PHYSICAL REVIEW E VOLUME 53, NUMBER 5 MAY 1996

Coherent anti-Stokes Raman scattering performed on expanding thermal arc plasmas
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The expanding plasma emanating from a thermal arc plasma source that can be used for deposition of thin
films is studied using laser spectroscopic techniques. The argon-hydrogen plasma is characterized by very fast
recombination that cannot be explained by atomic processes. To explore this phenomenon, which has been
related to wall association of hydrogen atoms and recirculation, C&Bi$erent anti-Stokes Raman scattering
is performed on(argonjhydrogen plasmas. The periphery of the plasma appears to be rich in hydrogen
molecules, in accordance with the recirculation model. No highly rovibrationally excited states are detected in
the periphery, in spite of the spectrometer’s very good sensitidity Pa H at 300 K. For the plasma,
rotational and vibrational temperatures as well as absolytdésities are measured. A simple model for the
observednon-Boltzmani rotational populations is developed.

PACS numbsd(s): 52.25—b

[. INTRODUCTION axial and radial scanning of the plasma without moving the
diagnostics.

Expanding thermal arc plasmas are used in a variety of Three diagnostics are applied to the plasma jet.
applications, which include the deposition of diamond, dia- (i) Optical emission spectroscopy (OE$)assive spec-
mondlike carbon, amorphous hydrogenated carbon, andoscopy in order to determine the excited level populations
amorphous hydrogenated silicon thin filis]. When the ~ Of hydrogen and argon. The setup is a fairly standard, cali-
thermal arc is operated either on pure hydrogen or on aRrated, mirror-scanning system, described in detajbin
argon-hydrogen mixture, it can be used as a particle source (i) Thomson-Rayleigh scattering\ frequency doubled
for hydrogen radicals or hydrogen positive and negative iond!d:YAG (yttrium aluminum garetlaser is used for this
[2,3]. Fundamental research on expanding plasmas focus€i@gnostic. Photons are scattered off free and bound elec-
on the study of argon-hydrogen mixtures. The principle paifons in the plasma and detection of the scatt¢Rappler-
rameters that have to be determined are particle densitigdlift€d radiation gives direct, local, and accurate informa-
(electrons, neutrals, and ignsnd temperatures. To this end, tion about electron_ and r_1eutra| densities _and electron
active and passive spectroscopic techniques are employeFmperatures. The d|agnost|c_ has peen described elsewhere
The results are interpreted by comparison with numerical 4]. A few important results will be discussed below.
models. (iii) Coherent anti-Stokes Raman scatterig order to

In this paper, we will summarize some of the properties ofdetect rovibrationally excitedi,, a CARS diagnostic has
the argon-hydrogen expanding thermal arc plasma and d&€en realized; it will be described below.
scribe in more detail the measurement of rovibrationally ex- !N order to get an impression of the processes that are
cited H, molecules by CARScoherent anti-Stokes Raman important in the expanding jet, it is appropriate to discuss

scattering spectroscopy in and around the expanding plasm&0Me Of the basic propertiésf. [5—7.). The main charac-
jet. teristic of the argon-hydrogen jet is its anomalously fast re-

combination, as compared to the purely atomic argon case.
As can be seen in Fig. 1, the electron density decreases by an
order of magnitude, even for tiny admixtures of, HThis
enormous ionization loss has been attributed to a combina-
The expanding thermal arc plasma has been describdipn of wall association and recirculation inside the vacuum
elsewhere[4,5] and we will only give a brief description Vvessel. In this process, hydrogen atoms associate to mol-
here. A subatmospheri®.2—0.6 barplasma from a thermal ecules at the vessel walls and are transported towards the
arc (at high electron densijyexpands into a vacuum vessel, plasma beam again by recirculation. For low hydrogen seed
creating a plasma jet. The expansion direction defines the fractions, where the dominant ion is argon, the following
axis, with the origin at the expansion nozzle. Hydrogen carfeactions can occur:
be added to the argon plasma in two ways: either by burning
the arc on an argon-hydrogen mixtuf&rc injection™), or
by burning the arc on pure argon, and flushing hydroge
directly into the vessel(“vessel injection”). Basic plasma
conditions are as follows: arc curreint.=45 A, arc voltage ArH +e—Ar+H*, 2)
Vae=50-100 V, total flow=3.5 SLM (standard liters per
minute, and background pressumg,,q=40-133 Pa. The during which excited H atoms are formed. In the case of “arc
thermal arc is movable within a vacuum vessel without sig-injection,” the H, molecules necessary for these reactions do
nificantly changing the plasma. This greatly facilitates thenot all originate from the aréwhere a high degree of disso-

II. EXPERIMENT AND DIAGNOSTICS

Art+Hy,—ArH" +H, (1)

