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The emission of the radiative dissociation continuum of the hydrogen moleai?JEgHb?’E: electronic
transition is proposed to be used as a source of information for the spectroscopic diagnostics of nonequilib-
rium plasmas. The detailed analysis of excitation-deactivation kinetics, rate constants of various collisional and
radiative transitions, and fitting procedures made it possible to develop two methods of diagnogtjahef
ground xlzg state vibrational temperatufrg;, from the relative intensity distribution, an@) the rate of
electron impact dissociatiom[H,]/dt) 4iss from the absolute intensity of the continuum. The known method of
determination ofT,;, from relative intensities of Fulchet- bands was corrected and simplified due to the
revision of d—a transition probabilities and cross sections df X electron impact excitation. General
considerations are illustrated with examples of experiments in pure hydrogen capillary-arg-aAd micro-
wave discharges. In pure,hblasma the values &f,;, obtained by two independent methods are in rather good
accordance T,j,=3000-5000 K). In the kH-Ar microwave plasma it was observed that the shape of the
continuum depends on the ratio of the mixture components. Absorption measurements of the population of the
3s?3p°4s levels of Ar together with certain computer simulations showed that thie-All, excitation trans-
fer plays a significant role. In our typical conditiongpower flux: 4 Wcn?, pressure p
=0.5 mbar, H:Ar=1:1) thefollowing values were obtained for the microwave dischargH;]/dt) jiss
~2.5-5x 10" cm 3s 1. The contribution of the excitation transfer is about 10—30 % of the total population
of thea®s state[S1063-651X99)04903-X]

PACS numbds): 52.70.Kz, 52.20.Fs, 52.20.Hv

[. INTRODUCTION solutions of the so-called direct problem of spectroscopy
(from known plasma parameters to the observable spegtrum

Experimental and theoretical studies of the emission of It is obvious that any observable property of plasma is
the H, radiative dissociation continuunafEJ—>b32: elec- somehow connected with values of plasma parameters and
tronic transition have a long and interesting history. They therefore, in principle, may be tried to be used as a diagnos-
were stimulated by molecular spectroscopy and quanturtic tool. However, actually, as a rule, one observable quantity
chemistry[1-7], investigations of hydrogen containing plas- is determined by several different plasma parameters. Then
mas[8-10] and astrophysicil1,12. Since the first work of the key point is to study the informational content of the
Houtermang13] thea®s; —b®3 | transition has been stud- experimental data and to find the proper means of data analy-
ied as a possible laser systgsee[14—17 and references Sis. The last one is always an inversion probl&nom an
therein. It is widely used in UV and VUV light sources observed spectrum to unknown plasma parameteasing
[8,18-21. its own specificysee Sec. )

In spite of numerous studies, the ldontinuum emission The main goal of the present work was to investigate the
was never used or even proposed to be used for a deternpossibility of using the H continuum intensity for diagnos-
nation of plasma parameters, i.e., for spectroscopic plasmigcs of nonequilibrium plasmas. Our decision to make the
diagnostics. It seems to be rather strange because, on ofiest steps in this direction was based on followiagriori
hand, diagnostics of hydrogen-containing plasmas is notonsiderations. The experimental data on the continuum in-
trivial and every opportunity should be tried; on the othertensity may be considered as two different sources of infor-
hand, emission spectroscopy due to its passive nature amaation: the relative spectral distribution and the total abso-
instrumental simplicity is of primary interest for various lute intensity of the continuum.
studies in plasma physics and industrial applications. More- The first one is directly connected with the population
over, the visible spectrum of hydrogen plasma gives us, irdensity distribution over vibrational levels of tlaéEg state.
principle, only three qualitatively different sources of infor- In low-pressure plasmas the levels are populated predomi-
mation: (1) atomic lines of the Balmer serie€?) the band nantly by direct electron impact excitation and the deactiva-
(actually multiline spectrum of H, and(3) the continuum. tion is mainly due to spontaneous emissi@10]. In this
The first two are successfully used in plasma diagnosticszase the relation between the vibrational population density
while the third one was never even tried. Previous investigadistributions in excited and ground electronic states should
tors only measured the continuum intensity and sometimebe obtained within coronalike models. So the shape of the
made certain calculations for comparison with an experimentontinuum should be usable for a determination of the vibra-
[9,10. It should be emphasized that those calculations aréional density distribution(or at least the vibrational tem-
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peraturg of the ground state of H 154
On the other hand, every act of the continuum emission :

~
>
-

A —0

leads to a dissociation of a hydrogen molecule. Therefore, an , ".‘ ........ 1
absolute value of the continuum intensity is directly con- N e 5
nected with the rate of radiative dissociation via H#i& T .
state and also may be used for an estimation of the total rate o i
of electron impact dissociation. %

Our intention was to investigate both opportunities and to > i
check them experimental)22]. Therefore the present work s\; 5] '
includes two closely connected tasfdevelopment of new =

methods and their test in certain real plasma condijians
two groups of results connected with the proposed methods
and with the nonequilibrium plasma of the discharges under
the study.

The first part is based on the analysis and description of A (nm)
(1) excitation-deactivation kinetics and derivation of suitable

formulas(Secs. Il A, I B, Il D, and IV Q; (2) rate constants FIG. 1. Spectral distribution 04°% ,v'—b%% | spontaneous
of various collisional and radiative transitions to establishemission transition probabilities for various initial vibronic levels
certain sets of recommended dégec. Il O; (3) experimen- v’ =0—3 (curves 0-3of the H, molecule[6,7].
tal technique reproducible by other researcti€exc. Il); (4)
various ways of data processiri§ec. Il A and throughout unit volume and per second in all directigns related to the
the paper. population densitietN,,, of the exciteda:*EQ+ , 0’ vibronic
That made it possible to develop two methods of diagnoslevels, as
tics of (1) the groundX'X; state vibrational temperature
Tyip from th.e reIativt_e intgn;ity distribution, an@) t.he rate lap(N) =2, Nav,Agv’()\), (1)
of electron impact dissociation from the absolute intensity of v’
the continuum. The known method of determinationTgf,
from relative intensities of Fulchet- bands was seriously Where\ is the wavelengthy’ the vibrational quantum num-
corrected and simplified due to the revisiondbf-a transi-  ber,
tion probabilities and cross sectionsdf X electron impact
excitation.
For tests of the methods we performed the studies of Nav’_% Nao'n 2
emission spectra of two quite different plasma sour¢gks:
pure hydrogen dc capillary-aiSec. IV A), and(2) HotAr - the total population density of the upper vibronic state,
microwave dischargetSec. IV B. ) Na'n the populations of a32g ,v',N" electronic-
The first one is known to produce bright pure hydrogen, ;o rotational levels(their very small triplet splitting may
spectrum and was alregdy investigated spectroscoplcallye neglected N’ the rotational quantum number of the total
[9,10,21,24,2% Therefore it was chosen as an example of a ) . ,
simple model system for determination®f, by two differ- ~ 2ngular momentum excluding electron spin, & () the
ent methods presented above. spectra_l_d|str_|but|(_)n of th_e_ spontaneous emission transition
The second one has been specially designed for basic rRrobability (Einstein coefficients for various wavelengths of

_ : . 3y 1 pdyt "
search on molecular microwave discharges mainly based di ~g v/ —b>2 transitions. We have neglected the rather

spectroscopic  diagnostic methodg26,27. Microwave small_ gffect of vit_>_rc_>rotatior_1 interaction and assume that the
plasma reactors of this planar type have been used for varitansition probabilities are independent Kif.

ous plasma technological applicatiof&7—30. Frequently For the H molecule the values oA}’ (\) should be

H, and Ar are used as main components of the feed gasonsidered as well known nowadays because they have been
mixture leading to an essential interest on #issociation calculated in several workg,5—7,14 and checked experi-
processes and on influences of Ar admixture grekhission.  mentally[1,4], being in rather good agreemdf. We used

The results are summarized and discussed in the conclusiotie results of6] shown in Table [31]. In Fig. 1 the data are

visualized for the transitions from®s ,v’ =0-3 levels for
A=200-450 nm. One may see that the probability of tran-
sitions from various vibronic levels has maxima in different
wavelength regions due to oscillatory behavior of the vibra-
i , , _ tional wave functions of the upper state. So the spectral dis-
A. Continuum intensity and population of upper levels

tribution of the continuum intensity,,(\) may have a cer-
The dissociation continuum of the hydrogen molecule istain informational content about the population density

caused by spontaneous transitions from the upper boundistribution over vibrational levels of thtatsiér electronic
a32; electronic state to the low&®S | repulsive state. The state. In principle, measurements of the intenkijg(\) may
spectral distributioni,,(\) of the continuum intensittnum-  be used for the determination of the populatiddg,. in
ber of quanta emitted within unit range of wavelengths perrelative or even in absolute scale by E)).

