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... lt is terrifying, and paralyzing, as the 
stronds of sounds desintegrate. We 
hold on to them. hovering between 
hope ond submissîon. And one by one. 
these spîdery strands connecting us to 
llfe melt away. vanish trom our fingers 
even as we hold them. We cling to 
them as they dematerialîze; we are 
holding two - then one. One. and 
suddenly none. For a petrlfying 
moment there is only silence. Then 
agoln. a strand, a broken strand, two 
strands, one ... none. We are half in love 
with easeful death ... now more then 
ever seems it rich to die, to cease 
upon the midnight with no pain. .. And 
in ceasing, we lost it all. But in letting 
go, we have gained everything. 

Leonard Bernstein 
The Unanswered Question 

Voor pa, ma en David 
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Ckneral Introdoetion 

R.F.G. Meulenbroeks 
Eindhoven Universiry ofTechnology, Department of Physics, 

P.O. Box 513, 5600MB Eindhoven, The Netherlands 

Th is work deals mainly with hydrogen-related kinetics in plas­
mas, a field hnked to many areas of research, including plasma 
surface modiikation (e.g., etching and deposition), diamond 
film production, and even astrophysics. In many practical 
cases, hydrogen kinetics play a dominant role in the descrip­
tion and understanding of plasma chemica! processes [1]-[6]. 
The main content of the workis presenled in the form of eight 
articles, six of which have already been publisbed in refereed 
joumals at the moment this thesis is printed. They do not 
appear in chronological order, but are arranged to fit a general 
trend departing from pure argon plasmas via argon-hydragen 
mixtures to arrive at full hydragen plasmas. 11üs introdue­
tion aims to be a guideline along the forthcoming separate 
"chapters". 

The work described can be classified as "fundamental" re­
search, but it is by no means without practical impact. The 
field of plasma surface modification is gaining more and more 
importance for the creation of small structures in semicon­
ductor materia!s_ Plasma partiele sourees (in particular those 
creating H and H- particles) are being used in neutral beam 
injectors for the next generation of fusion reactors and for the 
cleaning of archeological artefacts, to name but two exam­
ples. The expanding thermal are plasma investigated in this 
work is used both for the deposition of thin films of different 
matcrials (ranging from amorphous hydrogenated silicon to 
diamond, see e.g., [7, 8]) and for the realization of partiele 
sourees [9]. Within the Eindhoven University ofTechnology, 
four expanding thermal are experiments are devoted to this 
research: one for the deposition of carbon-containing films, 
another for silicon-containing films, a third for research on 
hydragen sources, and the large fundamental experiment of 
which the latest results !ie befare you. In this last set up, 
several active and passive diagnostics are combined in order 
to gain a more profound understanding of the basic processes 
that govern this type of plasma. Ultimately, this understanding 
should lead to optimization of the above applications. 

All four expanding thermal are experiments have a simHar 
construction: a plasma souree (a thermal, wall-stabilized DC 
cascaded are) connected to or suspended in a large vacuum 
vessel (e.g., Fig. I in chapter 1). The subatmospheric thermal 
are plasma expands into the heavily pumped vessel through a 
nozzle, creating an ex.panding plasma jet with a typical length 
of about 0.5 m. The diameter increases with the downstream 
distance from 4 mm to several tenths of a meter, depending 
on the background pressure, which can vary between 5 and 
5000 Pa. During deposition work, monomers (CH4, C2H2, 

SiH4, ... ) are injected into a pure argon or argon-hydrogen 
plasma beam and deposition takes place at a downstream sub­
strate [10, 11]. When used a~ a hydragen partiele source, the 

are is operaled on hydragen [ 12]. 

The present thesis research on expanding plasma jets is a 
natura! follow-upto the workof Van de Sanden [13], which fo­
cused on the study of a pure argon plasma jet. Using Thomson­
Rayleigh scattering (TRS) and Optica! Emission Spectroscopy 
(OES) as diagnostics, the argon jet has been thoroughly in­
vestigated. This pnre argon expanding plasma jet behaves 
to a large extent as a normal gasdynamical expansion. The 
influence of the charged particles is mainly seen in the tem­
perature behaviour. This work inevitably left some questions 
unanswered, and one of the most important ones concerned 
the heavy partiele temperatures in the jet. In chapter l of 
this work, therefore, results of measurements on a pure argon 
plasma beam using a pressure-scanned Fabry-Pérot interfer­
ometer are discussed. A unexpected spin-off of these mea­
surements are the observation of asymmetrie argon (4p')-(4s) 
line profil es, showing self absorption and yielding information 
on metastable densities in the periphery of the plasma. An­
other long-standing problem, encountered in the thesis work 
of De Graaf, Meeusen, and others [10, 12, 13, 14] concerns the 
reliability of diffent methods to delermine the electron density 
in low-temperature plasmas. As the fundamental set up offers 
the possibility to combine several diagnostics (especially be­
cause the plasma is moveable inside the vacuum vessel [ 15]), 
it constitutes !he ideal opportunity for the comparison of dif­
ferent electron density diagnostics: .probes, TRS, OES, and 
continuurn analysis. The results are presenled in a Physical 
Review article, chapter 2. 

In order to obtain a better understanding of a molecule-rich 
deposition plasma, understanding of a purely atomie argon 
jet is clearly insufficient. A line of study has been cbosen 
to approach the deposition plasma environment by inserting 
varying amounts of H2 gas to the argon plasma. A very pro­
nounced influence on the behaviour of the jet is observed, 
when small amounts of hydragen are admixed to the argon 
flow before it enters the are. Small amounts of hydragen (i.e., 
::; 5 %) were chosen soasnot to change the transport properties 
of the plasma too much. The gasdynamical expansion is sup­
posed to stay governed by the large (relatively heavy) majority 
of argon. These argon-hydragen jets have been studied very 
extensively using TRS, OES, and modeling. Ion-molecule re­
actions appear to be of major importance in these mixtures. 
Their inftuence is noticed very clearly in the ion densities, but 
also in the excited state populations of both H and Ar. Chap­
ters 3 to 5 reflect this study, describing TRS and OES results 
(chapter 3), TRS, OES, and a quasi one-dimensional model 
(chapter 4), and some peculiar OES results (chapter 5). 

Eventually, one arrives at the study of 50% H2 in argon 
mixtures (which are totally dominaled by the hydragen kinet-
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ics) and pure hydrogen plasmas. As these plasmas exhibit an 
extremely fast recombination, almost no light is emitted, and 
thè electron density drops to very low values, eliminating both 
OES and TRS as diagnostic options. Therefore, other diag­
nostics have to be implemented: a novel technique has been 
developed to measure molecular concentrations in plasmas of 
simpte composition (i.e., with one dominant molecular com­
ponent): Depolarization Rayleigh Scattering, presenled in a 
1992 Physical Review Letters paper, chapter 6. To measure in 
situ the rovibrational distribution of H~v,J) molecules in hy­
drogen and argon-hydrogen plasmas, a Coherent anti-Stokes 
Rarnan scattering (CARS) set up bas been used. This diffi· 
cult option has been chosen to answer another long-standing 
question conceming possible wall-association of H atoms to 
rovibrationally excited H2 molecules when using hydrogen­
containing plasmas. Chapter 7 deals with the construction of 
this very sensitive diagnostic and tbe experiments performed 
on 50% H2 in argon and full hydragen plasmas. The main 
body of the thesis is concluded by chapter 8, descrihing the 
formation of stabie molecules (in this case, HD) in plasmas 
containing both H2 and Jh. Here, both HD and H2 are mea­
sured by CARS in order to gain understanding on the formation 
of HD. 

As the joumal articles represent a period of over 4 years, 
it is to be expected that some of the early conclusions have 
to be modilied (or abandoned) later on, as new experimental 
and theoretica! facts arise. CARS, for example, brought a 
great surprise in showing that vibrationally highly excited Hz 
molecules arenotpresent in significant amounts, as was earlier 
assumed. To tie up some of the loose ends, chapter 9, giving 
the "history of recirculation" presents the present view of the 
matters discussed in this thesis. It will undoubtedly be allered 
or refined further and further during future research. 
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Fabry-Pérot Line Shape Analysis On An Expanding Cascaded Are Plasma in Argon 

R.F.G. Meulenbroeks P.A.A. van der Heijden 
D.C. Schram 

M.C.M. van de Sanden 

Eindhoven University ofTechnology, Department of Physics. 

P.O. Box 513, 5600MB Eindhoven, The Netherlands 

Abstract. Fabry-Pérot line profile measurements have been used to obtain heavy partiele temperatures and 
electron densities for an ex panding cascaded are plasma in argon. This was done for the argon 415.9 nm and 
696.5 nm neutral lines as a function of the distance from the onset of the expansion. Temperatures in the 
range of 2,000-12,000 K were obtained. The electron density in the beginning of the expansion appeared to 
be 5.6x 1021 m-3 The 696.5 nm Jine profiles appeared to be asymmetrie because of selfabsorption by cool 
metaslables around the plasma. The density and temperature of these metaslables could be deterrnined by fitting 
the measurements toa theoretica! model, and appeared to be around lO"m-3 and around 3,000 K, respectively. 

I. INTRODUCTION: THE CASCADED ARC SET UP 

Expanding cascaded are plasmas are used for fast deposition of 
thin films of various kinds. Materîals deposited thus farinclude 
amorphous hydrogenated carbon, graphite, diamond [1, 2], as 
well as amorphous hydrogenated silicon [3, 4]. Deposition 
rates, obtained using this method, are far larger (i.e., on the 
order ofO.l p.m/s) than the ones obtained using conventional 
deposition techniques, such as Plasma Enhanced Chemica! 
Vapour Deposition (PECVD). 

To achieve a thorough understanding of the plasma deposi­
tion process, knowledge ofthe partiele densities in the expand­
ing plasma beam is essential [5]. It is the aim of the present 
study to analyze the characteristics of the expanding plasma, 
sketched in ligure I. It consists of a cascaded are plasma 
souree [6], creating a thermal plasma (electron temperature 
T, "" 12,000 K), connected toa heavily pumped vacuum ves­
sel (background pressure 40 Pa). The are channel has a length 
of 80 mm and a diameter of 4 mm. The are plasma expands 
supersonically into the vessel, creating a supersonic expan­
sion, ending in a stationary shock and foliowed by a subsonic 
relaxation region. The diagnostics to study this plasma jet are 
the following: 

Thomson-Rayleigh scattering: accurate and local values for 
the electron density ne, the electron temperature Te. as wellas 
the neutral partiele density n0 can be obtained as a function of 
axial and radial position. These measurements clearly reveal 
the structure of the ex panding plasma jet [7]. 

Optica/ emission spectroscopy: information about the ex­
cited level popuiatien can be obtained by means of line inten­
sity measurements. 

Fabry-Pérot inteiferometry: !he set of plasma parameters 
n" T~, and n0 can be completed by measuring the neutral 
particles temperature To by means of line shape analysis. 

In this paper, the results of the Fabry-Pérot experiment are 
presenred and discussed. Fabry-Pérot line shape analysis pro­
vides the opportunity to measure several important plasma 
parameters. To begin with, the temperature of the neutral 
particles in the jet can be obtained by measuring the Doppier 
broadening of spectrallines; it constitutes an important param-

eter for computer roodels des~-ribing !he plasma jet [8]. Fur­
thermore, a measurement of the Stark broadening yields the 
electron density: this is an independent check of the Thomson 
scattering data. 

A third parameter, one which is more difficult to obtain, is 
the density ofthe metaslabie (4s) levels in, as wellas around, 
the plasma jet. The metaslabie density is important for de­
position experîments, as metaslables may cause Penning-like 
ionization [4]. Fabry-Pérot analysis of the a~ymmetric line 
profile of the self-absorbed argon 696.5 nm line gives in­
formation about bath the density and the temperature of the 
metaslables around the plasma. These data are difficult to 
obtain by any other ( especially passive) means. 

II. EXPERIMENT 

A. Fabry-Pérot interferometry 

The experimental set up for line shape analysis is depicted 
in tigure 2. The plasma is imaged onto a monochromator 
entrance slit by an optica! system, consisting of severallenses 
and mirrors. The monochromator (Bentham M300) is used as 
a rough wavelength selector and is set for a flat transmission 
bandwidth of about 0.24 nm in order to separate the line to 
be studied from the rest of the spectrum. After this rough 
selection, a parallel beam is created (lenses Ls, f 150 mm 
and L6, f = 200 mm), in which the Fabry-Pérot interf erometer 
is placed. The interferometermirrors are flattened to .'f200 for 
the 420-500 nm wavelength region, and to À/100 for the 650-
720 nm region. Reflectivities for both wavelength regions 
are around 98%. Lens L6 images the light on a 0.5 mm 
pinhole, after which it falls on a photomultiplier tube (RCA 
31034 ). The photomultiplier is placed in a cooled housing: the 
working temperature is -20 °C. The total (theoretica!) finesse 
of the system is around 60 for both wavelength intervals. The 
FreeSpeetral Ranges are 2.978 x w- 2 nm for the red (using 
a mirror spaeer of 8.15 mm) and 5.65 w-2 nm for the blue. 
Apparatus profiles are measured using a low pressure argon 
lamp; a correction is made for the temperature of the lamp, 
which is known to be approximately 600 K. 
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cascadeare 

Figure 1: The cascaded are experiment: a thermal plasma 
at atmospheric pressure is created in a continuously oper· 
ated D. C. are, consisting of three cathades, three electrically 
isolated copper plates, and an anode plate. All parts are wa­
ter cooled. The plasma expands into a low-pressure region. 
creating a supersonîcally expanding plasma jet. 

The Fabry-Pérot is a pressure-scanned type: a wavelength 
scan is made by varying the pressureofthe gas inside the mirror 
cavity (in our case: neon), thus allering the refractive index of 
the medium between the mirrors and, hence, the wavelength 
which is transmitted through the system. The pressure in the 
Fabry-Pérot is manilored by the same software that controls 
the pboton counting system. The software runs on a (M68000) 
modular Iabaratory computer system. A measured line profile 
can be processed by a least-meao-squares fit with either a 
Lorentzian, a Gaussian, or a Voigt profile (convoluted with the 
measured apparatus profile). 

B. Measurements 

The worldng plasma conditions for all measurernents are: 
Iarc 45 A, Vare = 140 V, argon flow = 3.5 standard liters 
per minute, vessel background pressure Pbaek = 40 Pa. Line 
profiles of the 415.9 nm Ar(I) line are measured up toa dis­
tanee of28 mm ftom the nozzle. After z=28 mm, the intensity 
of this line bas dropped too far to give accurate results. For 
larger distances ftorn the nozzle, therefore, the much stronger 
696.5 nm line is used, which is measured up to z=300 mm. 
The profiles are all measured at the axis of the plasma jet, i.e., 
at a:=y=O. The axial scanning is performed by moving the 
cascaded are souree itself, teaving the diagnostics fixed. 

UI. RESULTS 

A. Heavy partiele temperatures arul electron densities 

The 415.9 nm line profiles all proved to be symmetrie, whereas 
the 696.5 nm profiles showed a persistent asymmetry for mea­
surements close to the are (where ne and Te values are high). 
The apparatus profile, however, was always symmetrie. Fur­
thermore, the asymmetry of the 696.5 nm emission line profile 
dissappeared for larger z-values, as wellas at the edges of the 
plasma (measured by varying the x and y-positions). The ex­
planation for this effect wil! be given later on. After z=30 mm, 
the 696.5 nm profiles proved to be essentially Gaussian. 

As mentioned before, one of the contibutions to the line 
broadening is due to random motion ofthe atoms in the plasma, 
giving a Gaussian broadening in the case of a Maxwellian 

s/<' 
I 

I 

<$;> ~1 

é~ 

Fîgure 2: The Fabry-Pérot diagnostic. Plasma radiation is 
transmitted through an optica/ system consisring of lenses (L1-

4,) and mirrors. A Chemy-Tumer monochromator (MON) 
selects the speetral line. The inteiferometer ( FP) is placed 
in the equidistant beam part created between Ls and 4,. 4, 
focuses the light on a inhole, after which a photomultiplier is 
delects the signal. The Fabry-Pérot inteiferometer is placed 
in a thermally controlled chamber. 

velocity distribution. For the half one-over-e (AJ., in nm) 
width of the Gaussian contibution, the well-known Pormula: 

(I) 

holds, where ÀQ is the wavelength of the line (in nm), k 
is Boltzmann 's constant, To is the temperature of the neutral 
particles (degrees K), mo is the mass of the neutrats (in kg), 
and cis the speed of light (in mis). 

A Lorentzian contribution to the line profile is due to the 
Stark effect: a broadening and shift of spectrallines, caused 
by the random electtic field of the electroos in the plasma [ 10]. 
Formostatoms(with theimportantexceptionofhydrogen)this 
effect is linear in the electron density. The Full Width at Half 
Maximum (FWHM) TL (in nm) of the Lorentzian contibution 
is given by: 

(2) 

where n. is the electron density in m- 3• The constants 
Cs are lisled by Griem [10, 11] fora large number ofatomic 
transitions. The Stark shift of the line is proportional to the 
Stark width 'YL; the proportionality constants arealso lisred by 
Griem [10, 11]. 
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Figure 3: An example of a measurement (•) oftheargon 451.9 
nm line and its least-meon-squares Voigt fit (with residue). 
The horizontal axis gives only the measurement number, the 
interval between two neighbouring points corresponds to a 
wavelength interval of 1.69x 10-4 nm. 

In a plasma of the kind studied here, both effects are im­
portant, whereas other effects (natura! broadening etc.) can be 
neglected. So the total line profile will be a convolution of a 
Lorentzian, a Gaussian and an apparatus profile. A Voigt-fit 
(convoluted with the apparatus profile) gives the values of Al 
and /L fora given measurement. The Stark effect, however, i's 
only noticeable in the line profile for relatively large electron 
densities, i.e., in the beginning of the expansion: further from 
the are, the measured 415.9 nm profiles become essentially 
Gaussian. Figure 3 gives an exarnple of a measured line pro­
file (415.9 om, z = 2 mm) and its least-meao-squares Voigt 
fit. 

Figure 4 gives the results of the Doppier broadening anal­
ysis of the speetral lines as a function of axial position z. 
In the axial profile, composed of the results of both lines, 
the shock structure cao clearly be seen after the initia! sharp 
deercase of the heavy par1icle temperature: a temperature in­
crease around z = 40 mm, foliowed by a slow decrease. The 
temperature in the beginning of the expansion is in good agree­
ment with the temperature at the end ofthe cascaded are [12]: 
around 12,000 K. The temperature further in the expansion 
appproaches a value of about 2,000 K, which is equal to the 
electron temperature further in the expansion [7]. The shock 
position is coincident with the position ofthe shock in the elec­
tron (and neutra!) density, as measured by Thomson-Rayleigh 
scattering. 

The electron density, as determined from the width of the 
Lorentzian component of a measured profile, cao only be ac­
curately obtained from the 415.9 nm line profiles close to the 
nozzle. These line profiles show a prominent Voigt shape, 
and the electron densities obtained are 5.6 x 1021 m- 3 and 
1.5 x 1021 m- 3 , for z = 2 mm and z = 4 mm, respectively. 
These values are higher than the ones obtained by Thomson 
scattering. However, Thomson scattering measurements close 
to the are (z=2-8 mm) suffer from a large arnount of stray light 
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Figure 4: The heavy partiele temperature of the neutrals in 
the plasma jet vs. the distance from the ons et of the expansion 
(z): •, o, o: measurements of the 696.5 nm line and repro­
duceability measurements; +: measurements ofthe 451.9 nm 
line. 

[7] and are significantly less accurate than measurements with 
the sarne technique further in the expansion (for z > 8 mm, 
the accuracy for n, is very high: about 3-5% ). Figure 5 shows 
the electron density measurements using both methods as a 
function of axial position. The solid line represents the adi­
abatic model by Ashkenas and Sherman [8, 13]; this model 
describes the supersonic expansion of a neutral gas through a 
nozzle. The values measured by Fabry-Pérot interferometry 
provide additional information for n, in a region where Thom­
son scattering becomes less accurate due to stray light. Good 
agreement with the adiabatic model is found. 

B. Metaslabie densities 

Until now, we have not considered the asymmetrie 696.5 om 
(4p'[1J-4s[~]0 ) line profiles. This asymmetry of the 696.5 nm 
line was persistent after several new alignments, where, in each 
case, the apparatus profiles proved to be perfectly symmetrie. 
Furthermore, the 415.9 nm line profile shows no asymmetry 
whatsoever. Together with the fact that the 696.5 nm profiles 
become symmetrie at larger z-values (z > 28 mm) and at the 
edges of the plasma, we conclude that the asymmetry is a real, 
physical effect (see figure 6). 

The following simple model gives an explanation for the 
observed phenomenon. We envisage the expanding plasma as 
consisting of two parts (see figure 7): a hot, fully homoge­
neous, central part with known n" T,, 4p' level density, and 
T0 • This region is surrounded by a relatively cool argon gas, 
containing a lot of metastables. In this peripheral region, the 
electron density and 4p' level density are assumed to be negli­
gible (Figure 8). Both the temperature of the gas surrounding 
the plasma as well as the density of the 4s level are unknown. 
The distances a and b in figure 8 are determined from lateral 
emission scans (giving the value of a) and the geometry ofthe 
vessel, respectively. 

Because the 696.5 nm line has a relatively large transition 
probability (0.067 x 108s- 1) and endsin a metastable 4s level, 
self absorption is to be expected. In the plasma, the self ab-
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10 20 30 40 

z (mm) 

Figure 5: Electron density measurements vs. axial position. 
Open ei re les denote data obtained fonn the Stark broaden· 
ing of the argon (I) 451.9 nm spectralline, measured with 
the Fabry-Pérot interferometer. Dots denote electron density 
measurements by Thomson scattering. The drawn line rep­
resems the adiabatic model by Ashkenas and Sherman (ref. 
[13]) for a supersonic expansion of a neutral gas through a 
nozzle. 

sorption profile is the same as the emission profile: a Voigt, 
shifted to the red due to the Stark effect. Absorption in the 
cold gas surrounding the plasma, however, takes place at the 
unshifted wavelength, because the electron density is negligi­
ble. So the absorption profile in the periphery of the jet is a 
Gaussian (Doppler broadening) withits center at the unshifted 
wavelength. 

The total intensity profile h is given by: 

I~= C(l exp(-tep,.\a))e:z:p(-ng,>.b), (3) 

where Kp,.\ and Kg,>. are the absorption coefficients, embed­
ding the 4p' and 4s densities [14) for the plasmaand the gas, 
repectively. The À-dependence bas the form of a Stark-shifted 
Voigt profile for the plasma, and the forrn of a Gaussian profile 
centered around the unshifted wavelength for the gas. C is a 
constant. 

In order to fit the rneasured line profiles with a least-mean 
squares program containing Eq. (3), one bas to use data from 
other sources: the electron density (Thomson-Rayleigh scat­
tering), the heavy partiele temperature in the plasma (415.9 nm 
line profile analysis), the lengtbs a and b, and the 4p'(!] level 
density (optical emission spectroscopy). By measuring the 
latter [8, 9], one has to in principle account for the fact that 
self absorption is important (as indicated by the asymmetrie 
696.5 nm line profiles!). In practice, however, this is not very 
important, as the absorption coefficiènts in Eq. (3) are propor­
tional to [(n/ g )4, ( n/ g)4p• I (where gis the statistica! weigth 
of the level concerned). Within and outside the plasma, the 4s 
density is much larger (about a factor 100) than the4p' density, 
whereas the statistica! weights of the two levels involved are 
of the same order of magnitude. So, the inHuence of errors in 
( n/ g )4p• on the line profile is smal!. The free parameters for 
the fits, then, are the 4s[ ~]0 level density and the temperature 
of the metaslabie gas r •• 
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Figure 6: An example of an asymmetrie line profile, as mea· 
sured at z = 12 mm. The interval between two neighbouring 
points correspamis toa wavelength interval of2. 98x I0-4 nm. 

Figure 7: A schematic view of the model used to explain 
the asymmetrie line profiles. The plasma cross section is 
envisaged as consisting oftwo parts: /, the (hot) plasma itself. 
and 11, the cool gas surrounding the plasma. a and b are the 
dimensions of the two regions. 

Figure 9 shows a line profile (at z = 14 mm, at the axis of 
the plasma jet) with its best fit. The simpte model is capable 
of reproducing the line profiles very well. The fits thus give 
results for the metaslabie density and metaslabie temperature, 
as all the other parameters are known. The values are accurate 
within 30 %, in view of the errors in a and b and the simpli­
flcation by consirlering only two (homogeneous) wnes in the 
vessel. In figure 10, the metastable temperature in the peri ph· 
ery is compared to the heavy partiele temperature of the plasma 
jet. An increase of the temperature of the periphery with in­
creasing z, to the temperature of the central plasma, is clearly 
visible. This means that the total jet is becoming more and 
more isothermal. This is also indicated by Thomson-Rayleigh 
scattering measurements [7]. The metastable densities as a 
function of z are given in tigure 11. Note, that these reileet the 
4s[~)0 level densities in the periphery of the plasma (Figs. 7 
and 8). 
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Figure 8: A sketch of the species concentrations as assumed 
in the model: The plasma has a fini te electron density and a 
finite ( 4p') level density, whereas the ( 4s) metaslabie density 
is supposed to be fini te and constant both inside and around 
the plasma. 
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Figure 9: An example of a measured asymmetrie line profile 
(at z = 14 mm) withits least-meon-squaresfit and residue. 

IV. DISCUSSION AND CONCLUSIONS 

Fabry-Pérot measurements can extend the set ofknown plasma 
parameters (n,, Te, and n0 , Thornson-Rayleigh scattering) by 
adding the heavy partiele temperature To. The information, 
however, is nol spatially resolved, but always retlects a certain 
line of sight. This blurs some of the features so distinct in 
spatially resolved measurements, such as the internat stucture 
of the (Barrel-type) shock [8, 7]. 

The accuracy of the Fabry-Pérot measurements is estirnated 
to be within 30% for To. This estimate was established by 
performing reproduceability checks on different days and by 
the margins of error as indicated by the fitting procedure. 

The measured heavy partiele ternperatures are consistent 
with other measurements, as they fit to the heavy partiele 
temperature at the end of the are as well as to the electron tem· 
perature further in the vessel. Furthermore, the background 
pressure in the vessel gives an extra indication of the accu­
racy of the measurements. lf pressure equilibrium is assurned 
further in the vessel, the background pressure is equal to the 
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Figure I 0: Hea>y partiele temperatures inside and around the 
plasma jet vs. axial position; ( +) argon neutral temperature 
( campare Fig. 4 ); ( •) tempera/ure of the argon neutrals around 
the plasma, as derived from the fits of the asymmetrie line 
profiles. 
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Figure 11: The 4s[~] 0 metastable density around the plasma 
vs. the axial position. 

sum of the gas pressure (which is equal to nkT and is, hence, 
largely determined by the heavy particles in these plasmas with 
a low ionization degree (3-4% )) and the stagnation pressure, 
which depends on the velocity ofthe particles [8]. lf we insert 
an estimated value for this speed (600 m/s after the shock) 
and the measured values of Te and To further in the vessel, 
the sum of stagnation and gas pressores indeed matches the 
background pressure within 5%. 