Rollowed by

1063-651X/96/58)/520711)/$10.00 53 5207 © 1996 The American Physical Society



5208 MEULENBROEKS, ENGELN, van der MULLEN, AND SCHRAM 53

nal is created as a coherent beam, thus greatly enhancing the

1021 . T r — g sensitivity. This is the main reason why CARS was chosen as
g + pure argon ] a diagnostic for our low pressure hydrogen-containing
g © 2%H,inarc plasma. CARS has been chosen instead of other methods,
102° ] ® 2% H,invessel 1 such as resonance enhanced multiphoton ionizaR&MPI)
or VUV absorption, because its relatively easysitu appli-
% oL + + cability in our case.
9109 - + + F The CARS signalat frequencywy=2w;— w>) is gener-
E o O =m ated through the third-order nonlinear susceptibijty’ of
= ] ° o ™ the probed molecule. The anti-Stokes powBg)( depends
1084 o 8 a2 o ] on the power of the pumpR; at w;) and Stokes P, at
] o 1 w,) lasers as follows:
1074, P3=K]|x¥|?PiP,, €)

0 200 300 400 500 . o .
o 100 20 whereK is a proportionality constant. The'®) consists of a
z (mm) resonant and a nonresonant paft)= x{2+ xZ). The reso-
nant part is greatly enhanced when a Raman resonance is
FIG. 1. Electron density vs axial positiom)(profiles of differ-  probed, i.e., whenw; — w,=w, ;, Where o, ; is the fre-
ent expanding jets: pure argon, arc injection, and vessel injectionquency of a particular Raman transition. The resonant third-

order susceptibilityy(Z) associated with a certain isolated

ciation is assumedbut from the stainless steel vessel walls. Q pranch transition can be written as
A quasi-one-dimensional modg¥] solving mass, momen-

tum, and energy balances for the plasma particles confirms (3) 1 do

the existence of an external,Hnput into the jet. The model Xres=K'NLpy 3= py+19](v +1) d_Qh(“’l_ wz).  (4)
predicts that this reentry flow penetrates the plasma around

the shock positiori.e., aroundz=40-70 mm in Fig. L In this last equatiorK’ is a proportionality constanly is the

Absolute emission spectroscopy on the argon and hydraotal number of molecules; stands for the probability of
gen atomic systems shows that all the argon emission disapeccupation of a certain rovibrational stag/d() is the
pears for seed fractions above 7 vol.%. As argon emission i€-1) spontaneous Raman scattering cross section, and
due only to three particle recombinatidlow T, around 0.2 (v +1) reflects the growth of this cross section with increas-
eV), this means that the arc does not produce any argon ioring vibrational quantum number. The form function
for these seed fractions. The dominant ion therefore probablii(w,;— w,) reflects the line shape. In our Doppler-limited
is H* for seed fractions above 7 vol.$8,5,7. regime, this function can be written &&0]

Figure 1 actually represents the close investigation of the
recirculation effect by a set of Thomson scattering experill(w1— )
ments: a comparison is made between a pure argon jet, a 2%

2
hydrogen-in-argon jet, and a pure argon jet with 2 vol.%  _ 1 i e W dv
argon flushed directly into the vacuum vessel. The pure ar- uﬁ —w @y g— w1t wy— iy, 3t (wy—wy)v/c ]
gon and “vessel injection” cases can be seen to clearly co-
incide up toz=100, i.e., the deviation starts after the shock ®)

r?gi_fl)n-bTT]e hydrggfa-af?on “%rc iU{?’CtiQ”;th‘se ?;‘OWtS ?wherewvy 5 is the frequency of the transition considered and
The decrease aftar= 100 is remarkably similar for the -arc. 72 1S 1l Width at aif maximum(FWHiM), u is the root

L ) S y mean square velocity= y2kT/m, v is the molecule’s ve-
injection and “vessel injection” cases. Eventually, a calcu- ocity, andc is the speed of light. In practice,, ;=0 can be
lation shows that equal amounts of hydrogen are needed { ken in our case, where pressures are well below 500 Pa. In

explain the ionization loss after=100. The ionization loss . . : - : )
after the shock is thus thought to be totally determined by th tr;lesr Ce?fse%t(tgeogrl%wl'gtzrﬁqd;mﬁ)'Sa?fé?;w;irbeystpaengfm
background gas and the molecules present there. In orderFq y ) '

tnize this bh f fast bination9 from 500-2000 K. The dye linewidth is around 0.07
ot g e 5 ARG e was o . e pump laser can b conidered moncvomate
9 ’ g (b.OOS cm 1), In our case of well-separated linésecause

;ecilllégd for the state-selective detection of hydrogen mo'bf the large molecular constants of,JH we do not have to

worry about interfering lines: as the surface of a line can be
very well determined, the spectral line shape does not have
Ill. CARS SPECTROSCOPY to be considered. Doppler broadening, however, does have
an effect, as it decreases the peak height of a line, which
A. Theory impedes the measurement of very faint lines.

