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Influence of molecular processes on the hydrogen atomic system 
in an expanding argon-hydrogen plasma 

R. F. G. Meulenbroeks, R. A. H. Engeln, C. Box, I. de Bari, M. C. M. van de Sanden, 
J. A. M. van der Mullen, and D. C. Schram 
Eindhoven University of Technology, Department of Physics, R 0. Box 513 5600 MB Eindhoven, 
The Netherlands 

(Received 30 August 1994; accepted 10 November 1994) 

An expanding thermal arc plasma in argon-hydrogen is investigated by means of emission 
spectroscopy. The hydrogen can be added to the argon flow before it enters the thermal arc plasma 
source, or it can be flushed directly into the vacuum expansion vessel (l-20 ~01% H2). The atomic 
state distribution function for hydrogen, measured at a downstream distance of 20 mm, turns out to 
be very different in the two cases. For injection in the arc, three-particle recombination is a primary 
source of hydrogen excitation, whereas measurements with hydrogen injected into the vessel clearly 
point to a molecular channel (dissociative recombination of formed ArH+) populating atomic 
hydrogen levels. 0 199.5 American Institute of Physics. 

I. lNTRODUCTlON II. EXPERIMENT 

Expanding thermal arc plasmas are used in a variety of 
applications such as plasma deposition and etching and par- 
ticle sources.1-4 The fundamental study of this type of 
plasma has concentrated on pure argon plasmas and argon- 
hydrogen mixtures5-* The plasma expands out of a cascaded 
arc through a conically shaped nozzle into a low-pressure 
background. The initially supersonic expansion ends in a sta- 
tionary shock after 40-70 mm, which is followed by a sub- 
sonic relaxation region. 

As was reported before,7s hydrogen molecules play a 
major role in the very fast ionization loss that has been mea- 
sured using Thomson scattering on an expanding argon- 
hydrogen plasma. Atomic processes cannot account for this 
anomalous loss of ions. It has been made plausible* that at 
least an important fraction of these hydrogen molecules must 
originate from the stainless steel vessel walls. The fact that 
the volume of the vessel (about 300 1) causes the residence 
time of particles to be fairly large (around 1 s) may induce a 
recirculation pattern inside the vessel. This flow could well 
be responsible for the transport of the formed molecules back 
into the plasma.7 

The expanding plasma experiment has been described 
before,5 and will only be summarized here. The thermal 
plasma source (a cascaded arc) is operated at the same set- 
tings as used in Refs. 7 and 8: arc current: 45 A, arc voltage 
100-140 V (depending on the hydrogen seed fraction), back- 
ground pressure 40 Pa, and total gas flow 3.5 standard liters 
per minute (SLM). The hydrogen seed fractions are 
1,2,3,4,5,7,10, and 20 vol % H,; hydrogen is added to the 
flow before it enters the cascaded arc or injected directly into 
the vessel. These two conditions will be referred to as “arc 
seeding” and “vessel injection,” respectively. 

The following set of reactions is responsible for the fast 
ionization loss: 

Ar++H,+ArH++H, 

ArH++e--+Ar+H*. (1) 

At temperatures in the expansion (around 0.2 eV), the com- 
peting charge exchange reaction (the creation of Hl) is of 
little importance.’ If the formed ArH+ ion carries little rovi- 
brational energy, the excited hydrogen atom is formed in the 
p= 2 state. If important rovibrational excitation is present 
(the potential well of the molecular ion has a depth of about 
4 eV”), hydrogen states p= 3 or higher may be formed, 
which can be readily observed by simple emission spectros- 
copy. The origin of the high rovibrational excitation of ArH+ 
will be discussed later. 

The optical emission spectroscopy (OES) experiment 
has been described in Ref. 7. It contains a fairly standard 
mirror-scanned optical system. A few modifications have 
been implemented: a different monochromator (Bentham 
M300) with a Hamamatsu R1617 photomultiplier tube is 
used. The slit widths are chosen to obtain a resolution of 0.16 
nm. Furthermore, an extra mirror was added to make pos- 
sible the use of an external ribbon lamp for calibration of the 
last part of the optical system (including the last two lenses, 
the monochromator, and the photomultiplier, Fig. 1). The 
calibration procedure is the following. At the beginning of a 
measuring period of about four weeks, a calibration using a 
tungsten ribbon lamp, placed inside the vacuum vessel (at 
the plasma position), is performed. Immediately after that 
calibration (covering the entire light path) a calibration using 
the external ribbon lamp is made, covering the last part of 
the optical system. This is done by turning the step motor- 
driven rotating mirror (RM in Fig. 1) in order to focus the 
external ribbon lamp on the pinhole (Fig. 1). Every two or 
three days, this latter calibration is repeated, and the calibra- 
tion with the ribbon lamp in the vessel is repeated at the end 
of the measuring period. The differences between the cali- 
brations appear to be quite small (typically 3%). 

