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Diagnostics of the magnetized low-pressure hydrogen plasma jet:
Molecular regime

Zhou Qing, D. K. Otorbaev,? G. J. H. Brussaard, M. C. M. van de Sanden,”

and D. C. Schram

Department of Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

(Received 4 December 1995; accepted for publication 4 April 1996

Optical emission and absorption spectroscopy and double Langmuir probe diagnostics have been
applied to measure the plasma parameters of an expanding magnetized hydrogen plasma jet. The
rotational temperature of the excited statg¢ddll,) has been determined by analyzing the intensity
distribution of the spectral lines of the Fulcheisystem of H. The gas temperature in the plasma,
which is twice the value of the rotational temperature is equat 820 K. Several clear indications

of presence of the “hot” electrons have been observed in the plagsitatangmuir probe
measurement§T .=1.4 eV), (2) appearance of the Fulchersystem of H (excitation potential
AE=13.87 eV}, (3) low rotational temperaturéT’* =260 K) of the excited H(d®IT,) molecules,

(4) local excitation in the plasma of A(AE=15.45 eV}, and AriI(AE=19.68 eV} spectral lines(5)

local excitation in the plasma of HAAE=23.07 eV andAE=24.04 eV} spectral lines. Optical
actinometry has been applied to measure the absolute density of hydrogen atoms and hydrogen
dissociation degree in the plasma. The measured absolute density of hydrogen atoms are in the
(1-1.4%x10”° m3 range, and the corresponding dissociation degree of the hydrogen plasma is in
the range of 8%—13%. €1996 American Institute of Physid$S0021-897¢06)01914-7

I. INTRODUCTION Hydrogen plasmas can be created in different ways, e.g.,
Hydrogen plasma have been widely used in different rein dc glow discharges, rf plasmas, microwave plasmas, in a

c11 : : i
search and application fields and have become a promisirfgP!low cathode arc eft: To obtain a high enthalpy flow, it
research subject. In microelectronics hydrogen containing@n Pe also created at higher pressures, e.g., by a so-called
plasmas have been utilized in the thin film deposifidsur- ~ cascaded art’, which is a kind of wall stabilized high elec-

face cleaning and passivation technigli&st has been es- tron Qensity plasma, and which is the subject of th?s artigle.
tablished that high quality diamond films are grown in aPrevious research shows that the caspadgd arc is an ideal
hydrogen diluted plasma, and that the atomic hydrogeﬁj_es'gn to create a stable arc plasma with high electron dgn—
present in these plasmas is essential for the quality of th&lty as well as an expSndmg plasma for both plasma studies
films.® Apart from this, atomic hydrogen sources have beerfnd applied researcfi’*It has been shown that the expand-
utilized in surface treatment of iron archaeological artefactd"d cascaded arc plasmas have potential prospect in different
to protect the artefacts after the excavation against pos@Pplication fields; e.g., using a cascaded arc as a light source
corrosion without inducing any surface damageThe re- for spectroscopy® as a particle source for surface modifica-
search of hydrogen plasmas has also a direct bearing to cotion,13 silicon thin film depositio? carbon thin  film
trolled thermonuclear fusion project. Heating of the fusiondeposition” and passivation protection technique for ar-
plasma by injection of neutral beams produced by neutralizachaeological artefacfsMostly noble gases are used to feed
tion of negative ions from a negative deuteriihydrogen  the arc plasma, but exceptionally molecular gases like H
ion source has been suggested as a key technology to rea@hd Sk are added™*°

the plasma conditions needed for energy production by ther-  The aim of this research is to develop a hydrogen radical
monuclear fusior. source for the rising interest in hydrogen plasma applica-

Apart from the mentioned applications the study of hy-tions. The plasma is first created in a cascaded arc. The treat-

drogen plasmas is also of fundamental interest. Since th@ent plasma is obtained by the expansion of the arc plasma
hydrogen molecule is the simplest diatomic molecule, thdnto a low background pressure vessel. The work of de
experimental results of hydrogen plasmas are often used fgraaf* has been devoted to develop the hydrogen arc source
test models of molecular plasmas in modern astrophysics arf@ obtain an expanding hydrogen plasma beam. Special at-
plasma physics. Furthermore, the experimental results ca@ntion has been given to the dynamics and kinetics of non-
provide a clear kinetic scheme for the hydrogen plasma itmagnetized expanding hydrogen plasmas at moderate pres-
self, i.e., knowledge on the mechanisms of ionization andgures(=100 Pa. It was demonstrated that in hydrogen at
recombination, excitation and de-excitation, formation andhese “high” pressure in the expansion an anomalously high
guenching processes. recombination occurs, which leads to a very effective de-
struction of charge$! In this article the lower pressure range
dpermanent address: Laboratory of Plasma Spectroscopy, Kyrgyz Nation fS I_Da 1S eXplored in order to avoid o_r _reduce th!S recom?
Academy of Sciences, Chui prospect 265 A, Bishkek 720071, KyrgyzstanPination. At these lower pressures collisional confinement is
YCorresponding author. not effective and magnetic confinement of electrons and ions
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FIG. 1. Cascaded arc setup.

is needed to obtain a high electron density expandingc. 2. Expanding cascaded arc plasma and the spectroscopy setup, with the
plasma_ Therefore this work focuses on magnetized expan@eometry, used for the local excitation of the Ar and He spectral lines.
ing hydrogen plasmas at low pressure.

For the expanding plasma it has been shtfwhat de-
pending on operational conditions and magnetic fiel

strength two specific regimes of the expanding hydroge ination has been shown to be a relatively weak protéss.

plasma can be obtained, which can be characterized by di “he anomal recombination of. Kontaining plasma i
ferent emission characteristics. Based on the observed sp(rafi-e anomalous reco ation ol reontaining plasma 1s

troscopic characteristics, we have named these two speci uel o ::h?rge ?;( chanlge cl)f the ?]Elomf:('; 'r?ﬁ wiith ;2 mofl- ¢
regimes the “atomic” regime and the “molecular” regime. ScUl€S to form the molecular ionzH which recombines fas

by dissociative recombination. In order to avoid the recom-
bination, the charge exchange between the primafyjidas
and H, molecules has to be reduced which can be achieved
A. Cascaded arc setup by decreasing the hydrogen molecule density. However, then
éhe mean free paths become larger and fast diffusion starts to
(?]duce the charged particle density. Therefore a magnetic
leld is applied to confine the expanding plasma and by this
0 reduce outward diffusion and thus to increase the plasma
éensity. To obtain a magnetized expanding plasma beam, a
magnetic field coil is mounted in front of the cascaded arc.
As it was mentioned the two regimes can be distin-
guished depending on the applied magnetic field, which we
define as the atomic regime and the molecular regime. The
two regimes can also be reached by varying the pressure
the range from 2 to 70 Pa while simultaneously varying the

sustained by drawing a high currgB0—100 A between the magnetic field from 40 to 7 mjTsuggesting that confinement

cathode tips and the anode at a lower volt&g@—150 \j of the plasma plays an important role. The main feature of
The arc plasma is always started using pure argon sinctge regime_ at relatively large magneti_c fields is Fhat the
lower power is needed to generate an argon plasma. By th@asma emits strong hydrogen _Balmer lines. There is no ob-
procedure the lifetime of the cascaded arc set up can b%ervable molecular spectrum in the measured wavelength

significantly extended. After the argon arc becomes stabld2nge- Therefore we name this regime the atomic regfme.

