puted at T tJi& = 0. 

ground state. To get a feeling of the sensitivity of the observed speetral 
intensity distribution for non-thermal ground state vibrational populations, 
the intensity distribution is calculated for 10% populations of the levels v0 = 
1, 2, 3, 4 respectively with the other 90% of the ground state molecules in 
v0 = 0. The result is shown in Fig. 6. 7. Apparently non-equilibrium inputs 
on v0 = 1..4 all have similar effects on the intensity distribution, i.e. an 
increased intensity at v' = 0 and a decrease at v' = 2, 3, 4. Therefore it 
is conduded that distributions of ground state vibrational levels that are 
non-thermal can not be distinguished from thermal distributions from the 
observed spectrum. 

In the Fig.'s 6.5-6.7 an electron temperature of 3 eV was assumed. The 
influence of the electron temperature on the vibrational intensity distribu
tion is presented in Fig. 6.8. For any electron temperature above 2 eV the 
maximum error made by assuming 3 e V is smaller than 10% for any vibra
tional intensity v' = 0 .. 5. Only if the electron temperature is below 2 e V the 
error can become larger. In most practical applications where the Corona 
assumption is valid, there will hardly be a molecular spectrum observed at 
these lower temperatures, as the excitation rates will be very low. 
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intensity distribution. 
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distribution. 
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6.6.2 Rotation 

If the dilierences in threshold energy for the different rotational states are 
neglected (g- gthr ::; 0.1 eV in all cases), the RKoK' from table 6.4 relate 
the excited state rotational distribution rrot to the ground state rotational 
distribution f;ot: 

J:ot(l{') = 'E RKo K' frot(/{0
) (6.39) 

1\'ll 

The intensity distri bution of rotationallines in a vibrational band now follows 
from Eq. ( 6.18). If we restriet ourselves to the Q lines ( t:Pn- series) the Hönl
London factor simply becomes 2]{' + 1 (cf. Eq. (6.20)) and the line intensity 
is given by 

(6.40) 

The relation between the ground state rotational distribution and the ob
served rotational spectrum will be discussed starting from a thermal ground 
state population. Fig. 6.9 (a) shows rotational populations of the ground 
and upper state at Trot = 300 K. The distri bution fundion of the lPIT state is 
somewhat broadened compared to the ground state. In a Boltzmann plot a 
thermal distribution is represented by a straight line. The broadened upper 
level distribution will give a slightly hollow profile. This is seen in Fig. 6.9 
(b ). If the rotational population of the electronk ground state is thermal, 
the corresponding rotational temperature can be determined from the exper
imentally determined f;ot· An iterative method can be applied, that searches 
the temperature that minimizes the discrepancy between the experimentally 
determined f;ot and the calculated one. An additional feature of this ap
proach is that it can be applied to any subset of rotational states ]{'. For 
example, if only the levels K' = 1,2,4 can be determined accurately (e.g. 
due to overlap of the K' = 3 line and weakness of lines with K' 2: 5) the 
above fit procedure is applied to these levels only. 

A quicker and cruder way to determine the rotational temperature is 
found in figure 6.10. In this figure all. state densities are calculated from 
a thermal distribution in the ground state. Although the hollow shape of 
a Boltzmann plot (Fig. 6.9) shows that the rotational state distribution is 
not thermal, still an effective rotational temperature was derived from it by 
a linear fit. The figure gives the ratio between the rotational temperatures 
determined from the rotational distribution functions from the excited levels 
and the rotational temperature from the ground state. For both the temper
ature determination of the upper and ground state the rotational constants 
from the ground state were used. As the excitation process gives a diffuse im
age of the ground state distribution, the higher states will be overpopulated 
and the effective temperature will be to high. This effect is strongest at low 
temperatures, when the rotational distribution function is narrow. Note that 
this crude method can also be applied for subsets of rotational states. As an 
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Figure 6.9. (a) Calculated rotaticnat distribution function of the electronic ground 
state X 1Et (solid line) and of the d3Tit state (dashed line) after electron impact 
excitation. A ground state temperoture of 0.0235 e V was assumed. The population 
densities are normalized on the nuclear spin statistica[ weight. (b} Boltzmann plot 
from the same data. 

example, this is done in Fig 6.10 for the excited rotationallevels ](' = 2, 4, 5. 

Finally the issue of non-thermal ground state rotational distributions 
needs to be addressed. The inverse matrix of RKoK• seems to enable the 
determination of the ground state rotational distribution from an experi
mentally determined rotational distri bution of the excited level. However, a 
number of reasons make this not feasible. One principal reason is that the 
number of bound rotational states is larger for the ground state than for 
electronic excited states, making the inversion operation underdetermined. 
Limitations are also found from an experimental point of view: levels with 
higher I<' will be weak in emission, and in the molecular spectrum of hydro
gen some spectrallines will he likely to be overlapping with lines from other 
bands. 
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Figure 6.10. Ratio of the effective rotational temperature of the d3II,. and ground 
state as a function of the rotational temperature of the ground state. 

6.6.3 Actinometry 

The observation of a molecular spectrum in a plasma implies a sufficient 
amount of high energetic electrons. If atomie hydrogen is present, there will 
also be an atomie spectrum. Under certain conditions the ratio of atomie to 
molecular line intensity can be used to determine the dissociation degree of 
the plasma: actinometry on H and H2• A first condition to do this, is that 
the observed speetral emissivity originates from levels that are in the Corona 
phase [23]: excitation is strongly dominated by collisions, deexcitation is 
radiative. A second condition is that the dissociation degree is not too low, 
as there is always some dissociative excitation from molecules, giving an 
atomie spectrum. Also recombination processes can populate excited atomie 
levels. 

In the following the radiative excitation rates for atomie and molecular 
hydrogen will be discussed. As the excitation processes for the two are not 
identical in threshold and energy dependence, some additional steps must 
be taken before the line intensity ratios can be related to the dissociation 
degree. 

In the Corona phase the balance equation of an atomie levelp reads: 

( ddn:) = nenHkp- np Z:: Apr 
e:r:c r<p 

(6.41) 
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The excitation rate coefl:icient of atomie hydrogen from the ground state to 
an excited levelp is given by 

kp =< UpVe >= foo Umax fp(e)e 112Fe(e)de 
}Ep P 

{6.42) 

Here Fe(e) is the electron energy distribution function. The excitation cross 
section up is written as the product of the maximum of the cross section u;'= 
and a form function fp(e). Ep is the threshold energy for excitation of the 
level p. Using Er<p Apr = r;1

, Tp being the radiative lifetime of state p, and 
Eqs. (6.41) and (6.42) the intensityof theemission lpq in a stationary state 
equals 

( 6.43) 

For the excitation of the molecular Fulcher a band a similar treatment is 
followed. It is common use in literature [53] to give the radiative lifetime 
and excitation cross section for the entire Fulcher a band, summed over all 
vibrational and rotational states. The total band intensity is in analogy to 
Eq. (6.43): 

(6.44) 

Here u:fin /dan(e) is the excitation cross section for the entire <PII band, 
summed over all rotational and vibrational levels. For actinometrie ap
plications it is more convenient to relate the intensity of one atomie line 
to one molecular line, i.e. one rovibrational transition. The fraction of 
molecules that is observed in a vibrational emission band v'v" is repre
sented by qv0 11•qv'v"· The fraction of molecules observed within one vibra
tional band in one rotational line relative to the full rotational distribution 
is J;ot(I<')/Q~ot· The intensity of one spectralline can now be written as 

IF.',K'-•".K" = qvov•qv'v" J:Qot,(K') nenH2 T,pn rEoo Fe(e) u:Jin f,pn(e)de (6.45) 
rot J1 <f3n 

The ratio of the intensity of an atomie and a molecular line can now be 
related to the density ratio H/ H2 

u;'ax loo Fe(e) fp(e)de 
x l:p 

u:fin Fe(e) f,pn(e)de 
E<f3n 

(6.46) 
The first fraction at the right hand side of Eq. 6.46 is to be determined. The 
second fraction consistsof known constants except for Q~ot and F;ot(I(), that 
can be determined from experimentally determined rotational bands. The 
last fraction concerns the electrooie excitation processes of the atomie and 
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molecular states. A convenient situation is found if the atomie and molecular 
spectralline have similarexcitation processes, i.e. identical threshold energies 
and similarly shaped excitation cross sections. This situation is not found for 
hydrogen. The molecular levels have slightly higher energies than the atomie 
and also the form of the excitation cross section is different. The exact shape 
of the form function at the high energy side is not important, as the EEDF 
is exponentially decreasing. Only the near-threshold behaviour of the form 
fundions is important. As both excitation reactions are resonant processes. 
The cross sections are expected to increase very fast to their maximum. For 
the excitation of the atomie p = 3 state experiments and calculations confirm 
that within a few hundreds of an e V the cross section reaches it maximum 
[59]. Near-threshold behaviour of the excitation of the molecular ePI! state 
has not been resolved yet. However, the excitation occurs in an exchange 
collision and this type of collisionsis known to have very steep near-threshold 
behaviour. Therefore it seems allowed to leave out the form fundions in Eq. 
(6.46) and use only the maximum values of the cross sections. The difference 
in threshold energy can be compensated for by a correction factor 

(6.47) 

For a Maxwellian electron energy distribution fundion this correction fac
tor is given as a fundion of electron temperature in Fig. 6.11. With this 
correction factor Eq. 6.46 can finally be written as 

With this expression the ratio of atomic-to-molecular hydrogen in a plasma 
can be determined from a measured atomie speetral line and a rotational 
molecular band. 

6. 7 Spectroscopie data 

In order to interpret the Fulcher a spectrum, data are required concerning 
the molecular structure, the excitation process and concerning the radiative 
decay. These are summarized here. 
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Figure 6.11. Correction factor that compensates different excitation rates due to 
different threshold energies for the atomie Ho and the molecular Q(o-o)(1) band 
head. 

State 
112702 
107777 

0 

2371.58 66.27 
2664.83 71.65 

4395.2 117.99 

30.364 
34.261 
60.809 

1.545 
1.671 
2.993 

Table 6.1. Molecular constantsof hydrogen in the d 3IIu, the a 3 :Et and the X 1 Et 
state in cm-1 after {49]. In spectroscopie notation Te is the minimum of the po
tential curve. It must not be confused with the same symbol indicating the electron 
temperature in plasmas. 

Molecular constants 

The termvalues as defined in section 6.2 are given in table {6.1). 

Excitation process 

For the excitation process, the excitation cross section for the entire band, 
measured by De Heer and Möhlmann is taken. The redistribution over vi
brational states is governed by the Franck-Condon factors from the X1 :r.:+ 
state to the d3 II state. Finally, the rotational excitation is ruled by the Q L 
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v" = 0 v" = 1 v" = 2 v11 = 3 v" = 4 v" = 5 
v' = 0 0.1084 0.3018 0.3339 0.1889 0.0573 0.0091 
v' = 1 0.1817 0.1557 0.0001 0.1727 0.2932 0.1580 
v' = 2 0.1867 0.0217 0.0955 0.0954 0.0144 0.2455 
v' = 3 0.1537 0.0026 0.1112 0.0001 0.1233 0.0190 
v' = 4 0.1122 0.0294 0.0534 0.0467 0.0462 0.0488 
v' = 5 0.0772 0.0526 0.0111 0.0757 0.0000 0.0811 

Table 6.2. Franck·Condon factors for the excitation process after [60]. 

factors introduced in section 6.4. These are given in table (6.3). The matrix 

~L I ~.761 ~.121 ~.10 I ~.014 
Table 6.3. Q L factors, that weigh the contributions of the various multipole tran· 
sitions to the rotational excitation in the excitation of the Fulcher a band. Data 
after [54}. 

elements RKK' that are calculated from these QL and the 3- J symbols are 
given in table 6.4. Note that the matrix elements with indices that have even 

!{" = 1 !{" = 2 J(" = 3 !{" = 4 J<ll = 5 K"=6 
!{' = 0 0.760 0.122 0.101 0.014 < 10-4 < 10-4 
J(' = 1 0.416 0.423 0.079 0.005 0.007 < 10-4 
!{' = 2 0.130 0.407 0.345 0.066 0.044 0.006 
J(' = 3 0.033 0.147 0.402 0.309 0.061 0.040 
J(' = 4 0.010 0.036 0.163 0.401 0.290 0.058 
I<'= 5 0.001 0.013 0.038 0.219 0.400 0.277 

Table 6.4. RK'K" matrix describing the change of the rotational quanturn number 
in the electron excitation of the Fulcher a band. 