The CARS process and signal generation have been de- With an appropriate calibration on hydrogen gas, absolute
scribed in a number of review articlée.g.[8,9]) and we values ofN[p, ;—p,+14] can be obtained, using the above
shall only give a brief account here. CARS is a coherendescription. If a number of transitions is monitored, absolute
analog of Raman scattering with the advantage that the sigralues of the population densities of individual rovibrational
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dye liquid is a mixture of DCM and LDS698exciton
solved in methyl alcohol in a mass ratio of 3:1; it delivers
conversion in the region of 660—700 nm. Eventually, the
used laser output powers are around 10—20 mJ/pulse for the
green and around 0.5 mJ for the red. Thgand w, beams
are in a crossed beam arrangem@OXCARS), and the
detection volume has dimensions of aboutxZD18 mm. A
small part(10%) of the beams is split off after the CARS
lens (f=1 m) by a (\/20) flat quartz plate and led through a
reference cel(lm length containing 7 bars of argon. The
nonresonant CARS signal created here is used as a reference
to cancel out shot-to-shot variations in beam overlap and
laser power, as well 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 possible, es-
pecially up to the position of CARS signal generation. The
correct pressure dependen(@atensity proportional to the
FIG. 2. The CARS spectrometer at the Eindhoven University ofSquare of the pressurbas been verified in the reference cell
Technology. A Nd:YAG laser is used to generate the pump beamé‘nd Vacuum ves_sel. .
and to pump the dye laseM(: a 70/30 beam splitterThe beams ~_ After collimation by a second lens, the blue anti-Stokes
are in a BOXCARS arrangeme(ibsed: a dichroic beam combiner Signals are separated from the green pump beam by filtering.
(BM) is used to make the red beam coincide with one of the greef0th main and reference CARS signals are guided through
beams. A system of mirrorsM,—Mg) takes the beams up to the identicd 1 m Czerny-Turner monochromatofililger-Engis
experimenithe vacuum vessel is at a height of approx. B kts is ~ Monospek 100Pfor separation of signal from residual green
a flat quartz plate used to split off 10% of the laser energy, which idight. This filtering is very effective: no signal is obtained if
led through the reference celP;—P5 are prismg[P; is used to  either the green or the red beam is dumped before the CARS
create a time delay line to compensate for the time (ssseral ns  lens (L;). Signals are detected using fast photomultiplier
in the dye lasel L,—Ls are lenses. The CARS lensds|( L,, and  tubes(Hamamatsu R1355, cooled te25 °C), using a ta-
L,) have afocal length of 1 m. The CARS signal is filtered from the pered bleeder resistor network in order to insure good pulse
green beam by a set of filters {—F; andFs—Fs). F4 represents an  |inearity. When the CARS signal is very strofg.g., in the
eventual neutral density filter. LD designates laser dumps, PMTgge of a=0J=1 line), a set of calibrated neutral density
designates a photomultiplier tube. All high power optics are in su{\D) filters is used to attenuate the signal. A fast, multichan-
prasil quality quartz. nel, gated ADC(LeCroy 2249A simultaneously integrates

the main and reference PM tube outputs during a 150 ns time

states can thu; be calculated. We shall return to this 'at‘?ﬁterval, gated by th&-switch synchronization signal gen-
when we describe the measurements procedure. erated by the Nd:YAG laser unit.

The stepping of the dye laser and the monochromators, as

B. The CARS spectrometer well as the processing and storage of the ADC outputs, is

The experiment is depicted in Figs. 2 and 3. An injectioncomrc’_IIed by a 486 PC" A measuremerjt IS performgd by
seeded Nd:YAG lasgQuanta Ray GCR230, 300 mJ/pulse atScanning the dye laser in steps of 0_.015 crover the dif-

532 nm, 50 Hz, single longitudinal modés used for the ferent H, Q branch resonances, taking 50 or 100 measure-

», beam(bandwidth 0.005 cm?); it also pumps a Quanta ments at each point. Both monochromators are set to the

Ray PDL3 dye lasetbandwidth around 0.07 cit). The  COrrect position for detection of the generated anti-Stokes
signal. The main signal is immediate{pulse-by-pulsg di-

vided by the reference signal and stored for further process-
M1-70/30 ing. The program automatically skips the intervals between
Dye laser Raman resonances, since these are relatively far apart in hy-
(Quanta Ray drolggzrné better i ing insi
grasp of what is passing inside the vacuum
POL3) vessel(which is not easily accessible in our casa CCD
camera system is installed on which an attenuated second
reflection(after lensL;) of pump and dye lasers is focused.
+ With appropriate filtering, a black-and-white picture can be
obtained that is representative of the situation in the main
CARS generation volume, showing the beam overlap. This
greatly facilitates the alignment of the setup and makes pos-

sible a check of the alignment while measuring.
FIG. 3. The CARS laser table. The commercial lasers are posi-

tioned on an optical table, supported by concrete blocks. This figure
shows in some detail the delay lii® correct for the delay in the

dye lase), the BOXCARS beam splitterR), and the beam com- Before turning to measurements, the spectrometer has
biner (BM), which aligns the red and green beams. been carefully tested and calibrated, focusing on aspects such
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C. Tests and measurement procedures
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(I=KP2P,) is observed for low powers.

