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A laser perturbation method is used to determine the relaxation rates of levels n = 3, 4, 5 of atomic
hydrogen as a function of pressure and current intensity in a glow discharge. Quenching is due to
spontaneous emission of radiation towards lower levels and to inelastic collisions with H, molecules in the

ground and quasimetastable states with thermally averaged cross sections of about 1.5 X 10~ cm?.

1. INTRODUCTION

Early studies on the dissociation of H, by elec-
tronic collisions'™® indicate that in the energy
range of gas discharge plasma electrons
(E,~2~10 eV), the dominant process responsible
for the formation of hydrogen atoms, is the dis-
sociation reaction

H,(X'z})+e"~H+H+e", (1)

whose efficiency is greater than that of the sec-
ondary reaction

H(X'Z})+e”=Hy'+e"+e”"~H+ H'+ 2e” . (2)

Excitation (respectively, ionization) of these
ground-state atoms is then ensured by electronic in-
elastic collisions. Under continuous electric excita-
tion, a quasistationary equilibrium sets up in
which excitation processes are on the whole
balanced by radiative and collisional depopulating
processes. These deexcitation processes may be
in the case of atomic hydrogen: diffusion toward
the walls of the discharge tube, emission or ab-
sorption of radiation, inelastic collisions with
electrons, and inelastic collisions with heavy par-
ticles (i.e., H, molecules). Except for metastable
states, diffusion does not contribute to the des-
truction of excited atomic states in low-pressure
glow discharge.

II. EXPERIMENT

We have studied the quenching mechanisms of
the n=3, 4,5 atomic hydrogen excited states in
the positive column of a low-pressure glow dis-
charge by a time resolved spectroscopic analysis
of the population relaxations following a short
resonant laser pulse pumping. The experimental
apparatus is schematically shown on Fig. 1. It
has been previously described in experiments
dealing with radiative and collisional processes
in a helium glow discharge.*" A tunable dye laser
excited by a pulsed nitrogen laser SOPRA (pulse
width, 4 ns, spectral width 0.2 f&, energy/pulse
~10uJ, repetition rate, 15 Hz) is used to induce
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a selective and short perturbation on the popula-
tion of an atomic hydrogen state by resonant op-
tical pumping.

Excited states are produced in a capillary glow
discharge (inner diameter, 4 mm, length, 60 mm)
After high-vacuum cleaning (10™® Torr) the dis-
charge is created under continuous electrical pow-
er supply with a constant flow of hydrogen high-
purity gas (flow rate <1 [ /k). Pressure P, mea-
sured with two Pirani probes, can be adjusted
from 0.2 to 2 Torr and current intensity ¢ from 5
to 40 mA. For each experimental situation (P, 7)
corresponding value of the electronic density, is
measured by a high-frequency cavity perturbation
method, and value of the mean electronickinetic en-
ergy E, is only estimated in the frame of glow dis-
charge theory. In pressure and current ranges
under study, we obtain, respectively, 5.109<#,
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<5.10"° cm™ and 3<E_,<10 eV. Gas temperature
is measured by means of a thermocouple in con-
tact with the discharge tube (7',~320+5°K) as-
suming an homogeneous distribution in the medi-
um.

After spatial filtering, the pump laser beam
transverses the discharge tube avoiding stray
light diffusion. The fluorescence light emitted by
a cross section of the positive column is observed
in a perpendicular direction and is imaged by a
fused silica lens (f=180 mm, magnification=1)
onto the slits of a 1.15 m SOPRA grating spectro-
meter (resolving power: 50000) and then onto a
RCA 72 65 photomultiplier tube (rise time: 2 ns).
Time dependence of the output signal is analyzed"
by a Princeton Applied Research Boxcar averager
(PAR 162) synchronized with the pulsed laser
giving on both channels A and B (PAR 164) a
time resolution of 5 ns. The fluorescence
signal (channel A) is normalized to the pump
laser intensity peak detected by an auxiliary
photomultiplier (channel B), since the Boxcar
averager allows the measurement of the ratio A/B
of two signals. Great care is taken to prevent
saturation of the electronic by the fluorescence
light and to avoid laser saturation effects on the
relaxation of excited state populations. Finally,
each fluorescence relaxation curve corresponds
to 1.5 x 10* laser shoots average.