This calibration procedure makes possible a very accu- 
rate determination of absolute level densities of atomic 
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FIG. 1. The emission spectroscopy experiment. The plasma radiation is 
focused on the entrance slit of the monochromator (MON) by a system of 
lenses (Lr , f=750 mm; Ls, f=500 mm; Ls, f=ZOO mm; and L,, 
f= 150 mm) and mirrors (M, J4,). Here P designates a 0.5 mm diam 
pinhole and PM the photomultiplier tube. Photon counting electronics are 
used to record the incoming radiation. A rotating mirror (PM) is used to 
make lateral scans of the plasma. These are Abel inverted later to obtain 
radial profiles. An external ribbon lamp (RL) is used for day-to-day checks 
of the last part of the optical system. To do this, the rotating mirror has to be 
turned, and the ribbon is focused on the pinhole by lenses Ls (f=200 mm) 
and L, (f= 1.50 mm). The latter can be (reproducibly) inserted in the optical 
system when a calibration using the external ribbon lamp is required. 

states. The main source of error for the hydrogen states is the 
plasma reproducibility (lo%-15%). In the case of argon, the 
inaccuracies in the transition probabilities (around 25%- 
50%) become dominant?~” 

All lateral scans are performed at a downstream. axial 
distance of z = 20 mm. The expansion axis is labeled z, with 
the origin at the expansion nozzle. The lateral scans are con- 
verted into radial profiles by means of Abel inversion, yield- 
ing radial profiles of the absolute level density per statistical 
weight. Measurements are performed on the Balmer series of 
hydrogen (data can be found in Ref. 11 or 7), as well as on 
several argon lines (also given in Ref. 7). The latter was 
mainly done to check the calibration: in our recombining 
plasma jet, the population factors b, (an indication of the 
departure from Saha equilibrium7*‘2 ) should tend to unity for 
highly excited levels. For a pure argon expanding plasma, 
one can use the measured values of T, and n, (Thomson 
scattering517) to calculate the b, factors. In this case, a very 
satisfactory approach to unity is observed for levels near the 
continuum, where a Saha equilibrium is expected (compare 
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FIG. 2. The Boltzmann plots n,/g, vs I,, for the arc seeding case at a 
downstream distance of 20 mm, for different hydrogen seed fracfions. The 
hydrogen is admixed to the flow before it enters the arc. 

Ref. 7). This constitutes a reliable check of the calibration of 
the OES system, as’ the Thomson scattering data are known 
to be very accurate (compare Ref. 5). 

lil. RESULTS 

The results will be discussed in two parts. For the sake 
of clarity, we shall first discuss the measurements where hy- 
drogen is added to the flow before it enters the arc (arc seed- 
ing), after which we shall turn to the second set of measure- 
ments, where the hydrogen is injected in the vacuum vessel. 
A. Arc seeding 

Typical nplg, vs ZP (absolute level densities per statisti- 
cal weight versus the ionization energy of the level con- 
cerned) plots are given in Fig. 2. The character is clearly 
recombining. Sometimes a slight inversion is observed. 
Strong inversions can be observed in similar plasmas (e.g., 
Ref. 13, where a similar setup with a magnetic field is used). 

To calculate the population factors b, , we need the hy- 
drogen ion concentration. For arc seeding, the ratio of argon 
to hydrogen ions can be calculated with the method de- 
scribed in Refs. 14 and 7,. using highly excited hydrogen and 
argon levels. The n, and T, values needed for the calculation 
are taken from Ref. 8. The H+/Ar+ concentration ratios are 
similar to those reported in Ref. 7: around 1:70 for a 2 vol % 
seed fraction, increasing to 1:4 for 3 ~01%. For measure- 
ments with higher seed fractions (above 4 vol %), the ratio 
cannot be determined, because the argon emission disap- 
pears. This is a result from the arc ionization changing from 
argon to hydrogen. The lines used for the H+/Ar+ ratio cal- 
culation are hydrogen 377.1 and 388.9 nm, and argon 531.8 
and 506.0 nm (see Refs. 7 and ll), as these levels should be 
well within the region of Saha equilibrium. 