FIG. 4. A measurement of spatial resolution in the reference

branch by probing the nonresonant CARS signal generated in a Tolecul_ar data for H and dye and pump pOwers in the ves-
mm thick quartz plate at different positions. sel, a fit could be made to the points in Fig.(i%., for

v=0J=1), assuming a nine-mode dye laser{.07
as linearity(of the detection system, especially the PM tubescm™1). Of course, the actual powelensityin the vessel is
and the ADQ, spatial resolution, saturation effects, and de-not known, because the actual beam waist can only be accu-
tection limits. The linearity of the detection system isrately calculated for the case of a perfect Gaussian laser
checked using calibrated ND filters and proves to be excelbeam. In the present case this is not possible, as the PDL3
lent (with a few %9. dye laser delivers no Gaussian profile, whereas the injection
Spatial resolution is measured in the reference branctseeded Nd:YAG laser has a reasonably Gaussian profile
After removal of the argon ceh 2 mm quartz plate on a (>90% far field. The procedure therefore relies on adjust-
mounting is placed in the focal point of the laser beams. Théng the laser power densities, varying the value of the beam
signal now detected in the reference branch is due mainly tevaist, to fit the model calculations to the experimental val-
nonresonant CARS generated in the quartz. By moving thees. With a(reasonablebeam waist of around 18@Qm, a
thin quartz plate through the detection volume, a measuregood fit has been obtained, shown in Fig. 5. In principle, this
ment of the detection volume is basically performed. Themakes possible the correction of saturated datthe de-
result is shown in Fig. 4. With a beam separation of 35 mnpendence of the saturation on thequantum number is
at the CARS lengleading to an angle between the BOX- known[11]), but in practice we prefer to stay in the unsat-
CARS beams ofL°), a spatial resolution of approximately urated region with pump and dye powers. However, some
20—30 mm is achieved in the longitudinal direction. In theuncertainty is always present as it is very difficult to check
plane perpendicular to the laser beams, the resolution is den saturation behavior of higher excited levels. Nevertheless,
termined by the waist of the focus, around 18M. we shall neglect the effects of saturation in the following.
The phenomenon of saturation in CARS is particularly In order to test the response of the entire system, so-called
important as it limits the laser powers that can be appliedargon-argon” measurements are performed before and after
without significantly changing the population distribution in each measurement session. Here, the vessel is filled with 60
the plasma. This phenomenon has been studied extensivaiybars of argon and a measurement of the nonresonant CARS
by Pelat et al. [11]. The process that causes redistributionsignal on argon performed scanning the entire, H
among the probed states is stimulated Raman scattering =0-4) range, i.e., Raman shifts in the range 4162—-3000
(SRS[8]). To estimate the importance of this effect, one hascm™!. Since reference and main branches should show the
to measure the power dependence of the signal strength, game behavior now, their ratio should remain constant—all
order to check the validity of Eq.3). This has been done uncertainties concerning beam overlap, dye laser output, etc.
using beam splitters in the first part of the green béaen,  should be symmetrized. This has been checked to be the case
just after the 70/30 beam splitter in Fig). Measuring the  within 10% for every measurement.
power dependence is very cumbersome, as the removal of a A calibration has to be performed in order to obtain abso-
beam splitter makes a realignment necessary. Nevertheledate values for the densities. Room temperatugeata pres-
the results are reproducible and Fig. 5 shows the surface &fure of 70 Pa in the vessel is used for calibration: four levels
the measured =0J=1 peak(designating the transition by are used, even though one would in principle suffice. Cali-
the lower level vs P2P,. Although we are able to measure brations are also performed before and after each measure-
only a few points, the saturation behavior is very clear for thement session.
higher laser powers.
Using a computer code by Blat et al. at ONERA, a IV. CARS RESULTS
simulation has been performed for the saturation behavior.
The procedure is completely analogous to the one described
for N, in [11] and will not be fully discussed here. Using A typical measurement is shown in Fig. 6. It shows the

A. Measurement and processing
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FIG. 6. Atypical measured CARS spectrum in a fulj plasma.
(z=150 mm). The valuemd of the attenuating ND filters are indi-
cated(the attenuation equals 1%).

distinct Raman resonances for=0, v=1, andv=2 levels.