1Il. MEASUREMENTS

A partial diagram of hydrogen atomic and mo-
lecular energy states is shown in Fig. 2. The re-
laxations of population variations AN, (¢) for the
n=3,4,5 atomic states induced by laser optical
pumping of the following transitions:
n'=2-n=3 (H,linex=6563 A, dye: R6G+CVP),
n'=2-n=4 (Hylinex=4861 A, dye: C30+7D4MC) ,
n'=2-n=5 (H,linex=4340 A, dye: POPOP),

have been studied for various discharge conditions,
(P,i). For the three transitions, the laser spec-
tral width exceeds the width of the lines emitted

by the discharge so that the whole atomic velocity
distribution is pumped. AN, (¢) relaxations are
deduced from measurements of the time variations
of the spectrally integrated resonance fluorescence
light intensities AIftuoreseence c AN ({). Typical ex-
perimental results for P=0.35 Torr and =30 mA
are shown in Fig. 3 for n=3,4,5. After the laser
pulse has ceased, the level populations go back

to their equilibrium values with a nearly exponen-
tial time dependence. In this laser-free relax-
ation mode, level population variations can be
represented by the law
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FIG. 2, Partial energy schemes of the H, molecule and
H atom, The shifted and unshifted H energy diagrams
correspond, respectively, to collisions with the quasimeta-
stable and ground states of the H, molecule, (Data taken
from Refs. 11 and 14).
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FIG. 3. Relaxation curves of the »=3, 4, 5, level
population variations of H for P=0,35 Torr and i=30 mA,
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FIG, 4. Variations of the
quenching rates I, (P, )
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AN,(#)= ANgeTn P9t (3)

where T, (P, i) is the quenching rate of levelz and de-
pends on the discharge pressure and current in-
tensity. As an example, the I' (P, i) experimental
values deduced from the relaxation curves through
Eq. (3) are shown on Fig. 4 as a function of the
total pressure P in the discharge with ¢ acting as
a parameter for n=4. From these curves, it fol-
lows with a rather good approximation that in the
pressure and current ranges under stady, I,(P,3)
can be expressed in the form:

I (P,i)=A,+B,(i)P, (4)

where A, is a constant and B, (i) is a function of
¢ alone.

IV. INTERPRETATION

Generally, in a low-pressure hydrogen-gas
discharge, the quenching rate I' (P, i) of the atomic
excited states may be expanded’

rn(P; i)= Z An'nArfn+nH22Rn,u+ne Z Smn .
n'<n v m
(5)

In this expression, A, , and A, represent, re-
spectively, the Einstein coefficient and the optical
escape factor for the n—n’ radiative transition,
and R, , [v describing a molecular state
(v=9,v,J)] represents the rate for the reaction

H(n)+H, ~H+H,*(v)+ AE , (6)

and S, is the excitation transfer rate from state
n towards state m by electronic collisions

2

H#x)+e ~H(@m)+e + AE . (7

Finally, n, and n, are, respectively, the molecu-
lar and eleétronic population densities.

Under present experimental conditions, no in-
duced atomic fluorescence was observed accord-
ing to reaction (7) with m >n. On the other hand,
transfers with m <» were only detected for low
pressure and current intensity and corresponded
only to spontaneous radiative transitions from
level n to m and not to reaction (7). These two
experimental results clearly indicate that excita-
tion transfer between n=3, 4, 5, 6 atomic excited
states of hydrogen by electronic collisions are
negligibly small. This observation agrees well
with calculated values® of the rates of reaction
(7) and with recent experimental data.® Taking
into account these results, Eq. (5) acquires the
approximate form

TP, )220 Apyhyytrg DR, . ®)
n'<n v

Then, the observed variation of T',(P, ¢) with ¢
can only be explained in terms of the variations
of ny_with ¢, that is by the variation of the dis-
sociation rate of H, with ¢ in the discharge. In-
deed, according to the dissociation process (1),
the number density of H, molecules in the dis-
charge nﬁz(P, i) at total pressure P, gas tempera-
ture T,, and current intensity ¢ depends on the
density and energy of electrons, so that one can
write