Phys. Plasmas, Vol. 2, No. 3, March 1995 Meulenbroeks et al. 1003 
Downloaded 21 Mar 2005 to 131.155.111.63. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0 

1, W 

FIG, 3. The population factors b, vs I, for the arc seeding case at a down- 
stream distance of 20 mm. 

Figure 3, then, gives the b, vs ZP plots, for arc seed 
fractions of 1- 10 ~01%. The absolute b, values cannot be 
considered very accurate for higher seed fractions, where the 
ion concentration ratios are unknown. The “bulge” in b, that 
was reported before Ref. 7 around level p = 5 - 7 is not ob- 
served in all cases. It should be noted that the deviation from 
equilibrium (e.g., by comparing the b, values for p = 3) be- 
comes larger for higher seed fractions: this is consistent with 
the observed decrease in n,, as reported in Ref. 8. Clearly, 
the electron impact processes lose importance for higher seed 
fractions, causing the lower part of the excitation system to 
become more and more radiation dominated. 

We can try to explain the observed hydrogen population 
densities by considering only three-particle recombination of 
Hf. To do so, we have to determine which part of the total 
deexcitation (three-particle recombination) flow passes a cer- 
tain level, say p= 3. At ambient conditions (n, around 
2.5X 1019 me3 and T, around 1500 K), the hydrogen system 
is dominated by radiative deexcitation below level p = 4. 
Above that level, collisional deexcitation is dominant, result- 
ing in mainly stepwise deexcitation in that part of the 
system.” Radiative deexcitation being dominant in the lower 
part of the excitation system, a comparison of the radiative 
transition probabilities” starting from p = 4 shows that about 
one-third of the recombination flow should pass p = 3. 

The rate constant for three-particle recombination is 
taken from Van de Sanden: Ksp=3.3X lo-“n+nz TL4.5 
m6 s-‘. As stated above, we assume the depopulation of 
p = 3 to be due to radiation: the collisional deexcitation pro- 
cess can be shown to be slower by a factor of about 10. Thus, 
the total p = 3 density HP= 3 can be calculated: 

*ltp=3 .A 3,downward =&z.nH+.K3p, (2) 

with A the total radiative destruction of the level 
(lo* s -31downward ). For n,=3.4X1019 rnw3, T,=lSOO K, and an 
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FIG. 4. The hydrogen p = 3 and argon 4~’ level densities per statistical 
weight versus the hydrogen arc seed fraction for the arc seeding case. The 
argon nP/g, values have been divided by 20 to make clear the difference in 
behavior. 

nH+:nArt ratio of 1:70, this results in n,lg3---2X 1012 rne3. 
This estimate is in agreement with the observed 2.5X 10” 
mm3 for a 2% arc seed fraction. No additional processes need 
to be considered to explain the hydrogen level population at 
the center of the plasma jet. At the edges, some extra input 
may be necessary to explain the observed population of hy- 
drogen levels, as the electron density profile is more narrow 
than the hydrogen p= 3 density profile, while the electron 
temperature profile is relatively flat. This means that three- 
particle recombination can no longer fully account for the 
observed emission at the edges of the plasma jet. 

An interesting feature is observed when measurements 
are performed at H, and argon 696.5 nm (4~‘) for increas- 
ing hydrogen seed fractions; see Fig. 4. For argon, a steady 
decrease is observed, caused by the arc ionization changing 
from argon to hydrogen. Here H, shows a behavior similar to 
that reported in Ref. 8. The H, radiation (above 7 vol %) can 
probably be attributed to three-particle recombination, as no 
argon ions are left.* An extra input, however, could be 
formed by dissociative recombination of Hl ions formed by 
charge exchange between H’ and rovibrationally excited H, 
molecules.4 To end in p = 3, the participating H2 molecule 
should carry considerable rovibrational excitation (3-4 eV>. 
For lower seed fractions, where Ar+ is the most abundant 
ion, reactions (1) probably are dominant, as the H, molecule 
does not need to carry that much rovibrational excitation to 
make a creation of the p = 3 state possible. 