0 T ~t 3 T
200 250 300 350 400

II. INTENSITIES OF H , BANDS AND
VIBRATIONAL TEMPERATURE
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It should be noted that even this very first stage of the datavith electrons, atoms, and unexcited molecules. The rate co-
processing belongs to the class of so-called rev@nsmver-  efficient of direct electron impact excitation
sion) problems, which are known to be not well posed

(sometimes they are called “ill posed"The final result—a >

H 4 H ror ! ror r * 8 ror r
certain set of the population,,,—depends not onlyin al i N =(ovy N :f \ /—UQUUNN (e)F(&)de,
principle) on the values of the actual populations in the e ¥ M

plasma, but may also be influenced by the so-cedlguiiori )
information: the number of adjusted parametéd¥g,(), the

number of experimental data points, the experimental errors, 0o’ N ) . .
and even the algorithm of data processing. whereoy,\ " (&) is the corresponding cross sectiang are

In the present work we used for the solution of this and{n® velocity and corresponding energy of an incident elec-

other reverse problems the least-square fitting, i.e., the minfo" re,spectively;sth is the threshold energy of the
mization of the functional n',v’,N"«—X,v,N transition; F(e) is the electron energy
distribution function.
, 1 I Yicalc(all ) — YO 2 For plasma diagnostics this simplest limit ca&sten
=2 3)

— called the corona or coronalike moglek that of low-
I-mi=y O

pressure plasmas with small input power. Under such condi-
tions the levels are predominantly excited by direct electron

in the multidimensional space of parametays. . . ,a, used impact excitation and their decay is mainly due to spontane-

in a theoretical model. Her\éicakt(al, ... A, YT calcu-  ous emissiorj34]. Then the second terms in the right- and
lated and experimental dath;total number of data points; left-hand parts of Eq(4) may be omitted. _
m, number of adjusted parameters;, standard deviations It may be seen from Eq¢2) and(3) that even in the most

of the experimental data. The standard deviations of optimd@vorable case for plasma diagnostics the populations
values of the adjusted parameters may be estimated as squite»'n' do not depend only on the distributidwy, . Ra-
roots of diagonal terms of the covariance maff2]. diative transition probabilities, lifetimes, and electron impact

We used a minimization algorithm analogous to a linearcfoss sections for single rovibronic levels and transitions
regression [32] with the following substitutions:YF""t should be known as well as the electron energy distribution

=151 from experimentYFi<=1 () flom Eq. (1) o, function. Moreover, the determinarion b from mea-
=0.07-15P(\;) corresponding to 7% random experimental SUr€dNy,:, iy and wi € certain system of Eqee) for

error of the measuremenh=v/,,+1, \; was varied in the variousv” andN" leads to the reverse problem.
range 225-400 nm. Experimental errors were estimated by
averaging over several measurements for the same condi- C. Constants of elementary processes
tions in the plasma. They are mainly caused by random L .
noise, insuffigent stabilityyof the dischyarges durin)gll the ex- Fgrther S|mp'l|f|cat|on'of' the model may be ac_meved by
) , and restricted reproducibility. The valuesgf, def[ffu_led analy5|$ of radiative _and coII|S|Qn transition prob-
EZSToegtesa(?:ste din such asva that re}fiable results comXJI d abilities and lifetimes. We are interested in determination of
obtained fro]m the minimizatior)( rocedure. The values obﬁe vibrational temperaturg, from th_e_ continuum inte_nsity
. _ P T _ (a®2y—b%%) and from the intensities of-branch lines
A}’ (\) from Table | were interpolated by cubic splines. of Fulcherer bands G3HJ—>332$) [35]. Therefore we

have to analyze all available data about electron impact ex-
B. Excitation-deactivation balance equation citation and spontaneous decay of the upper levels.

The populations oN,,, may themselves sometimes be T3he+ tt,animon propgbllltles fqr dgH“ v ,N :nl
interesting(see the examples belowBut on the other hand, —& >g .w",N"=1 transitions [Q1 lines of ('—v")
in nonequilibrium plasmas the rovibronic level populationsFulchera band§ were obtained semiempirically in the
in excited electronic states are connected with those in thEamework of the adiabatic approximation with correspond-
ground electronic state by the excitation-deactivation balanci'd dipole moment obtained if88] from experimental data

equation for the electronically excitedf ,u’,N’ rovibronic ~ @bout wave numbers, branching ratiow inprogressions and
levels[33] radiative lifetimes. The results for the first seven diagonal

(v'=v"=v) bands are presented in Table Il together with
semiempirically predicted38] and experimental values of

% NxonNe@on' + 1o (@,8,7, .. ) radiative lifetimeq36].
One may see a noticeable discrepancy between semi-
1 1 empirical and experimental lifetimes of I, ,v'=4-6N’
=Npryrne ( ad +w) : (4) =1 rovibronic levels due to nonadiabatic effects neglected in
Tnro'NT - Thru N the adiabatic approximatiofsee also[10,36]). Therefore,

only the first four diagonal bands may be used for the deter-
wherel, v (a,B,7, .. .) is therate of secondary excita- mination of T,;,. On the other hand, this effect did not in-
tion processes(cascades, recombination and so f@rth fluence the values of the rotational temperatures derived
739, is the radiative lifetime of the’v’N’ level; 757, ,  from the populations of°IT; ,u’>3 levels in[39]. It may
is the effective lifetime describing the decay of the'N’ be considered as an indication, that the rate of the additional

level due to quenching in collisions of the excited moleculedecay, associated with a nonadiabatic coupling of the vi-
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TABLE |. Spectral distributions of transition probability fa’S ; ,v’=0-6—b%% spontaneous emis-
sion of the H molecule and relative continuum intensity calculated¥g— 0 by Eq.(14).

A AZ'(N) (1022 cm 1s7Y) [6] Jan(N,355.5,0)
[nm] v'=0 1 2 3 4 5 v'=6 present work
160 0 0 0 3.220 49.674 3.795 22.977 3.717
170 0 0 1.714 34.647 9.474 23.008 14.436 5.339
180 0 0.395 16.152 24.766 11.127 0.144 2.297 6.034
190 0 3.701 26.715 0.231 10.235 10.524 5.725 6.454
200 0.283 9.938 17.191 6.123 0.047 2.873 5.463 6.147
210 0.949 14.879 3.565 9.571 4.340 0.697 0.077 5.590
220 2.252 14.894 0.016 2.799 6.257 4.182 1.898 4.829
230 3.851 11.283 2.370 0.377 3.070 4.066 3.662 4.300
240 5.315 6.723 4.702 0.386 0.386 1.681 2.498 3.666
250 6.540 3.087 5.315 1.871 0.164 0.135 0.704 3.218
260 7.025 0.948 4.222 3.010 1.154 0.165 0.025 2.788
270 7.090 0.085 2.645 3.056 1.971 0.851 0.262 2.407
280 6.792 0.049 1.330 2.440 2.176 1.416 0.797 2.089
290 6.249 0.389 0.463 1.598 1.918 1.609 1.161 1.822
300 5.582 0.819 0.079 0.893 1.414 1.456 1.256 1.616
310 4.867 1.224 0 0.367 0.869 1.126 1.118 1.451
320 4.165 1.509 0.108 0.101 0.471 0.755 0.866 1.325
330 3.530 1.671 0.295 0.006 0.197 0.451 0.597 1.222
340 2.946 1.748 0.474 0.020 0.045 0.226 0.372 1.130
350 2.453 1.717 0.618 0.100 0.005 0.080 0.193 1.042
360 2.021 1.647 0.695 0.202 0.011 0.018 0.083 0.955
370 1.667 1.530 0.818 0.296 0.058 0.002 0.024 0.885
380 1.373 1.399 0.846 0.379 0.117 0.016 0.004 0.809
390 1.125 1.265 0.844 0.445 0.179 0.047 0.007 0.736
400 0.921 1.127 0.818 0.486 0.228 0.088 0.026 0.665
410 0.735 0.985 0.781 0.499 0.271 0.127 0.051 0.592
420 0.621 0.865 0.729 0.504 0.303 0.161 0.080 0.534
430 0.514 0.752 0.674 0.497 0.320 0.190 0.104 0.477
440 0.423 0.654 0.615 0.477 0.327 0.207 0.127 0.424
450 0.343 0.567 0.559 0.455 0.327 0.221 0.144 0.376
460 0.283 0.488 0.503 0.429 0.322 0.226 0.157 0.333
470 0.241 0.420 0.452 0.397 0.310 0.229 0.164 0.295
480 0.203 0.363 0.402 0.366 0.297 0.229 0.168 0.261
490 0.169 0.312 0.359 0.337 0.281 0.221 0.168 0.231