the hydrogen concentration in the flow is slowly increased-rhe main -char.acterlsUc of the regime at relatlvgly small
agnetic field is that not only hydrogen Balmer lines, but

from 0% until 100%, and a pure hydrogen arc plasma igd" ;
obtained through a transition from an argon arc to a hydrog;\lso strong hydrogen molecular lines are observed. We name

gen arc. The power needed to generate and sustain an arcth':i,S regi_me the molecu!ar.regime. This regimg 's reached by
determined by arc length, or the number of the cascad ecreasing the magnehcﬁe(lkiy lowering the coil qurren{tB
plates. The longer the arc, the more the input power i rom 250 A to 50 A continuously from the atomic regime.

needed. In this experiment, a four plate arc is U8 n this article the results of diagnostics of the molecular re-
' ' ' gime of an expanding magnetized hydrogen plasma jet will

be presented.

qatomic ions?! This strong recombination can not be ex-
lained by atomic processes. In pure argon plasmas, recom-

Il. PLASMA SOURCE AND EXPANSION

The cascaded arc used in this work consists of thre
main parts, namely cathode section, cascade plates secti
and anode section as shown in Fig. 1. In this type of arc
plasma is generated in a cylindrical channel consisting of
number of plates. The arc discharge is stabilized by the wat
cooled channel walls. The power dissipation is relatively
high, typically of the order of 5 kW, and the carrier gas
(argon, nitrogen, hydrogégrs flowing at a rate typically be-
tween 5 and 100 standard &1 (scc9.**® The plasma is
initiated by the application of a high voltage pulse to the
cathode(V,,se=1 KV, t,, =1 9, and the arc plasma is

B. Different regimes of an expanding plasma

The arc plasma is first generated in the cascaded an¢, DIAGNOSTICS
(pressure at exit=50—-100 mbar and then expands into a
low pressure vessép=5 P3 (Fig. 2). As it was mentioned
at moderate pressures in the vegsell00 Pa an expanding Figure 2 shows the line intensity measuring system used
hydrogen plasma shows a strong recombination of hydrogeim the experiment. The system consists of a computer con-

A. Optical emission and absorption spectroscopy

J. Appl. Phys., Vol. 80, No. 3, 1 August 1996 Qing et al. 1313
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25000 e P P rrrere Ferrrre m By employing the absorption spectroscopy technique
i 612179,Q1 (1-1) 1 one can measure the density of the lower state of the radia-
tive transition. The method of optical absorption spectros-

20000 - eo1830,01 0.0) 6224.82,Q1 (22) ; . . . .
[ copy consists of the experimental determination of the inte-

g i ] gral absorption coefficient, which for a homogeneous
S 15000 | . dium is ai by
3 i medium is given by
= r i QLE-d 1 2
2 10000 A . ” Ao Gp 9q Mp
& , ] K, dv= o= —=A,qng| 1— — —|. (2
g _ ] 0 87 gq 9p Nq

000 a3 In this equationk, is the absorption coefficient, andn,

- JNW are the densities of the relevant lower and upper excited
o F oMt A AL B ML ) ]

states of the radiative transitiog, andg, are their statistical
weights and\, is the central line wavelength.

To determine the absorption coefficiekyf for various
FIG. 3. Part of the Fulches-spectrum of molecular hydrogen in an expand- radiative transitions the method of reabsorption with a mirror
ing plasma. Experimental conditiofs=8 scc/s) ;=50 A, | ;=50 A, P=5 (which is identical to the method of two identical light
Pa,z=18 cm. source®) has been used. A concave mirror of reflectance
has been placed behind the plasma and the line intensity was
measured with and without the mirror. The line absorption

trolled two dimensional translation setup, a computer Conjunctm.n A.L IS def'r?e‘?' as the ratio of the absorbed emission
to the incident radiation:

trolled monochromator, a photomultiplier, a quartz fiber, a

signal discriminator, TTL converter and a digital counter. Al ly+rli—1,

The signal is first focused on the detection surface of the AL:m: T (©)

quartz fiber by an optical system. Through the fiber, the light _ o

signal is transmitted to the monochromator. Behind the exitvhere Al is the absorbed radiation arld and I, are the

slit a photomultiplier is positioned. The resulting current radiation from the plasma with and without the mirror. In

pulses are converted into TTL pulses which are counted b§ase of radiative transport of a single spectral line, the rela-

the computer. The optical system was calibrated positionin§®") 4betweenAL and the absorption coefficieft, is given

a tungsten ribbon lamp in the vessel, and recording the speé&¥-

trum at a known true temperature of the ribbon. Figure 3 12[1—exp(— 2k, 1) ]dv

gives an example of a hydrogen spectrum which is typical A =2—— ,

for an expanding plasma in the molecular regime. Jol1—exp(—k,1)]dw
It can be shown that the plasma under study is opticallyin which | is the observation length. Whe¥ >0 absorption

transparent for the studied atomic and molecular spectrabkes place and the density of the lower state of the transition

lines. It is known that the optical depth of a plaskfais the  can be derived from the determinéd values. For lowk,|

value, which determines the transparency of the plasma. Thealues, i.e.k,|<1, A_ can be approximated by,|//2.

optical depth can be expressed through the following for- To determine the line absorption functidg from Eq.