J( - K' concern only the excitation of the Q lines, and the matrix elements 
withindices that have odd f{- I<' concern only the excitation of the Pand 
R lines. 
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Radiative decay 

The d3II,. state can only decay to the a3Et state; therefore the Fulcher a 
band is the only emission observed from the <PIT,. state. The lifetime of 
this level is therefore determined experimentally from the decay times of the 
Fulcher band. For the <Pil; state ( Q lines) the lifetime is 40 ± 3 ns [61, 62]. 
The <Pilt states (P, R lines) are disturbed by interaction with the e3Et 
state and show anomalies in the intensity distribution. The vibrational line 
strengtbs are determined by the Franck-Oondon factors for the transition 
<PIT,. - a3E0 . These are tabulated in table 6.5. The rotational dependenee 

V
11 = 0 v" = 1 V

11 = 2 v" = 3 v" = 4 v" = 5 
v' = 0 0.93058 0.06863 0.00078 0.00000 0.00000 0.00000 
v' = 1 0.06414 0.79842 0.13516 0.00226 0.00001 0.00000 
v' = 2 0.00485 0.11677 0.67463 0.19937 0.00433 0.00003 
v' = 3 0.00039 0.01423 0.15683 0.56046 0.26113 0.00687 
v' = 4! 0.00003 0.00171 0.02725 0.18385 0.45689 0.32038 
v' = 5. 0.00000 0.00020 0.00448 0.04251 0.19799 0.36464 

Table 6.5. Franck-Condonfactors for the radiative decay process X1E ..-- d3IT after 
[63]. 

of the line strengtbs is determined by the Hönl-London factors that are given 
in Eq. (6.20). 
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Fulcher a spectroscopy at 
FOMSCE 

7.1 Introduetion 

This chapter reflects results of molecular spectroscopy performed on the sur
face conversion experiment at the FOM institute for atomie and molecular 
physics (AMOLF), Amsterdam. The FOM Surface Conversion Experiment 
(FOMSCE) is aimed to investigate the potential of surface negative ion pro
duction for neutral beam injection. It has been demonstrated that high 
H-;n- current densities can he produced on a negatively biased barium 
converter surface in contact with a hydrogen or deuterium plasma [64, 65]. 
In order to obtain a high negative ion yield, the converter must face a plasma 
with a substantial ion density. At the same time, the neutral partiele density 
must he kept as low as possible to avoid stripping of the negative ions from 
their extra electron in collisions with neutral particles. The efficiency of this 
proces is there(ore strongly coupled to the plasma characteristics. Molecular 
emission spectroscopy is one of the available methods to acquire information 
on the plasma. 

This chapter is simultaneously a test-case for the theory from chapter 
6 and an application of it in the characterization of the FOMSCE plasma. 
The experimental setup is described in section 7.2. Section 7.3 is dedicated 
to theoretica! and experimental aspects of the interpretation of the Fulcher 

. a spectrum. The validity of the Corona phase assumption is discussed. Pro
cedures to determinate the rotational and vibrational temperatures are pre
sented. Results on the characterization of the plasma are found in section 
7.4. 

7.2 Experimental set up 

The FOMSCE experimental setup does sharesome main characteristics with 
the H+l- setup at Eindhoven: in both cases an expanding hydragen are 
plasma is used to generate a hydrogen plasma beam. The type of souree 
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and plasma conditions differ significantly though. The FOMSCE surface 
conversion experiment is depicted in Fig. 7.1. .The apparatus consistsof two 

high pressure are region 

low pressure 
conversion region 

to pump (100 l/s) 

confinement 
co i! 

anode 

Figure 7.1. Experimental setup of the FOM surface conversion experiment 

chambers connected through a diaphragm of 25 mm diameter. A plasma 
is produced in a hollow cathode, a 4 cm long tantalum cylinder with an 
internal diameter of 3 mm, wall thickness 0.5 mm. A magnetic coil around 
the hollow cathode, up to the diaphragm, confines the plasma in the upper 
chamber. After the diaphragm, the plasma expands into the lower chamber. 
The barium converter is placed halfway the lower chamber at the edge of the 
plasma column. Positive ions from the plasma can thus be accelerated to the 
surface. At the surface, conversion of incoming ions to negative ions takes 
place with an efficiency of Rj 8% [66]. A typical converter bias is -200 V. At 
this voltage the negative ions accelerated from the converter have an energy 
distribution around 350 eV [67]. 

At the bottorn of the lower chamber the far anode is placed. The magnetic 
field configuration is designed to have a complete coverage of the converter 
surface with plasma. Hereto directly after the diaphragm a ring of permanent 
magnets is placed, producing a divergent magnetic field. At the position of . 
the converter the plasma column reaches its maximum width. The magnetic 
field and thus the confinement is at minimum here. A magnetic coil around 
the far anode produces a magnetic field that focuses the plasma to the anode. 

Only the lower chamber is pumped. This results in a pressure drop over 
the diaphragm; in the upper chamber the pressure is typically 10-2 mbar, 
in the lower or conversion chamber 3·10-4 mbar. When the plasma expands 
into the lower chamber, the ions and electrons are confined by the magnetic 
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Figure 7.2. Magnetic structure configuration used in FOMSCE. The axial compo
nent of the magnetic field and traces of magnetic field lines are shown. Positions 
of the orifice and magnetic structure elements are indicated in magnetic field dia
grams 

field and the neutrals are not. In this way a plasma with a high ionization 
degree is created in the lower chamber. In the center of the plasma column 
facing the converter an ion density up to 1019 m-3 can be reached. Typical 
plasma conditions are listed in table 7.1. 

Plasma production chamber pressure 
Conversion chamber pressure 
Discharge voltage 

Discharge current 

Degree of ionization 
Magnetic guiding field 

Plasma density in converter region 
Pumping speed upper chamber 
Pumping speed lower chamber 

1·10-2 mbar 
3 ·10-4 mbar 
50--70 V 
(default: 55 V) 
15--50 A 
(default: 20 A) 
>0.1 
0.01 -- 0.065 T 
(in converter region < 0.01 T) 
""'1019 m-3 

100 - 300 ls-1 

Table 7 .1. The operating parameters of FOMSCE 

The optica! scanning system is depicted in figure 1. A 1:1 image of the 
plasma is made on the entrance slit of the monochromator by a system con
sisting of a lense and three mirrors. Rotation of the mirrors enables a de
placement of the detection volume in horizontal and vertical direction. The 
plasma light is analyzed by a 1 meter MePhersou visible light monochromator 
and an EG&G model1422 diode array detector. This system enables simul-
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taneous measurement of a wavelength interval of 120 Á with a resolution of 
approximately 0.5 Á. 

m~no 

PDA 

Figure 7 .3. The optical scanning system 

7.3 Interpret at ion of the molecular spectrum 

The relation between the observed intensity of a spectralline and the state 
density of the upper level of the radiative transition was established in Eq. 
(6.22): 

(7.1) 

The molecular emission spectra are used to obtain vibrational and rotational 
distribution functions of the excited t?II; state. The approach introduced 
in chapter 6 is applied here to relate the excited state distribution functions 
to ground state rotational and vibrational temperatures. In this approach 
the excited levels are assumed to he in the Corona phase. This assumption 
is verified here. 

7.3.1 Corona phase 

If an excited level is in the Corona phase, the population of the level is 
dominated by electron excitation from the ground state and the depopulation 
is dominated by radiative decay. Collisional excitation from and deexcitation 
to neir-lying levels must he negligible. For atomie hydrogen-like or Rydberg 
systems this problem is well known. Criteria for excited levels being in a 
Corona phase are summarized by Van der Mullen [23]. It is assumed here 
that the molecular system can he described in an appropriate way by this 
model. An effective principal quanturn number pis defined: 

(7.2) 
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Figure 7 .4. The critical level Per versus the electron density. Per is defined as the 
value of p at which collisional destruction occurs once in a mean radiative life time. 
The dashed line indicates p = 2.9, the effective quanturn number for the Fulcher a 
band. 

Here Z is the charge number of the core, Ry=13.6 eV is the Rydberg constant 
and Epi the ionization energy from level p. For the ([311 level from molecular 
hydrogen Epi=1.6 eV and Z=l. The effective quanturn number consequently 
is 2.9. An approximation for the criticallevel Per, below which the Corona 
phase is valid, is taken from [23]: 

(7.3) 

The relation between the electron density and Per is depicted in Fig. 7 .4. 
As the electron density in the FOMSCE plasma near the converter is not 
expected to exceed 1019 m-3 and the effective principal quanturn number 
p ::::::: 3 for the ([311 level, the Corona phase approximation is valid here. 

7.3.2 Vibration 

Fig. 7.5 gives an example of a measured vibrational band. The band heads 
of the diagonal bands ( v' = v") are indicated in the figure. The intensity of 
a band Q(v'-v')(I(') head is proportional to the state density n'(e1,v1,K1

), cf. 
Eq. (7.1). In the Corona phase the vibrational distribution function of the 
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600 610 620 630 640 

wavelength (nm) 

Figure 7 .5. Part of the Fulcher a spectrum. The band heads of the diagonal 
vibrational bands v' = v11

, v = 0 - 3 are indicated. 

excited state is related to the ground state vibrational distribution by 

J~( v') ex: I: qvov' fv( vo)e-[G(v')-G(vo)]hcfkT., 

vO 

(7.4) 

Here the vibrational energy is expressed in the form of term val u es G( v) 
as defined in Eq. 6.6. This is the prevalent notation in molecular spec
troscopy. In plasma physics it is more common to use Ev for vibrational 
energy, Ev = G(v) x he. The exponent c(G(v')-G(vo)]hc/kT., accounts for the 
infl.uence of the difference in vibrational energy between the initial and final 
state. A Maxwellian EEDFis assumed in this case. If the vibrational distri
bution of the electronic ground state is described by a therma.l population, 
J2(v0) ex: e-G(v)hc/kT.;&, combining Eqs. (7.1) and (7.4), the intensity distri, 
bution over the vibrational bands can he expressed in the electronic ground 
state vibrational temperature: 

I ,... 113 "'q-n e-OO(v0 )hcfkT.;&e-(G(v')-G(vO)]/kT.,q 
v'v" ""' ,L._, v'"v' v'vtt (7.5) 

vO 

The rotational distribution function is expected to he independent of the 
vibrational state (cf. section 6.4). The vibrational distribution function can 
therefore he determined from any set Q(v'-v")(K'), /(' constant. Here only 
the first three diagonal bands (v' = v", v' = 0 .. 3) are used. The curves 
in Fig. 7.6 show the calculated intensity of Qv'-v'(l) lines as a function of 
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Figure 7.6. Calculated intensity ratiosof diagonal band heads versus ground state 
vibrational temperature Tvib, and measured intensity ratios. An electron tempera
ture of 3 e V was assumed for the calculated curves. 

the ground state vibrational temperature. The intensities are normalized 
on the Q(l-t)(1) line intensity. Apparently only the ratio of the (0-0) to 
the (1-1) band is sensitive for the vibrational temperature in this range. 
The horizontal lines show measured line intensities, also normalized on the 
Q(l-l)(1) line. The bars indicate the experimental inaccuracy. The ratio 
Q(o-o)(1) / Q(l-1)(1) corresponds toa vibrational temperature of 0.2 eV. As 
will be seen in the following, this is much higher than the rotational temper
ature in the plasma. This is a consequence of the nature of vibration and 
rotation. To change the vibrational state of a molecule with an incoming 
electron, it is not necessary to change the position or movement of the nu
clei during the collision. In the Franck-Condon approximation a vibrational 
transition takes place as a result of a change in the orbitals of the electrons. 
The interaction between a bound electron in the molecule and an incoming 
electron can be strong. For a rotational transition, the movement of the nu
clei in the molecule must be changed. The large mass ratio mH2 : me makes 
this interaction less effective. 

7.3.3 Rotation 

Fig. 7.7 gives an example of a measured rotational (0-0) band. In the deter
mination of the electrooie ground state rotational temperature, the formalism 
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Figure 7.7. The (0-0) rotational band of the Fulcher a band. The intensity al
temation for odd and even rotational quanturn numbers is due to nuclear spin 
degeneracy. 

from section 6.6 is followed. Using Eqs. (6.33), (6.39), and (6.40) the relation 
between the observed intensity distribution over a rotational band and the 
electronk ground state rotational temperature is: 

!KoK• <X V3 f:ot(I<') <X v3g1 L RKoK•(2!(0 + l)e-F(Ko)hc/hTrot (7.6) 
KO 

The nuclear spin degeneracy UI is 3 for odd and 1 for even rotationallevels; 
this causes the intensity alternation in the rotational spectrum (cf. Fig. 7.7. 