If we assume, for the arc seeding case, three-particle 
recombination to be dominant, the strong increase in H, for 
low seed fractions should be caused by more and more hy- 
drogen entering the arc. The decrease above 2 ~01% must 
then be caused by the arc becoming less efficient, as indi- 
cated by Thomson scattering measurements.8 
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EL Vessel injection 

In the case of vessel injection, the hydrogen is injected 
far away from the expansion nozzle in the vessel itself. The 
flows are kept the same as in the arc seeding case. It is useful 
to point to the main differences between arc seeding and 
vessel injection. 

(a) When hydrogen is injected into to vacuum vessel, 
we can be sure that our plasma source remains unaffected: 
the cascaded arc will produce a pure argon plasma, which 
constitutes a well-known source of argon ions.5.15 On the 
other hand, other measurements have learned that the arc 
plasma source changes when hydrogen is mixed to the argon 
flow before it enters the arc; a lower electron density when 
H2 is injected in the arc8 

(b) A possible difference concerns the rovibrational 
population of the hydrogen molecules inside the vessel. 
When hydrogen is injected in the vessel at 300 K, only the 
u = 0 vibrational state is populated. As the plasma itself has a 
temperature of only 0.2 eV, any significant rovibrational ex- 
citation (e.g., 2 eV or more) should come from wall 
association.‘6 This process could bring about a “second gen- 
eration” of hydrogen molecules formed by the association of 
hydrogen atoms [originating from reactions (l)] at the vessel 
walls. When hydrogen is injected in the arc, some rovibra- 
tional excitation may originate from moIecules surviving the 
arc (where the temperatures are around 1 eV). It is, however, 
more probable that excited hydrogen molecules are formed 
at the vessel walls, as has been concluded before.‘97,8 

(c) For the OES work, the main difference lies in the 
population mechanism of the hydrogen excited levels. As 
was shown above, three-particle recombination can fully ac- 
count for the observed p = 3 population for the arc seeding 
case. The fact that the population factors b, approach unity 
for low ZP also points in this direction. When hydrogen is 
injected in the vessel, only one channel of hydrogen excited 
level population is still possible: dissociative recombination 
of rovibrationally excited ArH+ ions ending in H excited 
states. It should be pointed out that no H’ or excited H can 
be formed by electron impact in view of an extremely small 
Boltzmann exponent at ambient temperatures of 0.2 eV. In 
the following, it will be shown that a relatively small amount 
of rovibrationally excited molecular ions suffices to account 
for the observed hydrogen Balmer radiation in the vessel 
injection case. 

Figure 5 gives the n,lg, vs IP plots for the vessel injec- 
tion case. The distribution is clearly different from the arc 
seeding case: only the lower three to five levels are observed. 
Since these levels are not expected to be in Saha equilibrium 
with the continuum, a calculation of ion concentration ratios 
(as discussed in Sec. III A) is probably not possible. Also, 6, 
factors cannot be calculated. Furthermore, the H+ concentra- 
tion must be very low, since a significant hydrogen ion con- 
centration should bring about emission of higher excited 
states, populated by three-particle recombination. 

Before turning to a more quantitative explanation of 
these results, we must exclude one specific excitation mecha- 
nism for p = 3 : dissociative recombination of (low excited) 
ArH+ ending in p = 2 and subsequent collisional excitation 
to p=3. We can get an estimate of the rate constant K,,, for 
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FIG. 5. The Boltzmann plots (n,lg, vs Ip) for different hydrogen seed 
fractions, when hydrogen is injected into the vessel. Note the very pro- 
nounced difference with Fig. 2, due to different excitation mechanisms in 
the two cases. 