Electron density measurements using Stark broadening 
analysis appear to give additional information to Thornson 
scattering data, as the latter suffer from stray light close to the 
are. The values obtained from Stark broadening of the lines 
are accurate within 30%, and show a good agreement with the 
adiabatic expansion model by Ashkenas and Sherman [ 13]. 
This strongly supports the view that the supersonic part of the 
expansion very closely resembles an adiabatic expansion [7]. 

The asymmetrie line profiles give a wealth of information. 
In order to obtain the metaslabie densities and temperatures, 
we inserted all other known variables (such as the electron 
densities) into the fit. In principle, however, one mayalso use 
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this asymmetry to delermine electron densities, as the asym­
metry essentially proves to be aStark shift effect. In this case, 
the fitting procedure uses more free parameters. The simple 
model of a two-region plasmajet is capable of reproducing the 
asymmetrie line profiles very wel!. The accuracies of T4, and 
n4, are around 30% and 50%, repectively. These margins of 
error are indicated by reproduceability checks and the errors 
given by the fitting procedure, as well as by uncertainties in 
the emission and absorption lenghts a and b (Figs. 7 and 8). 

The fitting procedures were also performed with a slightly 
different model, in which the metaslabie densities (see Fig. 8) 
are assumed to be constant as well, but different in regions I and 
IJ. This, however, did nol significantly change the metaslabie 
densities or temperatures in the periphery. 

The measured metaslabie densities around the plasma are 
substantial (1017 m- 3). Aftera few centimeters in the expan­
sion, these metaslables are probably produced by the capture 
of resonant radialion from the plasma center. The temperature 
of the metaslables around the plasma is a unique result from 
the line shape analysis. The metaslabie temperatures indicate 
that the plasma jet is becoming more and more isothermal, 
which is also indicated by Thomson scattering measurements 
[7). 
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Abstract. Four ways to measure the electron density in low-temperature plasmas are presented: Thomson 

scattering, Langmuir probe. optica! ernission spectrosoopy, and continuurn radlation analysis. The results of 

the four methods are compared toeach other and discussed. Forthe electron density range of 1019 - 1021 m-3, 

Thomson scattering proved to give the most accurate results (within a few percent); the Langmuir prohe 
measurements a lso proved accurate (15% ). A collisional radiative model fit through excited level populations 

and continuurn analysis yield results in good agreement with Thomson scattering data, although with larger 

margins of error (around 40%). A simpleSaha-fit proved to he inadequate. 

I. INTRODUCTION 

In a sense, the study of plasmas begins with measuring n., 
the electron density. It constitutes one of the most funda­
mental parameters for plasmas, as for many plasma types ne 
varies a great deal more than, e.g., the electron temperatureT •. 
However, it is aften difficult to delermine accurately ne (say, 
within 10% ). In the present study, we present four methods to 
determine ne in low-temperature (electron temperature below 
0.5 e V) plasmas. 

Probably the most accurate, local, and unambiguous way 
to delermine ne (i.e., for our experiment: ne > 1018m- 3) is 
Thomson scattering [ 1]. Accuracies of 3% cao be achieved 
using this diagnostic; the tradeoffs are price and complex­
ity [2]. In the present study we campare other (cheaper and 
more simple) methods, i.e. Langmuir double probe, opti­
ca! emission spectroscopy (OES), and continuurn analysis, to 
Thomson scattering. The measurements are carried out on 
a low-pressure recombining plasma jet, which has been used 
succesfully for deposition of carbon and silicon materials [3, 4] 
and looks promising for souree applications (H+, H-) [5] as 
well (Fig. l). Withits greatly varying ne [2, 6] and recombin­
ing character, it also proved very suitable as a subject for this 
investigation. 

11. EXPERIMENT AND DIAGNOSTICS 

A continuously operaled D.C. are ereales an argon plasma at 
subatmospheric pressores (0.6-0.2 bar, diameter plasma chan­
nel 4 mm) which expands into a heavily pumped vacuum 
vessel, creating a supersonic expansion, ending in a station­
ary shock and foliowed by a subsonic relaxation. The plasma 
souree can be moved within the vacuum vessel (in the x, y, 
and directions ). The vacuum vessel has a length of 3 m and 
a diameter of 0.36 m; the plasma jet has a length of about 
0.7 mand a diameter increasing from 4 mm toabout 15 cm. 
The plasma condition is kept constant: are current: 45 A, 
are voltage: 100 V, background pressure: 40 Pa, argon flow: 
3.5 standard liters per minute. Detailscan be found in [2, 7]. 
Befare turning to the results, we wiJl discuss very shortly the 
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Figure I: The cascaded are experiment. A thermal plasma at 
subatmospheric pressure is created in a cominuously operated 
D. C. are, consisting ofthree cathodes, three electricaly isolated 
copper plates, and an anode plate. All the parts are water 
cooled. The plas11W. expands through the nozzle into a low­
pressure (40 Pa} vessel, creating a supersonically expanding 
plasma jet. 

principles and diagnostic characteristics of the different meth­
ods, as they are well known from literature. 

Thomson scattering is the scattering of electromagnetic ra­
diation off free electroos in a plasma. In the classica! view, 
the electron is forced to oscillate with tbe incident field, after 
which it hecomes a dipale oscillator itself. This dipale radi­
ation can be detected ( during Thomson scattering, the wave­
length remains unchanged save for Doppier effects, which give 
T, infonnation) and is proportionalto the number of electroos 
in the deleetion volume. For Thomson scattering, Nd:YAG 
(yttrium alominurn garnet) frequency-doubled laser radialion 
(532 nm) is focused on the plasma by a f 0.5 m lens, re­
sulting in a heam waist in the focal plane of 100 Jlm. The 90° 
scattered radialion is transmitted through an optica! system, 
dispersed by a hollow concave grating, and detected by an 
image-intensified photo diode array. The total Thomson scat­
tered radiation (which can be distinguished from the Rayleigh 
scattering off bound electrons) is directly proportional to n,. 
Cal i bration is perforrned at a known amount of pure argon 
gas. The apparatus bas heen used very succesfully to deler­
mine electron densities and temperatures as well as neutral 
partiele densities in recombining plasma jets [2, 7]. 
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Table I. A comparison of Jour methods to determine n, in recombining plasmas: T.S.: Thomson 
Scattering, CRM: Collisional Radiative Model, Saha: Saha fit through uppermost levels, Cont.: 
Continuurn measurements averaged for blue and red part of the spectrum, Probe: double Langmuir 
probe. In the third main column, n: represents n, values calculated using T. obtainedfrom Thomson 
scattering measurements. 

n. (1019m 3) 

z(mm) 20 40 70 20 
T.S. 6.5 1.8 4.6 15 
CRM 5.0 1.7 8.4 50 
Saba 3.7 4.2 9.8 60 
Cont. 5.3 2.2 3.8 30 

5.4 4.5 15 

The dynamic range for n. is I013-1022m- 3, the accuracy 
around 3-5%. 

The double Langmuir probe is an intrusive method, i.e. it 
does nolleave the plasma undisturbed, as the other techniques 
described here. By inserting two electrodes (length 7 mm, 
diameter 0.4 mm) in the plasma, the ion saturation current 
is measured, from which n. can be determined [8, 9]. I-V­
characteristics are obtained using a function generator and a 
personal computer. The PC also detetmines n, and T, from 
the shape of the characteristics. Tbe Langmuir probe is a local 
metbod with a large dynamic range (n. deleetion limit around 
1016 m-3). 

Optica/ Emission Spectroscopy ( OES ): The atomie state dis­
tribution function (ASDF) for an excitation system (e.g. argon 
I) reflects the (non-) equilibrium state of a plasma [10]. For 
the determination of n,, the procedure is as follows: using 
line intensity measurements, an np/ gp vs. lp {Boltzmann·) 
plot is constructed, with np/ gp the absolute level population 
per statistica! weight and lp the ionization potential of the 
level designated p. By assuming the oppermost levels in an 
atomie system to be in Saba-equilibrium with the adjacent ion 
ground state, n. can be determined as well [10, 11]. Fitting 
a straight line through the oppermost levels in a Boltzmann 
plot gives the electron density (and temperature). A second, 
more sophisticated metbod introduces a collisional-radiative 
(CR) model to describe the level population of all the roea­
sured levels. In our recombining case, we used a simp Ie model 
by Biberman et al [12], which assumes that the deexcitalion 
from level p downward is equal to the deexcitation ending on 
level p. The model was slightly adjusted to incorporate highly 
excited states [13): 

( 1) 

In (I), k is Boltzmann's constant, T, is the electron tem­
perature, h is Planck's constant, g; and g, are the statistica! 
weights of the ion ground state and the free electron, respec­
tively, and m, is the electron rest mass. This model is valid 
for lp :::!> kT,, whereas for lp ::; kT, Saba equilibrium is 
assumed. A model fit yields n. and T,. A similar model can 
be applied to ionizing plasmas [12]. 

In the OES system, plasma light is transmilled through 

án. (%) n: (I019m-3) 

40 70 20 40 70 
7.5 8 
50 50 5.0 2.0 4.5 
60 60 3.5 2.8 4.5 
30 30 

an optica! system, analyzed by a monochromator (Jerryi-Ash 
0.5 m, resolution 0.16 nm), and detected by a cooled (-200C) 
photomultiplier (RCA 31034) [7, 14]. A number of lines in 
the argon system are used: 811.5, 763.4, 750.4, 703.0, 696.5, 
693.8, 591.2, 588.9, 531.8, 518.8, 505.0, and 420.1 nm. Data 
on these transitionscan be found in [14, 15]. The optical 
system is calibrated in an absolute way using a tongsten rib­
bon lamp ( accuracy < 10% ). Lateral plasma scans are taken 
using a stepper motor driven rotating mirror. Abel-inversion 
is used to convert the lateral scans into radial np / 9p profiles 
[11, 16, 17]. 

The continuumradiationofthis type of plasma is dominated 
by the electron-ion free-bound radiation. Tbe total continuurn 
emissivity < (Wm-3sr- 1m- 1) can be written as [18, 19]: 

(n,)2 
C ).Z"fT;f.tot, (2) 

with >. the wavelength (in m), C = 1.63 · w-43 Wm4 K! sr- 1, 

and f,101 = 1.7 ± 0.2 is the total Biberman factor [18, 19]. If 
T, can be estimated (e.g. from a simpIeSaha fit in a Boltzmann 
plot, the T. dependenee is very weak), n, can be determined. 

The continuurn part of the spectrum is measured using the 
OES diagnostic. Continuurn radiation was measured in the 
red (>. = 633.5 nm) and in the blue (À = 468.8 nm) part of 
the spectrum. Also in this case, lateral scans are taken and 
Abel-inverted into radial emissivity data. 

The fact that the plasma can be moved inside the vessel 
without changing signilicantly facilitates the application of 
different diagnostic techniques to the same plasma Great care 
is taken to make sure that all of the above diagnostics are 
applied at exactly the same z position (i.e. A z :::;0.,5 mm). 
With the OES system, measurements are taken at z 20, 40, 
and 70 mm (z = 0 representing the onset of the expansion, the 
exit nozzle of the are). With the Thomson scattering apparatus 
and the Langmuir probe, data are taken at smaller intervals, 
covering the entire plasma jet from z = 0 to 500 mm. A 
comparison between all four methods wil! be made at = = 20, 
40, and 70 mm. 

111. RESULTS AND DISCUSSION 

Table I gives a compilation ofthe results. The Thomson scat­
tering data are taken as a standard, as this diagnostic requires 
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Figure 2: An example of a Boltzmann plot: np/ gp vs. lp, 
constructed using the DES measurements. The data are taken 
at z = 70 mm. The dotted line represents a fit with a collisional 
radiative model, whereas the drawn fine is a simple straigth 
line fit through the up permost levels, assuming these to be in 
Saha-equilibrium with the adjacent continuum. 

no assumptions on plasma equilibrium etc.. The margins of 
error are established by adding the relative errors in the mea­
surement and data aquisition procedure (5% [2]) to those in­
troduced by plasma reproduceablîty. Thomson scattering is 
the only diagnostic which is intrinsically accurate enough to 
render these day-to-day plasma changes observable. 

Figure 2 gives an example of a Boltzmann plot at z=70 mm, 
with hoth a CRM fit and a simple Saha fit. The margins of 
error indicated in Table I are aresult of: (a) plasma repro­
duceability errors (10%), (b) errors in the calibration ( < 10%), 
(c) errors in the transition probabilities (25-50%, [15]), the 
Poisson stalistics (usually < 10%), and (d) errors in the Abel­
inversion proeedure (a few %). 

The margins of error for the results calculated from the 
continuurn emissivity are due to: (a) plasma reproduceabil­
ity errors (10%), (b) calibration errors (<10%), (c) errors in 
the Abel-version procedure (a few % ), and ( d) the Poisson 
stalistics (around 30%, as !he signa! is very weak). 

1be double probe measurements need some additional ex­
planation. Even though the statistica) errors (indicated in Ta­
bie I) are rather small, a large difference with the Thomson 
data is observed at z 40 mm, where the stationary shock 
front is situated [2]. This may be caused by the disturbanee 
of the flow pattern by the probe insertion, which is most dras­
tic within the shock, where gradients are large. Futhermore, 
the probe area (2x7 mm2) may be too large to fully resolve 
the shock features, introducing systematic errors. The values 
outside the shock region are in rather good agreement (within 
the stochaslic errors) with the Thomson scattering data. This 
is clear in Fig. 3, which shows a comparison of Thomson 
scattering and probe data for a range of axial positions. The 
systematic deviation downward for z > 150 mm is a conse­
quence of a poorly deterrnined T,, resulting in a low n, value. 
When the Thomson scatteringT, [2] is used tocorrect forthese 
errors, an agreement within 10% is reached for z > 150 mm. 
The discrepancy at the shock position, however, is not solved 
in this manner [20]. 

The Thomson scattering values for T, can also be used to 
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Figure 3: A comparison between Thomson scattering and 
Langmuir probe data: the electron density on the axis of the 
plasma jet vs. the distance from the ons et of the expansion. 
The general agreement is good (i.e. within 15%), whereas in 
the shock r<~gion ( around z = 40 mm) a deviation is observed: 
insertion of the probe evidently disturbs the flow pattem sig­
nificantly at these axial positions. 

correct the n, values as determined from the OES measure­
ments, thus eliminating one of the major drawbacks of the 
OES method. The T, values are 0.17, 0.24, and 0.26 eV at 
z = 20, 40, and 70 mm, respectively [14]. The results are 
given in the last column of table 1. The n, values, thus ob­
tained with the Saha-method, show a much better agreement 
with Thomson scattering data. For the CR model, the value at 
z = 70 mm is brought in line with Thomson data. This shows 
that, particularly when deterrnining n, using Saha, the error in 
T, is a dominant factor. The continuurn measurements show 
no significant difference when Thomson scattering 7~ values 
are used. 

In condusion we can state that there are some good alter­
natives to Thomson scattering for the determination of n., 
if accuracies around 30% are permissible. Probe measure­
ments are an alternative, especially since the deleetion limit 
is low: around 1016 m-3 . A drawback may be the fact, that 
flow patterns are disturbed when !he probeis insened. Both 
the continuurn results and the CRM fits yield results in good 
agreement with Thomson scattering data. A simple Saha fit 
proved to be adequate only to give an indication for the order 
of magnitude of n, (i.e. within a factor of2-3). 
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Argon-Hydrogen Plasma Jet Investigated by Active and Passive Spectroscopie Means 
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Abstract. A supersonically ex panding argon cascaded are plasma, with different amounts of hydragen added 
(0, 0. 7, and 1.4 vol. % H,), was studied using Thomson-Rayleigh scattering and optica] emission spectroscopy. 
Wtth hydragen added, the electron density profile as a function of the distance from !he onset of the expansion 
shows a large extra ionization loss (compared to the pure argon case), especially after the stationary shock 
front. This anomalous lossof ionization is attributed to molecular processes, such as associative charge transfer 
between Ar+ and H, and dissociative recombination of the resulting ArH+ molecular ion. Spatially resolved 
emission spectroscopy shows, that in the expansion the radial hydragen emission profiles are braader than the 
argon pro files. The actdition of hydrogen appears to change the characteristic shock behaviour of pure argon. 
For both the argon and the hydrogen system it is shown, that the uppermost levels are in Saha equilibrium 
with their adjacent continuum. The measurements are in agreement with the view, that association of hydrogen 
atoms at the vessel walls, results in a re-en try flow of hydragen molecules in the plasma beam. 

I. INTRODUCTION 

The fundamental study of plasmas, expanding out of a cas­
caded are thermal plasma source, is important in view of the 
use of these plasmas for uitrafast deposition of a:Si-H, a:C-H, 
graphite, and diamond thin films [ 1)-[3). In the past, pure 
argon expanding plasmas have been studied extensively, espe­
cially the stationary shock front, accuring a few centimeters 
after the onset of the supersonic expansion. This research 
has resulted in a good onderstanding of expanding plasmas in 
pure argon [4]-[6). The next step towards deposition plasmas 
is the study of argon plasmas with smal! amounts of simpte 
molecules added, e.g. H2 . The research on argon-hydragen 
plasmas is important for another reason: these plasmas may 
be used as hydrogen atom and hydragen negative or posi­
live ion sources. In the following, an experimental study of 
argon/hydragen plasma jets is presented. 

II. EXPERIMENT 

A. The cascadeed are experiment 

In Fig. 1, the experiment is sketched [5]. The cascaded are 
plasma souree consists of three cathodes, three electrically 
isolated copper plates, and an end anode plate. All the parts 
are water caoled [7]. The are channel has a diameter of 4 mm. 
The are produces a thermal plasma at subatmaspheric pressure, 
characteriz.ed by a realtively high heavy partiele temperature 
(Th ;;;,Te "'I eV)andhighelectrondensities(l022-J023 m- 3). 

This plasma is allowed to expand onto a low pressure back­
ground, creating a supersonically expanding jet, ending in a 
stationary shock. The low pressure region consistsof a heav­
ily pumped (max. 700 Jitres per second) stainless-steel vessel. 
After the shock, axial veloeities are subsonic (i.e., around 
600 mis). The experimental conditions for all the following 
experiments are: I are= 45 A, Vare = 105 V, background pres-

~-----~~ 
-- .... ---- ---------- ·~-;;;;;; 7~. .l"ilr. 

~ IJ·~~ 
__ . __ ......------- cascade on: 

Figure I: The cascaded are experiment: a thermal plasma 
at atmospheric pressure is created in a continuously operaled 
D. C. are, consisting of three cathodes, three electrically iso­
lated capper plates, and an anode plate. All these parts are 
water cool ed. The plasma expands into a low-pressure reg ion, 
creating a supersonically expanding plasma jet. 

sure Pbaak = 40 Pa, argon gas flow = 3.5 SLM (standard liter 
per minute). 

Hydragen can be added in small amounts to the flow befare 
it enters the cascaded are. In the experiments the hydragen 
flows chosen were 25 seem (standard cubic centimeters per 
minute) and 50 seem, resulting in H2 fractions of 0.7 vol. % 
and 1.4 vol. % entering the are. 

B. Diagnostics 

Bl. Thomson-Rayleigh scattering 

Figure 2 shows the combined Thomson-Rayleigh diagnostic, 
which is described in detail elsewhere [5]. The frequency dou­
bled Nd:YAG (yttrium aJuminurn garnet) laser (Quanta Ray 
DCR 11) radialion at 532 nm is focused onto the plasma. The 
scattered radialion is observed under a 90• angle and analyzed 
by a polychromator and an image intensified photo diode ar­
ray. The stray light level is reduced substantially by placing 
the la~er dump far away, outside the vessel. The analysis of the 
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Figure 2: The Thomson~Rayleigh diagnostic. Frequency dou­
bled Nd: YAG radlation is focused onto the plasma by a system 
of two dichroic mirrors ( S 1 anti Sz) anti a lens L1. The stray 
light level is reduced by placing the laser dump (LD)far away 
(i.e., 2 m), anti installing several diaphragms D1-D3. The 
scattered radialion is transmitted through a system consist­
ing of lenses Lz anti L3 anti a mirror S3. Detected radiation 
is dispersed by a hollow concave grating (HCR), amplified 
by by a gated light amplifier (lA), anti dcetected hy an op­
tica/ multichannel analyzer (OMA}. The data sare processes 
by a personal computer (PC/AT), using an analog-to-digital 
convertor (ADC). 

scattered signa! gives accurate and spatially resolved ( scatter­
ing volume ~ 0.25mm3) information about the electron den­
sity, electron temperature, and the neutral partiele density in 
the plasma. The plasma souree can be moved along the z -axis 
without significantly changing the plasma, making axial scans 
possible while keeping the diagnostics fixed. 

B2. Optica! emission spedroscopy (OES) 

Plasma radialion is measured with an optica! emission spec­
troscopy experiment (Fig. 3, [4]). A Czemy-Tumer type 
monochromator (Jarreii-Ash 0.5 m) is used in combination 
with a Peltier-cooled photomultiplier tube (RCA 31034) to 
analyze the plasma radiation. Entrance and exit slits of 25 J.Lm 
and 100 pm, respectively, are used and result in a speetral 
resolution of 0.16 nm. The output of the photomultiplier is 
amplified and analyzed by a pboton counting system. Lateral 
plasma scans are possible by moving a step motor-drîven rotat­
îng mirror in the system. The photon-counting data processing 
and step motor control are implemenled in a modul ar, M68000 
processor based, laboratory computer system. A low wave­
length cut off filter was used for wavelengtbs above 500 nm to 
eleminate second-order radiation. The OES system was cali­
braled in an absolute way using a tungsten ribbon lamp placed 
at the plasma location in the vessel. 

z 
). 

Figure 3: The optica/ emission spectrometer. Plasma radi· 
ation is transmitted through a system of mirrors (S1-S4) anti 
glass lenses ( L1·l4). Mirror Sz can he rotated in order to 
peiform lateral plasma scans. A second order filter can he 
inserted in front of lens 14 (for wavelengths above 500 nm). 
A Czemy-Tumer monochromator (M) analyzes the radialion 
with a resolution of0.16 nm. A caoled photomultiplier(PM) 
detects the transmitted photons. 

C. Measurements 

Cl. Th011150n·Rayleigb scattering 

Spatially resolved measurements of the electron density, elec­
tron temperature, and neutral partiele density are carried out at 
different distances from the expansion nozzle, at the plasma jet 
axis. Because of an effective stray lightreduction and an accu­
rate fit procedure, relative errors in these measured quantities 
are low: about 5%, 15%, and 20%, respectively [5]. The neu­
tral partiele density, determined from the Rayleigh scattered 
signa!, isaboutequal tothe argon heavy particleconcentration, 
as the hydrogen seed-in flow is very small. The measurements 
are perforrned for 0 0.7 and 1.4 vol. % H2 admixed in argon. 

Cl. Optical emission spectroscopy 

Lateral scans of the plasma are perforrned for 13 argon neutral 
lines and the first four hydrogen Balmer lines. Usually, every 
lateral scan consists of 80· measurements, covering a lateral 
range of 100 mm. These lateral measurements are converled 
to radial profiles by a fast Abel-inversion procedure using 
filtered back projection [8]. After correction for the efficiency 
of the system (using the ribbon lamp calibration), these radial 
profiles can be converted into radial profiles of the absolute 
level population per statistical weight. The lines, selected for 
the light emission measurements, with relevant data [9], are 
presenled in tab1e 1. 
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Table I. The argon and hydragen lines selectedforthe OES measurements. Ep (in eV) is the energy 
measured from the ground state, lp (in eV) is the ionization energy of the level E; Ep, ..\ gives 
the wave/ength ofthe transition in nm, 9p is the degeneracy ofthe upper level, Apq is the transition 
probability(in 108 s- 1 ). The accuracies are the relative errors in the Apq 's. 

argon 
4p -+4S 811.5 13.07 2.69 7 0.366 25% 
4p-+ 4s 763.5 13.17 2.59 5 0.274 25% 
4p'-+ 4s 696.5 13.32 2.44 3 0.067 25% 
4p'-+ 4s' 750.4 13.48 2.275 I 0.472 25% 
5p-+ 4s 416.4 14.52 1.239 3 0.00295 25% 
5p-+ 4p 420.1 14.57 1.185 7 0.0103 25% 
4d-+4p 693.8 14.69 1.065 I 0.0321 25% 
6s -+4p 703.0 14.84 0.915 5 0.0278 25% 
4d'-+ 4p 591.2 15.00 0.755 3 0.0105 25% 
7s-+ 4p 588.9 15.18 0.575 5 0.0134 25% 
5d'-+ 4p 518.8 15.30 0.456 5 0.0138 25% 
8s-+ 4p 506.0 15.32 0.235 9 0.0039 50% 

7d'-+ 531.8 15.63 0.125 7 0.0027 50% 

3-+2 656.3 12.09 1.507 18 0.4410 1% 
4-+2 486.1 12.75 0.847 32 0.0841 1% 
5-+2 430.4 13.06 0.519 50 00253 1% 
6-+2 410.2 13.22 0.378 72 0.0097 1% 

The OES measurements are performed at three axial posi­
tions, at di stances of 20, 40, and 70 mm from the nozzle, for 
the pure argon case and for the two hydrogen-argon mixtures. 
The accuracy of OES results is mainly determined by the inac­
curacies in the transition probabilities (table 1), which amount 
up to 25-50% for argon. Furthermore, plasma reproduceabil­
ity errors as well as calibration errors have to be taken into 
consideration: ± 20% and I 0%, repectively. 

III. RESULTS 

A. Thomson!Rayleigh scattering results 

The results of the axial scans are presenred in Fig. 4. The 
neutral density behaviour is equal (within the margin of error) 
for all three conditions. Adding a small amount of hydro­
gen, therefore, does not influence the general structure of the 
expansion, as expected for these low admixtures. The ex­
pansion consists of a supersonic part (z <>::0-40 mm), a shock 
region (z <>::40-70 mm), and a subsonic relaxation region (after 
z=70mm). 

The electron temperature is also nearly independent of the 
hydragen admixture. The data scattering in this case, how­
ever, makes it difficult to draw conclusions about possible 
slight changes in temperature behaviour. The electron density 
is severely influenced by adding such a smal! amount of hy­
drogen, especially in the subsonic relaxation region. To make 
this more clear, Fig. 5 gives the electron density as normalized 
to that of the pure argon case. The data show a somewhat 
lower electron density right from the onset of the expansion. 
The ratio remains constant for the first 70 mm, but starts to 
deercase rapidly after the shock. Th is deercase turns out to be 

about twice as fast when the amount of admixed hydrogen is 
doubled. 

B. Optica] emission spectroscopy results 

As was pointed out above, proper calibration of the OES sys­
tem makes possible the calculation of radial profiles of the 
absolute level popuiadon per statistica! weight nv/ 9p· These 
profiles turned out to be quite congruent bath for the different 
argon lines and for the different hydrogen lines. The differ­
ences between the two species, however, are substantial, so 
we concentrale on one argon and one hydrogen line (Ar 1 
696.5 nm; H I 656.3 nm). 

Figure 6, then, shows these radial np/ gp-profiles for the 
696.5 Ar I transition (4p' level, table 1), at three z-positions 
and for 0, 0.7, and 1.4 vol. % hydrogen added. Especially 
the behaviour at z=40 mm is interesting, as the characteristic 
shock-dip at r 0 seems to disappear when more hydrogen 
is added, a phenomenon observed for all argon lines mea­
sured. The hydragen Ha (p (principle quanturn number) = 3) 
radial profiles are shown in Fig. 7 for the same two hydrogen 
actmixture conditions. These hydrogen profiles prove to be 
substantially wider than the correspondening argon profiles. 
This is even more apparent in Fig. 8, where the rtp/ gp-profiles 
for argon and hydragen have been normalized. 