4

mula: (3) the mirror reflection coefficientr=r(\) should be
5\ known. This coefficient (\) can be measured using a spec-
kR pa_ 9p Aoy 1R, (1) tral line for which the plasma is optically thfi.In that case

amm ANy G

in which k is the absorption coefficienty, is the population
density of the lower state of radiative transitioh, is the
absolute radiative transition probability,,, is the wave-
length of the transition between stgieand state, R is the
effective radius of the plasma bead , is the half width
of the emission profile angde a geometrical factoffor a
cylindrical plasma beamy=1.2).2%

For the spectral lines under investigation, is in the
range of 360 nm to 660 nmA,, is in the range of 1dto
10" s™L. In this experiment, the density of the statepH(2)
is about 16° m~2 as will be discussed later, the radiRsis
about 102 m and the linewidthAX ,, is on the order of
10 ! m. The calculated optical depths for the hydrogen A Langmuir double probe setup was used to determine
atomic and molecular lines for the present experimental conelectron temperatur@ ) and density(n,) (Fig. 4). A poten-
ditions are in the range of-3072 to 10°°, i.e., much less tial difference is applied between the two floating probes.
than 1. Therefore all discussed transitions between the hyFhe current passing through the probes is measiafedRef.
drogen excited states can be considered as optically thin. 26):

Al=0 in Eq.(3) andr(\) can be determined from the mea-
sured values of; andl,. The measured()) is the effective
reflection coefficient which includes the transmission losses
of the vessel windows. The described method of self-
absorption has been successfully checked for the first excited
state of argon ABp°4s) by comparison of this indirect
method with a direct absorption measuremérin the ab-
sorption spectroscopy experiment we assunter R) to be
equal to the plasma beam diameter. Ohder R in (1)) is
known the absolute population densities can be determined
using the experimental value féy and Eq.(1).

B. Langmuir probes

1314 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996 Qing et al.
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FIG. 4. Schematic overview of the Langmuir double probe setup.
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p KTe

with 1, the current trough the probes at applied potential

differenceV,, I~ the saturation currents at large positive

and negative potentials, aig; ,, the surfaces of the probes.
After plotting the left hand side of Eq(5) on a semi-
logarithmic scale, the slope at,=0 will yield the electron
temperature. The electrgion) densityn, can be determined
from the saturation currentsf. Ref. 2%:

KTe
li=Ki-€-Ne-Sp- \[ -5,

(6)

where «;(=0.6) is a geometrical factor for the ion flow to-
wards the probé® andm; the ion mass.
Although the electron current to the probe is signifi-

3
HO
3 il J. L 1 L
10 18 20 22 24 26 28
(a) z (cm)
1018
[
B o) f .
= b i
161, . . . ‘
10 18 20 22 24 26 28
(b) z (cm)

FIG. 5. Axial dependencies of the electron temperatlig and electron
ensity (n) in the molecular regime of an expanding hydrogen plasma,

cantly reduced by the presence of a magnetic field, it is stillyeasured by a Langmuir double probe.

proportional to the Boltzmann factor egV/kT,).° There-
fore Eq.(6) remains valid. In Fig. 5 the results @f, andn,

in the molecular regime of an expanding hydrogen plasmal€mperature coincides with the translational gas temperature

determined by the Langmuir double probe measurements arky -

given. The assumption made in the calculations thatis
the dominant positive ion in the plasma. In principle it is

However, since at low densities the radiative lifetimes
of excited molecules are usually shorter than the character-
istic time for rotational relaxatiof-*? the relation between

necessary to verify some requirements of the use of th&otational temperature and gas temperature requires special
Langmuir probe theory in a magnetized plasma, since in thattention.

magnetic field the trajectories of the charged particles can be

In order to determine the temperature of the neutral par-

disturbed, so the collection efficiency of the charged particledicles in an expanding hydrogen plasitthe gas tempera-

by a probe will be influencetf. However, it can easily be

ture), we measured the rotational distribution of hydrogen

shown, that for the particular experimental conditions themolecules of the electronically-excited st_qtg(d—?ﬂu): For
basic requirement of the probe theory is still valid, since thethis purpose we used the radiative transitions, which corre-
Larmor radii both for electrons and for ions are much largersPond to Fulcherr system of H. The Fulchera system is

than the Debye length.

IV. EMISSION OF FULCHER-a BAND OF H, AND GAS
TEMPERATURE

Analysis of the relative intensity distribution of the rota-

the result of radiative transition 44°IT,—a3 ;) (cf. Fig.

6), and has been chosen for two reasons. First, the lines of
this system in the red part of the visible spectrum are fairly

far apart from one another and dominate over the spectral
lines associated with other transitions. Second, for the
Fulchera system all necessary molecular constants have

tional spectral lines of electronically-excited molecules arebeen studied most thoroughiy=*° In this section we will
widely used as a method of determination of the gas temdiscuss the properties of the radiative statgd®ll,), the

perature of low-temperature plasnfaghe parameter to be
measured is the rotational excitation temperafijtg, which

excitation mechanism of this state in the conditions of an
expanding plasma, and the method of gas temperature deter-

is associated with the molecular distribution over the rotamination from analysis of the rotational spectrum of.H

tional levels of the excited electronic-vibration@libronic)

states. The rotational distributions of the electronically-
excited molecules were usually similar to a Boltzmann dis-

A. The Fulcher- a spectrum

For a hydrogen molecule, both the electronic ground

tribution. Therefore it is often assumed that the rotationaktate I—i(X12g ), and the considered electronically excited

J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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Since vibrational and rotational interaction is insignifi-
cant in the H(d®II,) state, the line strengths can be calcu-
lated with the Hal-London formula2®®’

Sy+1=312J(2t+1) (P-branch,
Sy y=3(2J+1)(2t+1) (Q-branch, (7
Sy1-1=3(J+1)(2t+1) (R-branch

with t=0 for evenJ’ values, and=1 for oddJ’ values.
Figure 3 shows an example of a part of the hydrogen
Fulcher«a spectrum measured in an expanding hydrogen cas-
caded arc plasma in the molecular regime.
The molecular constants for the ground stag(a)qlizg),
oL Il v Lo Loy and for the electronically excited states,(fIl,) and
0.5 10 L5 2.0 23 Hy(@’34) are listed in Table ¥ The spectral positions of
Qingernuctear (A) the rotational lines, which belong to thH@-branch of the
vibrational-rotational transitions of the Fulchersystem are
FIG. 6. Potential energy curves for hydrogen molecule. presented in Table #3-3°

2 5 T T T LI N | T 17 7 TT 1 T T T T

20

radiative decay

15
3 +
a’%,

E (eV)

10

electron impact excitation
1 +
Xz,

\\\I]Ill\l\l\lll\l!‘llll

[N A B NI SR N R B AU A0 N AN BRI

(=]

states Ij(dSH ) and I-b(a32*) belong to Hund's cas).® B. Determination of rotational temperature
u g "

The triplet splitting in the B(d>IT,) and I-g(a3Eg+) states are In general the intensity of the radiation between the ro-
negligible For the H(d>IT,) state the rotational levels split tational levels of the electronic-vibrational excited states can
into two components due tAd-type doubling, where one is be expressed:

symmetric and applies to para-hydrogen, and the other is AQ

antisymmetric and applies to ortho-hydrogen. This results L n=Npryrgr Ar o vs e ——, (8

into two distinguishable series of rotational levels denoted as Am

theIT" andIT~ components. in whichny,,+ ;. is the population of an electronically excited
~ For the H(d®I1,—~a%%g) transition the relevant selec- statep’, with vibrational quantum number’, and rotational
tion rules are: guantum numbed’, v, _»andA, _ . are the wavenumber and

AJ=0+1, AK=0*1. the transition probability for the given spectral ling() is

the solid angle of observation amdis Planck’s constant. In

Since the triplet splitting of both states are negligible,the adiabatic approximation, the corresponding transition
only three branches appear in the spectrémQ andR. It probability A, _.is a product of electronic, vibrational and
means that one can treat they(#fIl,—~a’%y) transition  rotational fractions and can be expressed®dé:
simply as a'll,—'S transition. .