The most convenient way to determine the ground state rotational tem
perature is to determine an effective rotational temperature T;ot for the J3II;; 
stateandrelate this to the ground state rotational temperature by Fig. 6.10. 
The effective temperature T;ot is defined as the best straight line fit through 
the measured J;ot(I<') in a Boltzmann plot, ln[f;ot(I<')/(2[(' + 1)(UI )] ver
sus the rotational energy. Fig. 7.8 shows the Boltzmann plots of a (0-0), 
(1-1) and (2-2) rotational band. The effective rotational temperatures T;ot 
are indicated in the figure. There is some difference between the rotational 
temperatures determined from the (0-0), (1-1) and (2-2) bands. Although 
the differences are small (±5%), they appeared to he systematic in all roea
sured spectra. As the molecular spectrum of hydrogen has numerous speetral 
lines over the entire visible range, the possibility of overlapping lines must he 
considered. Table 7.2 lists lines that are within 0.5 Á(the resolution of the 
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Figure 7.8. Boltzmann plot of the first Jive lines of the Q-branches in the (0- 0), 
{1- 1), and (2- 2) band. 

optical system is 0.5 À) from any of the Fulcher a rotationallines used in Fig. 
7.8. Only 'disturbing' lines that have a line strength of 5% or more of the 
'disturbed' line are included. Data are taken from 'The hydrogen wavelength 
tables' from Dieke [68]. From the lines that may he disturbed by overlap ac-

"disturbed" "disturbing" lines 
line upper level lower level branche wavelength 

Q(o-oj(3) i 3 II9 ( v' = 2) c3II.,( v" = 2) P(2) 6031.465 A 
6031.909 À 
Q(l-1)(2) h3~t(v' = 0) c3II.,( v" = 0) P(4) 6127.344 A 
6127.246 À 
Q(l-Ij(5) cFII,.(v' = 0) a3~t(v" = 0) Q(10) 6159.269 A 
6159.565 À 
Q(2-2)(1) Jl II9 ( v' = 3) B1 ~;!" ( v" = 10) Q(3) 6225.040 A 
6224.815 À g3~t(v' = 2) c3 II.,( v" = 2) P(3) 6225.312 A 

Tab1e 7.2. Lines coinciding with lines of the Fulcher a band within 0.5 A(after 
{68}). Only disturbing lines with a tabulated intensity >5% relative to the disturbed 
line are included. 
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cording to table 7.2 for the Q(l-t)(5) is not expected to be disturbed in the 
FOMSCE experiments. It overlaps with a Q(lO) line from the Fulcher o: 
band. The rotational temperatures determined in the experiments are too 
low to populate such high rotational levels significantly. Furthermore above 
rotational quanturn number K=5 the intensity of rotational lines generally 
was too low to distinguish them from the background. Remain the Q(o-o)(3), 
the Q(l-l)(2) and the Q(2-2)(l) lines as possibly overlapped. An interesting 
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Figure 7.9. Boltzmann plot of the first five lines of the Q-branches in the (0- 0), 
(1- 1), and (2- 2) bandandof the calculated distribution in the excited state. 

result shows Fig. 7.9. In this tigure a calculated and measured rotational 
distribution fundions determined from the (0-0), (1-1) and (2-2) vibrational 
bands are plotted in a Boltzmann plot. The calculated excited state popu
lation is derived from a ground state thermal distribution and matrix RKK• 

according to Eq. (7.6). The rotational temperature for the electronic ground 
state is optimized to match the observed rotational distribution functions of 
the excited state. Indeed the points in the Boltzmann plot related to the 
Q(o-o)(3), the Q(l-t)(2) and the Q(2-2)(1) line are lying too high. In further 
determinations of rotational temperatures these lines were ignored. A pro
cedure is proposed here to determine the electronic ground state rotational 
temper at ure: 

1. A rotationa.l band is measured. The ( 1-1) band is prefered as this is 
the most intense band. The Q(2) line overlaps with another molecular 
line and is therefore omitted. 
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2. An effective rotational temperature r:ot is determined from a Boltz
mann plot from this band. 

3. This effective rotational temper at ure is related to the electronk ground 
state rotational temperature. Hereto the effective rotational tempera
ture as a function of the electronk ground state rotational temper at ure 
must he calculated for the relevant temperature range and selection of 
rotational lines. 

In the following all rotational temperatures are determined according to this 
procedure. 

7.4 Plasma characterization 

A spatial temperature profile was measured from the region facing the con
verter for default plasma conditions. Fig. 7.10 shows the intensity distribu-
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Figure 7.10. Spatially resolved measurement of the intensity of the Q(o-o)(l) line. 
The diaphrogm separoting the upper and lower chamber is at position (0,40). The 
converter surface ronges from (20,-15) to (20,15). The far anode is at position 
(0,-50). 

tion of the Q(o-o)(1) line over this region. The spatial rotational temperature 
profile, as determined from the vibrational (1-1) band, is depicted in Fig. 
7.11. The temperature decreases from the diaphragm to the far anode, along 
the flow direction of the plasma expanding through the diaphragm from the 
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Figure 7.11. Spatially resolved rotational temperature determined from the Q(o-o) 
branch. 

upper plasmachamber (cf. Fig. 7.1). At position (0,0), facing the converter, 
the response of the rotational temperature to discharge parameters is mea
sured. 

500 

400 g 
.! 

Figure 7.12. Effect of the discharge current on the rotational temperature and the 
intensity of the Q(o-o)(l) line. 

The relation between the discharge current and the rotational tempera
ture is given in Fig. 7.12. The coupling between the electron temperature and 
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the gas temperature is weak. The temperature of the gas is proportional to 
the discharge current. At a high electron temperature and ionization degree, 
as in the FOMSCE plasma, the rotational heating of the gas is dominated by 
electron-molecule collisions. The heat transfer from electrons to molecules 
is ex nenH~k;~tH~· The rotational excitation rate is hardly temperature de
pendent in the temperature range 2-5 eV [69). The electron temperature is 
furthermore expected to be only weakly dependent on the discharge current 
in this type of discharge (cf. [70]). Under constant plasma dimensions the 
electron density is linear with the discharge current. The observed increase 
in rotational temperature is therefore attributed to the increase in electron 
density. The intensity of the Q(o-o)(l) line versus discharge current is plot
ted in the same figure. Here also a linear relation is observed, between the 
observed intensity and the discharge current. In a Corona phase radiative 
system the intensity of a spectralline is linear with the electron density. This 
is in agreement with the picture of constant electron temprature and linearly 
increasing electron density. 
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Figure 7.13. Effect of the coil current on the rotational temperature and the inten
sity of the Q(o-o)(1) line. The magnetic field is proportional to the coil current. 
It is not homogeneaus over the plasma, cf. Fig. 7.2. In the upper chamber the 
magnetic field strength as a function of coil current is::::; 1.2 ·10-4 TjA. 

The magnetic field in the upper plasma chamber is proportional to the 
coil current applied. The infiuence of this magnetic field on the measured 
rotational temperature is found in Fig. 7.13. The curve presenting the 
rotational temperature versus coil current shows a sudden change in slope 
around 300 A coil current, corresponding toa magnetic field of approximately 
30 m T. Below this point, the rotational temper at ure is only weakly dependent 
on the magnetic field intheupper chamber. Above this current the rotational 
temperature starts to increase. A possible explanation is found in a mode 
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transition of the plasma in and near the hollow cathode. Vogels [71] showed 
that in a hollow cathode discharge a mode transition can be found if the 
magnetic field is increased. The crucial parameter in this transition is the 
ion Hall parameter, the ratio between the ion-ion free path length Àii and 
the ion cyclotron radius p;. An expression for the ion Hall parameter can be 
found in e.g. [72]. 

Vogels [71] showed that a phase transition occurs at a Hall parameter 
~ 5. This was verified experimentally in his work on a hollow cathode are 
discharge on argon, at a cri ti cal magnetic field of 0.06 T. The discharge 
current was 50 A in this experiment. The result was not dependent on the 
pressure in the range 3 to 30 ·10-3 mbar (FOMSCE plasma: 20 ·10-3 mbar in 
upper chamber). As the ion mass in a hydrogen plasma is 13 (Hj) to 40 (H+) 
times less than in an argon plasma, in a hydrogen plasma the turning point 
might occur at a 4 to 6 times lower field strength. The ion density and ion 
temperature can also differ. Consiclering all this, the turn in the rotational 
temperature at 0.03 T can be explained by a transitiontoa turbulent regime. 

The intensity of the Qco-o)(1) line in Fig. 7.13 shows a similar behaviour 
as the rotational temperature. 
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Figure 7.14. Effect of the pressure in the conversion chamber on the rotational 
temperature and the intensity of the Qco-o)(l) line. 

The rotational temperature increases linearly with the reactor pressure, 
Fig. 7.14. The intensity of the Qco-o)(1) line shows two branches. Below 
5 ·10-4 mbar the intensity increases roughly linear with pressure. Above this 
pressure a sudden decrease is observed. The increase can be explained by 
the increase in molecular density. If the electron density and temperature do 
not change too much, the line intensity must be proportional to the molec
ular density. The decrease coincides with another phenomenon: the plasma 
switches mode near 5 ·10-4 mbar. Below this pressure there is a clear plasma 
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column, focused on the far anode, above this pressure the plasma is 'blown 
up' and goes to the walls of the reactor instead of to the far anode. 

7.5 Discussion 

Rotational temperatures have been determined for the FOMSCE hydragen 
plasma from the Fulcher a emission spectrum. Hereto the methode described 
in chapter 6 was used, that accounts for a change in rotational state in the 
electronic excitation of the molecule. In an earlier publication, this rotational 
excitation was not accounted for [73]. The rotational temperatures given 
there, are systematically too high. The metbod from chapter 6 was adequate 
to describe the observed rotational spectrum assuming an electronic ground 
state rotational temperature. 

The spatial temperature profile as depicted in Fig. 7.10 shows that the 
rotational temperature decreases downstream of the diaphragm. Here a ten
tative explanation is given for this observation. It will he argued that ro
tational relaxation can not take place in the plasma that expands from the 
diaphragm. For an explanation first the electron and neutral density must 
he estimated. 

The neutral density in the plasma is estimated from the background pres
sure. With p = nkT9 and an estimated gas temperature T9 = 400 K we find 
n0 = 6 ·1018 m-3 • A further souree of neutral particles is the converter. The 
vast majority of ions that hits the barium surface returns as atoms or, after 
wall association, molecules. An ion current of "" 1.A yields a neutral partiele 
flux of 3- 6 · 1018 s-1 • If it is assumed that these particles have a thermal 
velocity (2000 m/s at 400 K), this gives rise to an additional neutral density 
of"" 4 · 1018 m-3 • Finally the gas flow to the plasma increases the neutral 
density in the conversion chamber. At standard discharge conditions this 
amounts 1018 m-3 • 

The electron density can he estimated near the converter from the ion 
saturation current to the converter. With an electron temperature of 3 eV 
and a converter current of 1 A, this yields an electron density around 1018 

m - 3 • If the intensi ty of the emi t ted spectrum is used as a measure for ne, the 
electron density is about two times higher near the plasma axis and increases 
further towards the diaphragm. 

With these estimates for n0 and ne mean free path lengtbs for collisions 
that influence the rotation of molecules can he considered. For neutral
neutral collisions, an upper limit estimate for the cross section is the gas 
kinetica} cross section, ""10-19 m2• The mean free path length for this type 
of interaction, 1/ < notïo >, is around 1 m. Close to the diaphragm the 
neutral density may he higher, but still the mean free path will he at a 
decimeter scale. Consiclering that the plasma radius is only a few centime-
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ters, neutral-neutral interaction can be neglected. A consequence of this is 
that, as far as neutral particles are concerned, the background gas is trans
parent for the plasma beam, and the latter can be superimposed on the cold 
background. Neutral-ion and neutral-electron collisions both have the langer 
range induced dipale interaction. It appears that the electron-molecule col
lisions have a larger rate coefficient than the ion-molecule collisions for rota
tional (de-)excitation [69, 74]. The cross section for a rotational excitation 
(D.I< = 2, cf. chapter 6) is ~ 10-20 m2

. The mean free path of a molecule 
through the plasma is VH2 / < neO'Ve >. For Te=3 eV and ne = 1018 m-3 

this is 20 cm, for ne = 1019 m-3 this is 2 cm. Rotational excitation through 
electron collisions can be important in the FOMSCE plasma, but depends 
very critica! on the electron density. This can explain why in Fig. 7.10 closer 
to the diaphragm the rotational temperature is higher: here also the electron 
density is higher. 