bronic levels lying above the HE1)+H(n=2) dissocia- TABLE Il. Radiative lifetimes ofdIl; ,u,N=1 levels and

tion limit, is almost independent oN’ (heren is the prin- ~ SPontaneous emission transition probabilities &3l ,v,N=1
ciple quantum numbgrlt seems quite reasonable, if the per- —& g :v,N=1 spectral lines of bl
turbation is due to an electron-rotational interaction with a

continuum(the hypothesis proposed [40]). Because of the a Tav1 (N9 Agt (us™)
lack of information aboutN’ dependences of the transition Y [36.39 present work present work
probabilities and the lifetimes they will be considered hereing 40.7+1.4 38.7-2.0 24.4+1.4
as independent on the rotational quantum number in accok- 38.4+1.3 39.7+2.1 20.6-1.1
dance with an adiabatic approximation. 2 395+1.9 40.9-2.2 16.9-1.0
The radiative lifetimes 0&32g ,v' vibronic states of 5 30.5+0.9 422622 13.6-0.8
have been studied in numerous works both experimentally 19.0+1.0 43.6-2.4 10.6-0.6
[2,3,12,41-4Band byab initio calculationd 1,5]. All avail- 15.2+1 2 45525 8.1+05
able data are collected in Table Ill. One may see tiat 16.0-3.0 5.9+ 0.4

nothing is known aboulN’ dependences of the lifetimes, so
we again have to assume independenceNon (2) experi-  ®Experiment.

mental data are obtained only for low vibronic stai@ithe  PSemiempirical calculation in the adiabatic approximation with di-
experimental and calculated data are in very good accompole moment fronf10].
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TABLE lIl. Experimental andab initio data on the radiative lifetimes aFEg ,v' levels of H, present
work (p. w.). The dotted lines indicate the rangesudfover which averaged lifetimes have been obtained in
the experiments.

Tav’ (n9
v'=0 1 2 3 4 5 v'=6 Ref.
Calculated
11.9 11.0 10.1 9.7 [1]
11.6 10.2 9.17 8.40 7.81 7.30 6.90[5]
124 11.5 10.3 9.29 8.64 8.07 7.63 p.w.

Experimental

....................................... BB 2]
11.0+0.42 10.6-0.6 [41]
262 (3]
11.9+1.2 10.8-1.1 o102 [12]
.................................. 10455025 . .0 e et [42]
9.94+0.39 9.1-1.0 [43]
....................... 9.6250.20 . o\t [43]

dance forw’ =0—2, but for higherw’ only ab initio data are ~ deviation of measured values from those calculated in the
available. Franck-Condon approximation. [87] this discrepancy was

To be in consistence with the transition probabilities listedinterpreted as an evidence of a remarkable dependence of the
in Table | we have used values of,» marked in Table lll as  Scattering amplitude on the internuclear distanc®n-
“p.w.” for present work. The lifetimes for’=0—2 were Franck-Condon effegt Later the data fronj9] have been
obtained by the integration of the tabulated values of thé!Sed for the de.termm?uon of th,e complete set of the cross
transition probabilities from Table I. The values labeled withS€ctions for various,v’ andN,N’ [47]. ,
an asterisk fov’ =3—6 were obtained by extrapolating the It is important to take into account that the relative cross
lifetimes with the help of a third-order polynomial fit of the S€ctions in[9,37,47 are based on radiative transition prob-

data from[5] and a constant factor obtained from the averag@bilities and lifetimes obtained in adiabatic approx_imation
value of the ratios with our values for =0—2 [44]. (almost the same as in Table)lVAs we already mentioned

The dependences aPIl ,u’,N'— X3 0N electron above the lifetimes ob’=4—6 are in contradiction with
u 1 g

impact excitation on the incident electron energy have beesuch extrapolation. New data abony,,; and Agl‘ji from
studied in[37,45,48. They have a normal form for singlet- Table Il should be used for the determination of the cross
triplet transitions: a sharp increase from the threshold to theections from the line intensities measured9h We made
maximum and a rather sharp decrease for higher energiethe recalculation and got the data presented in the sixth col-
The data 0f37,45 are in good accordance and[i#7] they  umn of Table IV. One may see that they are in rather good
were used for the extraction of the cross sections for differenagreement with corresponding ratios of Franck-Condon fac-
v’ from rate coefficients andF(e) measured iN9]. The tors. It means that the dependence of the scattering amplitude

relative cross sections%’ll/a%ll in maximum are shown in ©On the internuclear distance is negligible in the case of the

Table IV together with corresponding ratios of the Franck-d°Il, <X'Xq electron impact excitation of {4 This is in
Condon factors calculated {#8]. One may see noticeable accordance with recerth initio calculationg49].
Nothing is known, so far as we know, about the cross
TABLE IV. Relative cross sections for electron impact excita- S€ctions  for  the 3325 ,v’,N’<—X12§ ,u,N  excitation.
tion (in the maximum of the d3IT; ,v’,N'=1 levels from the ~Therefore, for botid®IT, —X'3  anda’sy —X'3  tran-
X35 ,v=0N=1 level and corresponding ratios of Franck- sitions we assume that the rate coefficients of the electron

Condon factors. impact excitation have nonzero values only For=N rovi-
bronic transitions. They are considered as independei on

v’ oozt FCF  and proportional to corresponding Franck-Condon factors,
[45] [46] [37] [9] present work [48] ie.,

0 057 068 052007 0.66:0.07 0.7¢:0.07 0.55 aliN < a2 QU when AN'=N'—N=0 (6)

1 0.86 1.09 0.9%0.13 0.88:0.09 0.96:0.09 0.95

2 1.00 1.00 1.060.14 1.06:0.10 1.06-0.10 1.00 BN ,

3 078 086 0960.14 077008 0.84:0.08 0.86 and ay,y~ =0, for AN'#0, @)

4 0.35-t0.04 0.820.09 0.66

5 0.19-0.02 0.60:0.06 0.47 thus neglecting the momentum transfer in electron impact

6 0.11+0.01 0.32-0.03 0.33 excitation[37,50 and the rather small dependence of the rate

coefficients onF(e). We used the only values of Franck-



PRE 59 uv CONTINUUM EMISSION AND DIAGNOSTICS @& . . . 3531

TABLE V. Franck-Condon factors faa®s ; ,v'— X34 ,v transitions of H [48].

av’0
Xv0

v’ v=0 1 2 3 4 5 v=6

0 0.207 61 0.39958 0.28411 0.09341 0.014 39 0.000 89 0.00001

1 0.254 78 0.064 83 0.08307 0.32592 0.21741 0.05018 0.00378

2 0.202 49 0.00503 0.164 38 0.002 81 0.206 34 0.306 86 0.10324

3 0.13470 0.06063 0.05177 0.082 35 0.07231 0.078 73 0.34105

4 0.082 35 0.095 80 0.000 50 0.101 48 0.007 27 0.12529 0.01180

5 0.048 40 0.096 03 0.01522 0.04193 0.066 78 0.009 33 0.116 80

6 0.028 03 0.07908 0.04137 0.004 39 0.07005 0.01583 0.046 15
Condon factors fod3HJ<—X12g and a32g<—X12+ tran- Taking into account all the assumptions discussed above,
sitions that had been calculated [48] (Tables V and V]I  the balance equatiof#) may be written for the populations
[51]. of d®M ,v’ vibronic states after summation over rotational

levels in the following form:

D. Determination of vibrational temperature

A EXU ) NdU ’ (9)

Vibrational and rotational energies are not well separated )E Q F{‘ KT &
in the ground electronic state of,tbecause of the small Tvi il Taor
mass of the nuclei. Just to have a certain ability to charac-
terize the distribution over vibrational levels we introduce
the vibrational temperature by

One may see that the determination ©f;, may be
achieved by numerical solution of the system of E9).[52]
for several levels)’ with experimental data aboldy,. de-
rived from the intensities of the Fulcher-Q-branch lines of

xﬁ% NxuN diagonal ¢’ =v") bands:
AEx,n |do'N
_ v'N
-~ N AEXUN av’N
E ex k E (2N+1)exp — K
v Tvnb N T This method of theT,;, determination is based on a suffi-