It is known that only levels of identical symmetry 64 v,
combine®>®" that is why the lines of th&-branch always A== Ao pr Qo Sy g 9)
have the lower\ component as upper stdiee., [I- compo- ) _
nend; this is the case of Hd®I1,) state. As a result the lines Whereq,: . is the so called Franck-Condon factor, which
of the Q-branch determine the populations of the rotationalde'[er.”f''n‘f’sO . the distribution over the vibrational
levels of the H(d®IL,) state for para-hydrogen with even transitionsi® _ o
numbers of)’, and for ortho-hydrogen they determine the In the case that the rotational distribution of the upper
populations of the levels with odd numbers af. The State of a molecular radiative transition is a Boltzmann dis-
H,(d31]) states are perturbed by tf% states*3” which tribution, the intensities of the rotational lingés_»are di-
influence the intensity oP- andR-branches® Therefore the  rectly linked to the rotational temperature through:

line intensity of onlyQ-branch of the Fulches system have L c
been used to determine the relative population density of In( . _ ):_ —.F(J')+const, (10)
rotational levels of H(d>IT,) state. v, Sy KTt

TABLE I. Molecular constants of the ground statg()ﬂlzg ), and electronically excited states(d°I1,) and

Hay@®s ).
State E. (cm™ we (cm™ 1) weXe (€M1 B, (cm™?) a(cm™)
d®11, 112702 2371.58 66.27 30.364 1.545
a32g 107777 2664.83 71.65 34.261 1.671
xlzg 0 4395.2 117.99 60.809 2.993
1316 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996 Qing et al.
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TABLE Il. Spectral positions of the rotational spectral lin@snanometens which belong to th&-branch of
the (0-0), (1-1), and(2-2 bands of the Fulches-system of H.

Transition Q1 Q2 Q3 Q4 Q5 Q6
(0-0 601.83 602.38 603.19 604.27 605.61 607.20
(1-1 612.18 612.72 613.54 614.62 615.96
(2-2 622.48 623.03 623.84 624.92 626.25

in which F(J') is the energy of the upper level in ch kis  were carried out by a lateral scanning of the&3ebranch
Boltzmann’s constant antlthe velocity of light. The plot of lines at axial positions from 18 to 30 cm downstream of the
the In(l H,,/v‘,L,pSJ,,J") versus the rotational term values arc nozzle.

F(J') gives a so-called Boltzmann plot. The rotational tem-  Figure 7 shows an example of a lateral profile measure-

perature can be obtained from the slope of this plot. ment. The procedure of Abel inversion was applied to derive
local values of the emission coefficients, and the relative

seen from the measurements, the expanding plasma is

In a low pressure plasma, the radiative lifetimes of thegonqiy confined to a narrow beam with a width approxi-
molecules in the electronically excited stateg, are often

e ; mately equal to 1.5 cm.
much shorter than the characteristic time of rotational relax- The Boltzmann plot foQ(0-0), (1—1) and(2—2) series

ation 7. The only exceptions are the ground state and theneasyred at the center of the beamzerl8 cm are given in
metastable states of the molecules. Therefore, the mechanis,fqb_ 8. As can be seen the Boltzmann plots give straight
of excitation of rotational levels in the electronically excited |;nes. This fact indicates that the rotational levels of the ex-
staFes is important in plasma Qiagnostics since the Qetermjﬁted hydrogen molecules,4i°I1,,) follow a Boltzmann dis-
nation of the gas temperature is based on the analysis of they, tion. Therefore the rotational temperatufg, can be
relative intensities of the rotational lines in the electronic-yarived from the slope of the Boltzmann plot. The the2e
vibrational (vibronic) bands of the molecular spectra. bands are measured independently afjgcan be obtained
The previous investigatidfishows that in a broad range from each of the measured bands. The relatively small dif-

of plasma conditions a Boltzmann rotational distribution in¢s ance in theT*, values determined from different Boltz-

the ground electronic state of the molecules images t0 g,ann plots show that tHE", value determined in the experi-

. . . . . . . rot
Boltzmann rotational distribution in the excited electronic ment is accuratéthe error is estimated to be smaller than

states despite the substantial change of angular momentug@)%)_

of a molecule during a Qirect electron impact. However, dué 14 graw conclusions for the ground state molecules from
to the fact, that th? rotational constants of the ground 88te o measurements of electronically excited molecules, it is
and excited statB" are different, and the difference is espe-mortant to know the excitation and de-excitation mecha-
cially large for the hydrogen moleculef. Table ), the ro-  nigms of the radiative excited states. In principle a more
tational temperature of the ground stalig, and the rota-  geyajled analysis of excitation of K°I1,) state in an ex-
tlpnal temperature of the excited sta‘ltﬁ,t.wnl in general _be panding hydrogen plasma is required since both heavy par-
different. From Eq(10) and the expression for the rotational ticjes and electrons can be involved in the collisional pro-

term it is easy to obtain a relation between the two temperazogges. Generally speaking it is a complicated kinetic
tures with good accuracy:

TO B
rot (11)

Tx  pr-
Tot B 40000 R R o

Therefore to determine the gas temperature of a hydrogen
plasma from a rotational spectral line intensity distribution, it ~ 30000+

is necessary to assume that the hydrogen molecular excited é ;
state H(d®II,) is excited from the hydrogen molecular 2 5

1+ : . £ 20000 1 £
ground state KX y) by direct electron impact and decay z g
to Hz(aSEg) occurs spontaneously. These two assumptions 5 ;
will be discussed in more detail in the next section. = 10000 1 <

D. Excitation mechanism and gas temperature in an ol .
expanding hydrogen plasma S S S S

To determine the rotational temperature of an expanding r (em)
hydrogen plasma in the molecular regime, the first five lines _ _ _
belonging to theQ-branch of the first three diagonal vibra- FIG. 7. Example of the experimental and radial profiles of @espectral
. . . line of the Fulchera transition in an expanding plasma. Experimental con-
tional states of(0-0), (1-1 and (2-2 transitions in the  itions Q=8 sccls,l =50 A, 15=50 A, P=5 Pa,z=18 cm. (W) the ex-
Fulcher«a spectrum have been measured. The measuremergsrimental data(---) Gaussian profild—) after Abel inversion.
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FIG. 9. Radial profile of the gas temperature in an expanding plasma, de-
rived from emission of th€-branches, belong t®—-0 (—), and(1-1) (---)
rotational bands of the Fulchersystem of H. Plasma parameters are the
same as in Fig. 7.