A further observation is made concerning the plasma flow. The gas is 
expected to be rotationally hot near the hollow catbode in the upper cham
ber, as it comes from the high density hollow catbode region. As argued, 
rotational relaxation is not possible in the plasma beam. Still the experimen
tally determined rotational temperatures in the lower, conversion chamber 
near the converter are rather low. Apparently the bulk of the molecules in 
the stuclied plasma region originates from the background gas. This is in 
full agrc~ment with results at the expanding cascaded are plasma setup, cf. 
chapter 3; there even at a two to three orders of magnitude higher partiele 
density recirculation of background molecular gas mixing into the plasma 
beam dominates the molecule density in the plé:tsma. 

In view of an optimized negative ion yield from a surface conversion 
plasma, production and destruc ti on of negative i ons must be considered. The 
production depends mainly on the ion density near the barium converter. 
nestruction takes place when the negative ions cross the plasma in the di
rection of an extraction opening facing the converter. nestruction occurs 
through collisions of negative ions with electrons, positive ions, or neutral 
particles. Fora typical negative ion energy of 350 eV (cf. [65]), the reaction 
with the largest cross sectionis mutual annihilation, H+ + n- -~> H• + H. 
This reaction has a cross section of ~ 2 · 10-18 m2• Mutual annihilation 
is not probiernatie if the ion density is below 1019 m-3• If the estimate of 
the electron density is accurate, this allows for a stronger plasma souree for 
the converter. netachment in collisions with H or H2 has a cross section 
of '"" 5 · 10-20 m2• As is argued above, the neutral partiele density in the 
plasma is mainly determined by the background pressure. At the default 
condition the background pressure is 3 · 10-4 mbar. This corresponds to a 
neutral partiele density of'"" 1019 m-3 and a mean free path for detachment 
of the negative ionsof 2 m. netachment on neutral particles can therefore 
be neglected in the FOMSCE plasma setup. 
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Treatment of iron 
archeological artifacts in a 
hydragen plasma beam 

8.1 Introduetion 

In the conservation of iron archeological artifacts two major problems are en
countered. The fi.rst problem concerns the encrustation, a hard agglomerate 
layer that covers the artifact. It consists of soil and oxides from migrated ions 
from the met al of the artifact. The second problem is post-corrosion: whereas 
before excavation the corrosion process has been very slow, the abundance of 
oxygen in musea or storage rooms may lead to a total destruction of the ex
cavated object within a timescale as fast as months. A crucialelementin the 
corrosion process is usually the presence of chlorides in the artifacts, leading 
to so-called chloride infections [75]. The nature of these chlorine infections 
will be explained in section 8.2. 

Over the years, several methods to passivate or eliminate these infections 
have been examined, ranging from storage in alkaline environments [76], to 
hot gas treatments [77, 78] and electrolysis [79]. Currently the most favoured 
technique is the alkalide sulphite treatment: the artifacts are stored in an 
alkalide sulphite solution at 50 °C for a period of three months up to one 
year [80, 81]. Although the results of this method on chloride removal are 
generally reasonable, it has some serious disadvantages. The conservator is 
left with large quantities of hazardous chemieals and the treatment time is 
very long. The latter is particularly important; over the last decades the 
number of emergency excavations has increased strongly. Findings are often 
revealed at building sites and are only accessible for a short period of time. 
Moreover, artifacts previously safe in the soil are treatened by acid rain 
and other factors that deteriorate the environment. Therefore alternative 
treatment strategies are pursued. 

A promising line of research is hydrogen plasma treatment of the artifacts. 
This research has been initialized by Daniels et al. [82, 83], who used a 
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hydrogen glow discharge plasma with a low gas temperature (100 °e) to 
clean silver photographic plates. Picking up the idea of plasma treatment, 
Veprek started treating iron artifacts in an RF glow discharge (27 Mhz, 4 
kW) in 1985. Ris work has ledtoa commercial machine; over 20,000 objects 
have been treated since using this type of machine. The plasma treatment 
using the Veprek technique has proven to greatly facilitate the removal of 
the encrustation. It is also effective in the removal of chlorides from the 
artifact at moderate (""' 400 °e) sample temperatures. This is attributed to 
the presence of atomie hydrogen in these plasmas [84, 85]. 

The expanding cascaded are plasma is known to deliver a large flow of 
atomie hydrogen at a low plasma temperature [86]. Therefore at the Eind
hoven University of Technology a survey experiment was done in 1989 on 
a small collection of artifacts. Despite the very short treatment time (20 
minutes compared to 2 hours pretreatment and 18-20 hours posttreatment 
in the Veprek experiments) and the provisory character of the experiments, 
the samples turned out to hold well [87, 88]. This was the reason to start a 
plasma treatment programme, results of which are presented in this paper. 

8.2 Corrosion 

In nature non-nobie metals like iron only occur as minerals. Metallic iron 
therefore is in a non-equilibrium state and corrosion is the process that brings 
the iron in equilibrium with its surroundings [89, 90]. The type of mineral 
that is formed and the speed at which this happens, is determined by the 
environment. In the corrosion of iron the abundance of water, oxygen and 
chlorine ions are of crucial influence. Two environments are distinguished. 
Before excavation, artifacts are in an environment were oxygen is sparse and 
water is abundant; After excavation, oxygen is abundant. A water layer is 
present at the artifacts at higher relative humidities (RH) of the surroundung 
air, but at low RH dehydration of the corrosion layer may occur. In the 
following a general description of the corrosion process is given. Attention is 
given to the specific aspects of chlorides before and after excavation. 

When a metal is exposed to an aeqeous environment, metallic ions can go 
into solution; 

(8.1) 

For a non-nobie metal in water, there is always a surplus of electrons in the 
metal. This gives rise toa potential difference between the (positive) solution 
and the (negative) metal, the Nernst or equilibrium potential. At the same 
time the metal can serve as an active medium on which a redox reaction can 
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take place: 

(8.2) 

This redox system has a different equilibrium potential. This willlead to a 
system that is not in equilibrium but has a continuous flow of metal ions going 
into solution compensated by a continuous reduction of oxygen. In practical 
situations the anodic reaction (8.1) and cathodic reaction (8.2) are spatially 
separated. This is a consequence of irregularities in the metal. At some 
spots on the artifact pits may form, either due to metallurgie or structural 
inhomogenities or due to inhomogenities in the solution. Ditfusion of oxygen 
into these pits will be more difficult than at the bulk surface of the artifact. 
The reduction of oxygen therefore occurs preferably at the surface and will 
be balanced by the solution of metallic ions in the anodic regions. As the pit 
area is much smaller than the surface area, there will be a high local rate of 
metal dissolution in the pits. Furthermore, the environment in the pits will 
become slightly acid by reaction (8.3): 

Fe2+ + 2Hz0 --+ FeOH+ + H30+ 

FeOH+ + 2Hz0--+ Fe(OH)2 + H30+ 

(8.3) 

(8.4) 

The corrosion process is an electrochemical process driven by potential dif
ferences between the metal and the surrounding solution. The steps involved 
in the corrosion are: 

1. At the anode side the potential of the aqueous solution is lower than 
on the metal. Here iron ions go into solution. 

2. At the cathode si de the potential of the aqueous solution is higher than 
on the metal. Here OH- ions are produced according to Eq. (8.2). 

3. Between the catnode and anode region an ionic current is driven, that 
balances the electron current through the metal. 

Rate limiting factors for the corrosion process depend on the environment. 
Before excavation the availability of oxygen is usually the limiting factor (if 
this is not so, there is not any artifact left whatsoever). Especially when 
a corrosion layer is already formed on the metal, ditfusion of oxygen to the 
metal will become very slow and the corrosion ra te may become very low. 
This can stabilize artifacts for many centuries. The ionic current is carried by 
the most mobile ions. As chloride ions are mobile and usually more abundant 
than OH- these will take care of the ionic current instead of Fe2+ or OH-. 
As a consequence a concentration of chloride ions is built up at the anode 
region. This explains the high chloride concentrations found on artifacts. 

The corrosion process before excavation leads to the formation of two 
types of corrosion, Fig. 8.2. Directly on the metallic core a layer of mainly 
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Figure 8.1. The corrosion process. In a continuous corrosion process the electron 
current through the metal is balanced by the ionic current through the aqueous 
solution. 

Fe30 4 or magnetite is formed. This corrosion layer contains the original shape 
of the artifact and is to be preserved. A second type of corrosion forms the 
incrustation. The incrustation is formed by migrated iron ions from the pit 
regions that form an agglomerate with the surrounding soil. The dominant 
corrosion type is Fe20 3 • The incrustation must be removed entirely. 

in crustation 

original surface 
iron core 

Figure 8.2. The two types of corrosion on artifacts. Directly on the metallic core 
a magnetite layer is formed, containing the shape of the artifact. Around this a 
thick, irregularly shaped agglomerate lager of oxides and soil is found. 
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The corrosion process changes after excavation. Oxygen now is abundant, 
and other factors can become rate limiting. At a very dry atmosphere the 
cathodic reaction can not take place due to the absence of water and ionic 
conduction. For a clean iron object, without any chloride or other contam
inations, this is the case if the relative humidity (RH) of the surrounding 
air is below 60 percent. However, if chlorides are abundant in the oorrosion 
layer, this changes dramatically. Iron chloride is very hygroscopic and will 
form a water layer at a RH of 20%. As the RH in typical musea and storage 
rooms is typically 30-40% chlorides have a dramatic effect on the formation 
of an aqueous layer. Another effect that occurs after ex ca vation is that the 
ion concentration in the aqueous solution on the artifact increases strongly 
due to evaporation of water. Especially in pit regions this has astrong effect: 
abundance of Cl- leads to a very acid solution with a pH often below 1. This 
enhances the dissolution of iron greatly. Another possible rate limiter, the 
ionic conduction, is also enhanced by the presence of mobile chloride ions. If 
the artifact is exposed to air, even in pit regions there is suftkient oxygen. 
Oxidation of Fe2+ in the pits supports the decrease in pH. The reaction can 
be summarized by 

(8.5) 

Under presence of chlorides FeOOH will forma lattice with Cl built in. If the 
concentration of chloridesis larger than 1 mol/1, akageneite (Fe00H.Cl0.o2-o.os) 
is formed. Akageneite is generally considered to be the most probiernatie 
chemica! form in which Cl is bound [75, 91, 92]. This mineral forms a water 
layer at RH > 18%. It is furthermore more voluminous than iron oxides; 
when it is formed in pits, mechanica! stress builds up that finally can lead 
to cracks in the artifact. Chlorides can be fixed into the akageneite lattice. 
This passivates chloride infect ion. However, this effect is temporary. Aka
geneite is instable, decay times are observed ranging from 8 months to 25 
years [75]. When it decays chloride ions are released. If the relative humidity 
is fluctuating, the decay can even go faster. On each dehydration the lattice 
structure is changed and chlorides are released. After hydration they will 
again catalize the oorrosion process until they are again built in into aka
geneite. Therefore, in order to conserve chlorine-infested iron artifacts the 
decomposition of akageneite and the removal of chlorine are essential. 

In summary the above chloride infections have a detrimental effect on ar
tifacts. Therefore, in the conservation of artifacts a reduction of the chlorine 
content is wanted. This requires decomposition of the akageneite present 
in the oorrosion layer. A plasma treatment, using the abundance of atomie 
hydrogen, could be an efficient way to achieve this reduction. 
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8.3 Rednetion of oxides and chlorides 

Two objectives can he met by the reduction of oxides. The first objective is 
to facilitate the removal of the incrustation. For this purpose it is suflident 
to reduce the Fe20a in the incrustation to FeaÛ4. Due to this reduction the 
corrosion layer will shrink, as the Fea04 lattice is smaller than the Fe20 3 

lattice. This will induce mechanica! stress that leads to separation of the 
incrustation from the underlying corrosion layer, that already consisted of 
Fe30 4 • The second objective can be reduction of the Fe30 4 to metallic iron. 
Although from the conservators point of view it is not desired to obtain a full 
reduction of all oxides, it will he argued later that reduction to metallic iron 
of a thin top layer is convenient in view of the removal of chlorine and also 
facilitates post-treatment of the artifact. In the reduction of oxides therefore 
both the reduction of Fe203 and Fe3 0 4 must be considered. The relevant 
processes are shortly discussed here. For the reduction of FeOOH the main 
reactions are 

FeOOH- Fe2Û3 (thermic) 

Fe2Û3 ~ Fes04 (exothermic) 

Fe3Û4 ..!!.._". Fe ( exothermic) 

Fes04 ~ F.~ (endothermic) 

Distinction is made here between endo- and exothermic reactions. Evidently 
in the presence of molecular hydrogen the reduction of Fe20 3 to Fe30 4 is 
exothermic. For the reduction of Fe3Û4 to metallic iron the reaction with 
molecular hydrogen is endothermic; this reaction can only be reducing if 
the hydragen partial pressure is much higher than the water vapour partial 
pressure. High temperatures (> 400 °C) are furthermore required to make it 
fast. Atomie hydragen is much more favourable for the reduction of oxides; 
the reactions will always he exothermie. 