- presented in Tables Il and VI. It is even simpler than the
KTvip predecessof9] because it needs only intensity measure-
P(Tvip) ® ments.
In the framework of our model the continuum intensity
can be written as

AE ciently simple kinetics model and certain sets of constants
Xv

~[H,]

where[H,], total concentration of moleculedEy,=Ex,q

—Exo0, AEx,n=Ex,n—Exy,0~AExy, Vibrational and ro-

tational energy differenceg;,;, andT, vibrational and trans- lap(N, Tyip)
lational temperatures, respectivelf’(T,;,), the vibrational

partition function. So we assume that in all vibrational levels o
of theX'S state the populations of the rotational levels are <> qu’ F{ B AExu) (1)
in Boltzmann equilibrium with the gas temperatdre = KTyib )

> AR (N 7ay

1
P(Tiin)

TABLE VI. Franck-Condon factors fod®IT, ,u'—X'S; v transitions of H [48].

dv’0
Xv0
! v=0 1 2 3 4 5 v="6

<

0.099 95 0.29272 0.33797 0.19710 0.061 60 0.009 94 0.00070
0.17029 0.162 55 0.000 36 0.16128 0.296 19 0.167 52 0.038 60
0.18029 0.028 51 0.083 10 0.106 36 0.009 14 0.236 40 0.263 45
0.15451 0.000 75 0.108 88 0.000 41 0.121 33 0.025 28 0.11911
0.118 33 0.024 32 0.05755 0.036 36 0.05553 0.042 45 0.090 99
0.08505 0.050 77 0.01334 0.068 51 0.000 96 0.083 32 0.00043
0.058 99 0.06393 0.000 02 0.056 97 0.01538 0.036 61 0.046 90

o0k WNEFEO
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FIG. 2. Relative distributions of the continuum intensity mea- ViPrational temperaturd,; .

sured in the capillary-arc discharge witk- 100 mA (curve 1 and ) ] ]
those calculated foF.;,= 0, 3000, and 5000 Kcurves 2, 3, and)4  cannot be used for diagnostics herein. Nevertheless the fact

should be considered as one of the results of our present

To be able to work with relative intensities we may intro- WOTK. It may be recommended for VUV spectroscopy if the

duce the normalized relative intensity problems of the sensitivity calibration in this difficult region
would be solved somehowvith the use of synchrotron ra-

(12) diation, for examplg The changes near~300 nm are less
pronounced, therefore they may be used in the following
way.

When the vibrational temperature is sufficiently low and

JabN N0, Tuin) = Lan(N s Tyin) T ap(Xos Tvin)

which is equal to unity foih=2A,.

The normalized intensitied 2) may be tabulated for vari-
ous values off;;, and then may be used for a determination
of the vibrational temperature by least squares fitiBgof > 2 Qe (A KT, (13)
experimental and calculated continuum intensity distribu- v=1
tions. The results of our calculations fap=355.5 nm and . . . .

T,s=0, 3000, and 5000 K are shown in Fig. 2. One may sedhen the excitation from vibronic levels with>0 may be
that a variation of vibrational temperature leads to certai’®9lected and
change in the shape of the continuum intensity distribution.

Most sensitive are the wavelength regions near200 and g a’ a’
300 nm. The first one is out of our range of observation and UZ_:O Ap’ (M) 7ayQxo
‘]ab()\r)\OvO): ’ (14)
T T T T T Umax , .
115 2 AY (M) Tay Q%
v'=0
. 1.10 represents the shape of the continuum Tgg—0. It does
g not depend on discharge conditions and may be easily calcu-
A lated because molecular constants in Egl) are known.
a 1.05 The results of such calculation fap=355.5 nm and/,,,
P =6 are presented in the last column of Table I. One may see
< that in the wavelength range of observation
< 100 I/l Y =225-400 nm, the continuum intensity shows monotonic
S8 increase towards short wavelengths.
The ratio
09355 250 275 300 325 350 Jab(N Ao, Tuin) = Jan(X X o, Tuin)/ Jan(X,Xo,0)  (15)

* (nm) may also be calculated for various values of the vibrational

FIG. 3. Normalized continuum intensity J%,(\, Ao temperature and then be used as a nomogram for the deter-
=3555 nm',rvib) calculated by Eq(lS) for various vibrational mination OfTVib from measured relative Continuum intensity
temperature3 ;= 0, 2000, 3000, 4000, and 6000(Kurves 1, 2,3, Without solving the inverse problem by a minimization of
4, and 5 and measured in capillary arc discharge at currénts EQ.(3). The results of such calculations for a limited number
=50, 200, and 300 mAcurves 6, 7, and)3 of T,;,=0-6000 K are shown in Fig. 3. One may see that
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the ratio(15) has some sensitivity to the vibrational tempera-
ture especially near 300 nm. For this particular wavelength
we may organize a graph ofJ},(A=300 nm\q
=355.5 nmT,;,) versusT,;, presented in Fig. 4 where the
sensitivity is even more clear. This dependence may be used
as a nomogram too, being especially usefulifiositu control

of plasmachemical processes.

L(%) (10’ counts s")

Ill. EXPERIMENTAL SETUP

As it was already mentioned in the introduction the ex-
periments in pure hydrogen and,HAr plasmas were car-
ried out in two different gas discharges.

The first one is a hot cathode arc with 2-mm-diam con-
striction analogous to those used|[it9,20. The discharge
device was filled with 8 mbar of spectrally pure hydrogen.
The range of the discharge currdnt 10-500 mA allowed
us to achieve rather high current densitie
~0.3-16 Acm 2.

The second plasma source was aHAr microwave dis-
charge excited by a planar microwave applicator similar to
that described ifi26]. This plasma reactor has been specially
designed for basic research on molecular microwave dis-
charges mainly utilizing spectroscopic diagnostic methods
[27]. The discharge configuration has the advantage of being
well suited for end-on spectroscopic observations, because
considerable homogeneity can be achieved to a certain ex- 0
tent, while side-on observations are also possible. Micro- 200 250 300 350 400
wave plasma reactors of this planar type have been used for A (nm)
diamond depositior[28], surface corrosion protection by
depogition of organo-sili(;on cqmpoun<ﬂ29] _and surface FIG. 5. Experimental record&ounts of CCD detectprof the
cleaning[30]. The inner dimensions of the d'SChar_ge Vesse'continuum emission obtained in the dc capillary-arc discharges in
are 15<21x 120 cnt and the area of the quartz microwave () p,, (b) H, with variation of the discharge curreit50, 100,
windows was &40 cn?f. The microwave power was fed in 200, 300, 400, and 500 méurves 1, 2, 3, 4, 5, and gand(c) in
by a generatofSAIREM, GMP 12 KE/D, 2.45 GHz We  the microwave dischargepE0.5 mbar, H:Ar=1:1). Spectral
were able to measure the total inpW+¢ 1.5 kW) and re-  distribution of the sensitivity is not taken into account. The mea-
flected power, the latter was in our conditions always neglisurements have been performed with gratings @band 1200(11)
gible (<4%). Theinput power flux in the plane of the ap- grooves per mm.
plicator windows was roughly estimated to about 4 W¢ém
assuming 20% heat loss to coolant and environment. Theeasured using a high-resolution 1-m double monochro-
plasma length in end-on direction was#3 cm, mainly = mator of Czerny-Turner type with 1800 grooves per mm
depending on the discharge pressure, and18cm in  (Jobin Yvon RAMANOR U100Qin the first ordef54]. The
side-on observation, while for absorption spectroscopy the@utput light was detected by a charge-coupled de(@eD)
end-on direction was preferred. Gas flow controllers and anatrix detector(TE-cooled, 51X 512 pixel, size of image
butterfly valve in the gas exhaust allowed us to have an inzone: 9.% 9.7 mnf) of the Optical Multichannel Analyzer
dependent control of gas inflowpE 100 sccm) and pres- PARC OMA IV connected with a computer. Special soft-
sure =0.5-5 mbar). The purity of gases was 99.996%.ware made it possible to collect and analyze the recorded
H, and Ar are used as components of the feed gas mixturgpectra.
since they are not only of interest for basic research but of The wavelength calibration was done by means of known
importance for various applications as well. Our main inter-Hg, Ar, and H spectral lines. The relative spectral sensitiv-
ests were focused on studies ¢f) influence of Ar on H ity of the spectroscopic system in the range
emission, and2) dissociation of molecular hydrogg63]. =225-450 nm has been obtained using a deuterium