FIG. 8. Boltzmann plot of the first five lines @-branch in the0-0) (M),
(1-) (@) and (2—2 () rotational bands of the Fulchersystem of H.
Plasma parameters are the same as in Fig. 7.

. I temperature of the excited molecules equals the ratio of the
roblem ially for a non-equilibrium molecular plasma. .
problem especially for a non-equilibriu olecuar pias arotatlonal constants of the two states. As the ground state

However, in this experiment, the measured rotational excita- . . .
P % H2(X12g+ ) rotational constant is twice as large as that of the

tion temperature of the Jd°I1,,) state is very lowT%,~=260 3 39 i ad :
K (cf. Fig. 8. We can conclude that the collisions betweenHZ(d I1y) state, the gas temperaturByas=Tro is ap%“’x"
P’lately twice the rotational temperatufé, of the Hy(d>II )

the heavy particles are not responsible for the excitation o tate. Therefore the aas temperature in the molecular regime
the hydrogen molecules. The only possible mechanism of th ' . 1€ U mp . 9
or the conditions in Fig. 8 is found to be approximately 520

excitation of the hydrogen molecules in this regime is the
direct electron impact from the ground state. Such statement’ Fiqure 9 shows the experimentally determined gas term-
can be made because a in low-temperature plasma all effec- 9 b y 9

tive inelastic collisional processes between heavy particleg.erature of an expandlng hydrogen plasma in molecular re-
are exothermidsee, for example, Refs. 8, #ith that the gime. As can be seen inside the plasma beam the temperature

excess of energy should be distributed among the variou%rOfIIe IS rgther fIaF. The relative error Mgas determm;ad
degrees of freedortinternal and translationgbf the prod- rom the different vibrational bands is smaller than 20%.
ucts after the reaction. As a result it should inevitably led to
the nonthermal molecular rotational populatfd?*3 Thus ~ Y: LOCAL EXCITATION OF THE Ar AND He
the rotational temperature of excited molecular states shouléPECTRAL LINES
be higher(and often much highgrthan the gas temperature. We concluded in the previous section from the low gas
Numerous examples of appearances of “hot” rotational distemperature that hot electrons should be present. Possible
tribution of diatomic molecules, produced by heavy particlesmethods to directly see these hot electrons is by injecting
interactions in low-temperature plasma have been given ismall amounts of an inert gas downstream. Since in this case
literature®42*3However, for direct electron excitation of the the excitation can occur only by direct electron impact from
molecules from the ground state, the resulting rotational exthe ground state, this experiment provides insight in the pres-
citation temperature of the excited molecules should be lovence of high energy electrons. We used both argon and he-
(comparable to the gas temperajui€lectrons are rather in- lium which were locally injected. The transportation of Ar
effective in rotational(de)excitation because of their small and He to a particular local point in the plasma has been
mass31:32 done through a thin cylindrical cyramic tuléEig. 2). In the

In the conditions of an expanding plasma the charactermolecular regime of an expanding plasma we observed the
istic time between the heavy particle collisiong, is in the  appearance of the spectral line of neutral argon
order of 10°s [the total cross section for the collisions Ar I((7d—4p)\=4876.26 A and\=4887.95 A, and of ion
H,—H,(d®I1,) is equal too,,=2.3x10 '8 m? (Ref. 40].  argon Arii(4p°’D—4s’D)\=4879.86 A. The excitation po-
This characteristic time is much longer than the radiativetential of these lines\E,=15.45 eV, andAE;=19.68 eV,
lifetime of hydrogen molecules in the,Hi°I1 ) state, which  respectively. An appearance of the spectral lines with even
is only aboutr,;=31 ns?®® Therefore to determine the gas higher excitation potentials has been observed in the case of
temperature we can use the method mentioned earlier, whidelium, namely the spectral lines of H8d—2p)A
is based on the fact that a Boltzmann rotational distribution=5875.70 A (AE,=23.07 eV, and He(5d—2p)\
in the ground electronic state of the molecules images to &4026.20 A(AE;=24.04 e\j. These experimental facts to-
Boltzmann rotational distribution in the excited electronic gether with the Langmuir probe measurements, observation
state. According to Eq.11), the ratio of the rotational tem- of the Fulchera system of H (excitation potentialAE
peratures of the ground state molecules and the rotationat13.87 eV}, with a low rotational temperaturd@ ;=260 K)
1318
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of the excited H(dI,) molecules, provide a strong evi- n' n'Ap_,pr K'

dence of presence of the hot electrons in an expanding n_?:n'p'A—F (14
plasma. This observation will be used in the next section to 9 atta—a’

determine the dissociation degree. In the case that the rate coefficients for electron excita-