Reduction of chlorine containing compounds goes similar as the oxy
gen reduction. A central role in the reduction scheme is reserved for (/3-
)Fe00H.Cl0.o2-o.os or akageneite. As argued before, this is a hydrated fer
rous oxide lattice that hosts chlorides,and is the most probiernatie aceurenee 
of chlorides. Therefore the reactions are organized around the decomposition 
of akageneite, 

FeOOH.Clo.os- Fe2Û3.Cl31<o.os (thermic) 
H 

Fe203.Cl.1:<0.os- Fe3Û4.Cl11<:c (exothermic) 

Fe2Û3.Clx<o.os H
2 Fe3Û4.Cl11<:c (endothermic) 

H 
Fe304.Cl11 - Fe (exothermic) 
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Fe ( endothermic) 

with possible intermediate compounds 

(FeOCl) FeOCl ___..Fe (thermic) 

(Fecl3) FeCl3 H,Hç FeCh (exothermic) 

(Fecl2) FeCl2 Fe (exothermic) 

As there is no definite answer on which structures are obtained after dehy
dration of akageneite, various options are given. The reduction of FeCl3 to 
FeC12 is exothermie both for atomie and molecular hydrogen. The reduc
tion of FeCh is strongly endothermie with molecular hydrogen and therefore 
requires atomie hydrogen. In addition to reducing reactions involving hydro
gen, also thermal decomposition of chlorides is possible. FeOCl, a possible 
intermediate product in the decay of akageneite, decomposes thermally to 
FeCla. At temperatures above 350 °C FeCla evaporates. The reduction of 
chlorine from a corrosion layer can therefore occur both thermally as by 
chemical processes. 

8.4 Diagnostics 

The effect of the plasma treatment has been investigated with HElS, PIXE 
and XPS. These techniques are summarized below. 

High Energy Ion Scattering 
In HElS (High Energy Ion ,S.cattering) a monoenergetic ion beam is scattered 
backward on a target sample. The scattered ions are detected under a fixed 
angle with the incoming beam. If an ion hits a target nucleus at the surface 
of the sample, the energy loss of the ion will he determined by the mass 
ratio of the incoming and target particle. In an energy loss spectrum each 
peak is related to a certain element. If deeper lying target nuclei are hit, the 
incoming ion will undergo a continuous stopping during the incoming and 
outgoing trajectory. This energy loss will broaden the peak in the energy 
loss spectrum to the larger energy loss side, resulting in a step rather than a 
peak signal. The amount of energy lost due to this stopping depends on the 
composition of the top layer of the sample and on the travelled distance. The 
energy loss spectrum thus can yield depth information on the composition of 
the target. HElS is used here at beam energies that give resonant scattering. 
This improves the sensitivity for certain elements. For example using 8.8 
MeV a-particles the sensitivity for oxygen is increased by a factor of 30 
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compared to RBS. A complication is that the cross sections for scattering 
have a complicated energy dependence. This is overcome by the use of a 
calibration sample. In the present work the ratio of cross sections for oxygen 
and iron was calibrated on a Fe30 4 single crystal. HElS has been used to 
determine the relative densities of iron and oxygen. The depth range of the 
technique is for the examined samples approximately 10 J.Lm. 

Proton Induced X-ray Emission 
In the case of PIXE CEroton Induced X-ray .Emission) the target is exposed 
to a 3 Me V proton beam. The beam current is of the order of 100 pA over an 
area of 4 mm diameter. The proton beam can remove inner shell electrous 
from target atoms. If an electron from a K or L inner shell is removed, the 
vacancy can he filled by an electron decaying from a higher shelL The released 
energy can he emitted as an X-ray photon (alternatively an Auger-electron 
can he emitted). This mechanism results in an X-ray emission spectrum. 
If the ionization cross sections and spectroscopie data are known, partiele 
densities can he determined from the spectrum. The interpretation of the 
spectra was done using software developed by the group N uclear Analysis 
Techniques of the Eindhoven University of Technology. 

PIXE yields results averaged over the top 10 J.Lm of the samples .. The 
metbod is not sensitive to light elements (Z511 ), as in that case the Auger 
process is strongly favoured compared to the fluoresence. In this workit has 
been used to determine the top layer composition, with focus on chlotine. 
For chlorine, PIXE has a sensitivity in the order of parts per million. 

X-ray Photo-electron Spectroscopy 
XPS (X-ray P.hoto-electron S.pectroscopy) uses soft X-rays to ionize inner 
shell electrous from target atoms. If the X-rays have a photon energy hv, 
the kinetic energy Ek of the emitted electron is given by 

(8.6) 

where EB is the binding energy of the emitted electron. The binding energy 
of the emitted electron is not only determined by the atomie configuration, 
but is also influenced by the chemical honds of the atom. The resolution of 
XPS is high enough to resolve the chemica! state of an atom; consequently 
not only information on the atomie partiele densities in the target is ob
tained, but also on the chemica} composition. The range of this diagnostic is 
only a few nanometers. Although the X-rays can penetrate several J.lffi into 
the solid state, only those electrous that are emitted in the top few nm of the 
sample escape without energy loss. All electrous from deeper lying atoms 
willlose energy and form a continuous background. 
In this work Al-Ka X-rays, 8.3401 A, where used. The positive charge built 
up at the sample due to the Auger electron emission is compensated by 
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adding slow electroos to the space near the sample. As this compensation is 
not perfect, a small energy offset usually still remains, due to either under- or 
overcompensation of the charging. This shift can be calibrated on a known 
energy peak in the spectrum. For this target the carbon C 1s line was used. 

A comprehensive characterization of the discussed material analysis tech
niques is given in table (8.1). 

technique type range area application 
HElS ion in, ion out 10 p.m 5mm2 depth resolution 
PIXE ion in, X-ray out 10 p.m 15 mm2 sensitivity, Z> 11 
XPS X-ray in, electron out 3nm 1 cm2 chemica! information 

Table 8.1. Overview of the used diagnostics and typical characteristics 

8.5 Results 

The effect of the plasma treatment is studied on two groups of samples. The 
first group consists of a selection of findings from an excavation at Eist, The 
Netherlands. To the judgement of the involved conservator [88] the corrosion 
layer on these artifacts was problematic, which means that the specimen were 
hard to conserve. Therefore they presented a good test case for the plasma 
treatment. All samples had an incrustation of several mm's thick and were in 
a very similar condition. This collection was used fora qualitative comparison 
of various plasma treatments on crust removal and post-corrosion. Artifacts 
from this group will hereafter be refered to as Elst samples. 

For the nuclear analysis. techniques it is demanded that samples are 
smaller than 3x3 cm and have a thickness of less than 3 mm. This de
fined the second group of samples. For this purpose two types were used. A 
small number of platelets could be cut from a steel plate from a 19th cen
tury ship wreek. They will be refered to as Ship wreek samples. A larger 
group of platelets, hereafter refered to as standard, was made from a steel 
corner profile. The origin and age of this corner profile is unknown, but as 
will be argued the oorrosion layer predominantly contains akageneite and is 
therefore a good representative for probiernatie oorrosion layers. 

8.5.1 Eist samples 

From the Elst excavation 15 medieval knives were selected, dating from the 
Sth to 11 th century. All knives were in a very similar state. They have been 
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divided over 5 groups of three. Four groups have been subjected to different 
plasma treatments. The fifth group was cleaned with abrasive techniques. 
No plasma treatment has been applied to this group. A sixth group was 
added, consisting of artifacts that were more different in shape, age and 
condition. The treatment conditions for each group are tabulated in table 
8.3. After plasma treatment the incrustation was removed. The remaining 
artifacts were impregnated with epoxy resin, type Araldit AY 103-HY 956. 
For comparison with the Veprek method, a small number of samples was 
dipped in a dispersion of microcrystalline wax in a solution of 7% Paraloid 
B72 in toluene. 

Removal of the incrustation was greatly facilitated for all plasma treated 
artifacts. The incrustation had become very brittie and was easily removed 
from the artifact with a scalpel knive. As a consequence, fine surface details 
could he preserved that would have been lost on artifacts from which the 
incrustation was removed by abrasive methods. Another property of the 
plasma treated samples is the increased porosity of the top corrosion layer. 
This facilitates the post-treatment, as the epoxy is easier absorbed by the 
artifact and shows better adhesion. 

corrosion description 
scale 

0 no corrosion observed 
1 sporadic ( 5 or less on artifact) spots < 1 mm 
2 frequent (more than 5 on artifact) spots < 1 mm 
3 frequent spots 1-2 mm 
4 corroded spots > 2 mm 
5 flakes 

Table 8.2. Definition of corrosion scale 

A classi:fication of the degree of oorrosion ranging from 0 to 5 is introduced 
to evaluate the post-corrosion of the artifacts. A corrosion classification 
0 corresponds to the absence of post-corrosion, 5 to corrosion resulting in 
blisters coming of the artifact. The definition of all corrosion scales is given in 
table 8.2. The effect of the treatment on the Elst artifacts is evaluated in table 
8.3. The first four columns describe the plasma settings. The temperature 
T in the table is the temperature of the surface of the artifacts. It was 
measured with an infrared pyrometer through a NaCl window. Group I to 
III were treated for 30 minutes in a reducing argon/hydrogen plasma. Group 
IV was also treated for 30 minutes in an argon/hydrogen plasma, after which 
the gas was switched to argon/nitrogen. This nitriding plasma was applied 
for 15 minutes. In the table the first gas flows and temperature correspond 
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group H2 Ar N2 p T colour corrosion scale 
(slm) (slm) (slm) (Torr) (OC) nr1 nr2 nr3 

I 2.85 0.5 - 5 160 bl/br 2 1 2 
II 2.85 0.15 - 1.2 200 bl 2 3 2 
lil 2.85 0.15/0.6 0/2.4 2 300 r/bl 0/2 0 0 
IV 0.3 2.7 - 2 400 bl/br 1 1 1 
V - - - - - red/br 1-5 
VI 0.6 2.4 - 1.5 270 - 1-3 

WAX 0.6 2.4 - 1.5 270 heavy corrosion 
MAINZ 400 heavy corrosion 

Table 8.3. Overview of the plasma conditions and the influence on the corrosion 
layer. Group I to V consisted of 3 knives each. Group VI was a colZeetion of 
8 artifacts of various age, roman age to 17th century. The group indicated by 
WAX also concerned different items. These were all plasma pre-treated and after 
removal of the incrustation dipped in wax. All items in group WAX showed heavy 
corrosion, also the knives present in this group. The group called MAINZ was from 
the same excavation, and also enclosed knives. This group was treated in a Veprek 
type machine. These were also post-treated with wax. 

to the argon/hydrogen plasma, the second to the argon/nitrogen plasma. In 
the evaluation of the corrosion degree and colour of this group also two values 
are given in the table. On the nitrided artifacts two regions were observed: 
an inside region of ~ 5 cm in diameter that was in the plasma beam during 
treatment, and a region outside the beam 1 . The beam part of the samples 
had a red colour, probably due to nitriding. On this part on none of the three 
samples any corrosion was observed. The outside region was black. Corrosion 
on the outside region was only observed on the first sample. Group WAX is 
a group of artifacts that had a similar plasma treatment as group VI, but 
was post-treated with wax insteadof epoxy resin. As mentioned this is the 
default post-treatment method applied by Vepfek [84]. The MAINZ group 
was a similar group of artifacts that was send to the University of Mainz by 
the ROB (Rijksdienst voor Oudheidkundig Bodemonderzoek, Dutch institute 
for archeological soil research). They were treated according to the Vepfek 
plasma method. In the Vepfek method after a first 2 hour plasma treatment 
the incrustation is removed. A second plasma treatment of typically 20 hours 
is applied to remove chlorides from the artifact. Finally the artifact is coated 
with microcrystalline wax. Results show that wax impregnated artifacts 
show strong post-corrosion. There was no significant difference observed 

1The diameter of the plasma beam is actually larger than 5 cm. The sample holder, 
however, is a mesh basket with an opening at plasma side of 5 cm. 
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between samples treated at the Eindhoven University and samples treated 
the Vepfek way if a wax post-treatment was applied. Apparently a proper 
post-treatment is essential and wax is not appropriate. 