The central part of the plasma along the axis of the caplamp (Heraeus Noble Light DO651MJ calibrated by
illary discharge was focused by a quartz achromatic lenghe Physikalisch-Technische Bundesanst@haunschweiy
onto the entrance slit of a monochromator. In the microwavelhe absolute value of the sensitivity fok=350 nm
plasma the line of sight was 12 mm below the microwavewas determined with a tungsten ribbon lamp. Its
windows of the applicator. For measurements of the coneurrent-temperature calibration has been performed by the
tinuum intensity we used a 0.5-m Czerny-Turner monochroRussian State Institute of Standar@St. Petersbung We
mator (Acton Research Corporation Spectra Proy5@@h  used two different currents corresponding to the absolute
gratings of 600 and 1200 grooves per mm in the first ordertemperatures of tungstén=2637 and 2763 K. This gave us
The line intensities of the Fulcher-bands, however, were usually a spread in the values of the sensitivigt A

L(%) (10" counts s")

L (l(f counts s')
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T T T T T TABLE VII. Results of y?>-minimization of the experimental
6 1 ) data shown in Fig. 2 with various number of adjusted parameters
T ) e (Vinaxt1)-
v
_.',(: . ANaU'
é 44 -6- ’ 2 Nal)'
2 e U max X Pmax max
@ B -
i - g 0 57.1 108 0.093
et ) g el 1 9.89 0.62 0.108
~ S e 2 2.10 0.73 0.124
o 7
o 3 0.426 0.84 0.127
- 4 0.308 0.98 0.833
0 T T T T T 5 0.149 1.00 6.670
0 100 200 300 400 500 6 0.159 1.00 2.820
i (mA)

FIG. 6. Signals of the continuum emission fag=300 and
355.5 nm(points 1 and 2 against the discharge current of the H
capillary arc.

=0-5) were measured in the discharge current range men-
tioned above. The intensities were found to be proportional
to discharge current if one takes into account a decrease of

=350 nm) of less than 1%. The emissivity coefficient of thethe density of molecules due to warming of the gas inside
tungsten ribbon for these temperatures was taken firh ~ closed lamp by the hot cathode and discharge current. As an
and used for the calculation of the spectral distribution oféxample the signals of CCD detector proportional to the con-
emission intensity. tinuum intensity are shown in Fig. 6 as a function of the
Some typical experimental records of the spectra of alischarge current. The linearity observed may be considered
standard deuterium lamfa), pure hydrogen capillary-arc as an argument in favor of direct electron impact excitation
discharge(b) and H,+Ar plasma of the microwave dis- of the levels under the study.
charge(c) are presented in Fig. 5. The nonmonotonic struc- The shape of the continuum intensity distribution was ob-
ture in the rangex=250-350 nm is connected with the served to be independent on the discharge current for cur-
spectral distribution of the sensitivity of our spectrometer. Inrentsi <100 mA within experimental errors. A typical result
the long-wavelength end of the first two records the band;sed in further analysis is presented in Fig. 2. As one may
(actually multiling spectra of [ and H, molecules may be see, measured continuum intensity is close to that calculated
seen. One may see also that in spite of the gas flow mode ogr T, 0. The low wavelength margin is limited by a
microwave plasma is not spectrally pure. It contains Somgnarp decrease of the sensitivity of our spectrometric system.

impurities: oxygen(283 nm), OH-radical (bands at 283, rq wayelengths longer than 360 nm the overlap of the con-
310-320 nm, Nl—.ITrad|caI(336 nm and N\, molequle(bands tinuum with band spectra of Hbecomes more and more
of the 2nd positive system 280-400 nm mixed with H Rronounced

bands. It should be noted that some lines are overexposed i The first question to answer is how many populations of

the record shown in Fig.(B). The data of the continuum pper vibronic states can be obtained from the intensity dis-

intensity, except those in Figs. 2, 3, and 5, were manually’ ’," . ; :
extracted from the measured intensity distribution. ribution measured in the wavelength range of observation.

As can be seen from previous description, the spectro! © find thezopt!mum number of adjusted parameléys we
scopic part of our experimental setup is a certain combinatade thex” minimization [Eq. (3)] with various m= (v
tion of components commercially available nowadays.t1). The results of the calculations, made for the experi-
Therefore it may be easily reproduced. Experimental errorghental data of Fig. 2, are presented in Table ¥A.shows a
are mainly caused not by the detection system but by thenonotonic decrease and becomes lower than unity for
random noise of plasma sources used. Special attentior3. Another characteristic, presented in the table, is

should be paid to selection of the continuum intensity from
that of multiline spectrum of Kl Pmax=MaX p;) with p;=+v1-1/D;, (16)

The results of our experiments will be presented together

with corresponding analysis in the following sections. Per- 72(x?)
haps most interesting of them are the first observatiori)of where ®; =ZiiZiTl and Z,,= A oa a7
small changes in the shape of the continuum in pure hydro- 08k

gen plasma caused by vibrational excitation in the ground ) . .
electronic state of limolecule[58], (2) influence of Ar con- The magnltudeqai are characteristics of the precision of the
centration on the shape of the continuum igtAr plasma §olut|on. Its zero value corresponds tp the limit case of total
of microwave discharge. independence of the parameters, whilee 1 means that the
parameten; may be expressed as a linear combination of the
other parameters and therefore the number of adjusted pa-
rameters should be decreased. It may be seen from Table VII
that in our case ., IS growing with the increase of;; pax
Relative intensities of the continuum and of the firstis close to unity forv,,,>3. The maximum value of the
Q-branch linesQl1 to Q5 of Fulchere bands ¢'=v" relative  standard deviation of the parameters

IV. RESULTS AND DISCUSSION

A. Pure hydrogen dc capillary-arc discharge
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TABLE VIII. Experimental and calculated with,, .= 3 relative 6000 . . . T . .
population densities foF,;,— 0 of thea?’Eg+ ,v" vibronic states and o 1
relative intensitiesé,, [Eq. (18)] in the range\ =230—400 nm. 50004 « 2 i
Pure hydrogen capillary-arc dischange100 mA—see Fig. 2. Er- s 3
ror(s) in brackets correspond to the last digjt
(s p digi 20004 = 4 % 1
v’ Nav’/NaO gu' @ % ’/_‘,"'
Expt Calc. Expt Calc. 30001 % % T
0 1.0Q03) 1.00 0.502) 0.50 )
2000 1 i
1 1.204) 1.14 0.271) 0.25 .
2 0.797) 0.81 0.141) 0.14 I DITRRELL gl
1000 =& .
3 0.8611) 0.52 0.091) 0.06
4 0.28 0.03
0 T T T L} T T
5 0.15 0.01 0 50 100 150 200 250 300
6 0.08 0.01

i (mA)

FIG. 7. Vibrational(1,2) and rotational3,4) temperatures in the
(ANa, ' /Na, ) max (in our case it is usually observed fof  groundX's; state of H in the capillary-arc pure hydrogen plasma
=V 1S small and almost independent ot for v, for various discharge currenisdetermined from the continuum
=0-3, then it jumps to about 0.83 at =4 and becomes intensity distribution(1) and from the emission of Fulcher-bands
much bigger forv’=5,6. It means that the standard devia- (2—4. The data(1-3), present work{4), Ref.[24].
tion of N,, derived from our spectrum is almost the same as
its optimal value.

Thus in our case a determination of the populations o
more than four vibronic levels is meaningless. The reason i§
very simple and may be seen from Table VIII where the
relative populationsN,, /N, (obtained forv/,=3) are
shown together with relative intensities of various
a’Yy v’ —b®% transitions in the spectral range under the
study \=225-400 nm),

ctual random noise of our measurements is about two times
igger than that shown in Fig. 3 due to smoothing during
alibration procedure. It was made for better visibility of the
trend. (2) The normalized intensityl}, is the ratio of the
measured intensities, so its errors are twice more than that of
measured intensitie$3) The systematic errors of the mea-
surement may be even bigger because errors of the sensitiv-
ity calibration should be included, while the errors of the
N relative energy calibration of the deuterium lamp are about
J 2N ,Aav'()\) dn 4%. (4) Errors of the calculations are not so easy to estimate,
L b but most likely they may be of the same order of magnitude.

s (18 They are caused by the approximations made in the formu-
f lap(N) dX lation of our very simple excitation-deactivation modEh.