'Ibe np/gp-profiles ofhighly excited levelscan be used to 
obtain the ion concentration ratio n.4r+ / n H+ by a methad 
utilized by Meeusen et al [10]. The argument starts by assum­
ing a Saba-equilibrium between the uppermost excited levels 
and their adjacent continuum: 
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Figure 4: The results from the Thomson and Rayleigh scat­
tering measurements for the three conditions mentioned in the 
text. (a) The neutral density no vs. the axial position z; (b) 
the electron temperature T, vs. z; ( c) the electron density n. 
vs. z. !:::.: pure argon,+: 0.7vol.% H2. o: 1.4 vol.%H2. 
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FigureS: The normalizedelectron densityne,Ar+H2/ne,Ar vs. 
the axial position z. Triangles denote 0. 7 vol.% H2, squares 
denote 1.4 vol.% H2. 

The subscript s is used to indicate one of the species Ar or 
H, whereas a superscript"+" denotes the corresponding ion· 
ized species. The constant C = (27rm,kfh2)312, u,+ is the 
ion partilion function. The other symbols have their usual 
meaning: k • Boltzmann's constant; h • Planck's constant; me 
• the electron rest mass; T, · the electron temperature; E; -
the ionization potential of the species concemed, and Ep · the 
excitation energy from the atom ground state of the level des­
ignated p. The lowering of the ionization potential due to the 
plasma environment is very small (0.01 eV) and is negleeled 
[liJ. 

If we write Eq. (I) for both the hydrogen and the argon 
system, an expression for the ion concentration ratio cao be 
obtained: 

nAr+ (np/Up)Ar'UAr+ 
na+ = (nq/Uq)H'UH+ 

( 
(E;- Ep)Ar - (E; - Eg)H) 

x kT, ' (2) 

where the hydrogen excited level is designated q. When 
applying Eq. (2), our main interest is to make sure, that the 
upper levels of the transitions chosen are in Saka-equilibrium 
with their respective continua, i.e., that !heir population is 
governed by (I). An estimate of this "Saha-region" for recom­
Qining plasmas cao be obtained using [I l, 12]. In our case, 
with n. ~ 3 x 1019 m-3, and T. ~ 0.20eV, theregionofSaha 
equilibriumextends toabout 1.1 eV from the continuum. This 
leadsus to use Hó (E; - Eq = 0.378 eV) and Ar I 518.8 nm 
(E;- Ep 0.456eV). Theaccuracy ofnAr+/nn+ ismainly 
determined by the accuracy of np 'and nq, as T, is known 
within20%. 

Figure9, then, gives the resultsof thecalculations using Eq. 
(2): the nAr+/ na+ ratios for both conditloos with hydrogen, 
for the three z-positions where measurements were taken. The 
corresponding absolute ion concentrations cao he calculated 
using the principle of quasi-neutrality: 

nAr++ nn+ = ne, (3) 
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Figure 6: Optica/ emission spectroscopy results: Ar 4p'[4J 
density (per statistica/ weight) radial profiles, for different 
hydragen admixtures, at three z-positions: (a) z=20 mm; (b) 
z=40mm; (c)z=70mm. +:pure argon, 6: 0.7vai.%H2, o: 
1.4 vol.% H2 . 

where we neglect doubly ionized species as well as molec­
ular and negative i ons as a first approximation. As nAr+ ~ 

nH+, in particular at the plasma axis (Fig. 9), we can actually 
takene :::::i nAr+· 

c_ Combined results 

We can look more closely at the presence of some kind of 
equilibrium between the different excited levels by combining 
the OES results with the Thomson-Rayleigh scattering data. 
To do so, we introduce the popu/ation factor bp, which repre­
senis the absolute level population weighed against the level 
population according to Saba: 

b - ___!!E_ 
p- ' 

np,Saha 
(4) 

where np,Saha is calculated from (I) using the measured 
values of n, and T, (Fig. 4). In the region of Saba-equilibrium, 
of course, bp = I. 

For the case of a pure argon plasma, bp vs. Ei - Ep plots 
for alllevels measured are presenled at three z-positions. As 
can clearly be seen, bp "" I holds for highly excited levels 
(Ei - Ep ~0.5 eV) at all z-positions. This constitutes a se­
cure test for measurements and calibrations, as these plots 
combine theory (bp = I for highly excited states in recom­
bining plasmas), Thomson scattering results (n,, T, val u es to 
calculate bp,Saha). and OES results (np measurements). The 
fact, that bp approaches unity when Ei - Ep approaches zero 
means, that the Thomson and OES measurements are in good 
agreement with each other within the experimental errors. 

Finally, then, the bp vs. E; - Ep plots for the hydragen­
argon mixtures are presenled in Figs. 10 and 11 (all at r = 0). 
The hydragen and argon systems can be presenled in a single 
frame, as bp is a universa! quantity: the bp values for hydrogen 
and argon can actually be compared at the sarne (Ei - Ep)· 

value (i.e., at the same energy distance from their respective 
continuum). For the calculation of the hydrogen bp values, we 
used the data from Fig. 9, and Eg. (3) in order to obtain nH+. 

For argon, we simply used nAr+ = n, at the plasma axis. 

IV. DISCUSSION 

A. General 

In the present section, a qualilalive model for the argon­
hydrogen expanding plasma jet will be developed, in order 
to understand the experimental findings. It is appropriate to 
start by presenting the general view, as supported by other 
measurements [4, 10, 13, 14, 15], forthis type of plasma. 

Starting inside a pure argon cascaded are, it has been estab­
lished, that n,, T,, and Th (the heavy partiele temperature) are 
around 1022 m- 3 , I eV, and I eV, respectively. The ionization 
degree is around 8 % [3, 7]. With hydrogen added to the argon 
before it enters the are, we assume this ionization degree to 
remain unchanged, at least for very low H2 seedings. 

As a next step, we compare the dissociation energy of H2 

(4.4 eV), the ionization potential of H (13.6 eV), and the 
argon ionization potential (15.8 eV). As, in a pure argon 
are, a substantial part of the particles is ionized, a comparison 
of the above potentials leads us to believe that with a small 
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(b) z=40 mm; (c) z=70 mm. b.: argon, +: hydrogen. The 
graphs for 1 .4vol. %are similor. 
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amount af hydrogen added the hydrogen will be complete!y 
dissociated. The Ar+ m+ ratio can be calculated using the 
Boltzmann equation: 

(5) 

For a 0.7 voL % H2 seed-in (i.e. 1.4% H particles) and 
T, = I eV, Eq. (5) gives a Ar+m+ ratio (ioside the cascaded 
are} of approximately x 12 x 0.11"" 102 . Thus, very !ittle 
H+ i ons are procuced the are, if we assume the i ooization 
degree to be roughly tbe same as in the pure argon case. 

With our assumption that only Ar+, Ar, H+, H and e­
particles leave the are, the extremely enhanced recombination 
with hydragen added (Fig. 4) is difficult to explain, as ordinary 
three-particle recomhination is far too slow at the densities and 
temperatures present [4 ]. Therefore, we are forced to consicter 
the influence ofthe stainless steel vacuum vessel in which the 
expansion takes place (length 3 m, diameter 0.36 m). It is a 
well-known fact, that stainless steel constitutes a perfect sur­
face for association of hydragen atoms. In our case (Fig. 12 
gives a sketch), after recombination in the subsonic part of 
the expansion, hydragen atoms wil! reach the wal is: the ves-
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Figure 10: The popu/ation factor bp vs. Ei- EP for the ex­
pandingplasmajetinpureargon: (a) z=20mm;(b) z=40mm; 
(c) z=70 mm. 
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argon, o: hydrogen. 

vacuum 
pumJlll 

Figure 12: A sketch of the recirculation pattem within the 
vacuum vessel. The recirculation flow is responsible for the 
transport of the H2 from the vessel walls into the plasma jet. 

Figure 13: The disappearance ofthe shock ridges in the Ar I 
( 4p ') radial profiles ( see Fig. 6) is the radial analogy of the 
electron density decreasein axial direction (see Fig. 4c), as a 
consequence of hydrogen molecules reentering the plasma jet. 

sel walls may wel! be saturated witb hydrogen. Association 
and subsequent desorption of hydrogen molecules could be 
responsible for a re-entry flow of hydrogen molecules (rota­
tionally and vibrationally excited) into the expanding plasma, 
in combination with a recirculation pattern, which may be 
present witbin the vessel. 

It is this re-entry flow of wall-associated hydtogen 
molecules that is thought to be responsible for tbe fast ion­
ization loss in tbe expansion. The following is tbe proposed 
reaction mechanism [ IO, 14, 15]: 

Ar++ H2(v = 0} ~ ArH+ + H, 

followedby: 

ArH+ + e- --+Ar+ H*. 

(6) 

(7) 

The second (dissociative recombination) step is known to be 
very fast (rate constant around to- 13 m3ç 1), whîle tbe first 
step has a rate constant lower by a factor of about 102 at the 
present conditions (K = 1.1 x 10-IS m3s- 1, [ 16]). -In principle, 
Ar+ can also react with H2 to form Hi: 

(8) 

foliowed by formation of Hj and subsequent dissiociative 
recombination [ 14, 15]. This reaction, however, has been 
shown to be of little importance for energies below 0.5 eV 
[17]; at low energies, reaction (6) dominates. 
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Another reaction that may occur involves vibrationally ex­
cited hydragen molecules and hydragen ions: 

H+ + Hz(v > 4) ll:{+H, {9) 

followed by: 
H+H*. {10) 

The reaction rat es for (I 0) and (7) areabout equal. The reaction 
rate for (9) is about 25x 10- 15 m3s- 1 [14]. Note, that both in 
(6) and (10), the formed hydragen appear in an excited state, 
most probably p = 2 or 3. 

B. Thomson-Rayleigh scattering 

Fram the Thomson-Rayleigh measurements, we can actu­
ally make an estimate of the amount of (re-entrant) hydragen 
molecules. To do so, we assume, that reactions (6 - 7) con­
stitute the dominant process in the ionization loss as seen in 
Fig. 4c. We describe this dominant loss term in the electron 
mass balance as follows: 

8ne ( } 
(at)Eq.(6,7) -nAr+llH,KArH+, 11 

as tbe first step (6) delermines the reaction speed. If we 
assume, for the moment, nAr+ ~ n,, and nH, constant along 
the z-axis, ( 11) is integrated easily: 

{12) 

In (12), t=O corresponds to z=10 mm, whereas t = t corre­
sponds to z=500 mm (see Fig. 4). Thus, t = !1zfv,, with 
vz the axial velocity after the shock; v, ;;::600m/s. We take 
KArH+ = l.lx10- 15 m3s- 1• Ifweinsertthemeasured quan­
tities fora 0.7 vol.% seed fraction: ne,t=O = 3 x 1019 m-3, 
ne,t=t = 3 x 1018 m-3, Li.z ~ 0.430 m, we obtain an estimate 
for nH,: 

(13) 

Sa far, we have negleeled any influence of reaelions (9-1 0), 
even tbough the rate of the s1ower of these two, (9), exceeds 
that of ( 6) by a factor of about 2. However, the H+ concen­
tration is smaller than the Ar+ concentration by a factor of 
10-500. Furthermore, a hydrogen molecule must be vibra­
tionally excited in order to participate in reaction (9). Thus, 
even though the rate constant of (9) is large, the contribution 
of reaelions (9-1 0) to the ionization 1oss can benegleeled in 
our plasma. 

C. Optica( emission spectroscopy 

The most crudal point in the discussion of the OES mea­
surements, is the origin of a certain level's population. In 
principle, this population is a result of excitation from lower 
levels andlor recombination from bigher ones. In cases where 
T, is very low, i.e" in the 0.2-eV range, only three partiele 
recombination is important (for atomie plasmas). In a pure 
argon expanding plasma jet the levels are populated by the 
destructien of Ar+ ions [4]. From Eq. (I) it can be shown 
that tbis results in a level population roughly praportional to 

n;. Thus, in a sense, we are "looking at" the Ar+ popu1ation 
by examining the atomie state distri bution function in the Ar I 
system. 

In our case, where two ion ie species (Ar+ and H+, in a ratio 
of about I 00: 1) leave the are, the situation is more complex. 
We shall confine ourselves to the view that Ar I excited states 
are populated mainly through three-particle recombination, 
i.e., we leave out processes such as excitation exchange for 
the moment. As three partiele reeombination is proportional 

to T,-l, higher line intensities are to be expected at z=20 mm, 
where Te is low {Fig. 4b ). This is retlected in the behaviour 
ofthe (4p') levels, shown in Fig. 6. 

The hydrogen excited level popuiatien may also arise from 
dieleetronie recombination, but in this case an extra souree 
term almost certainly comes in: tbe dissociative recombina­
tion in (7) and (10), ending in hydragen excited states p=2,3. 
The H I 636.5 nm emission probably arises, then, due to a 
combination of the two processes: three-particle recombina­
tion mainly at the plasma axis, and dissociative recombination 
"wings" at the edges, where the re-entrant H2 molecules are 
most abundant. This is relleeled in the fact, that the p 3 ra­
dial profiles are broader tban the corresponding Ar4p' profiles 
(Fig. 8), especially at z 20 mm. 

One can attempt to explain the changing of the shock be­
haviour as relleeled in the Ar (4p') emission (Fig. 6b) at 
z 40 mm within the qualitative model. At the plasma 
axis, the (4p') density is roughly constant for different hydro­
gen admixtures, but the characteristic ridges at ,. ""' ± 20 mm 
(in pure argon) are smoothened and eventually disappear. This 
can be viewed analogous to the electron density deercase in 
axial direction, as seen in Fig. 4b. If we still assume that Ar I 
emission represents the Ar+ population, as stated above, the 
di sappearanee of the shock ridges may be due to reaelions (6) 
and (7) under the inlluence of radially entering H2 molecules. 
Fig. I 3 gives a sketch of the hypothetical analogy: the Ar I 
emission at the edges of the beam deercases due to the loss of 
argon ions. 

The fact, that the hydragen system has an extra input can 
also be seen in Figs. 10 and 11: all H levels have higher to 
much higher hp values (up toa factor 1 02) compared to argon 
(atacertain E;- Ep). Note thefact tbatevenp = 3 has bp ;;:: I 
atz = 70 mm, for E; Ep =1.511 eV. The overpopulationof 
p 2, 3 stales due to dissociative recombination could well 
be smoothened over the other levels by electron collissions at 
T, ~ 0.2eV. 

At z=10 mm, the plasma is almast homogeneous, as illus­
trated by Fig. 8c: the hydragen and argon profiles are almost 
equally wide - a substantial difference with z=20 mm, in­
deed. This may point to tbe reentrant hydragen molecules 
being absorbed by tbe beam befare the stationary shock front 
at z ""40-10 mm. As can beseen from Figs. 10 and 11, the 
atomie level distribution function is ciosest to Saha equilib­
rium at z=70 mm, because T, is higher than at the other two 
z-positions considered here (Fig. 4b). The Ar+ lH+ ratio turns 
out to be of the right order of magnitude ( campare the outcome 
of Eq. (5 to Fig. 9 fora 0.7vol. % seed fraction), However, 
it is higher by a factor of about 5. Same extra H+ losscan be 
explained thraugh gasdynamical reasoning, based on the fact 
that hydragen i ons are lighter than argon i ons by a factor of 40. 
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This should be reftected in a much faster radial and axial ex­
pansion (factor -/40 ::::< 6), within the !i mits of quasineutrality. 
This results in a larger Ar+ lH+ ratio (factor 6). 

D. Conclusions 

The n0 vs. z profile shows that the gasdynamical expansion 
in axial direction is not heavily influenced by adding a smal I 
amount of hydrogen to the plasma. 

The n, axial profile, however, is severely changed by the 
addition of hydrogen, most probably because of a reentry flow 
of hydragen molecules. These molecules are formed at the 
vessel walls and could trigger a very effective recombination 
channel (6-7). 

The broad hydrogen emission profiles, especially at 
z=20 mm can be explained by the occurrence of this reaction 
at the edges of the plasma. A different expansion behaviour 
of hydrogen may also induce broader radial profiles. 

The smoothening of the shock ridges in the argon (4p') 
profiles could be caused by reaelions (6· 7) occurring at the 
edges of the plasma: the (4p') level density at the plasma axis 
is almost unaffected. · 

The Ar+ lH+ concentration ratios are larger than expected 
(following the basic are picture) by a factor of about 5. This 
can be explained by the fact that hydrogen ions are much 
lighier than their argon counterparts. 

The fact, that highly excited levels in the Ar I system ap­
proach bp = 1 (in all three conditions) is asolid test for both 
Thomson-Rayleigh and OES measurements. 
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Abstract. An argon ex panding cascaded are plasma, with small amounts (0- l 0 vol.%) of hydrogen added to 
the flow, is investigated by means of Thornson-Rayleigh scattering and optica! emission spectroscopy. The 
results, especially the electron density behaviour as a function of the distance from the onset of the expansion, 
are interpreled by cornparison with results of a quasi one- dimensional model. The associative charge exchange 
reaction between Ar+ ions and H2 molecules plays a dominant role in the model. Assuming that H2 molecules 
from tbc wal! enter the plasma in the shock region, the large ionization losscan be explained. Good agreement 
between model and experiment is found for the electron and neutral density and the electron temperature 
behaviour. This makes plausible the existence of a recirculation flow inside !he vacuum vessel, which transpoets 
wall-associated bydrogen molecules towards the plasma. 

I. INTRODUeTION 

In a previous paper [1] we reported on the study of a super­
sonical!y expanding cascaded are plasma in argon with small 
amounts of hydrogen added to the flow. In the present work 
we shall extend this study by camparing new measurements to 
a quasi one-dimensional model. We wil! especially elaborate 
on the speculatien that wall-associated hydrogen molecules 
play an important role in the large ionization loss in argon 
plasmas with low hydragen seed fractions. A re-entry flow 
of hydrogen molecules into the pla~ma beam is thought to be 
caused by wall-associated molecules transporled towards the 
plasma by a slrong recirculation flow inside the vessel, as was 
hypothesized by the nuthors in (I] as well as by De Graaf et 
al. [2]. 

The study of plasmas of this type is important in view of 
the applications: deposition of tbin films and partiele sourees 
([2]-[6]). 

11. THE QUASI ONE-DIMENSIONAL MODEL 

Modeling of a pure argon plasma, ex panding out of a cascaded 
are souree has proved to give good insight in the transport 
phenomena and the plasma kinetics [7, 8]. Th is relatively easy 
approach willtherefore be extended to describe the expansion 
of an argon-hydragen plasma. The hydrogen is added to the 
flow before it enters the cascaded are. 

The experiment is shown in Fig. I and described in detail 
elsewhere [I, 3]. 

A. Basic assumptions 

Befare fully writing out the equations that govern the expan­
sion, the basic assumptions will be discussed. 

• The plasma is assumed to be ideal, i.e., the velocity dis­
tributions for all particles are assumed to be Max wellian 
in this type of plasma and the number of electrans within 

Figure 1: The e:xpanding plasma jet. A subatmospheric plasma 
(pressure 0.2-0.6 bar) is created inside the cascaded are. con­
sisring of three cathodes. three electrically isolated capper 
plat es, and an anode plate. The fomred plasma e:x:pands into 
a vacuum vessel, creating a supersonically e:x:panding jet. 

a Debye sphere is a~sumed to be large. The actual mini­
mum value is around 10-20 electrans per Debye sphere. 

• The effects of turbulence and viscosity are neglected. 

• The assumption is made that hydragen is totally dissoci­
ated for low hydrogen seed fractions (i.e. up to 2 vol%) 
in the casaded are (T,, the electron temperature, around 
1 eV). Thus, the heavy particles leaving the are are: Ar, 
Ar+, H, and H+ Most of the molecular hydragen in 
the ex panding jet is assumed to criginale from the vessel 
walls [I, 2]. The presence of molecular and negative 
i ons (Hi, Hj, H-) is neglected. The presence of ArH+, 
however, is considered, as this ion is an important inter­
mediale in molecular reactions. 

• All heavy partiele temperatures are assumed to be equal. 

• The charge exchange reaction Ar+ + H2 Ar + Hf 
is neglected in favor of the associative charge exchange 
reaction Ar+ + H2 ArH+ + H. This is justified at the 
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temperatures in the expansion, which are all well below 
0.5 eV [9]. 

• The energy loss due to line and continuurn radialion is 
negleeled compared toother energy losses [3). 

• Ohmic dissipation due to pressure induced currents will 
be neglected, despite its known influence on the electron 
temperature in argon plasma jets [8, 10]. 

• In the supersonic part of the expansion, axial veloeiles 
are assumed to be large compared to the radial veloei ties. 

B. The axial veloeities of the ditTerent particles 

One important matter has to be settled: to which extent are the 
axial veloeities of the plasma particles identical when hydro­
gen as a light "heavy particle" is added to the plasma? The 
case of pure argon has been extensively discussed by Van de 
Sanden et al. [8]. 

We start by comparing the relaxation times Txy and mean 
free paths Àxy for momenturn exchange (for particles x in 
species y) in the expansion as given by [11, 12, 13] for the 
densities close to the stationary shock front and a 2 vol% 
H2 seed fraction: n., = I020m- 3 , n" ""' n.+ ""' I018m- 3 , 

n .. + ""' n, ""' 1019m-3 . We shall only give the values for 
the mean free paths, as the relation between T and À is well 
known: 

Txy = ' 
ny < O'xy ·Vxy > 

(I) 

and: 
Àxy = Vx ' 

ny < O"xy · Vxy > 
(2) 

where Vxy is the relati ve speed of the particles, u xy is the cross­
section, and Txy denotes the time constant for momenturn 
exchange from species x toy. 

Figure 2 gives the mean free paths for momenturn exchange 
between the different particles. If we examine the mean free 
paths for the temperature range T = 2000-3000 K and compare 
them to typical gradient lengths in the plasma L ""' I0-2-

I0-3m we can conclude, that: (a) all charged particles are 
coupled; (b) the electron-argon and argon-argon ion mean free 
paths are small enough; (c) the neutral-neutral coupling could 
be a problem. Especially the hydrogen atoms appear to be 
quite free in the argon neutral gas. 

For the moment, however, we shall assume all axial veloe­
ities to be equal to the plasma velocity designated u. 

C. The system of equations 

The expanding plasma can be described by a two gas model 
- electrons and heavy particles. This method (as well as the 
quasi one-dimensional approach) is well described by Kroesen 
et al. and Van de Sanden et al. [7, 8, 14) and we shall only 
give a brief outline. 

We start by writing the number balances for the different 
plasma species. For the electron gas, we neglect two parti­
ele recombination, as this process is much less efficient than 
three partiele recombination at the present conditions [15]. 

I 
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Figure 2: Meanfree paths at the stationary shockfront (2 vol% 
H2 seedfraction): nAr = J(fl.Om- 3, nH ""'nH+ "."JOIBm-3, 

nAr+""' n, 0:;/019m- 3• (a)ion-ioninteractions(-: Ar+-Ar+, 
- -: H+ -H+, --: H+ -Ar+, .. : Ar+ -H+ )(b) electron-ion( ... : 
Ar+ -e, --: H+ -e) and electron-electron(-) interactions, (c) 
electron-neutral (-- -: e-Ar, --- -: e-H) and ion-neutral (-: 
Ar+- Ar, - -: Ar-Ar+, --: H+ -H, .. :H-H+) interactions, and 
(d) neutral-neutral (-: Ar-Ar, - -: H-H,- -: Ar-H, .. : H-Ar) 
interactions. 
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The value of the rate constant for three partiele recombination 
I\ ree) is taken from Van de Sanden [15]: 

Krec,l = 3.3 · 10-21 
· T,- 912, (3) 

in units m6ç 1, with T, the electron temperature in K. This 
rate is assumed to be the same for recombination of argon 
and hydragen i ons, because the recombination of an argon ion 
usually ends in a highly excited state, where the system is 
essentially hydrogen-like. 

Furthermore, we assume the following associative charge 
exchange/dissociati ve recombination reaelions to be responsi­
bie for ionization Joss: 

ArH+ +H 

Ar+ H•, 

(4) 

(5) 

where the hydragen molecules are assumed to mainly originate 
from the vessel walls. An excited hydragen atom is formed 
in the second step. For the above reactions, the first step 
limits the reaction speed, with a rate constant I\ Arl<+ = l.l x 
to- 15m3s- 1 [16]. This reaction is virtually independent of 
Te , The second (dissociative recombination) step is faster by 
a factor of about 100, depending on n •. 

Thus, we can write the electron number balance as follows: 

v(n,u) = -Krec,3n;(n,..+ + nH+)- KMH+».,+n.,, (6) 

where n denotes a species density (in m-3 ) and u is the plasma 
velocity. The right hand si de of Eq. (6) will be referred to as 
B, from now on. 

The number balances for the heavy particles can be written 
as: 

v(n.u) 

v(n.,u) 

V(nH+U) 

v(n.,u) 

</>., def B 
~I(~~,r"+n_.u+n"2 + 1rr2J = Hl' 

- I<rec,3n;n"+ ~f BH+, 

I<rec,3n;nAt+ 

+KAIH+nAt+n"2 ~f BAr, 

-I<rec,3n;nAI+ 

-[{ArH+nA.r+nH1 ~BAr+, 

(8) 

(9) 

(10) 

(11) 

where B" etc. are short-hand notations for tlle respective right 
hand sides. In the calculations an extra input is added to B", 
(second term r.h.s. in (S)) in order to sirnulale are-entry flow 
of wall associated hydrogen molecules to the plasma beam. In 
Eq. (8}, <{!"

1 
denotes the total radial influx (in s- 1), r denotes 

the plasma radius, and I represents the lengthof the absorbing 
part of the beam, i.e., the distance over which Hz molecules 
enter the plasma. This distance does nol include the lengthof 
the shock region, which is treated separately and analytically 
(see next section). 

The tata! balance for the mass density p reads: 

v(pu) =0. (12) 

The equation for the total momenturn balance (without vis­
cosity and the Lorentz force) is written as: 

p(u ·V') ·u+ \i'p = 0, (13) 

where p k(n,T, + nhTh) is the total pressure. Th is the 
heavy partiele temperature and kis Boltzmann's constant. In 
principle p mx nx includes all plasma species x with 
masses mx. In our case with smal! hydrogen seed fractions 
( < 2% ), however, we can simplify this expression using the 
fact that electrans, H+, H, and H2 particles are all much lighter 
than argon atoms or i ons. With a very smal] error ( < 0.1%) 
we can therefore simply write: 

p ~ m.,(n" + n"+) = m.,(n., + ne)· (14) 

Finally, we need the two energy balances for the electrons 
and the heavy particles (without viscosity term): 

(15) 

Qe, (16) 

with qx the partiele heat flux (qx -~>x V' T., with 
Kx the thermal conductivity for species x and Tx the eerre­
sponding temperature) and Q h,e the energy souree terms for 
the respective particles. The partiele heat flux is taken into 
consideration in a simplified farm, following Van de Sanden 
[8]: only the radial heat flux is considered, as a loss term. 
With argon as the dominant species, the heavy partiele energy 
souree term can be written as: 

with: 

1 \ 
+-) 

ie,Ar 

(17) 

(18) 

(19) 

(20) 

where Qq represents the radial heat conduction in a simpli· 
fied farm, as an energy loss term: Kh is taken from Braginskii 
[liJ and r denotes the plasma radius. This is a simplilled form 
valid if the temperature profile is taken to be a Gaussian [8]. 
The values for the relaxation times for momenturn transfer 
Te,.,+ and r,,., are taken from Braginskii and Timmermans 
[11, 13]. For the energy transfer between electrans and heavy 
particles due to reaelions ( 4,5) we assume, that a thermal elec­
tron is lost, i.e. the electron temperature is not very much 
effected. This is justified by the fact, that the temperature de­
pendence of K ""+ is not very streng in the temperature range 
considered here [ 16]. The heavy partic Ie, ho wever, gains the 
energy of the lost electron, which equals ~kTe. The heavy par­
ticles could gain more from the dissociative recombination, but 
this is not taken into account. 