The combination of a reducing argonfhydrogen plasma, and subsequently 
an argon/nitrogen plasma in combination with the Araldit post-treatment 
gives the best results. In fact parts of the nitrided artifacts that were in the 
plasma beam, did not show any corrosion. The after-treatment is essential, 
as comparison between wax and epoxy coated artifacts learns. It is noted 
here that the post-corrosion on the plasma treated and epoxy impregnated 
artifacts occured within a year after treatment. After the first year these 
artifacts were stable. 

8.5.2 l?latelets 

The platelets were used to obtain quantitative results on the influence of the 
plasma treatment on the rednetion of oxides and chlorides from the corro
sion layer. Results are ordered according to oxygen and chlorine reduction. 
Oxygen reduction is determined from HElS spectra. The chemica! bonding 
of oxygen before and after trea.tments is observed with XPS. The chlorine 
content of platelets is determined from PIXE spectra. 

Oxygen reduction 

The ratio of oxygen to iron can he determined from the surface beneath 
the iron and oxygen step in the HElS spectra. This ratio was found to he 
2.1±0.1 for untreated platelets, corresponding to FeOOH in the corrosion 
layer. Dehydrated samples had an oxygen/iron ratio that was 1.5±0.1. This 
is the stoichiometry of Fe20 3 , dehydrated FeOOH. Fig. 8.3 shows HElS 
spectra of three shipwreck platelets. The up per curve represents an untreated 
platelet. The middle curve is the spectrum of a platelet that was dehydrated 
in a vacuum oven at 400 °e. The treatment time was 20 minutes; longer 
dehydration does not alter the spectrum (spectra not given here). After 
vacuum oven treatment the oxygen fraction is determined to he ,..., 0. 75 times 
lower than in the untreated platelet. This is in agreement with the expected 
decrease due to the evaporation of the crystal water, transforming FeOOH 
into Fe20 3 • The third curve belongs to a sample that was treated for 30 
minutesin a 1 slm H2 , 3 slm Ar plasma. Discharge current was 40 A, reactor 
pressure 2 mbar. The platelet was placed perpendicularly to the plasma 
flow. At these conditions the surface temperature reached 550 °e. elearly 
the oxides are almost completely reduced to metallic iron over at least the 
top 10 p,m. 

A time series of plasma treatment is given in Fig. 8.4: zero, 10 and 
20 minutes plasma treatment duration. The platelets were of the standard 
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Figure 8.3. HElS-spectra of three shipwreck platelets. The upper one represents an 
untreated platelet, the middle a dehydrated sample and the lower curve a hydrogen 
plasma treated sample. Clearly an iron and an ozygen step are observed in curves 
1 and 2. In curve 9 (plasma treated platelet) the ozygen step has disappeared. 

type. The depth-dependence of the oxide concentration suggests that the 
oxide rednetion takes place at the interface of the plasmaand the oxide layer 
rather than in the bulk of the corrosion layer. This could provide a method 
to control the depth of the oxide rednetion with the treatment duration. 

Fig. 8.5 shows the XPS oxygen ls peak of a treated and an untreated 
standard sample. The presence of astrong OH- related peak indicates that 
in the untreated sample akageneite is abundant. In the treated sample this 
peak has decreased strongly. Dehydration of the corrosion layer transforms 
FeOOH to Fe203 and therefore the disappearance of the OH- related 0 ls 
peak was to be expected. This result is in full agreement with the HElS 
spectra. 

The relation between the treatment conditions and the rednetion of oxides 
is depieted in Fig. 8.6. The oven treatment and the pure argon treatment 
yield an oxygen rednetion to "" 75% of the untreated platelet. This corre· 
sponds to dehydration of akageneite. Further rednetion of oxides takes only 
place under the presence of hydrogen. The fraction of hydrogen seeded to 
the plasma does not show an apparent correlation with the degree of reduc· 
tion, Fig. 8.6(a). Provided there is hydragen in the plasma, the rednetion is 
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Figure 8.4. The influence of treatment time in a hydrogen plasma (standard type 
platelets). The slope in the oxygen step of the lower curve shows that the reduction 
degree depends on the depth in the material. ft can be expected that after a longer 
treatment time full reduction is achieved over the top 10 p,m; the spectrum will 
then look identical to the lower HElS-spectrum of the shipwreck platelets 

clearly correlated with the treatment temperature, Fig. 8.6(b). 

Chlorine removal 

The PIXE spectra from Figs. 8.7 and 8.8 show the composition of the top 
10 p,m of an untreated and a plasma treated standard platelet. The plasma 
settings for the latter were 10% H2 in a total Ar/H2 flow of 3.5 sim, are 
current 70 A, and reactor pressure 2 mbar. The temperature at the surface 
of the platelet was measured to he 560 °C. At these settings the best results 
up to now on chlorine reduction were found (cf. later). The chlorine peak in 
the spectrum of the untreated platelet corresponds to a chloride to iron ratio 
of of 5:100. This corresponds to the composition of akageneite, cf. section 
8.2. In the spectrum of the treated platelet the Cl peak has disappeared; 
this corresponds to a Cl fraction of less than 10-5 • Fig. 8.9 (a) shows the 
chlorine reduction versus treatment temperature fora series of standard type 
platelets. In this series the platelets were mounted on a heated sampleholder 
under an angle of 60° with the plasma beam in the center of the reactor. The 
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Figure 8.5. XPS o:r:ygen Is péak of an untreated standard type platelet. The line 
shape indicates that FeOOH (akageneite) is the dominant chemical component of 
the corrosion layer. (b) XPS o:r:ygen Is peak of a plasma treated platelet. The 
decrease of the on- peak indicates gross dehydration of the corrosion layer. 
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Figure 8.6. (a) The o:r:ygen concentration near the surface (after treatment, nor
malized to untreated platelet) as a function of treatment temperature during treat
ment. (b) Same data, but now as a function of hydragen fraction in the input gas. 
The total gas flow was kept constant in all plasma treatments. The pressure in the 
plasma chamber was 0.4 mbar. The discharge current was in the range from 50 to 
70 A. 
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Figure 8.7. PIXE spectrum of an untreQted standard type platelet. A strong Cl 
peak is observed in the spectrum. The iron-to-chlorine ratio determined from 
this spectrum is 1:0.05. This is the stoichiometry from Cl saturated akageneite, 
FeOOH.Clo.os· The lower curve in the figure represents a background fit. 
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Figure 8.8. PIXE spectrum of a standard type platelet after · 20 minutes plasma 
treatment. The Cl peak has disappeared from the spectrum. 
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Figure 8.9. (a) Chloride content in standard platelets as a function of temperature. 
All platelets were treated at approximately the same. pressure (0.4-0.5 mbar) and 
were mounted on a heated sampleholder. {b) The same datapoints as in (a) but 
now plotted as a function of the hydrogen fraction seeded to the plasma. 

total gas flow was kept at 3.5 slm in all treatments, and the reactor pressure 
was held constant at 0.45 ± 0.05 mbar. The discharge current varied from 
30 to 70 A and the hydrogen fraction of the total flow from 0 to 100%. The 
treatment temperature is the temperature measured on the platelet at the 
end of the plasma treatment. The temperature generally rises slowly to its 
end value, which is reached within 10 to 15 minutes. Data points that corre
spond to a treatment temperature <410 oe did not have additional heating 
from the sample holder. These platelets were treated for 20 minutes. Data 
points that correspond to temperatures >410 oe were preheated with the 
sample holder. The plasma treatment time after preheating was 10 minutes. 
The residual chlorine fraction decreases with treatment temperature. Fur
thermore at the same temperature a better chlorine removal is obtained in a 
hydrogen plasma than in an argon plasma. There is no apparent correlation 
between the seeded hydrogen fraction and chlorine removal in hydrogen con
taining plasmas, Fig. 8.9 (b). The inaccuracy in the figure is determined by 
the inaccuracy in the peak area determination in the PIXE spectrum. The 
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standard deviation in this determination is ~ 15%. 

A final remark is made on the oxide reduction observed at the platelets 
used in Fig. 8.9. As the temperature during treatment of these platelets 
was just above 400 °e, oxygen reduction is not expected, hearing the results 
from Fig. 8.6 in mind. Indeed the oxygen fraction of the platelets was found 
to correspond to a dehydrated corrosion layer. An overview of the chlorine 
reduction for standard and shipwreck types of platelets and for a wide range 
of plasma treatment conditions is given in Fig. 8.10. The squares represent 
standard type platelets, circles represent the shipwreck type samples. Hy
drogen plasma treated platelets have open markers, argon plasma treated 
platelets have open markers with a cross inside and vacuum oven platelets 
have solid markers. The :figure shows quite large scatter of data points. Es
pecially in the hydrogen plasma treated samples the scatter is large. The 
three highest lying hydrogen points represent treatment at a different ori
entation (perpendicularly to the plasma beam) than the default orientation 
(30 ° with the plasma axis) and pressure (2 mbar) than the default pressure 
(0.45 mbar). Apparently details of the treatment conditions are important. 
Some trends are visible though. The chlorine reduction is better at higher 
temperatures. Full reduction (below the detection limit of PIXE) has only 
occured in a hydrogen plasma at a high temperature, 560 °e. This can not be 
achieved with an oven or argon plasma treatment at equally high or higher 
temperatures. Note that the 560 oe hydrogen plasma treatment is also the 
only treatment that yielded an almost complete reduction of the oxides over 
the top ten micrometer. 

Table 8.4. Cl-to-Fe ratio measured in untreated, argon plasma treated and hydrogen 
plasma treated FeCl2 pellets. 

The relevanee of a hydrogen plasma in comparison to the thermal, non
reducing argon and oven treatments is also tested on ferrous chloride (Feeb) 
pellets, table 8.4. An argon plasma treatment at 400 oe gives a reduction of 
the el:Fe ratio from 190:100 to 28:100. The hydrogen plasma at the same 
temperature reduces the chlorine content to 3.4:100, which is approximately 8 
times bet ter. Both the argon and hydrogen plasma treatment were performed 
at the default reactor pressure of 0.45 mbar. The current was 30 A in the 
argon case and 45 A in the hydrogen plasma case. This resulted in a sample 
temperature of 400 oe in both cases. The treatment time was 20 minutes. 
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Figure 8.10. Overview of chlorine concentrations measured on both skipwreek and 
standard type platelets and for a wide range of treatment conditions. The chlorine 
fraction on an untreated platelet is 5%. 

8.6 Discussion 

The effect of a hydrogen plasma treatment was stuclied on knives from the 
Eist excavation. The incrustation removal is greatly enhanced compared to 
not plasma treated artifacts. This is in agreement with observations from 
other authors in high temperature hydrogen gas flows [76] and reducing 
plasma environments [84, 85]. The facilitation of incrustation removal is 
attributed to the rednetion of Fe2Ü3 to Fes04 in the incrustation. Fe30 4 ha.s 
a smaller lattice size than the Fe20 3. The incrustation will therefore shrink, 
wherea.s the underlying Fe3Û4 does not. The mechanica! stress that is built 
up results in separation of the incrustation. 

The Fe30 4 or magnetite layer, that is found underneath the incrusta-



114 Chapter 8 

tion and is to he preserved, usually becomes more porous and brittie after 
the plasma treatment. The artifact thus becomes more vulnerable to me
chanica! damage. The strength of this layer can he restored by a suitable 
post-treatment. Most plasma treated artifacts from the Eist finding have 
been covered with Araldite epoxy resin. The porosity of the magnetite ap
peared to he an advantage for the Araldite clipping, as the attachment of the 
epoxy resin was enhanced. This results in a strong protective coating on the 
artifacts. A disadvantage of the Araldite coating is that it may he consid
ered esthetically less favourable; a shine comes over the artifacts causing fine 
surface details to become less visible. The Araldite treatment is furthermore 
not very easy undone, if this might he desired later. 

The post-corrosion behaviour of the plasma-treated and Araldite coated 
Elst artifacts is good. On the average little oorrosion is observed, whereas 
not plasma treated artifacts show strong post-corrosion. Results depend on 
the plasma settings. The best results were found for samples that first had 
a hydrogen plasma treatment foliowed by a nitrogen plasma treatment. As 
only four plasma settings were tested and no plasma treatment took place 
after the removal of the incrustation, further improvements are envisaged. 
Samples that were coated with a wax layer instead of Araldite showed strong 
post-corrosion. This accounts both for artifacts treated in the Eindhoven 
plasma machine as for artifacts that had a Veprek type treatment at the 
University of Mainz. 