A (4)] and by the uncertainties of the rate coefficigisise Sec.

gv’:

I1C).
From the data of Table VIl it becomes clear that only 4% of I\}evertheless we used the values of maximum deviation
the detected emission quanta originate from levels with experimental curves frord/,=1 level for estimation of

>3.."The po;()jL_JIatri]onS\lan, obser\(ed in the pure hydrogen Tip - The results are shown in Fig. 7 together with values of
capiiiary-arc discharge for c_urrents 10-100 mA are qu_lte T.ip, Obtained from Fulcher: band intensities by a system of
close to those calculated in the framework of our $|mpleEq (9) for v’ =0-3 [59]. One may see that both spectro-

mfdfl with T,j,—0. It means that the populations of the g.qnic methods ofT,;, determination developed in the
X*Zg v VIbI’OI’l'IC levels W|.thv>0 arf so small that they do present work are in good accordance.
not affect relative populations @3 v levels and there-  The ground state rotational temperature was obtained
fore relative continuum intensity distribution. from the intensity distributions in Fulcher-Q branches by

For currents higher than 50-100 mA we observed somene method proposed {i60]. In our conditions the rotational
systematic changes in the shape of the continuum intensityng translationalgas temperature are known to be in rather
distributions. As an example our experimental data on th%ood accordancg23,33,39. The results are also shown in
normalized intensitied;;,(300,355.57 ) from Eq.(15) are  Fig. 7 together with earlier data obtained[24]. One may
presented for three values of the discharge current in Fig. 8ee that our measurements show remarkable difference be-
together with the curves calculated with our model for vari-tweenT,;;, and T analogous to that observed in other condi-
ous values off;, . One may see that two main predictions of tjons by coherent antistokes raman scattefdj.
our model—the maxima near 300 nm and crossing with For currents higher than 300 mA the continuum intensity
Jap=1 near 250 nm—are in qualitatively good accordancedistribution became again insensitive to the current variation.
with the experiment. The experimental curves are a bifThis is most probably caused by large values of gas tempera-
shifted to shorter wavelengths. To treat the data quantitature and concentration of atomic hydrogen that is favorable
tively one should take into account that the differences befor the acceleration of the VT relaxation. On the other hand
tween experimental and theoretical curves are comparabliis behavior can also be explained by our model, since there
with errors of both the experiment and modelirid@) The is a certain upper limit above which the continuum intensity
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increase of the continuum emission in the wavelength region
near 300 nm. As an illustration some typical results(faf)
and(1:4) mixtures are shown in Fig. 8. One may see that the
additional emission is located in the same wavelength inter-
val asa’s; ,v'=0—b33 transition of H (see Fig. 1and
ArH* (see below. Note that measurements in between ex-
hibit a monotonic dependence of the increased emission in
the wavelength range around 300 nm. An analysis of various
possible explanations of the observed phenomenon lead us to
the assumption that in our conditions an excitation transfer
from excited Ar atoms to the hydrogen molecules might take
place.

This experimental observation leads to two important
consequenced) The shape of the continuum in,HAr
plasma is affected by two different excitation processes,
therefore our model based on one of thédirect electron

400 nm)

LW /10

0 . T . . impact excitation cannot be used for the determination of
250 300 350 400 Tui [62]. (2) To check the hypothesis of excitation transfer
A (nm) in our plasma we have to accompany our emission intensities

with absorption measurements of populations of long-living

FIG. 8. Relative continuum intensit{normalized for unity at  states of argon ator(see Sec. IV B 2
A=400 nm) measured in aHAr microwave plasma for two dif-

ferent ratios of the components @& 0.5 mbar. 1. Ar* —H, excitation transfer, prehistory

Excitation transfer in collisions of metastab?EP(’O,Z) and
resonantiPZ and lP‘i) Ar atoms with hydrogen molecules is
known since the pioneer work of Lym463] and was inves-

_ _ _ _ tigated so far in plasma and beam experiments mainljlas
B. Microwave discharge in H,+Ar mixture quenching of excited Ar and2) additional excitation of

The results of our measurements show that the spectrMUV Lyman and Werner bandsB(S,; ,C'II,—X'% ) of
intensity distribution of the continuum in the,MAr micro-  H,. The first attempts to study the role of this effect in the
wave discharge has a noticeably different shape compared &mission of the hydrogen dissociation continuum igtAr
that in pure hydrogen. Moreover, the shape was found tglasmas appeared quite receriB,64—66.
depend on the ratio of the components in the mixture The excitation ofa32g state of H due to the excitation
([Ar]:[Hs]), which was varied fron19:1) to (1:4) under the  transfer from excited Ar atoms to the ground state, hol-
same total pressure and power input. We observed a relativecule may go in two different ways:

distribution is no longer sensitive to an increase of vibra-
tional temperaturésee Fig. 4.

Ar* (4sH3P)) + Hy(X'S &0, N) + To— (ArH ) * — (19
H3 (%34 v’ N')+Ar(*Sp)— 2H(1%Sy) + Ar(*Sp) + Ty +hw(H,) (199
T ArH* (AZS 07 N+ H(12S,/,) —2H(1%S,),) + Ar(*S) + T+ hy(ArH). (19b)

Here (ArH)* denotes a temporary excited state of the syssjons of the resonantP; and metastabléP, argon atoms
tem during the interactionly andT,,T, are the initial and  ith the xlzg ,v=0 hydrogen molecules.
final kinetic energies of reacting particles in the mass center
frame. The branching ratio between these two output chan-
nels of the reaction should depend on the initial excited state
of the Ar atom and the vibrorotational state of the molecule To clear up the situation we measured the population den-
as well as on the collision enerdy. As far as we know itis ~ sities of the Ar 3?3p®4s (°P,,, and 'P;) levels by an
not established up to now in spite of a certain attempt inordinary self-absorption method with one mirror behind the
crossed beam experimerjts]. discharge vessdl67]. Neglecting Stark broadening of the

It may be shown, that if one wants to consider the exci-spectral lines the population of the initial statekef-i ab-
tation transfer possibility fot3P; argon atoms with various sorption transition may be presented as
J values from the energy point of view, the existence of
vibrorotational and translational energies of iolecules in \/T

2. 3s?3p®4s level populations of Ar

plasma should be taken into acco(i66]. Then in our con- Avp

9 . . Ni=\ 7115 77 Ko (20)
ditions the observed effects are most likely due to the colli- 41In2 fofy
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12 . T . T . tions are absolute values of the level population densities
- ] divided by their statistical weights (2-1). They have the
<« 10 = P,(m) | meaning of the average populations of the multiplet structure
g o P () | sublevels. In equilibrium conditions they should be almost
> 3. . i equal to each other because the levels have almost the same
< £ Py energy, 11.55, 11.62, 11.72, and 11.83 eV 8§,3P2,3F%,
f . v 1P"1 @) and'P). One may see from Fig. 9 that, under our conditions,
S the following hold.
= (1) The populations of various sublevels of all resonant
£ 4 7 and metastable states coincide within the experimental er-
T ¥ rors. It is a direct manifestation of long effective lifetimes of
2 T 4 the resonant levelsdue to self-absorption of the resonant
3’{@ ] radiation and a high enough rate of collisional transitions
0 . . . . . between the 823p®°4s levels. So the metastable and reso-
0 1 2 3 4 5 nant levels of Ar are actually mixed in the plasma under the
p (mbar) study.

(2) The sublevel populations show the monotonic de-
FIG. 9. The scaled population densities'of; levels of Arasa  Crease with total pressure which may be connected with: a
function of total pressurp for constant gas mixture HAr (1:1) in decrease of microwave power applied to plasma in the vol-
the microwave discharge plasma. The total average population dime of observation, a decrease in the rate coefficient of elec-
all 3s23p°4s levels may be obtained by multiplication of 12 to the tron impact excitation(due to certain changes of electron
dashed curve. velocity distribution and an increase of collisional quench-
ing.
where (3) The total population of all 12 sublevels may reach
10 cm2 at low pressures. The rate coefficients of the
Ar* —H, excitation transfer are  approximately
10 19 cm®s ! [16]. Thus the rate of the continuum excita-
tion in the reaction is about 10 cm 3s™1. This is compa-
fik» the oscillator strength for thie—i transition in units of  rable with the observed total continuum emissieae Table
fo;Avp, the Doppler half-width depending on the gas tem-IX) and should be taken into account together with direct

2

Te
fo= =2.64x10 2 cnfs &, (21)
meC

perature. electron impact excitation of the®s. | state of H.
The absorption coefficient, was obtained by numerical
solutions of the following nonlinear equati¢67]: 3. Shape of the continuum irH,+Ar plasma