The electron energy souree term can be written as: 

(21) 
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with the three partiele recombination souree term: 

Qrec,3 I<rec,3n;( n,.,+D.E,. + n.+D-E.), (22) 

and the "toss" by heat conduction: 

(23) 

The amount of energy gained by the second electron in the 
reaction A+ + e + e A' + eis approximately equal 
to 0.15 times the ionization energy of the species concemed, 
depending on n, (Van de Sanden et al [ 15]). This determines 
the values of A E" and A E., in Eq. (22). 

It is convenient to introduce dimensionless parameters 
a, {3, 8, and c inslead of tbe partiele densities: 

n, 
ap -, 
m., 

(24) 

n., 
{Jp 

' 
(25) 

m., 

. n" 
!.!!_ 

' 
(26) 

m.., 

n.+ (27) 
m", 

The equations discussed so far can be rewritten to form a 
system of eight first order differential equations witb eight 
variables: a,{3,8,c,T,,Th,P, and u [1, 10], where u is a 
scalar: the axial expansion speed. 

We can now combine the above equations toa complete set: 

du 

dz 

dp 

dz 

dTh 
dz 

dT, 
Tz 

da 

dz 
d(3 
dz 
dó 

dz 
de 

dz 

= 

(28) 

(29) 

2 ThM
2 

( l dA) 2 Qh 
3 (1 M2) A dz + 3 pu'R. 

4 =- ·:-'~--.:.:=-=; {30) 

c dA) 2 Q, 
A dz + 3 apu'R. 

4 T, Q,+Qh m.,T,B, 
(31) - ï5 Tp 'R.pu( l M2) 

----; 
apu 

m"'B' (32) 
pu 

(33) 
pu 

m.,B. 
(34) 

pu 

(35) 
pu 

Eqn. (28) is obtained by combining the momenturn and energy 
balances ((13),(15), and (16)); Eq. (29) by using (28} and the 

mass balance (12); Eqns. (32· 35) by using the mass balances 
(12) and (6· 9). Fina!!y, Eqns. (30-31) are derived using 
(28),(29), and (32). 

In the above equation set, M denotes the plasma Mach 
number, defined by: 

(36) 

witb Tp = Th +aT, the plasma temperature. The gas constant 
'R. is given by: 

m., 
(37) 

Note, that in Eqs. (36,37) argon is assumed to be the main 
species. In the quasi one dirnensional case, A corresponds t<i 
tbe surface over which tbe plasma parameters are averaged 
to make tbe problem one dimensional. Por A, tbe following 
equation: 

I dA 2tan</> 
(38) 

r 
holds, where 1> is half the angle of expansion and r is the radius 
of tbe plasma at a certain axial position z [7]. 

It may be noted, that the equation set (28-35) basically 
represents the pure argon model as treated by Van de Sanden 
et al. [8] with a perturbation due to tbe presence of hydrogen. 
The gas dynamica! behaviour of the plasma is equal to the 
pure argon case (we shall return to this later when we discuss 
the neutral partiele density measurements). The hydrogen, 
however, appears to play a decisive role in the plasmakinetics. 
This wil! become clear when the electron density behaviour is 
discussed. This approach with hydragen as a perturbation is 
allowed for low hydragen seed fractions, as the masses of all 
hydragen atoms, molecules, and ions are all much lower than 
the masses of tbe argon atoms and i ons. 

Eqs. (28-35) form a complete set and wil! be solved nu­
merically by Run ge-Kutta inlegration to cover the fust (super· 
sonic) part of tbe expansion. The stationary shock front will 
be treated analytically in the next section. 

D. The stationary shock front 

To describe a discontinuity in flow variables, one could in 
principle use tbe Rankine-Hugoniot relations, as was done by 
Kroesenetal [7]. A better approximation is obtained with the 
methoddevelopedbyMott-Smith[8,10, 17, 18,19]. Inorder 
to get an impression of the shape of the shock, we assume 
the shock to be identical for all particles. In the shock region 
(z = 40-70 mm) the numerical inlegration is taken over by an 
analytica! approach, in which Th, u, and p are transformed 
according to the Mott-Smith relations (for a ratio of specific 
heats 'Y = 5/3): 

p(z) 4M:f + (MJ + 3) exp ( -4(~;••1) 
(39) 

p(O) (M:f+3)(1+exp(-4<~;'"1 ))' 
u(z) p(O) 

{40) 
u(O) p(z) • 

Tn(z) ~ ( ~ (p(O) ~r~ 1) p(O) (41) 
Th(O) 4 5 p(z) p(z) 
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In the above set of equations, L0 represents the shock thick­
ness. In our first approximation A00 , the neutral partiele mean 
free path (argon in argon) is taken as a measure for L0 . Fol­
lowing Van de Sanden et al [8], we take Lo "" 4 Àoo for high 
Mach numbers Mo (around 10) befare the shock. The Mott­
Smith relations are taken relative to the center of the shock 
region: zo denotes the middle ofthe shock region. p(O), u(O), 
and Th(O) denale the values of the flow variables befare the 
shock. 

In the shock, all densities are transformed like the mass 
density p. The H2 density, however, can be changed at each 
position to account for a re-en try flow of hydragen molecules 
into the jet. Th is extra input of hydragen molecules constitutes 
the major fitting parameter when camparing the model to the 
experiments, as the existence of a re-entry flow has only been 
hypothesized so far. 

The electrans themselves do nol experience a shock, since 
their motion never becomes supersonic (because of their low 
mass: Eq. (36)): it is the ion shock that dictales the electron 
density in the shock region (quasi-neutrality). As a conse­
quence, the electron temperature is nat transformed in a way 
similar to the heavy partiele temperature. Adiabatic campres­
si on is assumed in order to calculate the electron temperature 
at each axial position in the shock. Fora ratio of specific heats 
1 = 5/3, this relation reads: 

T,(z) = (n,(z)) ~ 
T,(O) n,(O) 

(42) 

The actual position ofthe shock front is obtained by equation 
the stagnation pressure P•tag to the vessel background pressure 
Pback at each point in the expansion. When the farmer exceeds 
the Jatter, the shock position z,hock is found. The program !hen 
uses Eqs. (39-42) to calculate p, u, n, and T, for the range 
(z,hock - Lo) to z,hock. The middle of the shock region (zo) 
is situated at z,hock - ~Lo. After the shock (in the subsonic 
region) numerical inlegration starts again, using the values 
obtained from the analytica! expressions as starting values. 
The analytica! shock calculation causes a small discontinuity 
in the calculated profiles around z,hock - Lo. 

E. The subsonic relaxation region 

In the region after the shock, axial gradients are no langer large 
compared to the radial gradients. This means, that the radial 
expansion of the beam is mainly diffusion determined [7]. The 
model uses Eqs. (28-35) again to calculate the values of the 
parameter set. The difference with the supersonic expansion 
part is, that the angle of expansion </; is now given by: 

D 
tan<f; = F-, 

ru 
(43) 

where r is the plasma radius, Fis a constant depending on the 
actual shape of the plasma radial profile, and D is a diffusion 
coefticient. The value of F is around 2 for any reasanabie 
plasma profile (e.g., a Gaussian or a parabalie) [7]. D is 
assumed to be equal to the ambipolar diffusion coefficient for 
a pure argon plasma [7, 13]: 

D = 5.52 x 10
18 

T,T-o 36 

no + ne t 

(44) 
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Figure 3: The electron density vs. the axial position ( distance 
from the ons et of the expansion) (a) for a pure argon flow 
entering the are and (b) fora 2 vol.% hydragen admixture. 
The drawn lines present the results of the model as described 
in the main text. 

When applying Eq. (44), T; ""Th is assumed; no denotes the 
neutral partiele density. 

This coneludes the discussion of the model. 

lil. EXPERIMENTS 

A. Thomson-Rayleigh scattering measurements 

Al. Axial scans 

As in the previous paper [IJ, the expanding argon-hydragen 
plasma jet is investigated bath by active and passive spectro­
scopie means. The Thomson-Rayleigh diagnostic bas been 
described cxtensively by Van de Sanden [3] and we will nat 
repeat the description here. In very short summary: frequency 
doubled Nd:YAG radialion is focused into the plasmaand the 
scattered photons (under a 90° angle) are dispersed by a poly­
chromator and detected by an image intensified photo diode 
array. The only difference with the previous set up [I] is the 
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Figure 4: The electron density vs. the axial position ( z) for 
higher admixtures. 

fact, that the Nd: YAG laser bas been replaced by a more pow­
erful type (Quanta Ray GCR-190, 250 mJ/pulse @ 532 nm, 
50 Hz). This results in shorter measurement times. 

The parameters, determined by Thornson-Rayleigh scatter­
ing aren., T •• and no , with accuracies of about 10%, 25%, 
and 15%, respectively. Due to the smal! Rayleigh scattering 
cross sections for H and H2 and the smal! densities of these 
species compared to the argon neutral density the measured 
neutral densities are equal to the argon neutral densities. The 
parameters are determined locally ( deleetion volume about 
0.25 mm3). The measurements are performed on the plasma in 
Fig. 1 under the following conditions: are current I are = 45 A, 
are voltage V.re = I 00 V, background pressure Phck = 40 Pa, 
total flow (argon and hydrogen ): 3.5 standard litres per minute, 
hydrogen flow 0-10 vol.%. The hydrogen is admixed to the 
argon before it enters the cascaded are. Por seed fractions of 
0, 2, 3, 4, 5, and 10 vol.%, axial scans are performed. Radial 
scans are performed for 0 and 2 vol.% seed fractions. As the 
cascaded are can be moved inside the vessel without signifi­
cantly changing the plasma, axial and radial scanscan be made 
with great ease - without moving the laser system. 

The experiments for a "pure" argon plasma (i.e., with the 
possible pollulion of hydrogen molecules originating from the 
vessel walls [1, 2))and fora2vol.%hydrogenseed fractionare 
eompared to the model. The reason for leaving out the higher 
percentages lies in the fact, that the behaviour of the are itself 
changes severely when more than, say, 3 vol.% hydrogen is 
admixed. This is reflected inthefact that with a 5 or 10 vol.% 
seed fraetion, the electron density just after the are exit drops 
to very low values (a few times I018m- 3 ). 

In Fig. 3, the axial electron density profiles are presented. 
The observed agreement between model and experiments is 
very good. In the case of 2 vol.% hydrogen, a total H2 in­
flow from the vessel walls into the plasma of about 4 x 1018 

partielesis is implemenled in the model. The extra input has 
to take place before and in the shock region, i.e. between 
z=O and z=10 mm. The input is assumed to be constant over 
this region. If an input in the subsonic region is assumed, 
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Figure 5: The neutral density vs. the axial position ( z ). for (a) 
pure argon and (b) a 2 vol.% hydragen admixture. The drawn 
Unes present the results of the model. 

the agreement between modeland experimentsis significantly 
poorer. This is in agreement with our earlier hypothesis [I]. 
The value of 4 x to18s- 1 depends largely on the re-entrance 
flow pattern. In our case, where a constant radial inflow is 
assumed, the actual value is very sensitive to changes in the 
magnitude of the external hydrogen input. The total !lux of 
re-entering hydrogen molecules has to be compared to the to­
tal quantity of molecules entering the are: 2 vol.% hydrogen 
corresponds to approximately 2.5 x 1019 s- 1 . 

Inthe "pure" argon case, a2.4 x !017s- 1 re-entryftowhasto 
be assumed. This is to be expected, as the saturation of the ves­

. sel walls with hydrogen during hydrogen experiments wiJl still 
cause a (smaller) re-entry .flow of hydrogen molecules when 
returning to a pure argon plasma. The emission spectroscopy 
work (to be discussed later on) confirms this, as the hydrogen 
Balmer series are still observed when the are is buming on 
pure argon. Also in this case, the model is very sensitive to 
the magnitude of the re-entry flow. The extra inputbas to take 
place before and in the shock: addition of extra hydrogen in 
the subsonic region causes the model values to strongly devi-
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Figure 6: The electron temperafure vs. the axial position ( z) 
for pure argon The drawn line represents the model. The 
2 vol.% data show too much scatter to make a comparison 
with the model useful. 
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Figure 7: Radial profiles for the electron density n, (a), the 
electron temperafure T, ( b ), and the neutral density n0 { c ): 
pure argon. 

ate after z = I 00 mm. It should be stressed that an external 
input of hydrogen molecules is absolutely necessary to obtain 
a good agreement between model and experiments. 

The axial scans for higheradmixtures of hydragen (Fig. 4) 
are not compared to the model, because it is almost eertaio 
that the behaviour of the are itself changes severely when, 
e.g., I 0 voL% H2 is added, This aspect needs further research. 
For a 10 voL% seed fraction, the ion flux from the are has 
decreased significantly, as the electron density at =5 mm has 
dropped toa low value (around 1013m- 3 , compare Fig. 3). 

Fig. 5 gives the neutral densities versus the axial position. 
Here also, the model describes the experiments very well. 
The neutral density behaviour appears to be independent of 
hydragen seed fraction. So our initia! assumption [ 1] that 
we could study the plasma beam kinetics without disturbing 
the basic transport phenomena remains justilled (at least up to 
5 vol.% H2 seed fractions). So, as was mentioned before, we 
can consider hydrogen to be a small perturbation on the argon 
expanding jet, as far as transport phenomena are concerned. 

The electron temperature behaviour is difficult to describe, 
as was pointed out by Van de Sanden [8]. Especially in the 
shock region, current generation appears to be of importance, 
causing !he electron temperature to rise before the actual shock 
position. As our model does not include current generation, 
the agreement between model ancl experimentsis not expected 
to be very good, Nevertheless, the general trends are clear in 
Fig. 6. The data for hydrogen admixture show too much scatter 
to make a comparison with the model useful. Further research 
is needed to get more insight in the electron temperature be­
haviour when hydrogen is ad mixed to the flow. 
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Al. Radial scans 

Por 0 and 2 vol.% hydrogen seed fractions, radial scans have 
been perfonned at 5 axial positions: z=I0,20,40,70, and 
100 mm. The results for the electron density and tempera­
ture as well as the neutral density are given in Pigs. 1 and 8. 
Especially the electron density profiles support the view, that 
hydrogen molecules enter the plasma beam from tne peripnery. 
Th is becomes clear in Fig 9. Here, we have used the adiabatic 
model by Ashkenas et al [20] to fit the radial profiles at z=IO 
and 20 mm. Por the "pure" argon case, the fits appear to be 
quite good, especially at z=IO. This is au extra conformation 
of the view [3] that the supersonic part of the pure argon jet 
closely resembles an adiabatic expansion. 

Por the 2 vol.% case, we simply used the fits for the pure 
argon case and normalized them to the maximum value (at 
r=O mm) of the 2 vol.% radial scans. The results are also 
shown in Fig. 9. It can clearly be seen that the adiabatic 
expansion model no Jonger coincides with the measurements: 
the measurements tend to be much lower than they would have 
been in the case of an adiabatic expansion. The simp Ie transfer 
of the pure argon fits to the 2 vol.% data is justified because 
the adiabatic model only depends on the specific size and form 
of the expausion hole and the pressure ratio inside and outside 
the expansion chamber [20]. In our view, this is a clear hint 
that reaelions (4,5) take place at the edges of the plasma, and 
that a radial re-entry flow of hydrogen molecules is needed to 
make this possible. The effect on the central electron density 
could have two reasons: are effects or the occurence of the 
same reactions. This latter process is not expected to have 
much inftuence, however, before z=30-40 mm. 

B. Optical emlssion spectroscopy 

Even though Iine and continuurn radialion are not taken into 
account in the discussed model, optical emission spectroscopy 
(OES) results can give extra insight in tbe plasma beam kinet­
ics. The OES measurements have proved to be especially ef­
fective in combination witb the Thomson-Rayleigh scattering 
results. The OES dingnostic has been extensively discussed 
elsewhere [I, 10] and we will only give the results bere. 

OES measurements have been performed on the same set 
of Ar{I) and H(I) lines as reported our previous paper [I], at 
three axial positions: z=20,40 and 70 mm and for the same 
hydrogen seed fractions as mentioned above. The OES system 
was calibrated using a tungsten ribbon lamp in order to obtain 
absolute level densities per statistical weight. We choose to 
present the data in the form of popu/ation factors bp. In this 
representation, the absolute level density per statistica! weight 
(np/gp) is related to the density as calculated with the Saba­
equation (np,Saha/gp) [I, 21]; 

(45) 

where the Saba density np,Saha is calculated using the n. and 
T. valnes obtained by Thomson scattering. To calculate the 
H* Saba density, the H+ density is needed. It is calculated 
using intensity ratios of highly excited hydrogen and argon 
levels, as discussed previously [1]. 

0.0 
-5 

4.50x1o21 

3.00x1o21 

"' ~ 
co 

1.50x1021 

0 
5 

10 
15 

20 

(a) 

25 100 

(b) 

0 
20 

~ 40 ~ 
60 ,§" 

80 rJ~ 

25 
100 .q« 

..p' 

Pigure 8: Radial profiles for the electron densiry n, (a) and 
the neutral density no (b) fora 2 vol.% hydragen admixture. 



CHAPTER 4: THE ARGON-HYDROGEN EXPANDING PLASMA.., 33 

5.0x1019 

2.0x1020 (a) z=10 mm • • (c) Z=20 mm 
• 

4.0x1019 r 1 .5x1020 

3.0x1019J \ 

\ 1.0x1020 <?' 
2.0x1019J .s 

G . ) c: c: 

5.0x1 019 

/ 1.0x1019 

• • 
0.0 00 

-15 -10 -5 0 5 10 15 -20 -10 0 10 20 

r(mm) r(mm) 

5.0x1019 

2.0x1020 (b) z=10 mm (d) z=20 mm 

4.0x1019 

1 .5x1020 

3.0x1019 

<?' 1.0x1020 

~A 
<?' 

.s .s 2.0x1019 • . . 
~ 

c: c: 

5.0x1019 
1.0x1019 

• 
0.0 0.0 • • • 

-15 -10 -5 0 5 10 15 -20 -10 0 10 20 

r(mm) r(mm) 

Figure 9. Radial scans for z=JO mm ((a): pure argon, (b) 2 vol.% hydrogen) and z=20 mm ((c): pure argon, (d) 2 vol. 
hydragen ). The drawn /i nes represent the Ashkenas adiabatic modelfora supersonically expanding jet. The 2 vol.% data cannot 
be described with the adiabatic model. 1 01 ,-~-...~-~~-.-~-.-~.--...--. 

10° 

• 

• /I 
H (p=5) 

<?' 
4 

E 10'2 
3 

Q. • J:;j 10'3 
2 

10'4 ! 
10'5 

!! 0 
0 2 4 6 8 10 10'6 

H2 admixture (%) 
3.0 2.5 2.0 1.5 1.0 0.5 0.0 

EP (eV) 

Figure 10. (left) The hydragen p=5 level popu/ation per statistica/ weight vs. the hydrogen seed fraction at z=20 mm. 
Figure IJ. (right) Populationfactors bp for hydrogen and argon vs. Ep, the ionization energy of the level concerned ( z=40 mm, 
3 vol.% hydrogen). Squares denote hydragen levels, whereas ei re/es represem argon levels. 



34 MOLECULAR PROCESSES IN EXPANDING PLASMAS 

In general, a strong decrease in intensity of the argon lines 
is observed if hydrogen is actmixed, we reported before. As 
the excitation in the argon system results from three-particle 
recombination [ 15], this must be a consequence of the disap­
pearance of argon i ons. Two processes can be responsible for 
this toss: (a) the occurrence of reaelions (4-5), and (b), the are 
ionization changing from argon to hydrogen, as the ionization 
potential ofhydrogen is smaller by about two eV [I]. Forseed 
fractions above 4 vol.% hydrogen even the strongest argon 
lines disappear. 

The behaviour of the hydrogen line intensities is more com­
plicated. The intensity rises with the hydrogen actmixture until 
3 vol.%, after which it drops (Fig. 10). The effect can be ex­
plained by assuming that the excitation in the hydrogen system 
is a result not only of three partiele recombination, but also 
of the occurrence of reaelions ( 4-5). We assume for the mo­
ment that the total are ionization degree remains more or less 
constant until 3 vol.% hydrogen is actmixed, above which the 
ionization degree must drop dramatically to explain the low 
ne value measured by Thomson scattering. The increase in 
hydrogen line intensities can, then, be explained by (a) the 
fact that more and more hydrogen molecules enter the plasma 
beam to participate in reaction (4) and (b) the fact that more 
and more hydrogen ions are coming out of the are. The for­
mer effect could, however, be balanced by the decrease in 
the amount of argon ions teaving the are. The decrease for 
higher seed fractions (> 3 vol.%) must be a consequence of 
the are becoming less efficient in producing (predominantly 
hydrogen) i ons - as indicated by the Thomson scattering data. 

It is also observed that the hydrogen Ha line is clearly 
visible when no hydrogen is actded to the flow. This has been 
observed by Meeusen et al in a similar situation [23]. The Ha 
emission appeared to decrease slowly (on an hour time scale). 
In our view this can only be explained by a recirculation flow 
inside the vessel in combination with a stainless steel vessel 
wal! saturated with hydrogen [I]. 

The population factors for the argon and hydrogen systems 
are depicted in Fig. 11. The general shape of the Ar(I) and 
H(I) distributions is similar to the ones reported before [1], 
so only one example is given. As can be seen, the Ar(I) bp 
factors close to the continuurn approach the value 1, indicating 
the presence of a Saba equilibrium, as expected for this type 
of recombining p1asmas. This constitutes a test for both the 
Thomson data and the OES calibration [1, 21]. 

More remarkable is the "bulge" in the hydrogen bp fac­
tors around p (principal quanturn number) = 5-7. It bas been 
verified, that this effect can not be attributed to Stark broad­
ening, an effect which could boost the width of the hydrogen 
Balmer lines above the width of the apparatus profile of the 
monochromator, thus causing a systematical error (as higher 
excited levels are Stark broadened more strongly). This can 
be thoroughly tested by recording wavelength scans of the dif­
ferent Balmer lines: for alllines, the line profile appears to be 
equal to the monochromator apparatus profile. If Stark broad­
ening would be of any influence, the line profiles of higher 
excited levels would be broacter. We can, thus, safely assume 
that all hydrogen Balmer line profiles are smaller than the 
apparatus profile (which equals 0.16 nm). 

Another physical process must therefore be responsib1e for 

this bulge, and the most likely candidate is, once more, the 
occurence of reaelions ( 4- 5), resulting in an extra input of 
hydrogen excited states. The fact that the maximum of the 
bul ge is not fixed, but can be found around p =5-1 makes a ex­
citation exchange process (e.g. between Ar (4p') and the H(I) 
system) unlikely, as this would be a very state-selective pro­
cess. No evidence for excitation exchange processes between 
argon and hydrogen bas been found using laser induced fluo­
rescence experiments [22]. If vibrationally excited hydrogen 
molecules participate in reaction (4), however, the hydrogen 
produced in the dissociative recombination reaction (5) could 
appear in a highly excited state, thus explaining the bulge. 
The exact location of the maximum would then depend on 
the amount of vibrational (and rotational) excitation of the 
hydrogen molecules. 

Figure 12. A sketch of the envisaged recirculation pattem 
in the vacuum vessel. This recirculation flow is thought to 
transport walt- associated hydragen molecules towards the 
plasma, especially around the shock reg ion. 

IV. CONCLUSIONS 

The transport phenomena of the expanding cascacted are 
plasma remain unaffected for small hydrogen seed fractions: 
the neutral density behaviour is virtually unaffected by the 
actdition of hydrogen, and well described by a quasi one- di­
mensional model, where the plasma parameters are averaged 
over a surface at right angles with the expansion axis. 

The electron density is strongly affected by the actdition 
of hydrogen: a strong decrease of the electron density is 
observed. This effect can be modeled using the quasi one­
dimensional approximation, assuming that a certain amount 
of hydrogen molecules form at the vessel walls and re-enter 
the plasma before and in the shock region. With this extra in­
put from the periphery, a very good agreement between model 
and experiments is obtained. 

A recirculation pattem within the vacuum vessel (Fig. 12) 
js thought to be responsible for the re-en try flow of hydrogen 
molecules into the jet. The largest fraction of this re-entering 
molecules must reach the beam before or in the shock region. 

The electron tempetature behaviour is reasonably well de­
scribed by the model. However, since current generation bas 
not been taken into account, the oliserved rise of the electron 
temperature before the actual shock position ([8]) can not be 
modeled. 

The behaviour of the cascacted are itself changes dramati­
cally when the hydrogen seed fraction exceeds 3 vol.%. This 
is shown by the fact that the electron density drops to levels 
below the deleetion limit of the Thomson- Rayleigh scattering 
set up, even just outside the nozzle exit (fora 10 vol.% seed 
fraction). 
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The Ar(l) excited level population is determined by three 
partiele recombination: therefore the Ar(l) line intensities drop 
when hydrogen is added to the flow, resulting in a net loss of 
argon ions. The hydrogen excited level population arises due 
to three partiele recombination and dissociative recombination 
(5). The hydrogen Balmer emission deercases for higherseed 
fractions, most probably due to the reduced are efficiency. 

The "bulge" in the hydrogen excited level distribution (bp 
vs. Ep) can be attributed to the dissociative recombination 
of the ArH+ molecular ion. lf rovibrational excitation of the 
hydrogen molecules is present, the formed hydrogen atom 
could end up in a highly excited state. 
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Abstract. An expanding thermal are plasma in argon- hydrogen is investigated by means of emission 
spectroscopy. The hydrogen can be added to the argon flow before it enters !he thermal are plasma souree 
or it can be flusbed directly into the vacuum expansion vessel (1-20 vol.% Hz). The atomie state distri bution 
function for hydrogen, measured at a downstream distance of 20 mm, turns out to be very different in the 
two cases. Por injection in the are, three partiele recombination is a primary souree of hydrogen excitation, 
whereas measurements with hydrogen injected intn the vessel clearly pointtoa molecular channel (dissociative 
recombination of formed ArH+) populating atomie hydrogen levels. 

I. INRODUCTION 

Expanding thermal are plasmas are used in a variety of ap­
plications such as plasma deposition and etching and partiele 
sourees [1]-[4]. The fundamental study ofthis type of plasma 
has concentraled on pure argon plasmas and argon-hydrogen 
mixtures [5]-[8]. The plasma expands out of a cascaded are 
through a conically shaped nozzle into a low-pressure back­
ground. The initially supersonic expansion endsin a stationary 
shock after 40-70 mm, which is foliowed by a subsonic relax­
ation region. 