tion are known the ground state of the radical can be deter-
mined simply from a comparison of the relative intensities of
VI. DISSOCIATION DEGREE the species in emission. . .
As was mentioned a typical actinometry technique con-
We have found that in the molecular regime of an ex-sist of admitting into the gas under investigation the actinom-
panding hydrogen plasma the electronic quantum stateters, usually Ar, He, and \\which should not influence the
H,(d®II,) is excited by direct electron impact from the plasma kinetics. This means usually that only a small con-
ground state I5{X12g*). Apparently in this plasma we have centration of actinometer is used. The assumption of optical
hot electrons, which can effectively excite the atomic andactinometry have been validated first for fluorine and other
molecular radiative states from their respective ground elechalogen atoms with the noble gas or nitrogen as the actinom-
tronic states. Thus it opens in principle a possibility to deter-eter(see Ref. 8 Later the technique was used for monitoring
mine the dissociation degree of the hydrogen plasma by ugwdrogen atoms with argon as an actinoméfef?® This re-
ing optical actinometry. quires a mixture of additional components to a minimum
concentration to be able to detect the emission of the corre-
spondent spectral lines. This inevitably will lead to a certain
One of the disadvantages of classical emission spectroperturbation of the plasma properties. Those changes can be
copy is that only the particle densities in the excited statesmall, but unpredictable. That is, of course, a disadvantage of
can be measured. However, in many cases it is important toptical actinometry.
know the particle density in the ground electronic state. The  However, to determine the hydrogen plasma dissociation
ground state density determination from emission spectra retegree by actinometry technique, we can avoid the procedure
quires detailed quantitative information on the mechanismsf using another gas as an actinometer since the molecular
of excitation and de-excitation of excited species. For exhydrogen in the plasma can act as the actinometer. For ex-
ample, for the excitation of the radiative states by direct elecample, to determine the mass dissociation degree of hydro-
tron impact, it is necessary to know the electron energy disgen plasmas the following relation can be used:
tribution function near the excitation thresholds of the
corresponding radiative states, which usually presents sig- _ nw 7
- : I B= = : (15
nificant experimental difficultie$. ny+ 2nH2 v+2
The method of optical actinometry has been found to be
an effective diagnostic technique to measure the densities &€ only parameter that has to be measured is the ratio of
the various species of the ground stdté&:*® Actinometry ~ atomic and molecular hydrogen densities in the plasma,
provides an experimental method to determine the variouQ’:nH/nHz-
radical densities by simply comparing their optical emission
with the emission of an actinometer gas which is added to
the plasma_ in a small _and known amOL.mt.. If for both theB_ Kinetic of hydrogen excited states
studied radical and actinometer, the radiative states are ex-
cited by direct electron impact from their respective ground ~ As has been mentioned the application of optical acti-
states and the excitation energies are close to each other, themetry is based on two main assumptions: direct electron
same group of electrons in the energy distribution will takeexcitation from the ground states and radiative decay of the
part in the excitation of radiative states. Assuming that theexcited states. In general there are many elementary colli-
analyzed radiative states are depopulated by radiative trangional and radiative processes occurring in the plasma at the
fers (which is often the case of a low electron density andsame time. Among them stepwise excitation, excitation from
low pressure plasmahe spectral line intensities of both the upper levels by a radiative cascades, dissociative excitation,
actinometer and the studied radical are determined by th@uenching of radiative states, and so on. They all may be

A. Optical actinometry of plasma

balance equations of their respective excited states: important in the creation of the excited states and could
dn therefore influence the actinometric determination of the dis-
Pl nl n ol _ sociation degree.
dt Ki-Ng-Ne=NpAp—p =0, (12 The analysis of the rates of various processes for a spe-
" cific condition in the expanding hydrogen plasma shows that
dﬁ:kn,nn n—n"A. =0 13) the following elementary processes of excitation and de-
dt g e Tara—a excitation of radiativeA* and metastablé,, states of H and

H, might be important{the symbolA stands for the ground
state of H and H):
(a) Direct electron excitation:

In Egs. (12) and (13) the superscript denotes the studied
plasma component,l denotes the actinometen, is the
ground state densityy, andn, the excited state densities of

the plasma component and actinometer, respectively. The ra- kg
tio of the excited state densities is then: A+e—A* +e. (16)
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(b) Stepwise electron excitation via the metastable statesf H* (p=4) states and normalized them to the experimental

A excitation cross section for the state$(p=2,3).®
ko The cross sections for reacti@mh6) Wlthlthe excitation
A+te—A,+e, (17) of molecular gydrogen from the ground,(X 2 ) to radia-
tive state H(d°I1,) are also known both from the theoretical
ks calculations? and from the direct experimerit$®! In the
Apte—A*+e. (18 interpretation of this experiment we used the most reliable,

from our point of view, experimental excitation cross section
of Mohlmann and de Heé&t, with a maximum value about
4.2x10 %2 m? at electron energy of 15.6 eV, which is close
to the threshold of excitation.

AntM—A+M. 19 (2) As it was mentioned already both theoretical and
experimental data on the excitation cross section of the first
excited (metastable state of H(reaction(17)) is available

(c) Quenching of metastable statés, by heavy par-
ticles:

kg

(d) Quenching of excited states" by heavy particles:

. ks from the literaturgsee also Refs. 62,63The recommended
A* +M—A+M. (20 excitation cross section i€1—1.2x10 2! m? at the maxi-
(e) Radiative decay: mum. The same value is valid for the excitation of lowest
attractive electronic state of molecular hydrogef(d%E )
. ke (which is in fact not a real metastable sf4f®). The typlcal
A*—A+hv. (21 excitation cross section of this state has a maximum value of

. . . L. . . —21 .2 66,67
Besides the reaction of dissociative electron excitatio0-8—1.4X10"“" m".

should be in principle also taken into account: (3) The excitation cross section of'kp=3) state from
the first excited state Hp=2) is also known from the

literature>1-545° The recommended cross section is
(0.8-1.0x10 ** m% However, there is a lack of experimen-
We will discuss these processes one by one. tal data on the stepwise electron excitation cross sections
(1) The excitation of hydrogen atoms by electron |mpact(Pf0CGSSGS(17 and (18)) for H*(p=3), as well as for
(reaction 16 is of special interest because it is the simplestH2(d°IL,) state. Therefore the semi-empirical atomic formu-
electron-atom inelastic scattering problem. It is therefordas from Drawin and Emafd and Vainsteinet al>* have
considered as an important test for the different approximabeen used to estimate their values. This procedure is inaccu-
tions, and has been the subject of many theoretical investiate especially in the case of molecular excitation. However,
gations (see, for example, Refs. 50-55The models are later we will show that the uncertainties in the excitation
based on a particular modification of the Bethe-Borncross section for the reactiori$8) do not influence the ac-
formula®®! on the semi-empirical approaches, which havecuracy of the actinometry method.
been built with the use of the data from accurate numerical ~ (4) The collisional quenching coefficients for atomic hy-
computation$? multiple-state  close-coupling calcula- drogen excited states are known from literattit&® Simple
tions>>>*which predict resonances, etc. estimations, based on the dat&%f show that in the pres-
On the experimental side, the amount of data is rathesure range of our experiments all collisional quenching pro-
limited. The main difficulty consists on generation of the cesses are rather slow in comparison with the spontaneous
intense beam of atomic hydrogen. Most of the measurementiecay(21) of the radiative statefreactions(20)] (see also
were performed in respect to the excitation of the first ex-Ref. 70. Influence of the collisional quenching processes
cited states of B(p=2) (see, for example, Ref. 55The  can be considerable only for the metastabdesfblevel of
only known experimental results for the excitation of the H(p=2) quantum state, because of high collision cross
H*(p=3) are those of Walker and St. Joffhpf Mahan section of this level with K.°%"* However, this process will
et al,%” and Williams®® However, it is rather important to lead only to de-population of the*fp=2) state, and as a
mention, that Williams presented a near-threshold studies afonsequence has a small role on the stepwise excitation.
excitation of both summed Hp=2) and H(p=3) states, Numerical data on the atomic radiative transition prob-
and the separate2 3S, 3P, and D states by a direct abilities can be found in the well-known tables of Wiese
electron impact. The typical excitation cross section ofet al.”?
H*(p=3) state by direct electron impact has a maximum  (5) Concerning molecular hydrogen, the radiative life-
value of around0.9-1.3x10 2t m? %8 which is also in good  time of hydrogen molecules in the excited statgcdIT,,)
agreement with the results of theoretical calculatfiéwe 7% ,=31 ns?® which is much smaller than the characteristic
did not find in the literature reliable experimental data of thetime between the heavy particle collisiong, (see previous
cross section of direct electron excitation from the groundsection. The same conclusion is valid for the quantum state
H(p=1) to the higher excited states of atomic hydrogenHZ(a32 ) WhICh has even smaller radiative lifetime o,
H*(p=4). The only known experimental data are from = lOns
Walker and St. Johtf but the energy resolution of their (6) The reaction of dissociative excitati®®?2) of differ-
study was insufficient to be used in practice. That is why weent states of atomic hydrogen has been studied for a fairly
used calculated data frofand? as excitation cross sections long time(see, for example, Refs. 73, )74t was shown, that