Envisageing the succes of the plasma treatment on the Eist artifacts, 
the platelet experiments were started to get insight in the effect of plasma 
treatment on a corrosion layer. Focus was put on the chlorine and oxide 
reduction. Most platelets were of the standard type. An important question 
is whether this standard type is representative for corrosion layers found on 
real artifacts. The HElS spectra indicate that the iron-oxygen ratio of the 
untreated platelets has the stoichiometry of akageneite. The chlorine to iron 
fraction is found to he 0.05:1 with PIXE. This is the stoichiometry of chloride 
saturated akageneite, FeOOH.Clo.os· The Ols peak in the XPS spectrum of 
the standard platelets finally has the profile that is found in FeOOH honds. 
Therefore it is concluded that the bulk of the corrosion layer of the standard 
type samples consists of akageneite. 

Insection 8.2 it is argued that the chlorides hosted in this akageneite are 
probiernatie chlorides to remove. Therefore the standard platelets represent 
probiernatie corrosion layers. A strategy that is capable of removing chlo
rides from these platelets is expected to he succesful on real artifacts too. 
For the reduction of oxides a reducing environment is necessary. In hydrogen 
containing plasmas the reduction increases with sample temperature. Below 
400 °C no oxide reduction is observed. It is known [85] that reduction of 
Fe30 4 with molecular hydrogen is only exothermal above this temperature. 
From the above the condusion is natura! that for oxide reduction the abun-
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dance of atomie hydrogen in the plasma is not essential. This is however not 
a definite condusion yet. It is not impossible that the dissociation degree of 
the plasma beam correlates with the plasma temperature rather than with 
the hydrogen fraction of the seeded gas. If recirculation into the plasma jet 
is important [93], the plasma is diluted with colder background gas. The 
dissociation degree is lowered and the heat flux to the substrate is smaller. 
A higher hydrogen fraction in the plasma souree yields a stronger influence 
of recirculation, and if this effect is strong enough a low dissociation degree 
can correlate with a low substrate temperature and a high hydrogen seeding 
fraction. 

The removal of chlorine is also dependent on the sample temperature. 
The picture that arises from the PIXE data on treated samples is that chlo
rine removal is better in a hydrogen containing plasma than in an argon 
plasma or a vacuum oven at similar treatment temperature and duration. 
An exceptional reduction is found for samples treated at high temperatures 
(> 550 °e) in a hydrogen plasma. Under these conditions removal of chlo
rines to below the detection limit of PIXE (100 ppm relative to iron) was 
achieved. These conditions also yielded almost full oxide reduction. As a 
treatment at equally high or higher temperatures in an argon plasma did 
not yield full removal, it is likely that full chlorine removal demands oxide 
reduction as well. This could mean that the oxide lattice structure has to he 
dismantled before all chlorine can he removed. 

In the litterature on heat [78] and plasma [84, 85] treatment a maximum 
treatment temperature of 400 oe is mentioned. Above this temperature 
metallurgical information would he lost, which is undesirable. This would 
mean, that the high temperature treatments that led to full chlorine and 
fargoing oxide reduction are not acceptable for conservation. However, this 
temperature limit originates from a mis-interpretation of a paper from North 
et al. [94]. In that paper heat treatments at 400, 600 and 1000 oe are 
compared. Only after the 400 oe treatment the metallurgical structure was 
not found to he damaged. There is an important phase transition for iron
oxygen at 570 oe, butnotclose to 400 oe [95]. Therefore a better restrietion 
on treatment temper at ure is 'below 560 °e' rather than 'not above 400°C'. In 
the case of a plasma treatment this is an important difference. Reduction of 
oxide and chlorine goes faster at increasing temperature. A high temper at ure 
can he reached by pulsing hydrogen into an argon plasma; the argon plasma 
beam has the larger energy flux and heats the artifacts, whereas the hydrogen 
pulses provide atomie and molecular hydrogen. The duty cycle of the pulse 
can he used to control the treatment temperature. 

The relevanee of a hydrogen plasma in comparison with an argon plasma 
or heat treatment for the removal of chlorine from the corrosion layer was 
confirmed by the experiments with Feeh pellets. The hydrogen plasma treat
ment yielded at the same temperature as the argon treatment an 8x lower 
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residual chlorine concentration. Yet with the argon treatment already a 
strong reduction was achieved. As thermal decomposition of FeCh is not 
possible at 400°C, another explanation is needed. Between production and 
treatment of the pellets they were exposed to the lab atmosphere for one 
day. It appeared that the ferrous chloride was already fully hydrated; they 
looked litterally soaking wet. In this hydration process FeCh is transformed 
to FeOOH and acid chloride. These can he decomposed thermally at 400 °C. 
The better results with a hydrogen plasma can he explained from residual 
FeCh in the pellets: this can not he decomposed thermally at 400 °C and 
therèfore has to he reduced chemically at this temperature which requires 
atomie hydrogen to he exothermic. 

What residual chlorine concentration is acceptable for long term conser
vation? There is no clear answer to this question yet. The way the chlorine 
is distributed over the artifact and the chemica! form are important factors. 
Sj~gren and Buchwald [92] have observed chlorine infections in test cham
bers when the local chlorine concentration relative to iron was 0.08%. Below 
this value the artifacts are considered to he safe. For argon plasma or heat 
treated samples this is critica!; hydrogen plasma treated samples generally 
have residual chlorine concentrations below this value. The PIXE measure
ments concern the top 10 pm of the platelets. Chlorines that are built in deep 
inside the corrosion layer may not he reached by the plasma treatment, al
though this depends on the porosity of the corrosion layer. On many artifacts 
under the incrustation a corrosion layer of several mm's thickness is found, 
that has to he preserved. As full chlorine removal over the full· corrosion 
layer demands change of the crystalline structure of this layer damage may 
not he avoided. Results on the Elst samples suggest that a strategy without 
full chlorine removal is feasible. The Elst samples were all treated under 
mild plasma conditions; the treatment temperature did not exceed 400 °C 
in all cases. Full chlorine removal is unlikely under these circumstances ac
cording to the platelet results. Yet the combination of plasma treatment and 
post-treatment appear to he good. An appropriate strategy may he to treat 
a thin top layer and apply a post-treatment to passivate further corrosion. 
The Araldit coating applied on the Elst artifacts gave satisfactory results in 
combination with a proper plasma treatment. The opportunities for plasma 
post-treatment are furthermore large. Probably the esthetica! disadvantages 
of the Araldi te coating can he overcome if instead a plasma coating is applied. 
Examples of plasma coating can he found in other work. Buuron [96] found 
good corrosion resistance on iron coated in an argon plasma beam seeded 
with a mixture of acetylene and CF 4• He used an almost identical plasma 
machine as used in the here presented work, featuring a cascaded are souree 
expanding into a low pressure chamber. In the present work artifacts that 
were exposed to a N 2 seeded plasma, even though the encrustation was not 
yet removed, showed no post-corrosion. An optimized strategy may incorpo-
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rate two cycles of plasma treatment. A first, short exposure of the artifact to 
a hydrogen seeded plasma, after which the encrustation is removed. Subse
quently the application of a convenient combination of plasma seedings can 
he used to make a suitable coating. 

Two final remarks are made on very down-to-earth advantages of the 
Eindhoven plasma treatment. The low pressure treatment chamber and high 
energy flux from the plasma beam enable a safe method to expose artifacts 
to a hydrogen atmosphere at high temperatures. From the results it appears 
that the hydrogen fraction in the total gas flow can he kept below 4%, the 
explosion limit of hydrogen in air. This makes plasma treatment possible 
without specific safety measures. Finally, the treatment time of artifacts in 
the Eindhoven machine is typically 20 minutes. In a complete strategy in
cluding plasma post-treatment this is unlikely to exceed 1-2 hours. This is 
even more favourable than the fastest alternative so far, the Vepi'ek method, 
with a total time including post-treatment of 20 to 24 hours, where more con
ventional chemica! methods like the alkalide sulphite treatment take months 
of treatment time. 
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Conclusions 

• The expanding cascaded are setup can also be used as a hydrogen atom 
or ion source. If properly constructed and operated, the standing time 
of the souree is long (::>2000 hours). 

• A hydrogen plasma emanating from the cascaded are souree has a dis
sociation degree ranging from 30% to almost full dissociation. Down
stream the plasma beam the dissociation degree decreases. This is a 
result of the redreulating molecular background gas, that is formed by 
wall association of atomie hydrogen. The recirculatioin flow will en
ter the plasma beam and lower the averaged dissociation degree in the 
beam. At a position 25 cm downstream the souree the dissociation de
gree is typically 10%. The recirculating molecular gas here apparently 
dominates the neutral density. 

• The dissociation degree in a recombining plasma beam can he deter
mined with RF excited active actinometry. This metbod has an esti
mated accuracy of 25%. 

• Anomalous fast recombination leads to an ion density that is several 
orders of magnitude lower in a hydragen plasma beam than in an ar
gon plasma beam. This anomalous fast recombination starts with a 
charge exchange H+ + H2 ( v, r) -t H + Hf that converts the atomie 
ions emanating from the souree to molecular ions. Dissociative recom
bination of molecular ions is fast enough to explain the observed fast 
recombination. 

• The atomie state distribution fundion that is determined from the 
atomie emission spectrum of the plasma beam, can only be explained 
if molecular recombination processes provide sourees for excited atomie 
states. Molecules with a high vibrational or rotational energy must be 
abundant. 

119 
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• The molecular Fulcher a band (d3II -t a3 E) can be used todetermine 
the ground state rotational temperature of the molecular gas in the 
plasma, provided that the transfer of angular momenturn in the exci
tation of the ~II state is acounted for. A determination of the ground 
state vibrational distribution from the spectrum is hazardous, because 
the image of the vibrational distribution to the spectrum is very diffuse. 
Only the ratio v = 1 : v = 0 can be determined with a reasonable ac
curacy. If the atomie Ha spectralline is measured too, the dissociation 
degree of the plasma can be estimated. 

• From rotational temperatures measured at the FOMSCE plasma is 
concluded that the neutral gas in the plasma mainly is background 
molecular gas. Rotational heating of the gas is dominated by electron 
collisions. The rotational temperature is weakly coupled to the elec
tron temperature, Trot = 400 - 600 K. Under default conditions the 
neutral density is too low to cause significant detachment of negative 
ions coming from the converter that cross the plasma. 

• In the conservation of iron archeological artifacts, a short exposure to a 
hydrogen plasma beam is effective. Removal of detrimental chloride in
fections can be achieved in a 20 minute treatment. In order to stop the 
corrosion of artifacts, after chlorine removal a further post-treatment 
is crucial. A hydrogen plasma treatment foliowed by an Araldit epoxy 
coating has given good results. A plasma posttreatment, has notbeen 
investigated yet on artifacts. However, Buuron showed, that good anti
cocrosion coatings can be obtained when hydrocarbons are seeded to 
the plasma beam. A complete plasma treatment including the appli
cation of an anti-corrosive coating will take 1 to 2 hours. This is an 
enormous impravement compared to conventional chemica! methods, 
where a treatment time of months is common, or the Vepfek plasma 
method, where a treatment time of 20 to 24 hours is needed. 
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Summary 

This thesis reflects the results of a study on the expanding cascaded are for 
hydrogen and argonfhydrogen plasmas. The study has been initiated from a 
demand for an efficient souree for hydrogen atoms and ions. In the course of 
the development of this souree some fundamental aspects of the expanding 
hydrogen plasma have come up. Specifically two items run through this 
thesis like a thread: 1. the central role of vibrationally or rotationally excited 
molecules in the plasma kinetics, and 2. the determining influence of plasma
circulation via the wall (recirculation) on the plasma beam characteristics. 

In the first part of the thesis the behaviour of the set up for hydrogen 
plasmas is described. As a reference, the well known argon plasma is used. 
The energy efficiency in the hydrogen case (35%) is somewhat lower than in 
the argon case (50%). This is a consequence of the better heat conductivity 
of hydrogen plasmas. A further consequence of this difference is that the 
hydrogen plasma souree is exposed to a larger heat load, and modifications 
on the cascaded are are necessary. The heat balance of the souree plasma is 
used to estimate the dissociation degree of the plasma beam emanating from 
the cascaded are. It appears that the dissociation degree is high under all 
conditions studied, varying from 30% to almost full dissociation. 