In full H,, measurements could be taken upvte 2,J=5.

The values of the attenuating ND filters are indicated. Pro-
cessing takes place by determining the surface under each
line and correlating these surfaces to those in thecalibra-

tion, using Eqgs.(3) and (4). Corrections are made for the
(v,J) dependence of the Raman cross section using data
from Long[13] and otherd14,15. In H,, we can use the
isolated line approximation. In this manner, absolute density
differencesre obtained that have to be converted to densities
using certain assumptions. In our case, we assumed the den-
sity of the level above the one that can just be measured to be FIG. 7. CARS measurements on a 50 vol.% i Ar plasma
negligible, so we assume the following for=2 levels: (arc injection. (a) Rotational temperatures in the=1 state;(b)
n(v=2J)—n(v=3J)~n(v=2J). The error is probably vibrational temperatures calculated using the5 states;(c) total

not |arger than a few percent under our conditions. For |Oweﬂensity profiles. The radial profiles are taken at axial positions
levels, we follow Eq.(4): z=10, 20, 40, 60, and 100 mm.

N(v=i,d)=Nneasureb =1,J)+N(v=i+1J).  (6) tional states were detected in the periphery of the plasma,
within the detection limits. Other Fimeasurements in Ar are
In the end, absolute densities can be obtained with a totdP be presented in detail in a separate leftie.
accuracy of 10%. The detection limit of the system is around Figure 7 gives the results for the 50 vol.%;th argon
0.1 Pa H (300 K); during the measurements, densities perplasma. In these plots, the rotational temperatures are taken
statistical weight as low as>210” m~3 have been mea- !0 be the temperatures in the=1 state, as the=0 popu-

sured fory =2. Boltzmann plots of these measurements willlation suffers from some contributions by the cold back-
be shown later on. ground 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 be@dms a
few cm). Therefore, the radial dependencies should only be
The first aim of the CARS measurements is to scrutinizeviewed upon as an indication. For the same reason, the vi-
the phenomenon of very fast recombination. Thereforebrational temperatures are calculated usinglthé levels of
CARS has been performed on 10 and 50 vol.% iH Ar v=0 andv =1 (we can only measure these vibrational states
mixtures(vessel and arc injectiong=55 A, total flow 3.5 in this plasm@ as comparing thd=1 levels(for example
SLM, background pressure 133)Pin all cases the view is  would lead to an underestimation ©f;,. This is caused by
confirmed that the background gas contains lots of relativelyhe relatively large amount ob(=0,J=1) states in the cold
cold (T,,~=400 K, T,;,=1100 K) hydrogen molecules. In background which are in the detection volume. The densities
fact, the relative partial hydrogen pressure in the periphery ofire taken to be the sum of all measured states, making ap-
the plasma appears to be equal to the seed fractionx an propriate corrections for states that cannot be measured. The
vol.% seed fraction results in a partial hydrogen pressure thadoor spatial resolution means the construction of a pressure
is equal tox% of the total background pressure. This holdsplot is not very useful: the measured density includes both
for both vessel and arc injection. No highly excited vibra-hot and cold parts, but if the temperature of the hot fiaet,

B. Results for argon-hydrogen mixtures
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thev=1 datg is assigned to the total density, the calculatedlevel in v=1, at the same energy. With the advantage of a
pressuresn the plasma jet would be too high. However, the larger statistical weight, more energy can be carried by rota-
partial pressure in thperiphery(where there are no special tions than by vibrations in our plasma. This is an important
demands on spatial resolutioappears to be equal to 50% of observation. It distinguishes these expanding plasmas from
the background pressutie., 69 Pat+ 10%), which is equal Many other plasma sources, where the rotational temperature
to the seed fraction of Kin Ar. Note that this is not a trivial 1S usually very low compared to the vibrational temperature

result, as the arc plasma is characterized by a high dissocié€-9- [10). In the latter cases, research therefore often fo-
tion degree. cuses on thevibrational population distribution. The mea-

In the following, the background pressures are lowerSurements in this section can serve as an example for a situ-

(<40 Pag, and in these cases the spatial resolution along th tion where the rpta‘upna! population Is very important. In
laser beams appears to be adequate, at least for distand is respect, our situation is somewhat similar to combustion

from the nozzle larger than 20 mm or so r%%earct[lS].
9 : It follows from the pressure plots in Figs. 8 and 9 that the

dissociation degree in the plasma jet must be minimum, as
C. Results for pure hydrogen plasmas the measured K pressures account for the total background

CARS measurements have also been performed on p|a§ressure. Note that hlgh preSSUreS are measured near the
mas in pure hydrogen, both with and without a magnetic,nOZﬂe- This could be an artifact: we can expect to measure
field to confine the plasma. The plasma conditions are aS0Me background gas thetae beam diameter is still small
follows: no magnetic fieldl ,,.=37.5 A, flow: 3.5 SLM, and still ascribe a h|ghv(= 1) rotannaI_ temperature to the
Drac=40 Pa; with magnetic fieldi, =37.5 A, flow: 2 total measured kldensity at these positions. This would lead

_ " : to an overestimation of the pressure.
SLM, Ppag=20 Pa,B field: 1 kG. TheB field can be con- The fact that the measured dissociation degree in the
sidered homogeneous over the entire length of the plasma.