Let us assume the spectral distribution of the continuum

[ - S(2xol) :(1+r)— ! m“O, (22)  intensity as the sum of three independent terms correspond-
S(kol) r ing to three different excitation mechanisms:
wherel ,, andl 4, the line intensities measured with and with- |g?)'°(>\) = A[C1l ap(A,0) + Col 2(N) + Cl ()], (29)

out the mirror;l, length of plasma column along the axis of
observation;r, the reflection coefficient of the mirror; and

S(x), the Ladenburgh-Lwy function calculated by formulas continuum intensity in the range of observation

from [68]. = i ST

The effective reflection coefficient has been determined, 222400 nm; lap(A.,0), spectral dlstrlb_utlon of th_e con-
experimentally by the measurements of several Ar line inuum radlatlonlcaysed by.the glectron impact excitation of
(603.1, 703.0, 714.7, 789.1, 860.6, 862.0, and 876.1 an%from lowestX™Z ; ,v =0 vibronic ground statgEq. (14)];

y U, oy ady Y, \Jy el al H r__ .
which are free of self-absorption. It was found to be b (M), the same due to the reacti¢b93 for v’=0 only;
—0.52+0.02 and independent on We used the values of !am()), the spectral distribution corresponding to the reac-
the oscillator strengths frofi69]. tion (19b) calculated inf4]; ¢;, the coefficients representing

The intensities of two or three different spectral linestelative contributions of the componentg;¢;=1). The

(wavelengths given in niwere used for the population den- Spectral distributions ,p(X,0), 15%(\), and () where

whereA, absolute scale normalization constant equal to total

sity determination of every £3p°4s level, namely, normalized for unit area in the range of wavelengths
=225-400 nm.
3P 32 3 P Then the spectral distributions of the continuum measured
in the microwave plasma under various conditions were fit-
763.511 751.465 794.815 826.452 ted by the functior(23) according to Eq(3). Typical results
801.479 738.398 866.794 840.821 are presented in Table IX for five selected mixtures of
811.531 810.369 Ar+H, from (1:4) up to (19:1). The first set ofy? minimi-

zations marked asc(,c,,c3#0) was made without any ad-
The conditions were the same as those used in our measurditional preconditions. One may see that the observed shape
ments of the continuum intensity. of the continuum may be described by three adjusted param-
Typical results are shown in Fig. 9. The scaled popula-eters of the expansiof23) with rather good precisiony@
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TABLE IX. Relative contributions; of various channels of the excitation of the continuum emisgian
(28)] in the microwave plasma with constant presgu#e0.5 mbar for various kHAr mixtures and the rates
of radiative dissociation- (d[H,]/dt),;, in 10'® cm™3s™1. Error in brackets corresponds to the last digit.

Model [Ar]:[H,] cy C, Cs x° —(d[H,]/dt) 4
e 2"

1:4 0.9@4) 0.106) 0.003) 0.93 1.40 3.4

1:1 0.794) 0.21(6) 0.003) 1.04 1.05 2.4

C1,Cp,C5#0 41 0.745) 0.237) 0.033) 1.27 0.81 1.8
9:1 0.725) 0.257) 0.034) 1.66 0.78 1.7

19:1 0.776) 0.188) 0.054) 1.90 0.70 1.6

1:4 0.9@4) 0.104) 0.89 1.37 3.3

Cq,C#0 1:1 0.794) 0.21(4) 0.98 1.05 2.4
and 4:1 0.7%) 0.275) 1.26 0.82 1.8
c3=0 9:1 0.715) 0.295) 1.64 0.78 1.7
191 0.7%6) 0.256) 1.96 0.70 1.6

1:4 0.973) 0.032) 1.09 1.36 3.4

Cq,C3#0 11 0.933) 0.073) 1.68 1.06 2.6
and 4:1 0.9 0.1033) 2.10 0.82 2.0
c,=0 9:1 0.894) 0.11(3) 2.58 0.79 1.9
19:1 0.904) 0.1013) 2.35 0.71 1.7

4ntegrated ovei =225—400nm.
bTotal radiative dissociation rate with extrapolation for entire range.of

=1-2). Moreover the fittings show the negligible contribu- noticeable (10-30% both in excitation and dissociation
tion of the reaction(19b), which cannot be considered as rates(see below.

significant because the values of are comparable with

standard deviations of their determination. Figure 10 illus- ¢ Egtimation of the rate of electron impact dissociation
trates typical results of such fitting. The contribution of the ) ) ] ) )
reaction(19b) is too small to be visible in the figure. As it was already mentioned in the introduction, the ab-

The second set of fittings has been performed under thg0lute value of the intensity of the continuum is directly
additional conditionc;=0. This version of the model pro- connected with the rate of the radiative qussouatlon via spon-
vides almost the same precision in the description of thdaneous emission to the repulsi®’> state. If self-
observed spectra taking into account only the first twoabsorption in the plasma volume may be neglected, then the
mechanisms included into E¢R3). rate of radiative dissociation due a3 ; —b®s | transitions

In contrast the third set of fittings has been carried out foris equal to the total continuum intensitgxpressed in num-
c,=0 thus neglecting a contribution of the reactiti®g.  ber of photons per chrin a secongintegrated over the entire
Again we got almost the same quality of fitting. These resultgvavelength range,
are the direct consequence of the similarity of spectral dis-

!
max

tributions of the continuum emission caused by the reactions d[H,] o max N
(198 for v’ =0 and(19b). ( at =f0 lap(MdN= > : (24)
It should be noted thaib initio potential curves of Ar# ab v'=0 Tav’
were never checked experimentally and the spectral distribu-
tion of the ArH continuum has been calculated 43 in the The wavelength range where we were able to measure the

rough approximation of harmonic oscillator. The precision ofintensity was limitedsee Figs. 2, 5, and)8So we detected
such calculations cannot be high nowadays. Taking this int@nly a part of the continuum emissi¢#0]. The rest should
account we may assume that the insignificant contribution obe obtained by some extrapolation. In pure hydrogen dis-
the reaction(19b) obtained in the first set of fittings is an charge plasma the vibrational temperature is usually rather
accidental numerical result. Most probably it is without anylow and the Eqgs(1) and (12) may be used for the extrapo-
physical meaning because two other déksed on directly lation. The calculations show that in our ca$g} The de-
opposite assumptions about the branching ratio between rgendence of the total intensitgrea under the curyen the
actions(19a and(19b)] gave us almost the samé values. v/ IS insignificant aftew,, became high enougk2) The
Therefore, we have to conclude that the precision and theontribution of the undetected part of the spectrum is rather
wavelength range of our measurements together with thsignificant(about 60% in the example shown in Fig. 3
lack of dependable ArH transition probabilities do not al- The other, more general way of treating of spectroscopic
low us to distinguish contributions of the reactidd®a and  data is a numerical solution of the reverse problemyBy
(19b). On the other hand, there is no doubt that in our con-minimization (3). The relative or absolute populatiohk,,
ditions the role of the Ar—H, excitation transfer is quite thus obtained may be used for the determination of the rela-
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FIG. 10. Spectral distribution of the continuum emission in the 0 —T T T T T
H,+Ar (1:1) microwave plasma for the total pressune 123 4 5 6 7 8 910
=0.5 mbar. 1, experimental data points; 2, calculated by(E3). T, (eV)
with the optimal set of parametefsc,,c,,C3 shown in Table IX; _ o . )
3, the contribution of the electron impact excitation fB,—0 _FIG. 1%. Batlos of th(se riue coefficients of electron impact exci-
with v/,.,=3; 4, contribution of the Ar—H, excitation transfer to  tation ofb®X, (ap._x),a’%; (@a_x) states and of the total elec-
a32g 20’ =0. tron impact dissociationds) calculated as a function of the elec-

tron temperature.

tive or absolute radiative dissociation rate. Radiative life-

times are known, so an integration over wavelengths is nofunction is not available like in our present study, only rough

necessary and the procedure is reduced to only few summastimations are possible. It is quite obvious that, wizen

tions in Eq.(24). dependences of the cross sections have similar shapes, the
In low-pressure gas discharges the upper levels of th&atio of the rate coefficients is less sensitive to the near-

continuum transition are predominantly populateday.,  threshold region foF(e) with a high content of fast enough