As was reported befare [7, 8], hydragen molecules play 
a major role in the very fast ionization loss that bas been 
measured using Thomson scattering on an expanding argon­
hydrogen plasma. Atomie processes cannot account for this 
anornalous loss of ions. It has been made plausible [8] that 
at least an important fraction of these hydragen molecules 
must originate from the stainless steel vessel walls. The fact, 
that the volume of the vessel (about 300 litres) causes the 
residence time of particles to be fairly large (around 1 second) 
may induce a recirculation pattem inside the vesseL This 
flow could well be responsible for the transport of the formed 
molecules back into the plasma [7]. 

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

ArH+ +H 

Ar+H* (I) 

At temperatures in the expansion (around 0.2 eV), the compet­
ing charge exchange reaction (the creation of H:f) is of little 
importance [9]. If the formed ArH+ ion carries Îittle rovibra­
tional energy, the excited hydragen atom is fonned in !he p=2 
state. If important rovibrational excitation is present (the po­
tential well ofthe molecularionhasadepthofabout4eV [10]), 
hydragen states p=3 or higher may be formed, which can be 
readily observed by simp ie emission spectroscopy. The origin 
ofthe high rovibrational excitation of ArH+ will be discussed 
later. 

11. EXPERIMENT 

The expanding plasma experiment has been described before 
[5] and will only be summarized here. The thermal plasma 
souree (a cascaded are) is operated at the same settings as 
used in [7, 8]: are current: 45 A, are voltage 100-140 V 
(depending on hydragen seed fraction), background 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% 
Hz; hydragen is added to the flow befare it enters the cascaded 
are or injected directly into the vessel. These two conditions 
wHI be referred to as "are seeding" and "vessel injection", 
respectively. 

The optica! emission spectroscopy (OES) experiment bas 
been des~'fibed in [7]. It contains a fairly standard mirror­
scanned optica! system. A few modifications have been im­
plemented: a different monochromator (Bentham M300) with 
a Harnamatso Rl617 photomultiplier tube is used. The slit 
widths are chosen to obtain a resolution of 0.16 nm. Further­
more, an extra mirror was added to make possible the u se of an 
extern al ribbon lamp for calibration ofthe last part of the opti­
ca! system (including the last two tenses, the monochromator, 
and the photornultiplier, Fig. 1 ). The calibration procedure is 
the following. At the beginning of a measuring period of about 
4 weeks a calibration using a tongsten ribbon lamp. placed in­
side 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 optica! system. Th is 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. I). 
Every two or three days, this latter calibration is repeated, and 
the calibration with the ribbon lamp in the vessel is repeated 
at the end of the measuring period. The differences between 
the calibrations appear to be quite small (typically 3% }. 

This calibration procedure makes possible a very accurate 
determination of absolute level densities of atomie states. The 
main souree of error for the hydragen stales is the plasma 
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Figure I: Theemission spectroscopy experiment. The plasma 
radiation is focused on the entrance slit of the monochro­
mator (MON) by a system of lenses (L1,f =750 mm, 
Lz,f =500 mm. L3, I =200 mm. L4,/ =150 mm) and mir­
rors ( M 1, Ml). P designales a 0.5 mm diameter pinhole and 
P M the photomultiplier tube. Photon counting electronica 
are used to record the incoming radiation. A rotating mirror 
( RM) is used to make lateral scans of the plasma. To use 
the external ribbon lamp (RL), the rotating mirror has to be 
tumed, and the ribbon is focused on the pinhole by lenses Ls 
(f =200 mm) and L6 (/ =150 mm). The latter can be (re· 
produceably) inserted in the optica/ system when a eaUbration 
using the external ribbon lamp is required. 

reproduceabîlity (I 0-15% ). In !he case of argon, !he inaccu­
racies in the transition probabilities (around 25-50%) become 
dominant [7, ll]. 

Alllateral scans are performed at a downstream axial dis· 
tance of z=20 mm. The expansion axis is labeled z, with 
the origin at the expansion nozzle. The lateral scans are con­
verled 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 [I I] or [7]), as well as on 
several argon lines (also given in [7]). The latter was mainly 
done to check the calibration: in our recombining plasma jet, 
the population factors bp (an indication of the departure from 
Saba-equilibrium [7, 12]) should tend to unity for highly ex­
cited levels. Fora pure argon expanding plasma. one can use 
the measured values ofTe and n, (Thomson scattering, [5, 7]) 
to calculate the bp factors. In this case, a very satisfactory 
approach to unity is observed for levels near the continuum, 
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Figure2: TheBoltzmannplotsnp/gpvs. lp[orthearcseeding 
case at a downstream distance of20 mm,for different hydrogen 
seed fractions. The hydrogen is admixed to the flow before it 
enters the are. 

where a Saba-equilibrium is expected ( campare [7]). Th is con­
stitutes a reliable check of !he calibration of the OES system, 
as the Thomson scattering data are known to be very accurate 
(compare [5]). 

HI.RESULTS 

The results will be discussed in two parts. For the sake of clar­
ity, we shall fust discuss the measurements where hydrogen is 
added to the flow before it enters the are (are seeding), afrer 
which we shall turn to the second set of measurements, where 
the hydrogen is injected in the vacuum vessel. 

A. AR seedlng 

'!Ypical np/gp vs. lp (absolute level densities per statistica! 
weight vs. the ionization energy of the level concerned) plots 
are given in Fig. 2. The character is clearly recombining. 
Somelimes a slight inversion is observed. Strong inversions 
can be observed in similar plasmas (e.g., Ref. [13], where a 
similar set up with a magnatie field is used). 

To calculate the population factors bp, weneed the hydrogen 
ion concentration. For are seeding, the ratio of argon to hydra­
gen ions can be calculated with the metbod described in Refs. 
[14] and [7] using high1y excited hydrogen and argon levels. 
The n. and T. values needed for ·!he calculation are taken 
from Ref. [8]. The H+ /Ar+ concentration ratios are similar to 
those reported in [7]: around 1:70 fora 2 vol.% seed fraction, 
increasing to 1:4 for 3 vol.%. For measurements with higher 
seed fractions (above 4 vol.%), the ratio cannot be determined, 
because the argon emission disappears. This is a result from 
the are ioniz.ation changing from argon to hydrogen. The lines 
used for theH+fAr+ ratio calculation are hydrogen 377.1 and 
388.9 nm, and argon531.8 and506.0nm (see [7, 11]), as these 
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Figure 3: The popu/ation factors bp vs. lp for the are seeding 
case at a downstream disrance of 20 mm. 

levels should be weB within the region of Saha equilibrium. 
Fig. 3, then, gives the bp vs. lp plots, for are seed fractions of 

1-10 vol.%. The absolute bp values cannot be considered very 
accurate for higherseed fractions, where the ion concentration 
ratios are unknown. The "bulge" in bp that was reported 
before [7] around level p=5-7 is nol observed in all cases. It 
should be noted, that the deviation from equilibrium (e.g., by 
camparing the bp values for p=3) becomes larger for higher 
seed fractions: this is consistent with the observed decrease 
in n,, as reported in Ref. [8]. Clearly, the electron impact 
processes Jose importance for higher seed fractions, causing 
the Jower part of the excitation system to become more and 
more radialion dominated. 

We can try to explain the observed hydragen population 
densities by consictering only three partiele recombination of 
H+. To do so, we have to determine, which part of the to­
tal deexcitation (three partiele recombination) flow passes a 
certain level, say p=3. At ambient conditions (n, around 
2.5x J019m- 3 and T, around 1500 K), the hydragen system is 
dominaled by radiative deexcitation below level p=4. Above 
that level, collisional deexcitation is dominant, resulting in 
mainly stepwise deexcitation in that part of the system [12]. 
Radiative deexcitation being dominant in the lower part of 
the excitation system, a comparison of the radiative transition 
probabilities [IJ] starting from p=4 shows, that about one-third 
of the recombination flow should pass p=3. 

The rate constant for three partiele recombination is taken 
from Van de Sanden [15]: J{3p = 3.3x w- 21 T,- 4·5m6 s- 1• As 
staled above, we assume the depopulation of p=3 to be due to 
radiation: the coUisional deexcitation processcan be shown to 
be slower by a factor of about 10. Thus, the totalp =3 density 
Hp=J can be calculated: 

(2) 

with AJ,downward the total radiative destruction of the level 
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Figure 4: The hydragen p=3 and argon 4p' level densites per 
statistica/ weight vs. the hydragen are seed fraction for the 
are seeding case. The argon np / gp va lues have been divided 
by 20 to make lear the difference in behaviour. 

(lOBs-I). For n, = 3.4x I019m- 3, T, = 1500 K, and an 
nH+ : nAr+ ratio of I :70, this results in n 3j g3 ""2x 1012m- 3 

This estimate is in agreement with the observed 2.5x 1012m- 3 

for a 2% are seed fraction. No additional processes need to 
be considered to explain the hydragen level population at the 
center of the plasma jet. At the edges, some extra input may 
be necessary to explain the observed population of hydragen 
levels, as the electron density profile is more narrow than the 
hydragen p=3 density profile, while the electron temperature 
profile is relatively flat. Th is means, that three partiele recom­
bination can no Jonger 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 (4p') for increasing hy­
drogen seed fractions; see Fig. 4. For argon, a steady decrease 
is observed, caused by the are i anization changing from argon 
to hydrogen. H" shows a behaviour similar to that reported 
in [8]. The H" radialion (above 7 vol.%) can probably be 
attributed to three partiele recombination, as no argon ions 
are Jeft [8]. An extra input, however, could be formed by 
dissociative recombination of Hi i ons formed by charge ex­
change between H+ and rovibrationaUy excited H2 molecules 
[4]. To end inp=3, the participating H2 molecule should carry 
considerable rovibrational excitation (3-4 eV). For lower seed 
fractions, where Ar+ is the most abundant ion, reaelions (I) 
probably are dominant, as the H2 molecule does nol need to 
carry that much rovibrational excitation to make a creation of 
a p =3 state possible. 

If we assume, for the are seeding case, three partiele recom­
bination to be dominant, the strong increase in H" for low seed 
fractions should be caused by more and more hydragen enter­
ing the are. The decrease above 2 vol.% must then be caused 
by the are becoming Jess efficient, as indicated by Thomson 
scattering measurements 18]. 

B. Vesselinjection 

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

(a) When hydrogen is injected into to vacuum vessel, we 
can besurethatour plasmasourceremains unaffected: thecas­
caded are will produce a pure argon plasma, which constitutes 
a well-known souree of argon ions [5, 15). Measurernents 
have learned, that the are plasma souree changes wben hydra­
gen is mixed to the argon flow before it enters the are: a lower 
electron density is measured when H2 is injected in the are [8]. 

(b) A possible difference concerns the rovibrational pop­
uiatien of the hydrogen molecules inside the vessel. When 
hydragen is injected in the vessel at 300 K, only the v=O vibra­
tional state is popuialed. As the plasma itself has a temperature 
of only 0.2 eV, any significant rovibrational excitation (e.g., 
2 eV or more) should come from wall-association [16]. This 
process could bring about a "second generation" of hydrogen 
molecules formed by association ofhydrogen atoms [originat­
ing from reactions (l)] at the vessel walls. When hydrogen is 
injected in the are, some rovibrational excitation may originate 
from molecules surviving the are (where the temperatures are 
around I eV). It is, however, more probable that excited hy­
drogen molecules are formed at the vessel walls, as bas been 
concluded before [1, 7, 8]. 

(c) For the OES work, the main difference lies in the pop­
uiatien mechanism of the hydrogen excited levels. As was 
shown above, three partiele recombination can fully account 
for the observed p=3 popuiatien for the are seeding case. The 
fact that the popuiatien factors bp approach unity for low lp 
also points in this direction. When hydrogen is injected in the 
vessel, only one channel of hydrogen excited level popuiatien 
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 smal! Boltzmann exponent 
at ambient temperatures of 0.2 eV. In the following it will 
be shown, that a relatively smal! amount of rovibrationally 
excited molecular ions suffices to account for the observed 
hydrogen Balmer radialion in the vessel injection case. 

Fig. 5 gives the np/Up vs. lp plots for the vessel injec­
tion case. The distribution is clearly different from the are 
seeding case: only the lower three to five levels are observed. 
Since these levels are not expected to be in Saba equilibrium 
with the continuum, a calculation of ion concentratien ratios 
(as discussed in Sec. III A) is probably not possible. Also, 
bp factors can nol be calculated. Furthermore, the H+ con­
centration mustbe very low, since a significant hydrogen ion 
concentration should bring about emission of higher excited 
states, populated by three partiele recombination. 

Before tuming to a more quantitative explanation of these 
results, we must exclude one specific excitation mechanism for 
p=3: dissociative recombination of (lowexcited) ArH+ ending 
in p=2 and subsequent collisional excitation to p=3. We can 
get an estimate of the rate constant K2,3 for this excitation 
process by applying a hard-spbere approximation [ 12]: 

2 4 Un+I (-è.En,n+l) 
Kn,n+l ~ 411'aoP Vth Yn exp kTe • (3) 

with ao Bohr 's radius, p the principal quanturn number, g,. the 
statistica! weight of level p, Vth the electron thermal speed, 
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Figure 5: The Boltzmann plots (np/§p vs. lp) for different 
hydrogen seed fractions, when hydrogen is injected into the 
vesseL Note the very pronounced difference with Fig. 2, due 
to different excitatwn mechanisms in the two cases. 

AEn,rHI the energy gap between levelspand n + 1, and 
k Boltzmann's constant. For the ambient conditions (ne = 
5.2x1019m-3, Te= 2000 K), Bq. (3) yields K2,3 ~ 3.3 x 
10- 17m3s- 1• If the population of level p=3 is govemed by 
a Corona-like balance of electron excitation from p=2 and 
radiative destruction, we can write: 

which for a 2 vol.would lead to a total p=2 density of 
2.1 x J017m- 3. If these p=2 states are produced by disso­
ciative recombination of ArH+, the following balance should 
hold (the plasma is optically thin for hydrogen radlation in the 
case of low hydrogen concentrations): 

(5) 

where the rate constant K 1 for the formation of ArH+ is 
l.lxi0- 15m3s- 1 [17] at ambient temperatures. The transi· 
tion probability A2, 1 = 4.7x JOSs- 1• The second dissociative 
recombination step of reaelions (I) is known to be faster by a 
factor of about I 00, depending on conditions. As the first step 
thus limits the production of ArH+ ions, we have to :use K 1 

in the above balance. Bq. (5) leads to a H2 density of about 
1.7x J021m-3• This value is unrealistic, as the total neutral 
density at z=20 mm is around 9x J(JlOm-3 [8]. 

For the vessel injection case, we can tnus safely exclude the 
following population mechanisms for p=3 and higher: (a) three 
partiele recombination (which would require a significant H+ 
density), (b) electron excitation (the Boltzmann exponent is 
extremely smal!), and (c) dissociative recombination of ArH+ 
ending on p=2 and subsequent collisional excitation to p=3 
(which would require an unrealistic H2 density). 

In our view, only one mechanism remains: dissociative 
recombination of rovibrationally excited ArH+. We can es-
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Figure 6: The hydrogen p=3 and argon 4p' level densities 
per statistica/ weight vs. the hydragen admixture: hydragen 
is injected in the vessel. The argon 4p' densities have been 
divided by a factor 8 to make possible a comparison of the 
behaviour of the two excited states. 

timate the amount of hydrogen needed to accomplish the ob­
served hydrogen excited level populations. We neglect for the 
moment the question whether a rovibrationally excited hydro­
gen molecule that participates in reaction (I) 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: 

In this balance the electron density is known: n, = 5.2 
x I019m- 3); this equals the argon ion density in the vessel 
injection case. Inserting the known values in Eq. (6) yields 
a density of rovibrationally excited molecules (with enough 
internal energy to make possible the excitation ofthe ArH+ ion 
and, thus, ofthe formed H atom) of nHtJ = 6.3x 1015m- 3 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 I 020m- 3), the H2 density would amount up 
to 1.8x 1019m- 3 Ifany rovibrational excitation is supplied by 
wall association, the number of excited hydrogen molecules 
appears to be reasonable. 

Support for this production mechanism for p=3 stales can 
also be deduced from Fig. 6, which shows the behaviour of 
H p=3 and argon 4p' densities for different vessel seed frac­
tions. Eq. (6) prediets the p=3 density to be proportional to 
the H~,J density (fora constant Ar+ density). Fig. 6 shows, 
that the p=3 population is proportional to the total H2 density. 
That the Ar+ density must be more or less constant is indi­
cated by the fact, that the argon 4p' level density decreases 
only by a factor of 2-3 (the argon population is dominaled by 
three partiele recombination). A Iogarithmic 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 population of p=3 alone is not 
sufficient to explain the measurements, fig. 7 gives the np/ gp 

values for a 2 vol.% vessel injection. The drawn line repre­
senis a Boltzmann line with the electron temperature. Electron 
collisions are clearly nol energetic enough to explain the pop-
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Figure 7: A Boltzmann plot for 2 vol.% hydragen injection 
in the vessel. To indicate the possible Boltzmann equilibrium 
startingfrom level p=3, a line designating the (Thomson scat­
tering) value ofT, has been drawn. 

ulation of higher excited levels, as the latter ar 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 H2 

molecules that participate in reaction (I) carry considerable 
rovibrational excitation. 

Thus we return to the question, whether a rovibrationally 
excited hydrogen molecule actually produces a rovibrationally 
excited ArH+ ion. Following Gislason et al [ 18], a simple 
argument can be constucted. As the first reaction in Eq. (I) 

is a classic spectator stripping reaction, it can be thought to be 
instantaneous. The transferral of internal energy from H2(v,J) 
to ArH+(v' ,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 ArH+: 

(7) 

where E represents the relative kinetic energy of the reactants, 
Eint(X) is !he internal energy of species X, and f" Hg is the 
reaction enthalpy (equal to -1.53 eV). It is assumed that half 
of the vibrational energy is kinetic at the instant of reaction. 

If we represent Eq. (7) in a figure, Fig. 8 is obtained. 
It shows !he relation between the internal energy of the H2 

molecule and the internaL energy of the ArH+ molecular ion. 
If a (wall-associated) H2 molecule carries a large amount of 
rovibrational exciation, highly excited levelscan be formed in 
the dissociative recombination of ArH+. This mechanism can 
explain the observed population of excited states. 
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Figure 8: The relation between the internat energies ( E,,.,) 
of H2 and Ar IJ+ during the first reaction of Eq. ( 1 ). The 
H* excited levels that can ( energetically) be reached during 
subsequent dissociolive recombination of A riJ+ are indicated. 
For example: to reach p=4, the Hz molecule has to be rovi­
brationally excited by about 2 eV. The assumption is that half 
of the vibrational energy is kinetic at the instant of reaction. 

IV. CONCLUSIONS 

The investigation of the argon-hydrogen plasma jet by OES 
and Thomson scattering leads to the following conclusions: 

When hydrogen is mixed to the flow before it enters the 
cascaded are, the hydrogen emission in the expanding plasma 
can be explained by three partiele 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, however, be of 
importance at the plasma periphery. The importance of three 
partiele recombination at the plasma center is confirmed by 
comparing the p=3 densities for the are seeding and vessel 
injection cases: at a 2 vol.% seed fraction, the latter are lower 
by a factor of ten. Higher seed fractions cannot be easily 
compared, as the arè efficiency is going down for the are 
secding case. A possible extra input for higher seed fractions 
could be formed by dissodalive recombination of Hi ions. 

The popwation factors bp approach unity for Jow lp. point­
ing to some kind of Saba-equilibrium close to the continuurn 
(are seeding case). The "bulge" in the hydrogen bp' s does 
not occur for all seed fractions and depends critically on the 
determination of ne and the Ar+ fH+ ratio. 

For the are seeding case it is clear, that the are ionization 
changes from Ar+ to H+, as all argon emission disappears 
for bigher seed fraetions. The efficiency of the are seems to 
deercase as well, as indicated by the H,.. intensity behaviour 
for different seed fraetions. 

When hydrogen is in jeeled in tbe vessel, only one 'possible 
excitation mecbanism remains: dissociative recombination of 
rovibrationally excited ArH+, ending on p=3 or even higher. 

A Boltzmann equilibrium from this level upwards cannot fully 
account for the population of the higher excited levels (p=4-
6). An extra input therefore bas to he assumed at these levels. 
This requires tbe ArH+ to carry considerable rovibrational 
excitation. In a simple argunient, this excitation could be 
produced by associative charge exchange with rovibrationally 
excited H2 molecules, produced at the vessel walls. 
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Abstract. The ditTerenee in polarization for Rayleigh scattered radialion on sphericaUy and non-sphetically 
symmetrie scattering objects has been used to obtain molecular species concentrations in plasmas of simple 
composition. Using a Rayleigh scattering diagnostic, the depolarized component of the scattered signa!, 
proportional to the density of molecules in the plasma, was measured. This new method has been used to locally 
delermine molecular species densities in pure nitrogen and pure hydragen ex panding plasmas. The results were 
used to obtain the dissociation degree of an ex panding hydragen plasma. 

The fundamental study of hydrogen kinetics in plasmas is of 
vita! importance for the realization of hydrogen negative ion 
(H-) or hydrogen neutral (Hl} sources. The latter are impor­
tant for surface studies and surface modification, whereas H­
sources are crucial links in neutral beam injectors for fusion 
plasmas. In the process of negative ion production (and de­
struction) in hydrogen plasmas, the H2 molecular density, the 
hydrogen neutral density, as wel! as the shape of the electron 
energy distri bution function are important parameters [I, 2, 3]. 
Furthermore, hydrogen plays a pertinent role in plasma depo­
sition, as it is commonly added as an etching agent in order to 
imprave the quality of the deposit. In ordertoonderstand the 
deposition mechanism, knowied ge of the hydrogen kinetics is 
essential as wel!. 

In the search for enhancement of partiele souree strength 
(and, thus, deposition rates}, expanding thermal plasmas have 
proven to be suceesful [4, 5, 6]. In this method, a cascaded 
are produces an atomized and partially ionized partiele beam 
which expands into a low-pressure background. Expanding 
eascaded are plasmas in hydrogen are used succesfully as H0 

neutral sourees and may be serve for volume production of 
H- negative ionsas wel!. 

As the cascaded are produces a hot (12 000 K}, thermal 
plasma, it can be considered as producing only atoms and 
atomie ions, e.g. H and H+ in the hydragen case. In hy­
drogen, the study of the expansion out of the cascaded are 
is severely hindered by anomalous recombination. This re­
combination, in which residual hydragen molecules play a 
pertinent role, results in a low electron density and, conse­
quently, little light emission. Alsoother expanding molecular 
plasmas (e.g., nitrogen) show this recombination, allthough to 
a lesser extent. 

The mechanism responsible for this fast recombination in 
the first few centimeters of the expansion is charge exchange 
between atomie ions (H+) and molecules (vibrationally ex­
cited H2) and subsequent dissociative recombination of the 
formed molecular ion (Hil [7]. The molecules necessary for 
this process are not produced in significant amounts by the are 
and, thus, must be formed by association, most likely at the 

steel vessel walls. Tagether with astrong recirculation flow in 
the vessel, this wal! association process will provide a reentry 
flow of (vibrationally excited) hydragen molecules into the 
expansion. 

Because of the little light emission, traditional plasma diag­
nostics, such as optica! emission spectroscopy, cannot be used 
on this type of plasmas. Furthermore, quantitative information 
on this anomalous recombination requires quantitative knowl­
edge of the abundance of molecules in their electronic ground 
states, i.e. not readily observable by passive means. So, a spa­
tially resolved, active molecular concentratien mensurement is 
essential for research on expanding hydragen or nitrogen plas­
mas, and would be extremely useful in other kinds of plasma 
partiele sourees (and plasma etching and deposition research} 
as well. 

A well-known active diagnostic such as Rayleigh scattering 
makes no distinetion between atoms and molecules, except in 
polarization characteristics. The new methad introduced here 
makes u se of this fact to obtain molecular species den si ties in 
these relatively "dark" hydrogen and nitrogen plasmas. 

Electromagnetic radialion can scatter off free electrens in a 
plasma in a process called Thomson scattering [8, 9]. For 
scattering off bound electrons, the elastic process is the well­
known Rayleigh scattering (llhv 0 for the scattered radi­
ation), whereas the inelastic version (llhv # 0) is known as 
Raman scattering. 

If polarized incident radialion is scattered off free electrons, 
the 90° scattered Thomson signa! either remains polarized (if 
the polarization vector of the incident radialion is perpendicu­
Jar to the plane through the incident wave vector and the line 
of sight to the observer} or is absent (if the polarization vec­
tor lies in this plane). This is a consequence of the specitic 
scattering geometry (e.g. [10]). 

In the case of Rayleigh scattering, the situation is somewhat 
more complicated. In a simp Ie classica! approach of scattering 
[!I], one can show thatthe 90° Rayleigh scattered radialion 
is fully polarized only if the scattering objects are spherically 
symmetrie, e.g., in the case of ground state atoms. In the case 
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of non-spberically symmetrie molecules a smalt component 
of tbe scattered radlation is depolarized. According to this 
classica! approach, the ratio of the depolarized (say, horizon­
tal) and polarized (vertical) scattering components lh/I. for 
vertically plane polarized incident radialion and a medium of 
linear molecules is given by: 

(I) 

where er = i x ( "'11 + 2cr 1.) is the average dipole polarizability 
(cru and a1.· are the componentsof the polarizabilitiy tensor 
along the intemuclear axis and perpendicular to it), and i = 
( "'11 - a 1.) is the po!arizability anisotropy. The components 
of the polarizability tensor are all frequency dependent [ 12]. 

In the quanturn mechanica! treatment, Eq. (I) must be mod­
ified to include the effect of Raman scattering. The Raman 
peaks are very weak in intensity compared to the Rayleigh 
peak, but they are strongly depolarized. If only the central 
(Rayleigh) peak is considered, the depo!arization ratio for this 
peak <PRayl) in the quanturn mechanica! treatment is 4 times 
smaller than the one calculated from Eq. (1) [12]. This, how­
ever, is an approximation, and it limits the accuracy of the 
metbod described bere: this PRayl slightly depends on the rovi­
brational state of the scattering molecules. It can be shown, 
thatthe total averaged PRayl changes about 10% fora temper­
ature change (and, hence, a rovibrational redistribution) from 
300 K to 1400 Kin the case ofbydrogen. Theoretica! values for 
the a's [12, 13, 14] can be inserted to obtain theRayleighpeak 
depolarization ratios for 532 nm radialion and a temperature 
of 300 K: PRayl,Hz = 2.3 x 10-3; PRayl,N, = 2.69 X I0- 3• 

In the following, we will consicter only the Rayleigh peak 
depolarization. 

In the case of Rayleigh scattering on a plasma, depolariza­
tion may also be due to the presence of excited atomie states. 
In the cases discussed bere, however, we may totally neglect 
this influence, as the number of excited stales is very smal) 
compared to the number of molecules and ground state atoms 
(typically smaller by a factor of IQÓ 1010). 

Figure 1 shows the expanding cascaded are plasma: a wal! 
stabilized, continuously operaled cascaded are produces a 
hot, thermal plasma (diam: 4 mm) at subatmospheric pres­
sure (± 0.6-0.2 bar). This plasma is allowed to expand into a 
heavil y pumped, low pressure <Poaek around 1-1000 Pa) back­
ground through aconically shaped nozzle, creating a superson­
ically expanding plasma jet. This plasma souree is described 
in detail elsewhere [4, 6]. 

The plasma conditions for the hydrogen measurements wîll 
be referred to as condition 1: lare = 37 A, Vare= 208 V, 
H2 flow 3.0 SLM, Pbaek 715 Pa For the nitrogen case, 
condition2: Iarc=45A, Varc=l60V, N2flow=3.5SLM, 
Pbaek = 170 Pa. 