With a newly developed diagnostical technique, RF-excited active acti
nometry, the dissociation degree of the same emanating plasma is measured 
a few decimeters downstream in the expansion. At this position the disso
ciation degree appears to be significantly lower and values of approximately 
10% are found. This loss of dissociation degree is aresult of recirculation in 
the expansion chamber. Hydrogen atoms, flowing from the cascaded are into 
the expansion chamber, can circulate inthereactor many times before they 
are evacuated by the pumps. During this process it is very likely that the 
atoms form molecules by means of wall association. These molecules can re
enter the plasma beam in a recirculation flow. It is expected that molecules, 
produced in wall association, leave the wall in a vibrationally high excited 
state. 

The ionization degree of the plasma beam has been measured for ar
gonfhydrogen mixtures. In the plasma beam a recombination catastrophe 
occurs. The ionization degree collapses to a value that is a few orders of 
magnitude lower than in an argon plasma under similar conditions. This can 
be understood assuming that the atomie ions leaving the source, give rise 
to the production of molecular ions in a charge exchange reaction with vi-
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brationally or rotationally excited molecules. The molecular ions can he lost 
through very fast dissociative recombination. The influence of this is also 
found in the atomie emission spectrum of the plasma. The atomie distribu
tion functions, that have been determined from emission spectra, are only 
comprehensible if molecular sourees for high excited atomie states are avail
able. These states are only accesible for molecular recombination reactions 
if the molecules have suflident internat (vibrational or rotational) energy. 

Molecular spectroscopy can he used to obtain information on the ro
tational and vibrational distribution functions. The interpretation of the 
Fulcher a band has been studied for the determina.tion of a rotational and 
a vibrational temperature and for the estimation of the dissociation degree 
of the plasma. It appears that, although the emission spectrum gives a dif
fuse image of the rotational distribution of electronic ground state molecules, 
the rotational temperature can he determined adequately from the emission 
spectrum. As far as vibration is concerned, only the ratio v = 0 to v = 1 can 
he determined. Under certain conditions a good estimate of the dissociation 
degree can he made from the spectrum. As the recombining plasma beam 
does not emit a molecular spectrum (due to the relatively low electron tem
perature) local heating of the plasma with an RF probe (RF-excited active 
actinometry) was applied in order to obtain a molecular spectrum. 

Molecular spectroscopy has also been performed on the FOMSCE-plasma 
at AMOLF, Amsterdam. In the FOMSCE-experiment a negative ion beam 
is produced by means of a charge exchange of positive ions at a negatively 
biased barium surface. For this type of experiment the cascaded are has 
been developed as an ion source. Molecular spectroscopy is used to charac
terize the FOMSCE-plasma. The neutral popula.tion in the plasma appears 
to he determined mainly by the background conditions. A weak coupling 
of electron and rotational temperature is observed in the plasma. The cou
pling of the vibrational temperature to the electon temperature is somewhat 
stronger. 

An interesting application of the expanding cascaded are plasma is found 
in the conservation of iron archeological artifacts. Without an anti~corrosion 
treatment these artifacts can he completely destroyed in a short period after 
excavation. This process can he slowed down by applying a hydrogen plasma. 
One of the main objectives of a hydrogen plasma treatment is the remóval 
of chlorine from the artifact, as this plays a catalytic role in the corrosion 
process. A combination of plasma treatment for the removal of chlorine with 
an adequate post-treatment is likely to stop the corrosion process almost 
completely. In this work the focus was put on the chlorine removal. With 
the same plasma machine post-treatment is also possible. 



Samenvatting 

Dit proefschrift is de neerslag van een onderzoek aan de expanderende cas
cadeboog van een waterstof- en een argon-waterstof-plasma. De aanzet tot 
het onderzoek was de vraa.g naar een efficiënte bron voor waterstofatomen 
en -ionen. Tijdens de ontwikkeling van deze bron zijn enkele fundamentele 
aspecten van het expanderende waterstofplasma aan het licht gekomen. Met 
name twee items lopen als een rode draad door dit proefschrift: 1. de be
langrijke rol van sterk aangeslagen moleculen in de plasmakinetiek en 2. de 
bepalende invloed van de circulatie van het plasma via de wand {recirculatie) 
op de bundeleigenschappen. 

In het eerste deel van het proefschrift wordt het gedrag van de opstelling 
voor waterstofplasma's beschreven. Als referentie wordt het argonplasma 
gebruikt, omdat dit goed bekend is. Het energierendement van een water
stofboog blijkt wat kleiner te zijn {35%) dan van een argonboog (50%). De 
betere warmtegeleiding van het waterstofplasma is hier debet aan. Dit heeft 
overigens ook tot gevolg dat, met een waterstofplasma, de onderdelen van 
de bron aan een grotere belasting blootstaan, en wel zozeer dat enige aan
passingen ten opzichte van de cascadeboog noodzakelijk zijn. De warmte
huishouding van het bronplasma is gebruikt om de dissociatiegraad van het 
uit de cascadeboog stromende plasma te schatten. Het blijkt dat de disso
ciatiegraad onder alle onderzochte condities hoog is, varierend van 30% tot 
vrijwel volledige dissociatie. 

Met behulp van een nieuw ontwikkelde diagnostiek, RF-geëxciteerde ac
tieve actinometrie, is de dissociatiegraad van hetzelfde uitstromende plasma 
gemeten op een positie van enkele decimeters stroomafwaarts van de bron. 
Daar blijkt een veel lagere dissociatiegraad van ongeveer 10% te heersen. 
Deze schijnbare discrepantie is een gevolg van recirculatie in de expansiekamer. 
Waterstofatomen, die vanuit de cascadeboog de expansiekamer instromen, 
kunnen vele malen rondgaan voordat ze door de pompen worden afgevo
erd. In deze tijd is de kans groot dat de atomen via associatie aan de wand 
moleculen vormen. Die moleculen kunnen via de circulatiestroming weer 
opgenomen worden in de plasmabundeL Het is waarschijnlijk dat moleculen, 
die door wandassociatie ontstaan, in een vibrationeel hoog aangeslagen toe
stand de wand verlaten. 

De ionizatiegraad van het uitstromende plasma is gemeten voor argon/waterstof 
mengsels. In de plasmabundel blijkt een soort recombinatiecatastrofe op te 
treden. De ionizatiegraad stort in tot een waarde die enkele ordes van grootte 
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lager is dan die in een argon plasma onder vergelijkbare condities. Dit is te 
begrijpen als men aanneemt dat de atomaire ionen die uit de bron komen via 
ladingsruil met vibrationeel of rotationeel hoog aangeslagen moleculen zorgen 
voor de vorming van moleculaire ionen. Deze ionen gaan snel verloren via 
een moleculaire dissociatieve recombinatie-reactie. De invloed van dit soort 
processen wordt ook teruggevonden in het atomaire emissiespectrum van het 
plasma. De atomaire verdelingsfuncties, die uit een emissiespectrum worden 
bepaald, zijn alleen te begrijpen als er moleculaire bronnen zijn voor hoog 
aangeslagen atomaire niveau's. Deze niveau's zijn niet anders te bereiken 
dan via moleculaire recombinatieprocessen, mits de moleculen voldoende in
wendige (vibrationele of rotationele) energie hebben. 

Moleculaire spectroscopie kan gebruikt worden om informatie over de ro
tationele en vibrationele verdelingsfuncties te verkrijgen. De interpretatie 
van de Fulcher a: band is uitgewerkt hetgeen een rotationele en een vibra
tionele temperatuur en een schatting van de dissociatiegraad van het plasma 
oplevert. Het blijkt dat, hoewel het emissiespectrum een diffuus beeld geeft 
van de rotationele bezetting van moleculen in de electronische grondtoestand, 
de rotationele temperatuur goed bepaald kan worden uit het emissiespec
trum. Wat betreft vibratie kan alleen de bezetting van v = 0 ten opzichte 
van v = 1 redelijk goed bepaald worden. Onder bepaalde voorwaarden kan 
wel een goede schatting van de dissociatiegraad gemaakt worden uit het 
emissiespectrum. Omdat de recombinerende plasmabundel geen moleculair 
spectrum uitzendt (de electronentemperatuur is daar te laag voor) is met 
behulp van een RF-sonde het plasma lokaal verhit (RF-geëxciteerde actieve 
actinometrie), waardoor toch een moleculair emissiespectrum wordt uitge
zonden. 

Moleculaire spectroscopie is ook verricht aan het FOMSCE-plasma bij 
het FOM instituut AMOLF te Amsterdam. In het FOMSCE-experiment 
wordt een negatieve ionenbundel gemaakt door middel van omlading van 
positieve ionen aan een bariumoppervlak op een negatieve spanning. Voor dit 
type experiment is de cascadeboog als ionenbron ontwikkeld. De moleculaire 
spectroscopie is gebruikt om het FOMSCE-plasma te karakteriseren. De 
neutralenpopulatie in het plasma blijkt voornamelijk bepaald te worden door 
achtergrondgas. De koppeling tussen de rotatie- en de electronentemperatuur 
in het plasma is zwak; die tussen de vibratie- en de electronentemperatuur 
iets sterker. 

Een interessante toepassing van het expanderende cascadeboogplasma als 
bron voor atomair waterstof ligt in de conservering van archeologische ijzeren 
voorwerpen. Zonder behandeling tegen corrosie kunnen dergelijke voorwer
pen in korte tijd na opgraving -soms zelfs binnen enkele maanden- volledig 
vernietigd worden. Met behulp van een waterstofplasma kan men dit proces 
vertragen. Een van de voornaamste taken van het waterstofplasma is het 
verwijderen van chloor uit het ijzeren voorwerp, omdat dit een katalytische 
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rol speelt in het corrosieproces. Een combinatie van een plasmabehandeling 
voor de verwijdering van chloor met een goede nabehandeling kan het cor
rosieproces waarschijnlijk vrijwel volledig tot stilstand brengen. De nadruk 
heeft in dit werk op de voorbehandeling gelegen ter verwijdering van chloor. 
Met dezelfde plasmamachine is waarschijnlijk ook een goede nabehandeling 
mogelijk. 
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1 

In plasmabundel-depositie kan atomair waterstof de dissociërende rol die ionen 
hebben overnemen. 

2 

In een waterstofplasma kunnen atomaire ionen snel recombineren via 
achtereenvolgens ladingsruil met rovibrationeel geëxciteerde moleculen en 

dissociatieve recombinatie. Dit mechanisme kan zelfs bij lage dichtheden van 
geëxciteerde moleculen dominant zijn over atomaire twee- of drie deeltjes 

recombinatie. 
- Dit proefschrift 

3 

Door de inmenging van aan de wand gevormde moleculen via recirculatie is bij 
expanderende waterstofplasma's geen sprake meer van een vrije expansie. 

- Dit proefschrift 

4 

Het bestaan van intense P en R banden in het Fulcher a spectrum is een direct 
bewijs voor rotatie-aanslag in de electronische excitatie van het waterstofmolecuuL 

- Dit proefschrift 

5 

De bepaling van de EEDF uit de tweede afgeleide van een electrostatische 
sonde-karakteristiek zoals beschreven door Langmuiris alleen toegestaan als de 

sheath verwaarloosbaar dun is. 

6 

De door North et al aangegeven bovengrens van 400 oe voor de behandeling van 
archeologische ijzeren voorwerpen berust op een onjuiste interpretatie van 

experimentele gegevens. Een zinvolle bovengrens is 560 °e, bij welke temperatuur 
een faseovergang in ijzeroxide optreedt. 

- N. North, M. Owens, e. Pearson, Studies in eonsen·ation 21, 192 (1976) 



7 

De toenemende capacitieit van computers stelt steeds hogere eisen aan de 
efficientie van numerieke algorithmes. 

8 

Legaliseren van onzorgvuldigheden, begaan door vervolgende instanties in het 
strafproces, is een aantasting van de rechtsstaat. 

9 

Afschaffing van het recht op hoger beroep in asielprocedures is in strijd met het 
gelijkheidsbeginsel zoals vastgelegd in artikel 1 van de grondwet. 

10 

Het gebruiken van rekenmodellen van het centraal plan bureau om de effectiviteit 
van een partijpolitiek programma te kwantificeren gaat voorbij aan de aanzienlijke 

beperkingen van dergelijke modellen. 

11 

Het idee dat voorzieningen voor studenten nog verder afgebroken kunnen worden 
is een verlate reactie op het ruimhartige gebruik dat de huidige generatie 
beleidsmakers heeft gemaakt van de mogelijkheden tijdens hun studietijd. 

12 

De primaire functie van wetenschappelijke publicaties verschuift van 
kennisoverdracht naar certificering van onderzoeksresultaten. 

13 

De hoeveelheid kooldioxide die is vastgelegd in het papier van de rapportage over 
het broeikaseffect, helpt dit te bestrijden. 