. - plasma is so low is very surprising, as power input measure-
the latter case, the electrons are magnetized, whereas the i Snts show that the ar/c mLE)st he?ve a F()jissociafi)on degree of

are not. The magnetized plasma has been studied in view Qf,nq 709 for an arc current of 37.5[20]. This has been
the possible high density of negative ions th¢i§]. A nore o less confirmed by depolarization Rayleigh scattering
negative ions may be formed by the well-known dissociativeneasurements very close to the 2 A further indication
attachment reaction follows from the analysis of the rotational populations, mea-
sured by CARS, in the following section. It is our opinion
that only an effective wall-association process in combina-
tion with a recirculation flow can explain these results
where highly excited H is necessarj19] to make the reac- (5,7,18. o .
tion efficient, studying the Eq,.]) population is essential. Furthermore, no great drssrmrlgrltres are obvious from a
The results are shown in Fig. 8 for the nonmagnetized?®Mparison between Fig. 8 and Fig. 9. Indeed, the hydrogen
plasma, and in Fig. 9 for the magnetized case. Shown a olecular populathn hardly seems to be mfluenced by the
typical Boltzmann plots for the =0 to v=2 states, and act that a totally c_jrﬁeren'plasmals present in the magne-
axial dependencies for the major parametds,, T i, P, trzed case. E_speC|aIIy the _absence of highly excited vibra-
andn,,. T, has been taken from thé=1 data. The rota- tional states in the ma'gnetrzed case makes Iesg probable the
tional temperatures are equal for=0, v=1, andv =2, as  °ccurrence of mecha_mls(ﬁ) asamain H p_roductlon chan-_
can be seen from the Boltzmann plot in Fig(bg at ngl. If H™ is present in large amounts, a (_jlfferent mechanism
z=150 mm. T, has been calculated using the=3 or mlgr_]t be necessary, namely, the formation through Rydberg
(whenever possibjethe J=5 states. or highly (electronically excited H,, as proposed by Gar-

It may be useful to ponder a little on the spatial resolutionScaddenet al.in [21].
and the reasons we have to believe that it is sufficient in
these lower pressure casge®., the reason why we can be-
lieve thev =0 rotational distributions to be virtually undis- An attempt has been made to explain the non-Boltzmann
turbed by the periphery gasin the argon-hydrogen mea- rotational distributions in Fig. 8 by considering hot, lgas
surements undet®), thev =0, J=0-3 levels always show (i.e., the 30% that is not dissociajeitbwing out of the arc,

a rotational temperature that is unrealistically low, aroundrelaxing to an infinitely large, cold ki background. During
400 K, in clear disagreement wifiy; in v=1 (Fig. 7). The  the relaxation by rotational-translational inelastic collisions
T,ot Of 400 K corresponds to the temperature measured in théR-T collisions, higher states relax more slowly. The rate
peripheral gas. So in this case, the spatial resolution alonfpr a givenAJ=L can be expressed in the rate for relaxation
the laser beams is inadequate: some cold background gasfey L—0, as has been established by DePrétal. [22]:
measured along with the hot plasma. In the lower pressure

case, however, the=0, J=0-5T /s are in good agree- K B Es—Ea

ment with thev=1 andv=2 data, at least for downstream <(Ji—J) =93 X KT gas

distances larger than 20 mm. Therefore, we assume the rota-

tional distributions in Figs. 8 and 9 to be “real,” and that

they contain no artifacts. X 2

From Figs. 8 and 9, it is worthwhile to note that, even per
statistical weight, the population in a high rotational level ofwhereJ; and J; are the initial and finall values,J-. is the
v=0 can be as large as the population in a lower rotationalargest of the two. The exponential follows from micror-

HY Y+ e” —H"+H™, ()

V. ROTATIONAL RELAXATION MODEL

J oL 3
0 0 0

2
) gAk(L—0),  (®
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FIG. 8. CARS results for a full hydrogen plasma: Boltzmann plots for different axial posit@ngd), and axial dependencies of the
axial position is denoted by, E is the energy, and/g represents the density per statistical weight.