The combined Thomson-Rayleigh set up is sketched in fig. 
ure 2 and consistsof a high-power frequency-doubled Nd:YAG 
laser (wavelength 532 nm) with the beam imaged onto the 
plasma by a lens and two mirrors. The laser dump is placed far 
outside the vessel to reduce the stray light. The 90° scattered 
radialion is imaged onto a polychromator entrance slit. The 
signa! passes an image intensilier and is sampled by a photo 

Figure I: The expanding cascaded an: experiment. A thermal 
plasma at atmospheric pressure is created in a cascaded are, 
consisting of three cathodes, a number of e/ectrically isolated 
capper plates, and an anode plate. All these parts are wa­
ter cooled. The plasma expands into a low pressure region, 
creating a supersonical/y expanding plasma jet. 

diode array. The polarizer is placed in front ofthe polychroma­
tor entrance si it. The apparatus bas been used very succesfully 
in determining electron temperatures, electron densities, and 
neutral densities, locally and with high accuracy (8]. 

Measuring a plasma depolarization signa! is cumbersome, 
since the signa! is very weak. Three things must be carefully 
calibrated: (a) the stray light from the laser radiation; (b) the 
fact that the polarizer is non-ideal and will thus show a ("par­
asitic") signa! even if it is perpendicular to the polarization of 
a plane polarized incident beam; and (c) the true depolariza­
tion signa! for a known amount of gas in the vessel at room 
temperature. 

(a) The vessel stray light is taken into account by measur­
ing, without plasma, at a very !ow ( < l Pa) pressure. This 
vessel stray light mensurement is subtracted from the subse­
quent Rayleigh measurement. Actually, the stray light level 
is very low, and this makes possible the deleetion of the weak 
depolarization signa!. 

(b) The parasitic depolarization signa! was mensured by per­
forming Rayleigh scattering measurements on pure argon gas 
in the vessel. Argon produces no depolarization by itself, so 
all "depolarization" mensured is due to the polarizer itself. To 
be able to correct for this effect, the polarized and depolar­
ized signals were mensured for different argon pressures: the 
ratio 10/lv = Ppara•itic tumed out to be constant and equal 
to ( 6.0 ± 0.6) x I o-4• Each depolarization mensurement will 
therefore consist of a mensurement ofthe vertical and horizon­
tal signals. The amount of parasitic depolarization canthen be 
calculated from the vertical signa! and pp4 ra•itie· 

(c) The calibration was performed by measuring the polar­
ized (sample time 240 s) and depolarized (sample time 1800 
s) scattering components, for known amounts of hydrogen or 
nitrogen in the vessel at room teniperature. Fora pressure 
of 1300 Pa, hydrogen gave a "clean" depolariZed signa! of 
1500 counts, whereas nitrogen gave 3134 counts. The er­
rors in these numbers, resulting from Poisson noise and the 
subtraction of the parasitic depolarization signa!, are around 
15%. The measured values of the p's, then, are: PRayi,H, = 
(2.2± 0.3) X i0-3,pnayl,N, = (2.7 ± 0.3) x 10-3, in good 
agreement with the theoretica! values. At room temperature, 
the partiele densities in the calibration are 3.1 x 1 Q23m-3. Th is 
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Figure 2: The Thomson-Rayleigh scattering set up. 
Frequency-doubled Nd: YAG radialion is focused info the 
plasma by a system oftwo dichroic mirrors (St and Sû and a 
lens (Lt). The stray light level is reduced by p/acing the laser 
dump (LD) far away (i.e., 2 meters), and by instal/ing sev­
era/ diaphagms D1-D3. The scattered radialion is transmilled 
through an optica/ system consisting of lens es (L2 and L3) and 
a mirror (S3). The dispersive element is a hollow concave 
grating (HCR), after which defection takes place by an image 
intensified optica/ multi channel analyzer (OMA). The gating 
of the light amplifier (LA) as wel/ as the data processing is 
handled by a persona/ computer. The polarizer ( P) is p/aced 
in front of the entrance slit of the polychromator. 

yields the calibration factors to obtain molecular densities in 
the plasma, provided the PRayl 's do oot change too much due 
to the higher temperature in the plasma. 

The measurements were carried out locally (detection vol­
ume "" 0.25mm3) at different distauces from the expansion 
nozzle: at z = 15 mm for condition I, and at z = 20 mm 
and z = 150 mm for condition 2. Due to the dissociation and 
the higher temperature in the plasma (and the resulting low 
molecular density at the same pressure), depolarization sig­
nals are weaker than in the calibration: (160 ± 50) counts for 
1800 s measuring time for condition I. With the calibration 
as described under (c), the hydrogen molecular density was 
calculated to be (3 ± I) x 1022m- 3 An additional result cao 
be obtained if we assume pressure equilibrium at this position 
and calculate the total plasma density with the gas tempera­
ture equal to the rotational temperature, measured in a similar 
experiment [15]: Trot "" 1400K. The total density is, then, 
equal toabout 5.2 x 1022m-3, resulting in a [H]/[H2] con­
centration ratio forthe plasma at this point of0.7 ± 0.3. This 
is an essential result, as a plasma of this type is used as a H0 

Figure 3: Results of molecular concentration measurements on 
an expanding nitrogen plasma jet. Radial scans (r: distance 
from the center of the plasma jet) were made for two axial 
positions: z = 20 mm (+), and z = 150 mm (•). 

partiele source. 
The results for the nitrogen plasma ( condition 2) are given 

in ligure 3. In this case, a radial scan was performed at both 
z = 20 mm and z = 150 mm (axial and radial scans cao be made 
easily in this experiment, by moving the plasma and keep­
ing the diagnostics fixed). The number density of molecules 
clearly iocrcases at the edges of the plasma. 

We conclude: 
The difference in polarization characteristics of Rayleigh 

scattering on atoms and molecules cao be used to delermine 
the concentration of the molecules in plasmas (or gases) con­
taining only one depolarizing molecular component, such as 
the plasmas mentioned, where molecules other than H2 and 
N2 are oot present in significant amounts. 

Every high quality Thomson-Rayleigh diagnostic with an 
effective stray light reduction cao be adapted for this kind of 
measurement by simple insertion of a polarizer and proper 
calibration. 

The accuracy of the method is limited by the fact, that 
the temperature influence on PRayl is neglected, and by the 
weakness of the effect, which even with long sampling times 
results in noisy signals. The deleetion limit is around 1021 m- 3 • 

Eventually, turning the polarization vector ofthe incident laser 
radialion by 90° to make it !ie in the plane of incident radialion 
and line of sight will reduce the ooi se level because in this case 
only the depolarized radialion is observed. 

The measurements clearly indicate, that, in the hydrogen 
case, the density of molecules close to the expansion nozzle is 
unexpectedly high. Th is fact cao only be explained in termsof 
wall association in combination with a recirculation flow, as 
was indicated above. In the case of nitrogen, a similar process 
may occur, as the number density of molecules iocrcases to the 
edges ofthe plasma. In both cases, this information is essential 
to understand the fast ionization lossin the expansion. 

This new application of a widely known phenomenon, de-
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polarization of Rayleigh scattered radiation, can give spa­
tially resolved infonnation about the density of ground state 
molecules, information which is difficult to obtain by other 
means. This knowledge can be essential for research on parti­
ele sourees and plasma etching or deposition. 

We would like to thank A.J.G. van Helvoort, M.J.F. van de 
Sande, A.B.M. Hüsken, and H.M.M. de Jong for their help 
and skîllful teehoical assistance during the measurements. 
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Abstract. The ex panding plasma emanating from a thennal are plasma souree that can he used for deposition 

of thin films is studied using laser spectroscopie techniques. The argon-hydrogen plasma is characterized by 

very fast recombination, that cannot he explained by atomie processes. To explore this phenomenon, that 

bas heen related to wall-association ofhydrogen atorns and recirculation, CARS (coherent anti-Stokes Raman 

scattering) is perfonned on (argon-)hydrogen plasmas. The periphery of the plasma appears to be rich in 

hydragen molecules, in accordance with the recirculation model. No highly rovibrationally excited stales are 

detecred in the periphery, in spite of the spectrometer's very good sensitivity (0.1 Pa H2 at 300 K). For the 

plasma, rotational and vibrational temperatures as well as absolute H2 densities are measured. A simple model 
for the observed (non-Boltzmann) rotational populations is developed. 

I. INTRODUCTION 

Expandingthermal are plasmas are used in a variety of applica­
tions, which include the deposition of diamond, diamond-like 
carbon, amorphous hydrogenated carbon, and amorphous hy­
drogenated silicon thin films [1]. When the thermal are is 
operaled either on pure hydrogen or on an argon-hydragen 
mixture, it can be used as a partiele souree for hydragen rad­
icals or hydragen pcsitive and negative ions [2, 3]. Funda­
mental research on expandingplasmas focuses on the study of 
argon-hydrogen mixtures. The principle parameters that have 
to be determined are partiele densities ( electrons, neutrats and 
ions) and temperatures. To this end, active and passive spec­
troscopie techniques are employed. The results are interpreled 
by comparison with numerical models. 

In this paper we wil! summarize some of the properties ofthe 
argon-hydragen expanding !hermal are plasma and describe 
in more detail the measurement of rovibrationally excited Hz 
molecules by CARS spectroscopy in and around the ex panding 
plasma jet. 

11. EXPER1MENT AND DIAGNOSTICS 

The expanding thermal are plasma has been described else­
where [4, 5] and we will only give a brief desciption here. A 
subatmospheric (0.2-0.6 bar) plasma from a thermal are (at 
high electron density) expands into a vacuum vessel, creating 
a plasma jet. The expansion direction defines the z-axis, with 
the origin at the expansion nozz.le. Hydragen can be added 
to the argon plasma in two ways: either by burning the are 
on a argon-hydrogen mixture ("are injection"), or by burning 
the are on pure argon, and flushing hydrogen direetly into the 
vessel ("vessel injection"). Basic plasma conditions are: are 

current I are 45 A, are voltage Vare 50-100 V, total flow= 
3.5 SLM (standard liters per minute), and background pressure 
Pback 40-133 Pa. The thermal are is moveable within a vac­
uum vessel without significantly changing the plasma. This 
greatly facilitates the axial and radial scanning of the plasma 

without rnaving the diagnostics. 
Three diagnostics are applied to the plasma jet: 

• Optica/ Emission Spectroscopy ( OES). Passive spectros­
copy in order to delermine the exçjted level populations 
of hydragen and argon. The set up is a fairly standard, 
calibrated, mirror-scanning system, described in detail in 
[5]. 

• Thomson·Rayleigh scattering. A frequency doubled 
Nd: YAG laser is used for this diagnostic. Photons are 
scattered off free and bound electroos in the plasma 
and deleetion of the scattered (Doppler-shifted) radia­
lion gives direct, local, and accurate information about 
electron and neutral densities and electron temperatures. 
The diagnostic has been described elsewhere [4], a few 
important results wiJl be discussed below. 

• Coherent Ami-Stokes Raman Scattering (CARS) In order 
to detect rovibrationally excited H2 , a CARS diagnostic 
has been realized; it will bedescribed below. 

In order to get an impresssion of the processes that are 
important in the expandingjet it is appropriate to discuss some 
of the basic properties ( cf. [5, 6, 7]). The main characteristic of 
the argon-hydragen jet is its anomalously fast recombination 

as compared to the purely atomie argon case. As can be 
seen in Fig. 1, the electron density deercases by an order of 
magnitude, even for tiny admixtures of H2 . 

This enormous ionization loss has been attributed toa com­
bination of wall-association and recirculation inside the vac­
uum vessel. In this process, hydragen atoms associate to 
molecules at the vessel walls and are transporled towards the 
plasma beam again by recirculation. For low hydragen seed 
fractions, where the dominant ion is argon, the following re­
acti ons can occur: 

(!) 

followedby: 

Arll++e-~Ar+H*, (2) 
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Pi gure I: Electron density vs. axia1 position ( z) profiles of 
different expanding jets: pure argon. are injection, and vessel 
injection. 

during which excited H atoms are formed. In the case of "are 
injection", the H2 molecules necessary forthese reactions do 
notall originate from the are (where a high degtee of disso­
ciation is assumed) but from the stainless steel vessel walls. 
A quasi one-dimensional model [7) solving mass, momentum, 
and energy balances for the plasma particles contirros the ex­
istence of an extemal Hz input into the jet. The model prediets 
that this reentry flow penetrales the plasma around the shock 
position (i.e., around z=40-70 mm in Fig. 1). 

Absolute emission spectroscopy on the argon and hydrogen 
atomie systems shows that all the argon emission disappears 
for seed fractions above 7 vol.%. As argon emission is due 
only to three partiele recombination (low T,, around 0.2 eV), 
this means that the are does not produce any argon ions for 
these seed fractions. The dominant ion therefore probably is 
H+ forseed fractions above 7 vol.% [3, 5, 7]. 

Fig. I actually represents the close investigation ofthe recir­
culation effect by a set of Thomson scattering experiments: a 
comparison is made between a pure argon jet, a 2% hydragen­
in-argon jet and a pure argon jet with 2 vol.% hydrogen flusbed 
directly into the vacuum vessel. The pure argon and "vessel in­
jection" cases can beseen to clearly coincide up to z=IOO, i.e., 
the deviation starts after tbe shock region. The hydrogen-argon 
"are injection" case shows a similar behaviour, but has lower 
densities right from the start. The decrease after z=IOO is re­
markably similar for the "are injection" and "vessel injection" 
cases. Eventually, a calculation shows that equal amounts of 
hydrogen are needed to explain the ionization loss after z= I 00. 
The ionization loss after the shock is thus thought to be totally 
determined by the backgtound gas and the molecules present 
there. 

In order to scrutinize this phenomenon of very fast recom­
binatîon through a molecular channel, a CARS diagnostîc has 
been realized for the state- selective deleetion of hydragen 
molecules. 

The CARS process and signal generation has been described 
in a number of actieles (e.g., [8]-[11]) and we shall only give 
a brief account here. CARS is a coherent analogon of Raman 
scattering with the advantage, that the signal is created as a 
coherenfbeam, thus greatly enhancing the sensitivity. This is 
the main reason why CARS was chosen as a dîagnostic for our 
low pressure hydrogen-containîng plasma. CARS has been 
chosen in stead of other methods, such as Resonance Enhanced 
Multi Pboton Ionizatîon (REMPI) or VUV absorption, because 
its relatively easy in situ applîcability in our case. 

TheCARSsignal(atfrequencyw3 = 2w1-w2)isgenerated 
through the third order non-linear susceptibility x<3) of the 
probed molecule. The anti-Stokes power (J':l) depends on the 
power of the pump <P1 at w1) and Stokes <P2 at wz) lasers as 
follows: 

(3) 

where K is a proportionality constant. The x<3) consistsof a 
resonant and a non-resonant part: x<3

) = x~k + xm. The 
resonant part is gteatly enhanced when a Rarnan resonance is 
prohed, i.e., whenw1-w2 Wv,J> wherewv,J is the frequency 
of a particular Raman transition. The resonant third-order 
susceptibility xm associated with a certain isolated Q branch 
transition can be written as: 

x~~~ = K' N[p.,; (4) 

In this last equation, K' is a proportionality constant, N is 
the total number of molecules, p stands for the probability 
of occupation of a eertaio rovibrational state, ~ is the (0-l) 
spontaneous Raman scattering cross section, and ( v+ I) reflects 
the growth of this cross section with increasing vibrational 
quanturn number. The form function h(w1 - w2) reflects the 
line shape. In our Doppler-lîmited regime, this function can 
be written as [12): 

l 

uj\7r) 

l
+oo e-<vtu)' 

x _
00

w --.-,J--W-I_+_w_2..: __ i-y-.-,J-+-("'"w_I ___ w_z.,..)v-/..,...c dv, (5) 

where "'• ,J is the frequency of tbe transition considered and 
'Yv,l its width at half maximum (FWHM), u is the root mean 
square velocity, u = J2kT/m, vis the molecule's velocity, 
and cis the speed of light. In practice "tv ,J = 0 can betaken in 
our case, where pressures are wel! below 500 Pa. In this case 
the line width and shape is detemined by the Doppier effect 
(0.09-0.15 cm-1 FWHM, at temperatures ranging from 500-
2000 K). The dye linewidth is around 0.07 cm- 1, the pump 
laser can be considered monochromatic (0.005 cm- 1 ). In our 
case of well-separated lines (because of the large molecular 
constants of Hz), we do not have to worry about intenering 
lines: as the surface of a line can be very well determined, the 
speetral line shape does not have to be considered. Doppier 
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Figure 2: The C4.RS spectrometer. Nd: YAG fequency doubled 
radlation is usedfor the pump beams and to pump the dye laser 
(M 1: a 70130 beam splitter). The beams are in a BOXCARS 
arrangement: a dichroic beam combiner (BM) is used to make 
the red beam coincide with on ofthe green beams. A system 
ofmirrors (M2-Mg) takes the beams up to the experiment. Ms 
is a flat quatz plate used to split off 10% of the laser energy, 
which is led through the reference eetl. Pt-Ps are suprasil 
prisms, L1- L5 are suprasillenses. (L1, ~. and L4 : f"'l m). 
The CARS signa! is jiltered from the green beam by a set of 
filters ( F1-F3 and F5- F6). F4 represems an eventual neutral 
density filter. LD designale laser dumps, PMT designales a 
photomultiplier tube. 

broadening, however, does have an effect as it deercases the 
peak height of a line, which impedes the mea5urement of very 
faint lines. 

With an appropriate calîbration on hydragen gas, absolute 
values of N[Pv,J P•+Pl can be obtained using the above 
description. If a number of transitionsis monitored, absolute 
values of the population densities of individual rovibrational 
statescan thus be calculated. We shall return to this later when 
we describe the measurements procedure. 

B. The CARS spectrometer 

The experiment is depicted in Figs. 2 and 3. An injection 
seeded Nd:YAG laser (Quanta Ray GCR230, 300mJ/pulse@ 
532 nm, 50 Hz, single longîtudinal mode) is used for the Wt 

beam (bandwidth 0.005 cm- 1); it also pumps a Quanta Ray 
PDL3 dye laser (bandwidth around 0.07 em- 1). The dye liquid 
is a mixtureofDCM and LDS698 (Exciton) solved in methyl 
alcohol in a mass ratio of 3: I; it delîvers conversion in the 
region of 660-700 nm. 

Eventually, tbe used laser output powers are around 10-
20 mJ/pulse for the green and around 0.5 mJ for the red. The 
w1 and w2 beams are in a crossed beam arrangement (BOX­
CARS), and the deleetion volume bas dimensions of about 
20x0.18 mm. A smal! part (10%) of the beams is split off 
after the CARS lens (/=1 m) by a (À/20) flat quartz plate and 
led through a reference cel! (I m Jength) containing 7 bars of 

2 

M1: 70130 
P3 

Nd:YAG (Quanta Dyelasef r---1 
RayGCR230) F (Quanta Ray 

~ POL3) 1! · .. 
~ 

~ 
P1 P2 

BM 50150 BS 

d.;ay r.,. (120 cm) 
pump beams 

~" M~ ... 

Figure 3: The CARS laser table. The Quanta Ray lasers 
are positioned on a Plato optica/ table, supported by concrete 
blocks. This figure shows in some detail the delay line (to 
correct for the delay in the dye laser}, the BOXCARS beam 
splitter (P6), and the beam combiner (BM) which aligns the 
red and green beams. 

argon. The non-resonant CARS signa! created here is used 
as a reference to cancel out shot-to-shot variations in beam 
overlap and laser power, as wel! as variations in the dye laser 
output at different wavelengths. Extreme care has been taken 
to make the reference and main branches as identical as possi­
ble, especially up to the position of CARS signa! generation. 
The correct pressure dependenee (intensity proportional to the 
square of the pressure) has been verified in the reference cell 
and vacuum vesseL 

After collimation by a second lens the blue anti-Stokes sig­
nals are separated from the green pump beam by filtering. 
Both main and reference CARS signals are guided through 
i den ti cal I m Cz.erny-Turner monochromators (Hilger-Engis 
Monospek 1000) for separation of signa! from residualgreen 
light This filtering is very effective: no signa] is obtained if 
either the green or the red beam is dumped before the CARS 
lens (Lt). Signals are detected using fast photomultipliertubes 
(Hamamatsu R 1355, caoled to -25" C), using a tapered bleeder 
resistor networkin order to insure good putse Jinearity. When 
the CARS signa! is very strong (e.g. in tbe case of a 11"'0, 
J=l line), a set of calibrated neutral density (ND) filters is 
used to attenuate the signa!. A fast, multi-cbannel, gated ADC 
(LeCroy 2249A) simultaneously integrates the main and ref­
erence PM tubeoutputsduring a 150 ns time interval, gated by 
the Q-switch synchronization signa] generaled by the Nd:YAG 
laser unit. 

The stepping of the dye laser and the monochromators, as 
wel! as the processing and slorage of the ADC outputs is con­
trolled by a 486 PC A measurement is performed by scanning 
the dye laser in steps of 0.015 cm- 1 over the different H2 Q 
branch resonances, taking 50 or I 00 measurements at each 
point. Both monochromators are set to the correct position 
for deleetion of the generaled anti-Stokes signa!. The main 
signa! is immediately (pulse-by-pulse) divided by the refer­
ence signa! and slored for further processing. The program 
automatically skips the intervals between Raman resonances, 
since these are relatively far apart in hydrogen. 

Fora bettergrasp of what is passing ins i de the vacuum ves­
sel (which is not easily accesible in our case), a CCD camera 
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Figure 4: A measurement of spatial resolution in the reference 
branch by prohing the non-resonant CARS signa/ generaled 
in a 2 mm thick quartz plate at different positions. 

system is installed on whlch an attenuated second reileetion 
(after lens LI) of pump and dye lasers is focused. With appro­
priate filtering a black-and-white picture can be obtained that 
is representative ofthe sitlllltion in the main CARS generation 
volume, showlog the beam overlap. This greatly facilitates 
the alignment of the set up and makes possible a check of the 
alignment while measuring. 

C. Tests and measurement procedures 

Before turning to measurements, the spectrometer has been 
carefully tested and calibrated, focusing on aspects such as 
linearity (of the deleetion system, especially the PM tubes and 
the ADC), spatlal resolution, saturation effects, and deleetion 
limits. 

The linearity of the detection system is checked using cal­
ibrated ND filters and proves to be excellent ( within a few 
%). 

Spatlal resolution is measured in the reference branch. After 
removal of the argon cell a 2 mm quartz plate on a mounting 
is placed in the focal point of the laser beams. The signa! now 
deteeted in the reference branch is due mainly tonon-resonant 
CARS generaled in the quartz. By moving the thin quartz 
plate through the deleetion volume, a measurement of the 
deleetion volume is basically performed. The result is shown 
in Fig. 4. With a beam separation of 35 mm at the CARS lens 
(leading to an angle between the BOXCARS beams of I•), a 
spatlal resolution of approximately 20..30 mm is achieved in 
the longitudinal direction. 

In the plane perpendicular to the laser beams the resolution 
is determined by the waist of the focus, around 180 pm. 

The phenomenon of saturation in CARS is particularly im­
portant as it limits the laser powers that cao be applied with­
out sîgnîficantly changing the population distribution in the 
plasma. This phenomenon has been studled extensively by 
Péalat et al [ 13]. The process that causes redîstribution among 
the probed stales is stimulated Rarnan scattering (SRS, [8]). 
To estîmate the importance of this effect one has to measure 
the power dependenee of the signa! strength in order to check 
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Figure 5: Power dependenee measurement of the v=O, J =1 
Q line. The triangles represem a model fit, where sealing has 
been performed by adjusting the focal waist diameter. The 
ideal behaviour (I K Pl Pû is observed for low powers. 

the validity of Eq. (3). This has been done using beam split­
ters in the first part of the green beam (i.e., justafter the 70/30 
beam splitter in Fig. 3). Measuring the power dependenee is 
very cumbersome, as the removal of a beam splitter makes 
a realignment necessary. Nevertheless, the results are repro­
duceable and Fig. 5 shows the surface of the measured v;(), 

J=l peak (designating the transition by the lower level) vs. 
Pt P2. Allthough we are able to measure only a few points, the 
saturation behaviour is very clear for the higher laser powers. 

Using a computer code by M. Péalat et al. at ONERA a 
simulation has been performed for the saturation behaviour. 
The procedure is completely analogous to the one described 
for N2 in [13] and will not be fully discussed here. Using 
molecular data for H2 and dye and pump powersin the vessel, 
a fit could be made to the points in Fig. 5 (i.e., for v=O, J =I), 
assuming a nine-mode dye laser (;::: 0.07 cm- 1 ). Of course, 
the actual power density in the vessel is not known, because 
the actual beam waist can only be accurately calculated for 
the case of a perfect Gaussian laser beam. In the present case 
this is nol possible, as the PDL3 dye laser delivers no Gaus­
sian profile, whereas the injection seeded Nd: YAG laser has a 
reasonably Gaussian profile (>90% far field). The procedure 
therefore relles on adjusting the laser power densities, varying 
the value of the beam waist, to fit the model calculations to 
the experimental values. With a ( reasonable) beam waist of 
around 180 f.im a goud fit has been obtained, shown in Fig. 5. 
In principle, this makes possible the correction of saturated 
data (as the dependenee of the saturation on the v quanturn 
number is known [13]), but in practice we prefer to stay in 
the unsaturated region with pump and dye powers. However, 
some uncertalnty is always present as it is very difficult to 
check on saturation behaviour of higher excited levels. We 
shall neglect the effects of saturation in the following. 

In order to test the response of the entire system, so-called 
"argon-argon" measurements are performed befure and after 
each measurement session. Here, the vessel is tilled with 60 
mbarsof argon and a measurement of the non- resonant CARS 
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Figure 6: A typical measured CARS spectrum in a full H2 

plasma. (z=150mm). The values nd of the attenuating ND 
filters are indicated ( the attenuation equals 10nd ). 

signal on argon performed scanning the entire H2 ( v=O- v=4) 
range, Le., Raman shifts in the range 4162-3000cm- 1• Since 
reference and main branches should show the same behaviour 
now, their ratio should remain constant - all uncertainties con­
cerning beam overlap, dye laser output etc. should be sym­
metrical. This bas been checked to be the case within 10% for 
every measurement. 

A calibration has to be performed in orderio obtain absolute 
values for the densities. Room temperature H2 at a pressure of 
70 Pa in !he vessel is used for calibration: four levels are used, 
even though one would in principle suffice. Calibrations are 
also performed before and aftereach measurement session. 

IV. CARS RESULTS 

A. Measm·ement aod processing 

A typ i cal measurement is shown in Fig. 6. It shows the distinct 
Rarnan resonances for v=O, v=!, and v=2 levels. In full H2, 
rneasurements could be taken up to v=2, J =5. The values of 
the attenuating ND filters are indicated. 