k7
H,+e—H*+H+e. (22
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the lower the principal quantum number of* Hand the
higher the electron temperature, the higher the contribution
of the dissociative excitation. This reaction becomes espe- -
cially important for fast electron-molecule collisiofislec- -
tron energy>10 eV). However, Lavré® shows, that for 101} P
mean electron energies of 1-2 eV direct excitation is more
effective than dissociative excitation even if the hydrogen
dissociation degree is only about 1%. Since the dissociation o
degree of an expanding hydrogen plasma is lafgee latey, 107 .
we can conclude here, that the reaction of dissociative exci- *
tation is not important for the excitation of atomic hydrogen ¢
states. 10°
(7) Concerning an expanding hydrogen plasma, we
should also discuss the reaction of dissociative recombina-
tion which can populate the excited states of atomic

1012

ny/g, (m)

04 06 08 10 12 14 16
Ip (eV)

hvd RL70 FIG. 10. The atomic hydrogen absolute population densijtg,, versus the
ydrogerr. ionization potential in the molecular regime of an expanding hydrogen
kg plasma.(l) z=18 cm,(®) z=27 cm.
Hy +e—H*+H. (23

The rate constants for dissociative recombination of vi-

brationally non-excited molecular ions of the halogéims plasma the atomic radiative stateS(d=3) and the molecu-

: . — _ _ lar radiative state KdIT,) are populated by a direct elec-
— 14_ 16 143 1 u
cluding hydroger(23) are typicallyks=10 10 ~m's tron excitation from the ground states and depopulated by

. 5 - _
n the temp(_arature range frpm 300 to 1000G°Kor vibra spontaneous radiative decay. Thus the conditions for using
tionally excited molecular ions the rate constants may be

roximately an order of magnitude largéReaction(23) optical actinometry technique are satisfied. Note that we
approximately an order of mag f € largeizeactio have derived the same conclusion independently for the ra-
leads to the population of only the*p=2) state since only

. - 2 diative state K(d®IT,) in the discussion of the gas tempera-
those reactions are exothermic: the positive excess of enerq re measurements from the rotational spectra af H

for the dissociative recombination reactions of electrons with
vibrationally non-excited molecular ions jHis approxi-
mately 0.7 eV. Dissociative recombination reactions of elecc. Expression for the dissociation degree of hydrogen
trons with ground state molecular ions, created by charg@lasma

exchange reactions leading to higher hydrogen excited states
H*(p=3) are all endothermic: the energy deficit in those
cases is approximately 1.2 eV for*th=3), and 1.9 eV for
H*(p=4), etc. Therefore, for the effective population of
atomic excited states*fip=3) by the reactions of dissocia-

In the case when the density of a particular radiative
state is governed by the balance between the direct electron
excitation from the ground state and spontaneous decay from
this state, the ground state density is given(bly Egs.(8)

tive recombination, the molecular ions; Hnust be vibra- and(12)):
tionally excited(vibrational quantunfiw, for the hydrogen lo—pr
molecular ion is approximately=0.54 e\j}. Ng=s(M) o (0()ve) Torarar Ay oo Voo
(8) The reaction of mutual neutralization: ¢ L
Lk =s(\) lppr 2prorarAppr _ (25)
H; +H —H*+H, (29 Ne(o(€)ve) - Ap_p Vp_pr

also produces excited hydrogen atoth§imple estimations, Here we used the definition of the radiative lifetimg .,/
based on the rate constants of the direct electrorr (ZprorarAp—pr) % @nd of the rate constatr(e)ve) of
excitation®®® and the mutual neutralization reactidisas  the reaction of direct electron excitatiga(e) is the excita-
well as on the densities of atoms and positive and negativion cross section Additionally the value of a spectral se-
ions show, that only in the case when the negative ions derfectivity of the optical systens(\) has been introduced.

sity is significantly higher than the electron density, mutual ~ Finally, the following expression for the ratio of the
neutralization could be important. However, we believe thisatomic and molecular hydrogen densities in the plasma can
is not the case in the molecular regime of an expandind€ derived:

plasma. Additional confirmation of this statement can be

found from analysis of the hydrogen atomic state population

H H H H
_ M lnq (a(eve)™ Al ZqAg.q

densities. The densities of the quantum statgs<6) in the Ny, Iﬁip, (o(e)ve) Asﬂq, Ep,v,J,A;'ip,
molecular regimécf. Fig. 10 are several orders of magni- ,

tude lower than those in the atomic regime, where the mutual vpip, s(\)H

neutralization reaction, probably plays a dominant role for TTH W (26)

excitation of excited states H. Yoo
The kinetic analysis presented above shows that in the Using Eq.(26) the mass dissociation degree of hydrogen
molecular regime of an expanding hydrogen low-pressur@lasma can be obtainddee Eq(15)].
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D. Atomic hydrogen density and hydrogen

dissociation degree 0 T ST C
In order to determine the dissociation degree in an ex- 251 ]
panding hydrogen plasma and to validate the assumptions of
direct electron excitation from the ground states and radia- 20¢ ]
tive decay of the excited states, the intensities of the three s i
different atomic hydrogen Balmer spectral lineg,HH, and < BBp ]
H,, as well as the intensities of the Fulchermolecular g , ]
lines of the hydrogen molecule have been measured. Here we < or ]
employed the fact that hydrogen excited statégpg+3,4,5
will have different population densities depending on differ- St 1
ent collisional processes, as direct electron excitation, step- 0'_ ]
wise excitation, dissociative excitation or dissociative recom- L
bination. 18 19 20 21 22 23 24 25 26 27
In the discussed kinetic scheme the stepwise excitation z (cm)