this excitation process by applying a hard-sphere 
approximation: I2 

K n,n+1=4&j-p4.uth yexp(-A;;y"i, (3) 

where a0 is Bohr’s radius, p is the principal quantum num- 
ber, g, is the statistical weight of level p, uth is the electron 
thermal speed, AE,,,, , is the energy gap between levels p 
and n + 1, and k is Boltzmann’s constant. For the ambient 
conditions (n,=5.2X10r9 rnw3, T,=2000 K), Eq. (3) 
yields K2,,=3.3X lo-i7 m’ s _ ‘. If the population of level 
p = 3 is governed by a Corona-like balance of electron exci- 
tation from p = 2 and radiative destruction, we can write 

nH,p=3 .A 3,dOwnward=nH,p=2.ne’K2,3, (4) 

which for a 2 ~01% would lead to a total p = 2 density of 
2. IX lOI7 rnm3. If these p = 2 states are produced by disso- 
ciative recombination of ArH’, the following balance shouId 
hold (the plasma is optically thin for hydrogen radiation in 
the case of low hydrogen concentrations): 

nH,p=2.A2.1=nArf.nH2.Kl, (5) 

where the rate constant K, for the formation of ArH+ is 
1.1X1O-‘5 m3 s-l (Ref. 17) at ambient temperatures. The 
transition probability A2,,=4.7X lo8 s-l. The second dis- 
sociative recombination step of reactions (1) is known to be 
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FIG. 6. The hydrogen p=3 and argon 4p’ level densities per statistical 
weight versus the hydrogen admixture: hydrogen is injected in the vessel. 
The argon 4p’ densities have been divided by a factor 8 to make possible a 
comparison of the behavior of the two excited states. 

faster by a factor of about 100, depending on conditions. As 
the first step thus limits the production of ArH+ ions, we 
have to use K, in the above balance. Equation (5) leads to a 
H, density of about 1.7X lO*i rnh3. This value is unrealistic, 
as the total neutral density at z= 20 mm is around 9X 10” 
m-3 8 

For the vessel injection case, we can thus safely exclude 
the following population mechanisms for p = 3 and higher: 
(a) three-particle recombination (which would require a sig- 
nificant Hf density), (b) electron excitation (the Boltzmann 
exponent is extremely small), and (c) dissociative recombi- 
nation of ArH+ ending on p= 2 and subsequent collisional 
excitation to p= 3 (which would require an unrealistic H, 
density). 

In our view, only one mechanism remains: dissociative 
recombination of rovibrationally excited ArH+. We can esti- 
mate the amount of hydrogen needed to accomplish the ob- 
served hydrogen excited level populations. We neglect for 
the moment the question of whether a rovibrationally excited 
hydrogen molecule that participates in reaction (1) actually 
produces a rovibrationally excited ArH’ ion. We shall come 
back to this later. A balance analogous to Eq. (5) can be 
written for p = 3 : 

nH.p=3 .A 3,downward =nAr+.nH;.J’K1. (6) 

In this balance, we know the electron density 
(n,=5.2 X 1 019 me3), which is equal to the argon ion den- 
sity in the vessel injection case. Inserting the known values 
in Eq. (6) yields a density of rovibrationally excited mol- 
ecules (with enough internal energy to make possible the 
excitation of the ArH’ ion and, thus, of the formed H atom) 
of n H;.~ = 6.3 X lOI rnT3 for a 2 vol % injection in the 
vessel. If we assume the maximum total H2 density in the 
plasma to be equal to 2% of the total neutral density (9X IO*’ 
m-s), the H, density would amount up to 1.8X lOI9 m-‘. If 
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FIG, 7. A Boltzmann plot for 2 vol % hydrogen injection in the vessel. To 
indicate the possible Boltzmann equilibrium starting from level p = 3, a line 
designating the (Thomson scattering) value of ?‘, has been drawn. 

any rovibrationa1 excitation is supplied by wall association, 
the number of excited hydrogen molecules appears to be rea- 
sonable. 

Support for this production mechanism for p=3 states 
can also be deduced from Fig. 6, which shows the behavior 
of H p = 3 and argon 4p’ densities for different vessel seed 
fractions. Equation (6) predicts the p = 3 density to be pro- 
portional to the Hi’l density (for a constant Arf density). 
Figure 6 shows, that the p = 3 population is proportional to 
the to& Hz density. That the Ar+ density must be more or 
less constant is indicated by the fact that the argon 4p’ level 
density decreases only by a factor of 2-3 (the argon popula- 
tion is dominated by three-particle recombination). A loga- 
rithmic representation is chosen for Fig. 6 (even though it 
obscures the mentioned proportionality) to clearly represent 
the lower p = 3 data. 