eversibility, the 3 symbol expresses the recoupling &f The above gives the framework for a very simple model
with L to form J;, g denotes the statistical weight, and to explain the rotational distributions. For a flux of 3.5 SLM
A’> denotes an “adiabaticity” factor, defined by (i.e., 1.4x10% s71), a 70% dissociation degree, an esti-

mated velocity of 5 10° m/s (see beloy, and a beam diam-

eter atz=20 mm of 15 mm, we obtain a concentration of
©) approximately 5 10°° m 3 atz=20 mm. The total H den-

sity at that positionmeasured by CARS, Fig.)8s around
where 7,=27T./T,, with T, the collision time andr, the ~ 2.8X1C%* m 2. In the model, we use a hot density of
characteristic time of rotation for a giveh The adiabaticity 5X10°° m~3, and a cold H density of 2.3 10" m~3. A
factor accounts for the effectivity of momentum exchangeset of simple differential equations is constructed for the first
for given collision and rotation times. It is close to 1 for our 14 levels in they =0 manifold. The system looks as follows:
conditions.

" 1+ 7216
L1445 06



5214

MEULENBROEKS, ENGELN,

L1} (a) z=10mm

Sn

v=0-->1 v=1-->2

2000 4000 6000
E (em™)

u (c) z=90mm

3.0x10%"1
2.5x10°

2.0x10%"

n(m?d

1.6x10%'4

1.0x10%'

2000 4000 6000
E (cm™)

(e) total density

]
EEE i []

5.0x10%°

1600+
14004
1200+

1) (K)

1000+

8004

Trol (V

600+

400

0 50 100 150 200 250

z (mm)

%% (g) rotational temperature

z (mm)

van der MULLEN, AND SCHRAM

10204
Y (b) z=30mm
a
10'%4 =
— n
?
£ u
2 o84 " - "a
< [ ]
n
n
10"71— T : .
o] 2000 4000 6000
E (cm™)
1020, %
[ ]
- (d) z=150mm
19 |
10 -
&
£
~ [
[ ]
g 1084 [} []
= n
107 1— r T T
0 2000 4000 6000
E (cm™)
25 E (f) total H, pressure (nkT )
20 H
1 :
~ 151 E =
&
~ 104
[=%
54
0_

z (mm)

2600 % (h) vibrational temperature
2400+ % AIL

g 2200

’lul? 2000

A

= 1800+ E E
>

1600

1400+

0 50 100 150 200 250

b

0 50 100 150 200 250

z (mmy)
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=N(Nj 42K 425+ N oK —o5) = Ni[K; i 2K i-2])

dny

UE =N(n11K11,137 N13K13.1),

dn,

4
UE =N(Nn1K12147 N14K14 12,

(10

where k; ; denotes a rat¢calculated using8)], N is the
density of collision partner§.e., the cold H), andn; are the
densities for each rotational level. We only consider=2

collisions, because of nuclear spin conservation foy H

(ortho and para H conservation Larger(even AJ steps are
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neglected[23]. The speed of the jet is represented Uy

which has been cast in the followingssumegform: % (a) z=20mm
1024 A ®  model, high arc diss.3
u(z)=ugexp —z/1), 11 ] ’

(2)=uoexnt ) ) ] 2 A  model, low arc diss. |
whereug is the speed at the origifthe nozzlg, taken to be 1 | © measurements
7x10° m/s (calculated using pressure and flow data from a &~ ] A
similar experimentand| is a characteristic length, taken to £ 1019 A 5
be 70 mm. The expanding jet collides with the background ic” 2 3 a
gas (at 600 K with velocity u(z), and both the thermal a
energy and the translational energy are taken into consider- . 2
ation in the calculation of the rate constf{2—0) at a 10184 S ° i
certain energy. The cross sections for-B at temperatures ] ]
in the range 500—4000 K are calculated using data from T y ' y "
Green[24]. A second-order polynomial fit delivers for this 0 2000 4000 6000
temperature range: E (cm™)

— — 18 —21- — 2512 T T T
Ky .o(T)=—1.55x10 8+ 2.65x 10 2T +5.5x 10 25T2, ] (b) 2=150mm

(12 B model, high arc diss:
whereT is the collision energy in K. model, low arc diss. ]

The system is solved usingapLE [25] with a Boltzmann 2 © measurements
distribution at 3000 Kwhich seems to be a reasonable value 1094

pRO

| _{e]

for hot molecules leaving the gras az=0 boundary con- "E . 3 A ]
dition. > . s 4 a

Figure 10 shows the results for the model, together with € A
the measurements in a pure hydrogen plagnmamagnetic 1085 5 L] E
field) at two different positions. In usingne model popula- =
tion to describe the populations at two positions, we implic-
itly assume that the increase in area of the primary bgsnh 1017 1— i . i :
population) is balanced by a decrease in velocity, because the 0 2000 4000 6000
hot and cold model populations remain the same. The total E (cm™)

density at the twa positions is about equéFig. 8). In spite
of the many assumptions, the model appears to describe the , ) i
measurements very well. Because CARS “sees” both the hot FIG. 10. The results of the quasi-one-dimensional model com-
and cold populations, the temperature in the lower part of thé‘\)ared to the rotational distributions irn=0, at two axial positions,

rotational manifold seems rather low, whereas the tail is hot.zz20 mm (&) andz=150 mm(b). The squares denote the model

As the tail slowlv relaxes. the total distribution becomeswith a 70% dissociation degree in the arc, the triangles denote the
y - model with a low dissociation degré&0%) in the arc. The latter
more and more Boltzmann-like.