Processing takes place by deterrnining the surface of each 
line and correlating these surfaces to those in the H2 cal­
ibration, using Eqns. (3) and (4), Corrections are made 
for the (v, J) dependenee of the Rarnan cross section using 
data frorn Long [15] and others [16, 17]. In H2, we can 
use the isolated line approxirnation. In this rnanner, abso­
lute density diflerences are obtained that have to be converted 
to densities using certain assurnptions. In our case, we as­
surned the density of the level above the one that can just 
be measured to be negligible, so we assurne for v=2 levels: 
n(v = 2, J) n( v 3, J) ,:;e n( v = 2, J). The error is 
probably nol larger than a few percent under our conditions. 
For lower levels we follow Eqn. (4): 

n(v i,J) nmeaaured(v=i,J)+n(v i+l.J), (6) 

In the end, absolute densities can be obtained with a total 
accuracy of 10% The deleetion limit of the system is around 

0.1 Pa H2 (300 K); during the rneasurements, densities per 
statistica] weight as low as 2-1017m- 3 have been rneasured for 
v=2. Boltzmann plots of these measurements will be shown 
later on . 

B. Results for argon-hydrogeomixtures 

The first aim of the CARS rneasurements is to scrutinize the 
phenornenon of very fast recombination. Therefore CARS has 
been performed on 10 and 50 vol.% Hz in Ar mixtures (vessel 
and are injection, Iarc=55 A, total flow 3.5 SLM, background 
pressure 133 Pa). In all cases the view is confirmed that the 
background gas contains lotsof relatively cold (Trot=400 K, 
Tv;6= IJ 00 K) hydrogen molecules. In fact, the relative partial 
hydrogen pressure in the periphery of the plasma appears to 
he equal to the seed fraction: a x vol. % seed fraction results 
in a partial hydrogen pressure that is equal to x % of the 
total background pressure. This holds for both vessel and are 
injection. No highly excited vihrational stat es were detected in 
the periphery of the plasma, within the deleetion limits. Other 
Hz in Ar measurements are presenled in detail in a separate 
paper [18]. 

Figures 7 and 8 give the results for the 50 voL% Hz in argon 
plasma. In these plots, the rotational temperatures are taken 
to be the temperatures in the v= 1 state, as the v=O population 
suffers frorn sorne contributions by the cold background gas. 
This is the case only for a 133 Pa background pressure, as the 
beam diameter in this case is of the same order as the spatial 
resolution along the laser beams (i.e., a few cm). Therefore, 
the radial dependendes should only be viewed upon as an in­
dication. For the same reason, the vibrational temperatures are 
calculated using the J =5 levels of v=O and v= 1 (we can only 
rneasure these vibrational stales in this plasma), as camparing 
the J=l levels (for example) would lead to an underestima­
tion of T~ib· This is caused by the relatively large amount 
of ( v=O,J = 1) states in the cold background which are in the 
deleetion volume. The densities are taken to be the sum of all 
measured states, rnaking appropriate corrections for stat es that 
eau not be measured. The poor spatial resolution makes the 
construction of a pressure plot is not very useful: the measured 
density includes both hot and cold parts, but if the tempera! ure 
of the hot part (i.e., the v= 1 data) is assigned to the total den­
sity, the calculated pressures in the plasma jet would be too 
high. 

However, the partial pressure in the periphery ( where there 
are no special demands on spatial resolution) appears to be 
equalto 50% of the background pressure (i.e., 69 Pa ± l 0% ), 
which is equal totheseed fraction of Hz in Ar. Note, that this 
is nol a trivia! n;sult as the are plasma is characterized by a 
high dissociation degree. 

In the following, !he background pressures are lower 
($ 40 Pa), and in these cases the spatial resolution along 
the laser beams appears to be adequate, at least for distances 
from the nozzle larger than 20 mrn or so. 

C: Results Cor pure hydrogeo plasmas 

CARS measurements have also been perforrned on plasmas 
in pure hydrogen, bath with and without a magnetic field to 
confine the plasma. The plasma conditloos are: no magnetic 
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Figure 7: CARS measurements on a 50 vol.% H2 in Ar plasnuJ 
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(b) vibrational temperatures calculated using the J =5 stat es. 
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Figure 8: CARS density measurements on a 50% Hz in Ar 
plasma. 

field: larc 37.5 A, flow: 3.5 SLM, Pback = 40 Pa; with 
nuJgneticjield: I are= 37.5 A, flow: 2 SLM, Pback 20 Pa, B­
fleld: I kG. The B-fleld can be considered homogeneous over 
the entire length of the plasma. In the latter case the electroos 
are magnetized, whereas the ions are not. The magnetized 
plasma has been studled in view of the possible high density 
ofnegative ions there [19]. As negative ions may be formed 
by the well-known dissociative attachment reaction: 

(7) 

where highlyexcited H2 is necessary [21] to make the reaction 
efficient, studying the H~v,J) population is essential. 

The results are shown in Fig. 9 for the non-magnetized 
plasma, and in Fig. 10 for the magnetized case. Shownare 
typical Boltz.mann plots for the v=O to v=2 states, and axial 
dependendes for the major parameters, Trot• Tvib• pand n101 • 

Trot has been taken from the v= I data. The rotational temper­
atures are equal for v=O, v= I , and v=2, as can be seen from 
the Boltzmann plot in Fig. 9 (b), at z = 150 mm. Tvib has 
been calculated using the J =3 or ( whenever possible) the J =5 
states. 

It may be useful to ponder a liltie on the spatlal resolution 
and the reasons we have to believe that it is sufficient in these 
lower pressure cases (i.e., the reason why we can believe 
the v=O rotational distributions to be virtually undisturbed 
by the periphery gas). In the argon-hydrogen measurements 
under (8}, the v=O, J=0-3 levels always show a rotational 
temperature that is unrealistically low: around 400 K, in clear 
disagreement with Trot in v=l (Fig. 7). The Trot of 400 K 
corresponds to the temperature measured in the peripheral gas. 
So in this case, the spatial resolution along the laser beams is 
inadequate: some cold background gas is measured along with 
the hot plasma. In the lower pressure case, ho wever, the v=O, 
J=0-5 Tr01 's are in good agreement with the v=l and v=2 
data, at least for downstteam distances larger than 20 mm. 
Therefore, we assume the rotational distributions in Figs. 9 
and 10 to be "real", and that they contain no artefacts. 

Consirlering Figs. 9 and 10, it is worth noting that, even 
per statistica! weight, the population in a high rotationallevel 
of v=O can be as large as the population in a lower rotational 
level in v= I at the same (total} energy. With this advantage of 
a larger statistica! weight, more energy can be carried by ro­
tations than by vibrations in our plasma. This is an important 
observation. It distinguishes these expanding plasmas from 
many other plasma sources, where the rotational temperaturn 
is usually very low compared to the vibrational temperature 
(e.g., [12]}. In the latter cases, research therefore often focuses 
on the em vibrational population distribution. The measure­
ments in this section can serve as an example for a situation 
where the rotational population is very important. In this re· 
speet our situation is somewhat similar to that em:ountered in 
combustion research [20]. 
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Figure 9: CARS results for a full hydragen plasma: Boltzmann plots for different axial positions, and axial dependendes of 
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Figure I 0: CARS results for the magnetized hydrogen plasma beam. 
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It follows from the pressure plots in Figs. 9 and I 0, that 
the dissociation degree in the plasma jet must be minimum, as 
the measured H 2 pressures account for the total background 
pressure. Note, that high pressores are measured near the 
nozzle. This could be an artefact: we can expect to measure 
some background gas there (the beam diameter is still smal!) 
and still ascribe a high ( v= I) rotatîonal temperature to the total 
measured H2 density at these positions. This would lead to an 
overestimation of the pressure. 

The fact, that the measured dissociation degree in the plasma 
is so low is very surprising, as power input measurements 
show, that the are must have a dîssociation degree of around 
70% foranare current of 37.5 A [22]. This bas been more or 
less confirmed by depolarization Rayleigh scattering measure­
ments very close to the are [2]. A further indication follows 
from the analysis of the rotational populations, measured by 
CARS, in the following section. It is our opinîon, that only 
an effectîve wal! association process in combination wîth a 
recirculation flow can explain these results [5, 7, 18]. 

Furthermore, no great dissimilarities are obvious from a 
comparison between Fig. 9 and Fig. 10. Indeed, the hydragen 
molecular population hardly seems to be influenced by the 
fact, that a totally different plasma is present in the magne­
tized case. Especially the absence ofhighly excited vibrational 
stales in the magnetized case makes less probable the occur­
rence of mechanism (7) as a main H- production channel. If 
H- is present in large amounts, a different mechanism might 
be necessary. The formation through Rydberg or highly (elec­
tronically) excited H2 , as proposed by Garscadden et al in [23] 
might be considered. 

V. ROTATIONAL RELAXATION MODEL 

An attempt has been made to explain the non-Boltzmann rota­
tional distributions in Fig. 9 by consiclering hot H2 gas (i.e., the 
30% that is nol dîssociated) Howing out of the are, relaxîng to 
an infinitely large, cool H2 background. During the relaxatîon 
by rotational-translational inelastic colli si ons (R-T collisions), 
higher stales relax more slowly. The rate fora given l!.J=L 
can be expressed in tbe rate for relaxation for L --+0, as bas 
been established by DePristoet al. [24]: 

(8) 

where J; and J 1 are the initia! and final J values, J > is 
the largestof the two. The exponential follows from microre­
versibîlity. the 3j symbol expresses the recouplîng of J; with 
L tofarm J1, g denotes thestatistical weight, andAi,> denotes 
an "adiabaticity" factor, defined by: 

l+r1/6 
I+ r]>/6' 

(9) 

where r1 = 2r(l~jT1 , with T, the collisiontime and TJ the 
characteristic time of rotation fo a given J. The adiabaticity 

factor accounts for the effectîvity of momenturn exchange for 
given collison and rotation times. It is close to I for our 
condîtions. 

The above gives the framework for a very sîmple model 
to explain the rotational distributions. Fora flux of 3.5 SLM 
(i.e., 1.4·1021 ç 1), a 70% dissociation degree, an estimated 
velocity of 5·!03m/s (see below), and a beam diameter at 
z=20 mm of 15 mm, we obtain a concentration of approxi­
mately 5·1020m- 3 at z=20 mm. The total H2 density at that 
position (measured by CARS, Fig. 9) is around 2.8·J021 m- 3 

In the model we use a hot densîty of 5 .J 020m- 3, and a cold H2 

densîty of2.3·1021m- 3 A set of sîmple differential equations 
is constructed for the tirst I 4 levels in the v=O manifold. The 
system looks as follows: 

dno 
N ( n2kz,o- noko,z) u-

dz 
dn1 

N(n3k3,0- ntkt,3) u-
dz 
dn; 

N(n;+2ki+2,i + n;_2ki-2,i) u-
dz 

-n;[ki,i+2 + ki,i-2Jl 

(2::.:; i ::.:; 12) 

dn13 
N(nukll,l3- nnk!J,td u--

dz 
dnt4 

N(nt2kl2,14 fit4kl4,12), (10) u--
dz 

where k;,j denotesa rate (calculated using (8)), N is the density 
of collîsion partners (i.e., the cold H2), and n; are the densities 
for each rotationa11evel. We only consider l!.J=2 collisions, 
because of nuclear spin conservalion for Hz (ortho and para 
H2 conservation). Larger (even) AJ steps are negleeled (25]. 
The speed of the jet is represented by u, which has been cast 
in the following (assumed) farm: 

u(z) = u0 ·exp(-z/1), ( 11) 

wilere u0 is the speed at the origin (tbe nozzle), taken to 
be 7·103m/s (calculated using pressure and How data from 
a sîmîlar experiment) and I is a characteristic lengtb, taken to 
be 70 mm. The expanding jet mixes with the background gas 
(at 600 K) with velocity u(z), and both the thermal energy 
and the translational energy are taken înto consideratîon in the 
calculatîon of the rate constant k(2 0) at a certain energy. 
Thecross sections for2 _. Oat temperatures in the range 500-
4000 K are calculated using data from Green [26], A second 
order polynomal fit delivers for this temperature range: 

k2-o(T) -1.55. w-•s + 2.65 . w-21 T + 5.5. w- 25T 2
, 

( 12) 
where T is the collision energy in K. 

The system is solved using MAPLE [27] with a Boltzmann 
distribution at 3000 K (which seems to be a reasonable value 
for hot molecules leaving the are) as a z 0 boundary condi­
tion. 

Fig. ll shows the results for the model, logether wîth the 
measurements in a pure hydragen plasma (no magnetic field) 
at two different positions. In using one model population 
to describe the populations at two positions, we implicitly 
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assume, that the increase in area of the primary beam (hot 
population) is balanced by a decrease in velocity, because the 
hot and cold model populations remain the same. The total H2 
density at the two z positions is about equal (Fig. 9). In spite 
of the rnany assumptions, the model appears to describe the 
measurements very wel!. Because CARS "sees" both the hot 
and cold populations, the temperature in the lower part of the 
rotational manifold seems rather low, whereas the tail is hot. 
As the tail slowly relax es, the total distribution becomes more 
and more Boltzmann-like. 
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Figure 11: The results of the quasi one-dimensional model 
compared to the rotational distributions in v =0. at two a:áal 
positions. The sqUilres denote the model with a 70% dissela­
tion degree in the are, the trîangles denote the model with a 
low dissociotion degree ( 10%) in the are. The iotter has been 
added to emphasize the fact, that a substantial dissociation 
degree inside the cascaded are has to be assumed in order to 
expiain the measurements. The plasma is a freely expanding 
pure hydragen jet ( cf. Fig. 9). 

The dissociation degree of70% inside the are is a necessary 
condition to obtain a good agreement. To illustrate this a few 
runs with the program have been performed using a very low 
dissoeiation degree (1 0%) in the are. In this case the majority 
of the are output flux consistsof molecules with a temperature 
of 3000 K, relaxing to a background gas at 600 K (just as 
in the above). Using the sarne speed profile and the sarne 

expresslons for the rate constants, results are obtained that 
deviate significantly from the experimental findings (Fig. 11 ). 
Apparently, the large amount of hot molecules does not relax 
quickly enoung in this case. This is a further indication that 
the are does dissocialetoa large extent, even though the model 
is probably not accurate enough to distinguish between, e.g., 
a 70 or 80% are dissociation degree. 

VI. CONCLUSIONS 

The expanding argon-hydrogen plasma jet is characterized by 
an anomalously fast recombination that can only be exp!ained 
by molecular channels involving hydrogen molecules. This 
is clearly indicated by the Thomson scattering measurements. 
CARS measurements show that large arnounts of hydrogen 
molecules are indeed present in the periphery of the plasma, 
even though they appear to be rather cool. The partial H2 
pressure in the periphery of the jet equals the seed fraction 
of Hz, whether it be injected in the are or in the vessel. A 
recirculation pattern in the vacuum vessel is thought to be 
responsible for the transport of (wall-associated) molecules 
into the plasma . 

The measurements on pure hydrogen confirm the older de­
polarisation Rayleigh scattering [2] and active probe [28] mea­
surements, as all show a marginal dissociation degree in the 
vessel (i.e., the hydrogen pressure is equal to the background 
pressure within the experimental errors). An exact compar­
ison between the two methods is difficult, as depolarization 
Rayleigh scattering is a crossed-beam experiment with a very 
high spatlal resolution, whereas CARS bas a poorer resolution 
along the laser beams. Furthermore, the former metbod can 
only be applied at higher pressures. The low dissociation de­
gree in the vessel, in combination with the high dissociation 
degree in the are must be caused by a wal! association process 
being dominant . 

The axial dependeneies of Trot and Tvib show no stationary 
shock front, which is so evident in pure argon and deluted 
Ar-H2 mixtures [4, 5]. · 

In the expanding pure hydrogen plasma only stales up to v=2 
can be detected. De Graaf et al [3] assume a total v=4 density 
of about 1019m- 3 in order to explain the anomalous recombi­
nation in a very simHar pure hydrogen expanding plasma. The 
highly excited molecules were thought to originate from the 
vessel walls [29]. The hot molecules are necessary to make 
the reaction: 

(13) 

exothermic (the energy deficit is around 2 e V). The formed IJt 
can eliherreact with H2 in order to form Hj or with an electron 
in a very fast dissociative recombination reaction. The formed 
Hj can also dissociatively recombine, so. either process will 
leadtoa very effective looization loss once the Hf is formed. 

The CARS measurements in this paper, however, clearly 
show the absence oflarge amounts ofhighly excited molecules 
around the plasma (where a Tvib of about 1100 Kis observed). 
At the measured Tvio 'sin the plasma, a v=4 density forthefree 
expanding pure hydrogen jet can be estimated to be around 
5·1016m- 3 for axial positions between z=40 and 150 mm. 
This discrepancy of more than two orders of magnitude is 
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not wel! understood, but a different mechanism may have 
to be found in order to explain the observed ionization loss. 
Examptes coutd be the expansion speed of the H+ leaving 
the are (translational energy), a pronounced importance of 
highly excited rotarionat states (e.g., a plateau in the rotational 
population below the detectivity of the CARS set up), or a 
combination of the mentioned possibilities of energy input 
(translational, rotational, and vibrational energy). 

A similar problem arises for the supposedly H- rich mag­
netized hydragen plasma: in this case even higher excitation 
is necessary to make reaction (7) effective. But again only 
low Tvib 's are observed (Fig. 10}, which lead to estimated 
t•=4 densities of a few times 1016m- 3 A strong plateau in 
rhe rotational population Gust below the dereetion limit of the 
CARS set up) could be of intlucnee here. If the presence 
of high densites of negative ionscan be verified, however, it 
is clear that the standard "dissociative attachment invalving 
vibrationatly excited molecules"- explanacion cannot account 
for the production of these negative ions. 

The simple rate-rnadel of a two-population H2 gas seems 
to able to describe the observed rotational distributions rather 
well for the freely expanding hydrogen jet. In this view, hot 
are H2 at 3000 K (representing the 30% fraction that is not 
dissociated) expands into the vessel and relax es to cold ( 600 K) 
hydrogen gas. The latter is suppose to constitute an infinite 
reservoir of cool gas. The model shows that the assumption 
of a high dissociation degree in the are is necessary in order to 
explain the rotational state distribution. 
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Abstract. In recent years, extremely rnpid recombînation as well as other effects in expanding thennal are 
plasmas have been attributed to wall association of rndicals (mainly H) and recirculation in the expansion vessel. 
Coherent anti-Stokes Raman scattering (CARS) measurements on H, and HD when the are burns on a mixture 
of H2 and 0;, show eonclusive new evidence for this view. 

Models and experiments in the field of plasma chemistry gen­
erally focus on the description of radkal kinetics and radi­
cal detection. Because of the very complex plasma kinetics 
(literally hundreds of reaelions may be involved), global un­
derstanding is difficult to attain [ 1]. In this letter we want to 
specifically address the formation of stabie molecules, which 
appears to dominate the plasma we have studied and may play 
an essential role in many other types of plasma as weB. The 
simp Ie view resulting from this consideration may rapidly lead 
to clear onderstanding of the plasma chemistry in many cases. 

Plasma deposition and etching techniques are becoming 
ever more important tools for the manufacturing of smal! struc­
tures in semiconductor materials, as wel! as for the coating 
of matcrials with thin films (e.g., amorphous hydrogenated 
carbon and silicon, diamond, graphite) [2]. Plasma sourees 
are also used for the creation of useful particles, such as H­
ions, H+ ions, or H radicals [3]. Different types of plasma 
generators are used (RF, microwave, DC} for the creation of 
deposition precursors or ( etching) radicals, but a common fac­
tor is a fairly large (5-100 liters) vacuum vessel, usually made 
out of stainless steel. The question now is to what extent the 
composition of the souree plasma is representative for the com­
position in the vacuum treatment vesseL The residence time 
of a partiele in the vessel can attain appreciable values, sec­
onds or more. This implies the principal possibility of many 
wall reactions, with a pronounced influence on the radical (and 
stabie molecule) populations in the treatment region. 

In this srudy, a DC wall stabilized thermal are plasma souree 
is used for the deposirion of thin films [4] and as a hydrogen 
partiele souree [5]. The thermal, subatmospheric plasma is 
allowed to expand into a low-pressure vessel (volume around 
100 liters), creating an expanding plasma jet. Monomers 
(C2H2, Clf.t, SiH4) are injected in the jet and deposition takes 
place on a downstream substrate. The are is usually operated 
in pure argon or in a mixture of argon and hydrogen. In the 
case of a partiele souree, thecarrier gas is pure hydrogen. In all 
these cases, residence times are around 0.3-2 seconds, and a re­
circulation flow is present in the vessel. These characteristics 
favor a major role for wan processes, teading to the forma­
tion of stabie moleenles from radicals (e.g., H2 from H). The 
plasma is recombining and afterglow-like, with low electron 
temperatures (T, around 0.2 eV) and low electron densities 
(n, around 1016m-3 when H2 is used in considerable amounts 

[e.g., 10 vol.% H2 in argon]). These T, and n, values rule 
out a major importance for electron kinetics. This makes the 
ex panding jet an i deal object for the study of wal! reactions, as 
the plasma emerging from the are mainly consistsof radicals 
and molecules. 

The actual research on the above mentioned wal! phenom­
ena is performed with a plasma jet experiment which has been 
described in detail in [6]. As the walt association process ere­
ales a population of stabie molecules around the plasma jet 
itself, i.e., in the "dark" periphery, active (laser) plasma diag­
nostics have to be employed in order to obtain the required 
data. As this study focuses on argon-hydrogen and pure hy­
drogen plasmas, a high-sensitivity CARS spectroscopy exper­
iment has been realized to perform density and temperature 
measurements on rovibrationally excited H2 (and HD, when 
the are operates on a H2/D2 mixture). The aim is to prove 
tbat the measured amounts of stabie molecules around (and 
in) the plasma can only be explained by assuming that wal! 
association and recîrculation are dominant processes. 

The CARS spectrometer is a scanning BOXCARS experi­
ment, using a reference branch in order to cancel out experi­
mental peculiarities such as a specific dye response spectrum. 
The experiment will be described in detail in a forthcoming 
paper [7]; CARS specifics can be found in review artiel es (e.g., 
[8]). At this moment it suffices to note that the set up is very 
sensilive, capahle of state-selective deleetion of H2 at very Jow 
pressores (a spectrum can betaken at 0.1 Pa H2 at 300 K). A 
3:1 mixture of Exciton DCM and Exciton LDS698 dyes has 
been used to cover the H2 and HD speetral regions. in a Ra­
man shift range of 4165-3000 cm- 1 . Absolute total density 
calibration to an accuracy of± 10% is possible. Using the ap­
propriate correction factors for the Raman cross sections [9], 
absolute HD state densities can also be determined. Effects 
of saturation in the CARS spectrum ([ 10]) have been shown 
to be negligible for our laser powers [7]. Spatial resolution 
is obtained by crossing the beams (BOXCARS): the deleetion 
volume has a lengthof"" 2 cm and a diameter of"" 180f'm. 

It is useîul to take a look at the general characteristics of 
the argon-hydrogen plasma by consiclering some Thomson 
scattering results, presenled in Fig. 1. The n, values have 
been measured on the axis of the expanding jet and show the 
behaviourof an argon plasma with srnall amounts of hydragen 
added. A very pronounced influence is observed, even for very 
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Figure 1: Thomson scattering datafor the electron density vs. 
axial position for pure argon and different hydragen-argon 
admixtures. The axial position z increases with increasing 
downstream distance from the nozzle. The impact of small 
additions of H2 to the flow is clearly visible. 

low hydrogen seed fractions. The hydrogen is admixed to the 
argon flow before it enters the are. The plasma conditions are 
the following: are current Iarc=45 A, voltage Varc=50 V, total 
flow 3.5 standard liters per minute (SLM), vessel background 
pressure Pback=40 Pa. 

The hydrogen actmixtures are in % by volume. The anoma­
lously fast recombination has been attributed to tbe formation 
of ArH+ molecular ions from Ar+ and H2. This strongly 
points to wall association, as H2 molecules are very unlikely 
to survive tbe 1 e V environment of the plasma inside tbe are, 
especially at lower seed fractions. In this view, only Ar+, H+, 
Ar, H, and e- leave the are, forcing tbe wall to be considered 
as the major souree for H2 molecules needed to explain the 
fast recombination [11, 12]. 

The measurements tbat have been performed are the fol­
lowing: (1) CARS measurements on 10 vol.% H2 in argon 
mixtures. The hydrogen is added to the flow before it enters 
the are (are injection), but in a second experiment it is flusbed 
directly into the vessel, tbe are operating on pure argon (vessel 
injection); (2) CARS measurements on H2 and HO when the 
are burns on a 50/50 mixture of H2 and 0 2; (3) ditto with the 
are burning on H2, while 0 2 is flusbed into the vessel; ( 4) ditto 
witb the are burning on 0 2, witb H2 flusbed into the vessel. 

1. CARS on Ar-H2 mixtures. In order to prove tbe ex­
istence of similar populations of H2 around tbe plasma for 
are and vessel injection, CARS measurements are carried out 
under the following conditions: Iarc=45 A, flow=3.5 SLM, 
Pback=140 Pa, 10 vol.% H2 in Ar. The results for tbe H2 
partial pressures (taken as tbe product of total density of all 
measured states, the rotational temperature, and Boltzmanns 
constant) are depicted in Fig. 2. The radial scan is made 
by moving the plasma inside tbe vessel, as tbis can be done 
without significantly changing tbe plasma [6]. 
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Figure 2: Radial profiles at a downstream distance of 20 mm 
for the H2 partial pressure in a JO vol% H2 in Ar mixture. 
Graphs are shown bothfor vessel (a) and are (b) injection. 
Partial pressures are calculated using p = nkTrot. where n 
is the sum of all measured state densities. The background 
pressure is 140 Pa. 

The plots clearly show that in both cases (vessel and are 
injection) tbe partial pressure of H2 in the periphery of the jet 
equals 10% of Pback> witbin tbe measurement accuracy. As 
we have to assume an almost complete dissociation of H2 in 
the are at theseseed fractions, this means that tbe measured H2 

in tbe are injection case must have been formed at the vessel 
walls, as it can be easily shown that volume association of H2 

is negligible in our case [13]. 

2. CARS on H2-D2 mixtures. In this case the conditions 
are tbe following: I are= 37.5 A, Vare= 100 V, flow: 3.5 SLM 
(50% H2 and 50% 0 2 by volume, both injected in the are), 
Pback= 40 Pa. Measurements on F:h and HO concentrations 
and temperatures are performed both in tbe plasma (at axial 
position z=10 mm (z denotes the distance from the onset of 
the expansion), and a radial position r=O) and in tbe periphery 
(at z=20 mm, r=20 mm). Intbelatter case the laser beams are 
clearly over the plasma jet. For the axis of tbe jet, at an axial 
position of z=10 mm, rotational Boltzmann plots for both H2 

and HO are given in Fig. 3. A summary of the results is given 
in table 1, clearly pointing toa total mixing in the formation 
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Figure 3: Boltzmann plots constructed from the Hz and HD 
measurements in the plasma (i.e., at z=70 mm and r=O). 

of products, as H2:HD:rest = I :2: I in partial pressures (and 
densities as well, as the temperatures are very similar). We 
think it safe to assume, that the "rest" wil! consist mainly of 
D2• At this moment, D2 is outside the measurement range, 
as it would require different experimental conditions (dyes, 
dichroics). 

A discussion of these measurements necessarily starts with 
an evaluation of the dissociation degree inside the cascaded 
are. This dissociation degree bas been measured by power 
input measurements on pure H2 arcs and has been determined 
to be around 70% (of the input flow) for an are current of37 .5 A 
[14). The factthat we observe (also in pure hydrogen, [7, 15]) 
a low dissociation degree inside the vessel (maximum 10%), 
a vessel (i.e., wal!) association process must be considered. 
Assuming that, in the above case, 70% of the particles leaving 
the are are H and D radicals, the walls must be saturated with 
H and D; subsequent association and desorption of molecules 
should lead to the observed H2:HD:D2 ratio of I :2:1. The 
30 vol.% of molecules leaving the are are most probably of the 
same constitution, as perfect mixing is to be expected there. 
The final mixture in the vessel corresponds exactly with the 
measurement results. 