To illustrate the effect, that the population of p = 3 alone 
is not sufficient to explain the measurements, Fig. 7 gives the 
n,lg, values for a 2 vol % vessel injection. The drawn line 
represents a Boltzmann line with the electron temperature. 
Electron collisions are clearly not energetic enough to ex- 
plain the population of higher excited levels, as the latter are 
consequently above the Boltzmann line. Thus, some extra 
input at these higher levels (up to p=5) has to be made 
plausible. In the following, we shall show that this is indeed 
possible if the Hz molecules that participate in reaction (1) 
carry considerable rovibrational excitation. 

Thus we return to the question of whether a rovibra- 
tionally excited hydrogen molecule actually produces a rovi- 
brationally excited ArH+ ion. Following Gislason et aL,‘* a 
simple argument can be constructed. As the first reaction in 
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FIG. 8. The relation between the internal energies (Ei,3 of H, and ArH+ 
during the first reaction of Eq. (1). The H* excited levels that can (energeti- 
cally) be reached during the subsequent dissociative recombination of ArH+ 
are indicated. For example, to reach p = 4, the Ha molecule has to be rovi- 
brationally excited by about 2 eV. The assumption is that half of the vibra- 
tional energy is kinetic at the instant of reaction. 

Eq. (1) is a classic spectator stripping reaction, it can be 
thought to be instantaneous. The transferral of internal en- 
ergy from H2(u,J) to ArH+(u ‘,J’) then depends on the 
amount of vibrational energy that is potential energy at the 
instant of reaction. This leads to the following estimate for 
the internal energy of the formed At-H’: 

Eiat(ArH’) w $E + $Ei,,(Hx) - AHi, 

where E represents the relative kinetic energy of the reac- 
tants, E,t(X) is the internal energy of species X, and AH: is 
the reaction enthalpy (equal to - 1.53 eVj. It is assumed, that 
half the vibrational energy is kinetic at the instant of reac- 
tion. 

If we represent Eq. (7) in a figure, Fig. 8 is obtained. It 
shows the relation between the internal energy of the H2 
molecule and the internal energy of the ArH+ molecular ion. 
If a (wall-associated) HZ molecule carries a large amount of 
rovibrational excitation, highly excited levels can be formed 
in the dissociative recombination of ArH+. This mechanism 
can explain the observed population of excited states. 

IV. CONCLUSIONS 

The investigation of the argon-hydrogen plasma jet by 
OES and Thomson scattering leads to the following conclu- 
sions. 

When hydrogen is mixed to the flow before it enters the 
cascaded arc, the hydrogen emission in the expanding 
plasma can be explained by three-particle recombination at 
the center of the plasma jet at z =20 mm. If there is any 
input from dissociative recombination, it must be at least an 
order of magnitude less important at the center. It may, how- 
ever, be of importance at the plasma periphery. The impor- 
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tance of three-particle recombination at the plasma center is 
confirmed by comparing the p = 3 densities for the arc seed- 
ing and vessel injection cases: at a 2 ~01% seed fraction, the 
latter are lower by a factor of 10. Higher seed fractions can- 
not be easily compared, as the arc efficiency is going down 
for the arc seeding case. A possible .extra input for higher 
seed fractions could be formed by dissociative recombination 
of Hl ions. 

The population factors b, approach unity for low rP, 
pointing to some kind of Saha equilibrium close to the con- 
tinuum (arc seeding case). The “bulge” in the hydrogen b,‘s 
does not occur for all seed fractions and depends critically on 
the determination of n, and the Ar’/H+ ratio. 

For the arc seeding case it is clear that the arc ionization 
changes from Ar’ to H+, as all argon emission disappears 
for higher seed fractions. The efficiency of the arc seems to 
decrease as well, as indicated by the H, intensity behavior 
for different seed fractions. 

When hydrogen is injected in the vessel, only one pos- 
sible excitation mechanism remains: dissociative recombina- 
tion of rovibrationally excited ArH+, ending on p = 3 or even 
higher. A Boltzmann equilibrium from this level upward can- 
not fully account for the population of the higher excited 
levels (p = 4- 6). An extra input therefore has to be assumed 
at these levels. This requires the At-H+ to carry considerable 
rovibrational excitation. In a simpIe argument, this excitation 
could be produced by associative charge exchange with rovi- 
brationally excited H, molecules, produced at the vessel 
walls. 
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