processes$17) and (18) could in principle be importaft ',
Therefore, we made an attempt to measure also the popul&!G. 11. Axial dependence of the dissociation degree of an expanding hy-
tion densities of the first excited states of the atomic and"09en plasma/l) H, measurements®) H, measurementsé ) H, mea-
3 surements. Experlmental conditio@s=8 scc/s| ;=50 A, Ig= 50A P=5
molecular hydrogen Mp=2) and H(a’%y), respectively. p,5_1g cm.
For this purpose the method of reabsorption with a concave
mirror has been used.The line absorption coefficients, cor-
responding to the radiative transitions (g=3—p=2) and For molecular hydrogen the only possible radiative tran-
Hy(d®IT,—a’3 ) have been measured. For these transitionsition from the radiative state t°I1,) leads to H(@%s)
we did not observe any notable absorption within the accustate(Fulcher« system of H).%° The optical transition to the
racy of the reabsorption method. Therefore an upper sidground state is forbiddei?:* Therefore the radiative transi-
approximation of the population densities of (9=2) and  tion probability for H(d*IT,— a?’E ) is the inverse of the
H*(a32 ), can be glven For both states the densities shouldadiative lifetime of the I§Kd3Hu) state For atomic hydro-
be Iower than 18 m3. As a consequence the stepwise ex-gen the situation is more complicated, since all excited states
citation processeél7) and (18) can be neglected in the ki- have optically allowed transition to the ground state. A first
netic schemd16)—(24). estimate of the dissociation degree of an expanding hydrogen
Analysis of the experimental and theoretical data onplasma in the molecular regime shows that it should be about
electron impact excitation of atomic and molecular radiativel0%, i.e., the atomic hydrogen ground state density in this
states M(p=3,4,5 and Hy(d>II,)*~%! show that the cross regime should be around ¥om~3. For this density the plas-
sections have similar shapes: a sharp rise near the thresholdsa’s effective optical depth for the resonaricg radiation
and a slow decrease for higher electron energies. Thereforajll be =30-40 and the escape factor for the resonance ra-
the ratio between the corresponding excitation cross sectiordiation will be =10 2.2>7°This means, that we can treat an
can be used for the ratio between the rate constants of thexpanding hydrogen plasma in the molecular regime as an
direct electron excitation of Hand H as a first approxima- optically thick media for resonance atomic radiation. Experi-
tion. Additionally in order to account for the difference in the mental results of the atomic excited states population densi-
thresholds of the atomic and molecular excitation processesties were lower than #8m™3, i.e., for this reason an expand-
correction factor has been introduced to the calculatioring plasma will be optically transparent for the radiative
scheme. transitions between the excited states. As a result, one can
Calculation of radiative lifetime of atomic and molecular calculate with a good accuracy the radiative lifetimes of the
species in the plasma is a rather difficult procedure, mainhatomic hydrogen excited states by using data on the radiative
because of complicated problems of transport of the resdransition probabilities from Wieset al.”?
nance radiation, i.e., the radiation from the excited to the The dissociative degree of an expanding hydrogen
ground electronic stat&:’® Usually resonance radiation has plasma determined with the above discussed procedure as a
the largest transition probabiliff);’? and in the case the function of axial position using Eq$15), (26) is shown in
plasma is optically thin for the resonance radiation, the raFig. 11. It can be seen that the results do not depend on
diative lifetime of the excited species is almost fully deter-which one of the atomic spectral lines,HH,; or H, have
mined by the radiative transitions to the ground state. Howbeen chosen. Therefore, the experimental results provide a
ever, the plasma can also be optically thick for the resonancgtrong support for the assumptions that direct excitation by
radiation. This occurs often for a low-temperature plasmaelectrons from the ground states and radiative decay of the
since in such a plasma the ground electronic state density excited states dominate the kinetics. Furthermore, it supports
normally much larger than that of any excited state. In thisthe method of actinometry used to determine the dissociation
case the radiative lifetime of the excited states will be deterdegree.
mined by radiative transitions between the excited states. In  The accuracy of the discussed procedure, as it can be
a hydrogen plasma the radiative properties of atoms and moseen from the relation& 5) and(26), is determined by both
ecules should also be carefully analyzed in this resfieCt.  the experimental accuradgrror in the spectral line intensi-
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ties and calibration of the optical systeand by the uncer- =30—-40, and<10 2, respectively. Therefore an expanding
tainty in the kinetic coefficientgelectron excitation cross plasma can be treated as an optically thick medium for the
sections, radiative transition probabiliedaking these er- resonance atomic radiation. The method of reabsorption with
rors into account, we estimate the error in the plasma diss@a concave mirror has been used in order to determine the
ciation degree to be within a factor of 2. population density of the first excited states of H angl H
The absolute population density of the excited levels carThe densities were lower than am ™3, and for this reason
also be used to obtain an effective electron temperature, i.ean expanding plasma will be optically transparent for the
the temperature needed to explain the observed excitation foadiative transitions between the excited states.
a Maxwellian distribution. To this end we use the dissocia- It is demonstrated that the results does not strongly de-
tion degree(Fig. 11) to determine the atomic hydrogen den- pend on the atomic spectral lines,HHz or H, that have
sity (1.1x10°° m™3), the Langmuir probe results on,  been used for these diagnostics. That is additional strong
(1.0x10'" m™3), the population density of the(d=3) state  support that these spectral lines are generated by direct elec-
(3.6X10? m3), and the transition probability for Hine in  tron impact from the ground state and to the optical actinom-
a corona mode{all at z=24 cm: etry method to determine the dissociation degree as a whole.
_ The measured absolute density of hydrogen atoms is in
Ne- M- Kag(Tett) =Nz @) e (1-1.4%x10° m~3 range, and the dissociation degree of
The resulting excitation rate is calculated to be>6l® *®  the hydrogen plasma is in the range of 8%—13%. Within
m~3s™%, which is equivalent to an effective temperature of experimental accuracy both values are independent of the
1.7 eV>! Nonthermal distortions of the electron energy dis-axial position. That is an indication that for the given experi-
tribution function may exist in the low ionization degree of mental conditions the recirculation gas flowing in the vessel
the molecular plasma. Therefore a somewhat higher effectivare rather important. At the same time both processes,of H
temperatureT ¢, than the bulk temperature as measured bydissociation, and of H recombination are slow, and do not
the probeT,=1.5 eV (cf. Fig. 5 would be expected. We influence the kinetics of hydrogen atoms in the plasma.
conclude that the obtained value is in agreement with experi-
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