— X3} electron impact excitatiof9,10]. A dissociation of electrons. To check the tendency we calculated the ratios for

hydrogen molecules is also mainly caused by electron impad Maxwellian distribution with an electron temperature of
excitation of various intermediate excited electronic statesle=1—10 eV and the cross sections fr¢i#2,73. The re-
bound and repulsive ones. The relative contribution of vari-Sults are presented in Fig. 11. One may see that both ratios
ous channels to the total electron impact dissociation crosghow a sharp decrease fog<5 eV becoming almost inde-
section o) Was analyzed if71], later supplemented Pendent fronil, for T.>5 eV. Itis quite typical for a low-
with an application of the close-coupling calculations of thePressure hydrogen discharge plasma to have a strongly non-
cross section$72]. It was found that singlet-triplet transi- Maxwellian F(e) with a high density of fast electrons
tions play the major roIe,b3EJHXlEJ and a3y  having energies sufficiently higher than the threshakiz,

g :
«—X'S ! being most prominent. The experimental data for"€: [74]). So,\\l/ve may lleelthe asfyrr?ptote?f_of Fig. 11 for the
sqed) are available fronf73]. estimations. Numerical values of the coefficients are

All these cross sections seem to have a rather similar
shape as a function of the collision energyexcept in the Apx Agiss
small region near the threshold, because an excitation of aaHxN4'9 and o x
various electronic states obviously has different start-up en-

ergies. In[23] we proposed to use average values of ratios . .
between the cross sectiortdetermined far enough from In the pure hydrogen capillary-arc discharge we were not

threshold regionfor the estimation of the rate of the radia- 2P!€ (0 carry out absolute measurements because the plasma

lonlesst, X%, process q[Hglid),. and of the [ WhOmogencas dong b axi of observaton and e e
total dissociation rated[ H,]/dt) 4iss by the multiplication of [74] 9 9p

the measured total continuum intensity with certain coeffi- I-io in the HEAr mi | the lenath of
cients(4 and 15, correspondinglyActually, the coefficients TOWEVET, In the H+Ar microwave plasma the fength o
depend on the shape of the electron energy distribution funcgcr)nr:{itlnnugur%o:ztrgzsi(t?etslLvecrrg rlr?e\gselljlreddefilrr:e; cag:?aiﬁbrssrigt: of
tion and the total electron impact dissociation rate discharge conditions. But Eqé24) and (26) are not valid

~16. (26)

d[H,] o /d[H 1 any more, because Ar-H, excitation transfer plays an im-
( 2 ) — diss 2 (25)  portant role. The continuum intensity may be expressed as
dt diss ag x| dt ab Eq. (23) and the total dissociation rate is a sum of the terms

corresponding to the electron impact and the excitation trans-
Generally, the rate coefficients in E@®5) should be calcu- fer. It can be shown that in this case the total dissociation
lated with actualF(e) by Eq. (5) [9,10]. If the distribution rate,
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dt total_ dt diss dt Ar¥
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da. X 0
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Figure 1Za) shows that the dissociation rate in the vol-
ume of observation monotonically decreases with increasing
pressure. The effect is analogous to that of the excited argon
populations(see Fig. 9 and corresponding discusgidhis
caused by the mechanisms already mentioned above, mainly
by the decrease of microwave power coming to the volume
of observation.

The observed changes in the dissociation rate caused by
the variation of mixture components under constant pressure
[Fig. 12b)] are not trivial. In the absence of secondary ef-
fects one should expect linear dependence, whereas our mea-
surements show a nonlinear decrease djfH;]/dt) 45 to-
wards smaller values dfH,]. Most probably the effect is
connected with very simple reasons, which can be of impor-
tance for industrial systems. When the content of hydrogen
in the input gas mixture is high enough, the concentration of
hydrogen in plasma is proportional to that in the input gas
mixture. If the hydrogen content in the feed gas is reduced,
then the hydrogen density in plasma is mainly influenced by
resorption of hydrogen and water from the rather large metal
surfaceg75]. If it would be necessary to achieve small con-
centrations of hydrogen in plasma, then heating and pumping
of the reactor must be done for a very long time.

On the other hand, the data presented in Figbl28how
that under our conditions the Ar»H, excitation transfer
plays a noticeable role even in the total rate of hydrogen
dissociation. This effect should be taken into account in ki-
netics modeling of atomic hydrogen concentration in plasma-
chemical systems where Ar is used for transportation of re-
agents as a buffer. Our observation shows that it is not just a
buffer.

V. CONCLUSION

In this paper the klradiative dissociation continuum was
used as a source of information about parameters of nonequi-
librium plasma. Two methods of spectroscopic diagnostics
of hydrogen containing plasma have been develoffBdde-
termination of the vibrational temperature of the ground
state from the relative intensity distribution af®) deriva-
tion of the rate of electron impact dissociation from the ab-
solute intensity of the continuum. The development of these
methods has been based on a detailed analysis of the
excitation-deactivation kinetics, rate constants of various col-
lisional and radiative transitions, as well as the way of data
processing. The known method of vibrational temperature
determination[9] using H, emission line intensities of
Fulchera bands was significantly improved and simplified.
The potential of the methods for plasma diagnostics was
demonstrated at pure ,Hcapillary-arc and BHAr micro-
wave discharges.

In pure hydrogen discharge plasma it was observed for

Spectral distributions of the intensities in the second andhe first time that for high enough current densitigs
third terms are mainly located in the wavelength range of ouE=3 Acm 2 the shape of the continuum intensity distribu-
observationgabout 90%. Only the first one, connected with tion is influenced by the vibrational temperature of the
a®s; v'—X'3 ,v=0 excitation needs the extrapolation ground X' g electronic state. Two independent spectro-
described above. Therefore, the total dissociation rate in owscopic methods gave almost the same valuesTgf
conditions may be calculated from the measured continuum=2000-5000 K. The difference between vibrational and

intensity. The results are shown in Figs.(d2and 12b) for

gas temperatures is in accordance with previous observations

various pressures and ratios of the components in the mixX61].

ture. They may be interpreted only qualitatively.

In the H,+Ar microwave plasma the shape of the H
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dissociation continuum was found to depend on the mixtureulated somehow. Then there would be no need to use our
components, significantly influenced by*Ar H, excitation  graph in Fig. 11 but to calculate the values in an explicit way
transfer processes. Absorption measurements of the populby Eg. (5).
tion of the 323p°4s levels of Ar together with certain com- This rather easy and independent method of determination
puter simulation has been successfully used for verificatiomf the absolute values of the rate of electron impact dissocia-
of the proposed mechanism. Also for the first time the ratesion of hydrogen may be used in gas discharge physics and in
of radiative and total electron impact dissociation were obplasma chemistry within two approaches.
tained for various gas pressures and relative concentrations (1) It may be used for the determination of the hydrogen
of the mixture components. Our attempt to study the infor-dissociation degreévhich is often considered as a very im-
mational content of the intensity of the hydrogen dissociatiorportant plasma paramejgiif one is able to determine the
continuum and to check its applicability for plasma diagnos-effective mean lifetime of atoms in plasma with certain the-
tics has beem priori limited in two different respects. oretical model of diffusion and association of atoifsge,

(1) We intended to have an experimental technique a.g.,[80]).
simple as possible and, in particular, to stay on the basis of (2) If the value of the dissociation degree is determined by
emission spectroscopy only. Then the methods would be esne of the existing methodsee[81,82)) then the effective
pecially useful in various industrial applications including lifetime of atoms in plasma may be determined with the help
rather easyin situ control of plasma processing. The ap- of the rate of dissociation and the corresponding balance
proach has in principle a backside because the knowledge efjuation for atom$83].
the actual electron energy distribution function and its spatial In both cases the method proposed in the present work is
distribution may be of importance for a correct extraction ofgiving opportunities. Further improvements of the methods
the information about plasma parameters. Langmuir probéleveloped in present work need more detailed information
measurements of electron energy distributions are not about the elementary processes especially those about the
problem nowadays, even in the cases of space-charge layasss sections of electronic-vibration@better electronic-
[74], RF [77,78 and microwave dischargesee[79] and  vibrorotational a33, ,v’,N'—X'2; ,v,N electron impact
references thereinWe limited ourselves with intensity mea- excitation and the rate coefficients of the quenching of
surements in the more or less easy detectable near-UV regi@ﬁ‘zg .v' N’ levels in collisions with electrons, atoms and
because the following second restriction of our attempinplecules. We certainly understand those are not simple
seems to be more significant. problems, but we may hope that the needs of plasma diag-

(2) Our analySiS of the known characteristics of radiativenostics and our present work may be considered as some

and collisional processes involved into the mechanism okind of the challenge for our colleagues working in the field
formation of observable continuum emission led us to thepf electronic and atomic collision physics.

conclusion that in spite of numerous efforts the situation is

still unsatisfactory. Therefore, only simple models can be
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