A point of concern are volume reaelions of the type: 

H+Dz--+HD+D, 

D+H2-HD+H. 

(I) 

(2) 

These reaelions have been studied extensively [16] and show 
a significant threshold behaviour at low temperatures (Fig. 4). 
It is clear, that at the temperatures inside the vessel (400-
1200 K, [7J and table I), these reaelions can be neglected. 
In the are, however, at high densities and temperatures, these 
reaelions can play a dominant role, (as rates may approach 
higher values: the threshold behaviour is no Jonger important 
at 1 e V temperatures) teading to tot al mixing of the part of the 
molecules that is not dissociated. 

3. and 4. H2 and HD CARS on other H2-D2 mixtures. 
In this last set of measurements, the are is operaled on either 
full H2 or D2 (37 .5 A, 2 SLM), while the other consituent 
is flushed directly in the vessel (l SLM, PoacF' 40 Pa). So 

Table I: The CARS results for HD and H2. Experimental 
errors are around 7- I 0% forTrot and n. The resultant error 
for the pressure should be around 14-20%. The experimental 
conditions are: Poack = 40 Pa, I are = 37.5 A. Flows: HrD2 
are: 1.75 SLM H2 and 1.75 SLM D2; 

H2 Trot (K) 
H2 n (m-3) 

. . 
.. 

(z=20mm) (z=70mm) 

383 K 
2.1xl021 

10.9 

D + H2 --> HD + H 

• 
H + D2 --> HD + D 

200 400 600 800 1000 1200 1400 
T (K) 

Figure 4: The rates for atom-molecule volume reaelions vs. 
temperature, according to ref. [16 ]. 

here we encounter the situation where only H (D) radicals 
leave the are (representing a 70% dissociation degree in the 
are), whereas D2 (H2) is injected in molecular form. Table 2 
shows the remarkable results: the HD density is very low 
(partial pressure 1.2 Pa) in the case of a D2 are, and the HD 
signal even drops to the deleetion limit in the case of a H2 

are. Following the reasoning under 2., this means that there is 
no full dissociation of the vessel-injected molecules. No total 
mixing can thus occur at the vessel wal Is. Some conversion 
to HD is observed, however, so some dissociation must occur 
in the volume. This leads to the condusion that reactions 
(1-2) are responsible for dissociation of a small part of the 
vessel-injected molecules. Note, that dissociation processes 
through these volume reaelions leads to HD production as 
well. Volume processes can also play a minor role when 
H2 and D2 are injected in the are, but evidently they cannot 
account for tata! mixing: this can only be the case when most 
of the molecules are dissociated (in the are) when they enter 
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Table 2: The results of the HD and Hz CARS measurements. 
The are is buming on either H2 or D2, the other constituent 
( D2 or Ha. resp.) is jlushed into the vessel. Conditions are: 
Pback = 40 Pa, Iare = 37.5 A. Flows: Ha are: 2 SIM Ha in 
are, 1 SIM D2 in vessel; Dz are: 2 SIM Da in are, I SIM Ha 
in vessel. 

n 
nkT(Pa) 
Trol (K) 
n (m-3) 

nkT (Pa) 

~0.15 

373K 
4.0xt021 

20.7 

the vessel. The rates given in Fig. 4 confirm the marginal 
importance of volume reactions. 

The asymmetry between the Ha and Da are cases can then 
be be attributed to three effects: (a) the are is slightly more 
efficient when operated on D2 (more D radicals); (b) at lower 
temperatures, the rate for reaction (I) can be as many as 8 
times slower than that for reaction (2} ([16] and Fig. 4); (c) 
wall adsorption may be more efficient for H than forD radicals. 

The above measurements can be used to formulate a rough 
model of the ex panding are plasma with a dominant role for 
recirculation. We start by looking at the residence time in 
the 300 liter vessel, which is around 2 s for the given tlows 
and pressures ( 40 Pa. 3.5 SLM). The transit time of a partiele 
in the beam (at an estimated speed of 3000 mis) is around 
0.3 ms and a comparison of the volumes of the bearn and the 
periphery leads to an estimated recirculation time of 25 ms. 
From these values, the number of recirculations per residence 
time follows to be 80, so each pariele can "see" the wal! 
very often. This would lead to a complete association at 
the wal! even at values for the association coefficient (the 
probability of a H2 molecule teaving after a collision of H 
with the H-saturated wall collision) as low as 0.05. In this 
picture, the radicals teaving the are are completely recycled in 
the form of stabie molecules: the composition of the plasma 
is therefore determined mainly by the recirculation and the 
wall association. This view explains the measurements under 
(I) and (2). The measurements with the Hz (Da) are point to 
incomplete dissociation, teadingtoa marginal HD population. 
It may be worth noting, that only the very good sensitivity of 
the CARS experiment makes the asymmétry detectable. 

The essential importance of this view lies in the fact, that the 
composition of plasmasof this type can be entirely determined 
by recycled stabie monomers. Furthermore, dissociation of 
all basic molecules (in this case, Hz and D2) is necessary to 
obtain total mixing: volume processes are nol fast enough, as 
is indicated by the measurements under (3) and (4). Carefut 
measurements using advanced diagnostics can therefore lead 

toa better global understanding of plasma chemistry in general 
and of deposition and etching plasmas and plasma sourees in 
particular. 
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Having presenled the main body of the thesis material in the 
form of complete joumal artiel es, each withits own condusion 
section, it is appropriate to summarize the main findings here. 
The aim of this section, then, is to scrutinize the conclusions of 
the (argon-)hydrogen work, as some of the earl i er conclusions 
have to be re-evaluated. The results of the CARS measure­
ments, for exarnple, more or less refuted the older "vibrational­
excitation-through-wall-association"- theory. The following 
aims to put the contents of mainly chapters 3-6 into a more 
recent perspective. As chapters l and 2 form a somewhat 
separate section, their conclusions are only endorsed here. 

THE illSTORY OF RECIRCULATION 

A. Anomalous recombination 

The notion that "something's wrong" with expanding argon­
hydragen plasmas sterns from some six years back, when com­
parisons were made between expanding plasmas in pure argon 
and argon-hydrogen mixtures. One of the most simple (and 
reliable) observations concerns the light emission: a pure ar­
gon jet is characterized by a bright white-red emission over a 
length of almast a meter, whereas addition of only a few per­
cent of hydragen to the flow (i.e., in the are) causes the light 
emission 10 drop dramatically: only a faint red glow remains 
in the first few centimeters of the expansion. A freely expand­
ing pure hydragen plasma emits virtually no visible radialion 
at all. As the light emission of these recombining plasmas 
is governed by ion-electron (three-particle, stepwise) recom­
bination reaelions [I] and other processes invalving charged 
particles, an observation of "light going out" baslcally points 
10 a very rapid ionization loss. At least partly this ion loss 
proceeds through non-visible channels as, e.g., dissociative 
recombination of ArH+ ending in a p=2 state of H. It is this 
ionization loss that has been measured using Thomson scat­
tering in Figs. 4 of chapters 3 and 4. It bas been noted and 
analyzed in a similar experiment by De Graaf et al. [2, 3]. 

From the beginning it was clear, that this "anomalous" re­
combination can not be attributed to any known atomie pro­
cess. Three partiele recombination should have cernparabie 
rates for H+ and Ar+, as the upper part of the Ar' system, 
where three partiele recombination initially produces excited 
states, is essentially hydrogen-like. The argon jet clearly 
shows three partiele recombination to be unable to aecount for 
a major ionization loss. Therefore, in the (argon-)hydrogen 
case, molecular channels have to be considered, and the only 
molecule present in sufficient abundance is H2. The reaction 
between Ar+ and H2 is known to be very fast (rate coefficient 
around JQ- 15 m3s- 1) so relatively small arnounts of H2 can 

explain the observations. Combined with the neeessary sup­
position, that smal! seed fractions ofH2 will probably be totally 
dissociated in the l e V environment of the are this leads to the 
condusion that wal! association must he an important process. 
Volume association, a three partiele process following H + H 
+ H (H2) H2 + H (H2), is too slow. 

B. Dissociation degree 

Around the sarne time observations on pure hydragen plasmas 
had shown that the expanding plasma in pure hydragen was 
not quite living up to the expectations, as the dissociation de­
gree in the vessel turned out to be rather low: around 10 % 
ofthe particles in the vessel are H radicals. This numher has 
been established using techniques as aetive actinometry [ 4, 5] 
and depolarization Rayleigh scattering ( chapter 6), both rather 
cumhersome methods. These results are in clear contradic­
tion with measurements on the power consumption of the are, 
which point toanare dissociation degree of?0-100%, depend­
ing on conditions ([4, 6], and section V of chapter 7). This 
also clearly hints at an important association proeess in the 
vessel - and again, the wall is a prime subject as a third body 
for association. 

C. WaU association and vibrational excitation 

The above considerations led to a gradual acceptance of wall 
association as a prime process in molecular expanding plas­
mas. Wall association of hydragen radicals into H2 molecules, 
however, is known to produce vibrationally hot molecules, as 
the association process releases about 2 e V of energy. Calcu­
Jations and observations show that this energy can he stored in 
vibrational excitation [7, 8]. As volume vibrational relaxation 
is a slow proeess [9], these molecules should be able to carry 
thîs excess energy to the plasma jet in a recirculation flow. 

This reentry flow of vibrationally very hot molecules proved 
to be a kind of "deus ex machina". Only when the participating 
H2 molecules are vibrationally hot can the reaction 

(I) 

hecome exothermic. The resulting high rate (rate coefficient 
around 2.5·10- 15m3s- 1, see also chapter 3) can explain the 
very fast recombination in pure hydragen plasmas. De Graaf 
et al calculated a H2 v=4 (corresponding to 2 eV of internal 
energy) popuiatien of around l019m - 3 to explain the observed 
ionization loss [3]. 

In chapters 3 to 5 ofthis thesis, the sarne wal! excitation pro­
cess is used to explaîn certain peculîarities in the H* emission. 
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Thereaction 

(2) 

is exotherrnic for ground state Hz by its nature (owing to the 
higher ionization potential of Ar in comparison with H), but 
subsequent dissociative recombination into Ar and H• can 
in principle only populate p=2 levels, whereas p=3-6 are ob­
servedeven when cold Hz is flusbed intothevessel (chapter 5). 
Sobere, the ion i zation loss in argon-hydragen plasmascan be 
well explained by cold Hz, but theemission data farces one to 
consider some kind of extra energy input during dissociative 
recombination of ArH+. In view of the above, the assumption 
that rovibrational energy in the H2 molecule is transferred to 
the resulting ArH+ ion (reaction (2)) seems reasonable, and 
further analysis shows that this makes possible the population 
of higher excited states ( chapter 5). This same process bas 
been assumed to cause the "bulges" in the hydragen hv plots 
(Fig. !I of chapter 3). The rovibrationally excited molecules 
were assumed to be forrned at the vessel walls both in the case 
of are and vessel injection. In this view, vessel injection leads 
to radical formation in reaction (2) and these radicals induce a 
"second generation" of wall-associated Hz. 

Th is rovibrational excitation "deus ex machina" also proved 
to be needed, when indications came that expanding plasmas 
in pure hydrogen with a rnagnetic field might hold large quan­
tities ofH- negative ions [10]. The well-known dissociative 
altachment reaction: 

(3) 

can only reach appreciable rates when the participating Hz 
molecule carries significant vibrational excitation (i.e., v ~ 6 
or so ). So again, wal! association in combination with reelreu­
lation bas been assumed to accountforthese "hot" molecules. 

D. CARS results: answers, more questions 

The alleged prime influence of rovibrationally excited H2 in so 
many processes -also in deposition plasmas!- made the vali­
dation or falsifieation of the above views essential. Therefore, 
the H; ,J had to be measured absolutely, accurately, in situ 
and with a high sensitivity. These very high experimental de­
mands led us to prefer the CARS option 10 Rarnan scattering 
(too insensitive), REMPI (not applicable in situ), and VUV 
absorption spectroscopy ( cumbersome, difficult to apply in 
situ in our specific case). The realized set up bas been exten­
sively described in chapter 7. It proves to be state-of-the-art 
in sensitivity. 

In view of the above, the CARS measurements are very 
surprising indeed. The peripheral H;z appears to be present in 
large amounts, but its temperature is surprisingly low: around 
400 and 1100 K for the rotational and vibrational temperatures, 
respectively. At these temperatures, high densities of highly 
excited Hz are not to be expected. This appears to be the 
case for plasmas in argon-hydrogen, pure hydrogen, and pure 
hydrogen with B-field (chapter 7). Also in the plasma jet, low 
densities of v ~ 2 are measured. In the following, the impact 
of these results will be examined. 

• a. Anomalous recombination. First of all, the recombi­
nation in the case of argon-hydrogen is not influenced, 

as reaction (2) is always exothermic by about 1.5 eV. So, 
relati vely cold molecules can account for the observed 
i ooization loss. In this case the CARS results support the 
forrner conclusions regarding wal! association as a means 
of creating a large H2 population around the plasma, as 
bas been concluded in chapters 7 and 8. Of particular im­
portance is the observation that the partial pressure of Hz 
in the periphery equals the seed fraction, whether the Hz 
is initially dissociated (when fed through the are) or not. 
The importance of walt association bas been established 
in this way. This point wil! be addressed later on when 
dissociation degrees are discussed. 

• b. In the case of pure hydrogen, however, a difficult 
situation arises. As resetion (l) relies on rovibrational 
excitation in order to be fast, the observed extremely fast 
recombination can still not be wel! understood, at least not 
through the measured vibrational populations. Possible 
escapes are translationoJ velocity (of the H+ i ons leaving 
the are) giving energy input, and processes taking place in 
the are or in the nozzle. Any non-dissociated Hz teaving 
the are will he extremely hot I Furtherrnore, the rotational 
excitation of low vibrational states (just below the CARS 
sensitivity, soa continuation ofthe trend shown in Fig. ll 
of chapter 7) could carry significant amounts of energy. 
Of course, a possible combination of these mechanisms 
should also be considered. 

• c. Por H- production, an even larger discrepancy ex­
ists, effectively ruling out the occurence of reaction (3) 
( with vibrationally excited molecules) as a candidate for 
negative ion production. This cal Is for an alternative H­
production scheme, possibly through considerable rota­
tionaf population of Hz or through highly excited elec­
tronic stales of Hz, as proposed by Garscadden et al [ 11] 
recently. That is, only if the presence of large amounts of 
negalive ionscan be confirrned. 

• d. In some of the reasoning in chapters 3, 4 and 5 con­
cerning the Ar and H emission, the presence of highly 
rovibrationally excited molecules is essential. Por exam­
ple, the emission from H• stales p=4 and higher when 
cold H2 is injected into the argon jet from the outside 
(vessel injection) has been explained using excited "sec­
ond generation" H2 (chapter 5). However, one important 
difference exists between this case and the case under 
b.: the numher densities of v=4 (and higher) states nec­
essary to explain the recombination for a pure hydrogen 
plasmaare withinthedetection limitsof ourCARS set up, 
whereas the numher densities of excited H2 considered 
in chapters 3, 4, and 5 are very Iow (around I016m-l). 
This is well below the detection limit of any CARS set 
up. However, as bas been mentioned in chapter 5, these 
densities cannot be fully explained by a Boltzmann dis­
tribution with Tvib around 1000-2000 K. Again, other 
energy input mechanisms may have to be considered: the 
kinetic energy of the reacting particles (notably Ar+ from 
the are), or rotalional excitation. 

• e. In the HO-Hz data and the experiments on pure H2 plas­
mas, the CARS measurements showtheir power: the dis-



sociation degree has been determined to be low (around 
10%, the margins or error in the CARS data). Combined 
with the data on the high dissociation degree inside the 
are, this is the most definite proof for the importance of 
wall association to date. The HD-H2 results in chapter 
8 are very important because they show a new species 
(HD) formed in the plasma. Using the are dissociation 
data once more, the observed large amounts of HD can 
only be explained by wall association. 

E. Present view 

Combining all the data available at this moment, the following 
view of the cascaded are expanding plasma can be formulated. 

Starting from the data on a high dissociation degree of Hz 
when fed through the are, the assumption is made that par­
ticles leaving the are are mainly Ar, Ar+, H, H+, and e­
in the argon-hydragen case, and mainly H, H+, e-, some 
30% of (hot) Hz, and small amounts of Ri in the pure hy­
drogen case. The H atoms cover the stainless steel vessel 
walls because the relatively long (2 s) residence time in the 
large vessel makes them "see" the wal! often. Association 
(possibly including rovibrational excitation) takes place at the 
wall; the resulting molecules can, however, be deactivated at 
the walls as well [12]! Vibrational deactivation through wal! 
collisionscan be very effective (only one or a few collisions 
are needed), thus causing a low (rotational/vibrational) tem­
pcrature of the molecules when they arrive near the plasma. 
These cool molecules cause the fast recombination observed 
in argon-hydragen plasmas. 

So the plasma is surrounded by a reservoir of cool H2 which 
mixes with the plasma (mean free paths being of the order of a 
few mm) and may eventually heat up a little. Most of the ob­
served higherexcited stales (see chapter 7), however, originate 
from hot molecules that survived the are (in the pure hydra­
gen case). These hot molecules relax to the cool background 
gas. As CARS observes both the hot and the cool popula­
tion, curved non-Boltzmann rotational distributions arise, as 
has been demonstraled by the simp Ie model in chapter 7. The 
model also shows that the are itself must dissociale to a large 
ex tent. 
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Molecular Processes in Expanding Plasmas 

A laser spectroscopie study 

SUMMARY 

Fundamental research on expanding thermal are plasmas is of 
essential importance in view of the applications of this type 
of plasma, such as deposition of amorphous hydrogenated 
silicon and carbon thin films. Pure hydragen plasmas and 
mixtures in argon and hydragen have special applications as 
partiele sourees (e.g., H neutral atoms, H+ and H- i ons). This 
thesis aims to gain a better understanding of the processes that 
dominate these plasmas. 

In order to obtain the necessary experimental data, a num­
ber of diagnostics bas been developed and applied. The com­
bination of several diagnostics with numerical rnadeis proves 
to be especially powerful to describe the expanding plasma. 
The diagnostics that have been applied are the following: op­
ti cal emission spectroscopy to delermine the absolute popula­
tion densities of argon and (atomie) hydragen excited states, 
Fabry-Pérot inteiferometry for argon neutralline shape anal­
ysis, and Thomson and Rayleigh scattering for the accurate 
determination of tbe electron and neutral densities and the 
electron temperature. Purthermore, a new laser diagnostic 
has been developed: depolarization Rayleigh scattering. In 
this method, the depolarization of Rayleigh scattered photons 
in the case of non-spherically symmetrie scattering objects is 
used to determine the density of molecules in plasmas of sim­
p ie composition (e.g., a full-hydrogen ex panding plasma, witb 
only H2 molecules as a depolatizing component). 

Pinally, a complicated laser diagnostic technique bas been 
developed, constructed, and applied in order to detennine the 
absolute popuiatien densities of rovibrational states of the H2 
molecule: coherent anti-Stokes Raman scattering (CARS). 
Rovibrationally excited H2 molecules in the ground electronk 
state are thought to play a dominant role in a numher of pro­
cesses, including the observed very fast recombination when 
H2 is added to an argon plasmaand the formation ofH- neg­
ative i ons. The H2 molecules are, however, very difficult to 
measure state-selectively, especially in situ and at low pres­
sures {around 50 Pa and lower), and CARS is the only feasible 
diagnostic in our situation. The realized CARS experiment 
bas a high sensitivity: a spectrum can he taken in 0.1 Pa of 
H2, provided the rotational temperature does not significantly 
exceed 300 K. The set up has also been used to investigate 
plasmas in H2 and D2 (measuring H2 and HD), focusing on 
the production of HD molecules. 

The combination of data from the different diagnostics 
with numerical rnadeling has led to a more thorough un­
derstanding of the processes that govern the argon-hydragen 
plasma jet. Examples are the explanation of the mentioned 

very fast recombination through a molecular channel invalv­
ing H2 molecules, insight in the wall-association of hydragen 
atoms into molecules and subsequent reentry of the molecules 
in the plasma, and the observation and rnadeling of non­
Bolt7mann distributions in the rovibrational level manifold 
of H2• The CARS work proves to he especially important, as 
it provides accurate quantitative information about the major 
constituent of expanding hydragen plasmas, thus putting to 
the test many theories that have been developed and used for 
this type of plasma. 

Ralph Meulenbroeks, October 1995 
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Moleculaire Processen in Expanderende Plasma's 

Een studie met behulp van laser-spectroscopie 

SAMENVATTING 

Fundamenteel onderzoek aan plasma's, die uit een thermische 
boog expanderen, is van essentieel belang gezien de toepassin­
gen van dit type plasma, zoals de depositie van amorfe, ge­
hydrogeneerde koolstof- en siliciumlagen. Plasma's in puur 
waterstof en argon-waterstofmengsels kennen verder speciale 
toepassingen als deeltjesbraoen (bijvoorbeeld voor H neutrale 
radicalen, H+ ionen en H- negatieve ionen). Het doel van 
deze studie is het verkrijgen van meer inzicht in de processen, 
die van dominant belang zijn in dit type plasma. 

Om de noodzakelijke experimentele data te verkrijgen 
zijn een aantal plasmadiagnostieken ontwikkeld en toegepast. 
De combinatie van deze verschillende meetmethoden met 
numerieke modellen blijkt zeer effectief te zijn om het ex­
panderende plasma te beschrijven. De volgende diagnostieken 
zijn toegepast: optische emissie spectroscopie om de abso­
lute bevolkingsdichtheden van de aangeslagen toestanden van 
neutraal argon en waterstof te meten, Fabry-Pérot interfer­
ametrie voor lijnvormanalyse van lijnen van neutraal argon 
en Thomson- en Rayleighverstrooiing voor de nauwkeurige 
bepaling vanelectronen-en neutralendichtheden en electronen­
temperaturen. Verder is een volledig nieuwe lasermeetme­
thode ontwikkeld: depolarisatie-Rayleighverstrooiing. Hier­
bij wordt de depolarisatie van Rayleigh-verstrooid licht in 
het geval van niet-bolsymmetrische verstrooiingsobjecten ge­
bruikt om dichtheden van moleculen te meten in plasma's met 
een eenvoudigesamenstelling (bijv. expanderende plasma's in 
vol waterstof, met H2 als enige depolariserende component). 

Tenslotte is een gecompliceerde laser-meettechniek ont­
wikkeld, geconstrueerd en toegepast, teneinde de absolute 
bevolkingsdichtheden van individuele rovibrationele nivo's 
van het H2 molecule te bepalen: coherente anti-Stolces Ra­
man verstrooiing, ofwel CARS. Al dan niet hoog (rovibra­
tioneel) aangeslagen H2 in de electtonische grondtoestand 
wordt geacht een dominante rol te spelen in een aantal be­
langrijke processen, zoals de zeer snelle recombinatie, die 
waargenomen wordt wanneer H2 aan een puur argon plasma 
wordt toegevoegd, en de vorming van negatieve waterstofio­
nen (H- ). De meting ervan is echter zeer moeilijk, met name 
in situ en bij lage druk (rond 50 Pa en lager). CARS is de 
enig mogelijke techniek in ons geval en de gerealiseerde op­
stelling heeft een zeer hoge gevoeligheid: een spectrum kan 
nog verkregen worden voor 0.1 Pa H2. mits the rotationele 
temperatuur niet te ver boven 300 K ligt. Met deze opstelling 
zijn ook metingen verricht (H2 en HD) aan plasma's in H2 en 
D2, waarbij de vorming van HD moleculen centraal staat. 

De combinatie van de gegevens uit de verschillende meet-

methoden met numerieke modellen heeft geleid tot een diep­
gaander begrip van de processen die een expanderend argon­
waterstofplasma beheersen. Voorbeelden zijn de verklaring 
van de genoemde buitengewoon snelle recombinatie via een 
moleculair kanaal (waarin H2 een dominante rol speelt), inzicht 
in de wandassociatie van waterstofradicalen tot moleculen (en 
het opnieuw binnendringen van deze moleculen in het plasma) 
en de vorming van niet-Boltzmannse verdelingen in de rota­
tionele bevolking van H2. Met name het CARS-werk blijkt 
zeer belangrijk, aangezien deze techniek nauwkeurige, kwanti­
tatieve informatie levert over de grootste deeltjesfractie in wa­
terstofplasma's. Hierdoor kunnen toegepaste modellen voor 
dit type plasma getest worden. 

RalphMeulenbroeks, oktober 1995 
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De depolarisatie van Rayleigh-verstrooid licht kan gebruikt worden voor de bepaling van 
moleculaire dichtheden in plasma's en gassen. 
Dit proefschrift. 

2 

Kennis van de invloed van rotationele excitatie op dissociatieve recombinatie is van essen­
tieel belang voor het begrip van plasma- en astrofysische processen. 

3 

Uitgaande van een hoge dissociatiegraad van het thermische boogplasma is de conclusie, dat 
wandprocessen in het expansievat een essentiële rol spelen, onontkoombaar. 
Dit proefschrift. 

4 

De zeer snelle recombinatie in een expanderende plasmabundel in puur waterstof kan niet 
berusten op de aanwezigheid van vibrationeel hoogaangeslagen waterstofmoleculen in het 
achtergrond gas. 
De Graaf et al., Phys. Rev. E48, 2098 ( 1993); dit proefschrift. 

5 

Indien kan worden bevestigd, dat expanderende waterstofplasma's grote hoeveelheden ato­
maire negatieve ionen bevatten, zal een ander vormingsmechanisme dan de algemeen aan­
vaarde dissociatieve aanhechting, met vibrationeel hoogaangeslagen waterstofmoleculen, 
een rol moeten spelen. 
Dit proefschrift. 

6 

De verklaring voor populatie-inversie in een expanderende plasmabundel, gegeven door 
Akatsuka en Suzuki, is gebaseerd op een onrealistisch lage electronentemperatuur. 
Akatsuka en Suzuki, Phys. Rev. E49, 1534 (1994). 



7 

In de huidige politieke ontwikkelingen, op zowel kleine als grote schaal, weerspiegelt zich 
een zegetocht van het korte-termijndenken. 

8 

In zogenaamde arbeiderswoningen wordt, vanwege de relatief lage woonkosten, tegenwoor­
dig een onevenredig groot percentage werklozen gehuisvest. 

9 

Vele ziektebeelden vinden zowel hun oorsprong als mogelijke genezing in het door de patiënt 
gevolgde eetpatroon. 
Michio Kushi, "Makrobiotiek". 

10 

In de hedendaagse "heavy metal"- en "death me tal" -muziek geniet de Middeleeuwse lokrische 
kerktoonladder een ongekende populariteit. 

ll 

De stormachtige vooruitgang binnen de communicatie-technologie hoeft geenszins te leiden 
tot een verbetering van intermenselijke communicatie. 

12 

Het integer bedrijven van kunsten, ambachten en wetenschappen put uit éénzelfde inspi­
ratiebron. 

l3 

Wanneer de Liefde wenkt, dient zij gevolgd te worden. 
Kahlil Gibran, .,The Prophet". 