The di iation d f 70% inside th . has been added to emphasize the fact that a substantial dissociation
e dissociation degree o 6 Inside the arc is a nece%’egree inside the cascaded arc has to be assumed in order to explain

sary condition to obtain a good agreement. To illustrate thisy,e measurements. The plasma is a freely expanding pure hydrogen
a few runs with the program have been performed using @ (ct. Fig. 8.

very low dissociation degre€l0%) in the arc. In this case,

the majority of the arc output flux consists of molecules with

a temperature of 3000 K, relaxing to a background gas at 60B€Phery of the plasma, even though they appear to be rather
K (just as in the aboyeUsing the same speed profile and theco0l. The partial B pressure in the periphery of the jet
same expressions for the rate constants, results are obtain@@uals the seed fraction of H whether it be injected in the
that deviate significantly form the experimental findingsarc or in the vessel. A recirculation pattern in the vacuum
(Fig. 10. Apparently, the large amount of hot molecules doesvessel is thought to be responsible for the transpoftvadl-

not relax quickly enough in this case. This is a further indi-associatedmolecules into the plasma.

cation that the arc does dissociate to a large extent, even The measurements on pure hydrogen confirm the older

though the model is probably not accurate enough to distindepolarization Rayleigh scatteriig] and active prob¢26]
guish between a 70 or 80% arc dissociation degree. measurements, as all show a marginal dissociation degree in

the vesseli.e., the hydrogen pressure is equal to the back-
ground pressure within the experimental eryolsn exact
comparison between the two methods is difficult, as depolar-

The expanding argon-hydrogen plasma jet is charactelization Rayleigh scattering is a crossed-beam experiment
ized by an anomalously fast recombination that can be exwith a very high spatial resolution, whereas CARS has a
plained by molecular channels involving hydrogen mol-poorer resolution in the longitudinal direction. The low dis-
ecules. This is clearly indicated by the Thomson scatteringociation degree in the vessel, in combination with high
measurements. CARS measurements show that larglissociation degree in the arc, must be caused by a wall-
amounts of hydrogen molecules are indeed present in thassociation process being dominant.

VI. CONCLUSIONS



5216 MEULENBROEKS, ENGELN, van der MULLEN, AND SCHRAM 53

The axial dependencies @, andT,;, show no station- is necessary to make reacti¢n) effective. But again, only
ary shock front, which is quite evident in pure argon andlow T,,’s are observedFig. 9), which lead to estimated
diluted Ar-H, mixtures[4,5]. v=4 densities of a few times 1dm 3. A strong plateau in

For the expanding pure hydrogen plasma, only states ughe rotational population (just below the detection limit of
to v=2 can be detected. De Graef al. [3] assume a total the CARS setupcould be of influence here. If the presence
v=4 density of about I m~2 in order to explain the of high densities of negative ions can be positively verified,
anomalous recombination in a very similar pure hydrogemowever, it is clear that the standard “dissociative attach-
expanding plasma. The highly excited molecules wergnent involving vibrationally excited molecules” explanation
thought to originate from the vessel wal&7]. The hot mol-  c4nnot account for the production of negative ions.
ecules are necessary to make the reaction The simple rate model of a two-populatior, lgas seems

HZ'J+H+—>H2++H (13) to be able to describe the obser\_/ed rotational _distributiqns
rather well for the freely expanding hydrogen jet. In this
exothermic(the energy deficit is around 2 ¢VThe formed view, hot arc H at 3000 K(representing the 30% fraction
H,* can either react with Hin order to form H* or with an  that is not dissociatgdexpands into the vessel and relaxes to
electron in a very fast dissociative recombination reactioncold (600 K) hydrogen gas. The latter is supposed to consti-
The formed H* can also dissociatively recombine, so eithertute an infinite reservoir of cool gas. The model shows that
process will lead to a very effective ionization loss, once thethe assumption of a high dissociation degree in the arc is
H," is formed. necessary in order to explain the rotational state distribution.

The CARS measurements in this paper, however, clearly
show the absence of large amounts of highly excited mol-
ecules around the plasnferhere aT,;, of about 1100 K is ACKNOWLEDGMENTS
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