(P, ) =g fln,, E.) , (©)
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TABLE 1. Total radiative de-excitationratesofthen=3, 4, 5 levels of atomic hydrogen.

n=3 n=4 n=5
Z Aprg M yra(s™h)
n<n 9.98 X107 3.02 x107 1.153 x107
(Thin plasma, Ref. 11)
,Z An'nAn’n(S-l)
n'<n 4,41 x107 1.74 x107 0.743 x107

(Thick plasma, Ref. 11)

Ans™h
(4.42+ 0.05) X107
(This work)

(1.72 £0.05) X107 (0.90 +0.05) x107

where nf;_ is the molecular population density at
total pressure P and gas temperature T, without
any dissociation (that is without electrical dis-
charge i=0, n,=0), and f(n,, E,) is a function re-
lated to the dissociation rate of reaction (1) such
that f (n,=0,E,=0)=1. A complete study of this
dissociation rate will be published in a forthcoming
paper,’® but for the present work, one needs only
to define f(n,, E,) as the ratio of dissociated mo-
lecules at pressure P and current i. According
to the relation nH2=P/K T,, one gets: ny (P, i)
=Pg(n,, Ee) with g{n,, E,) =f (n,, Ee)/kTg: and Eq.
(8) then becomes

TP, 1)=2 ApyDp,+Pen, E)Y R, ,. (10)
n'<n v .
By comparing Eq (4) and (10), one obtains
An= Z An'nAn'n’ Bn(i) :g(ne’ Ee)ERn,v N (11)

n’<n v

Here, A, appears as the total radiative decay rate
and B, (i) as the total collisional rate of level .
The experimental values of the total radiative
transition rates A, are compared to accepted val-
ues: 2y Ay, (Table 1) for an optically thin
plasma: A, =1, and for a plasma with reabsorp-
tion in the resonance lines: A, =1, »n’#1, and
A,,=0. The A,,, are taken from Ref. 11. Com-

parison shows that in the pressure range 0.1<P
<3 Torr the n=3-n"=1, Ly, and n=4-n"=1,
L,, lines are completely trapped, whereas for
n=95, an escape of radiation in the L, line of about
40% explains the relative discrepancy with the
thick plasma case. A similar effect (escape of
resonance radiation) has been studied previously
in a He glow discharge.®

The collisional rates for reaction (6) are de-
duced from expression (10) after extrapolation
of the experimental quenching rate I' (P, ) to
zero current intensity. In these conditions,
g(n,=0,E,=0)=1/kT, so that B,(0)=23, R, ,/kT,.
Details of this extrapolation procedure will be
reported in Ref. 10. B,(0) values and correspond-
ing collisional thermally averaged cross sections
Ofi-n,~ 1.5X 107 ¢m?, are given in Tahle II and
indicate that quenching of excited H atoms by H,
molecules is a powerful process fulfilling the
quasiresonant condition AE/kT,~0. The Ofn,
values are compared in Table II to recent re-
sults obtained by Lewis and Williams'? who mea-
sured cross sections of the quenching collisions
H(n=3,4,5) with ground state H, after excitation
and dissociation of the molecular gas by a 40-
keV electron beam. For the three states an im-
portant disagreement is observed. In order to
give an explanation of this discrepancy, we have
looked for the molecular states (2, v,J) for which

TABLE II. Collisional de-excitationrates B,(0) andthermally averaged collisional cross
sections 5’{,_}42 for the n=3,4,5 levels of atomic hydrogen.

n=3

n=4 n=5

B,(0)(s™! Torr™1)
Th-H Z(Az)

(This work)
5'1'4-H2(A2)

(Ref. 12)

(15.0+0.2) X107

156 =*3

76 *£3

(14.2 £0,4) X107 (14.50.5) x10"

145 =4 146 +5

32 £3 8.9+0.7
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the following reactions:

H(n)+ H[X' 240, J)] - H(n' = 1)+ Hy(R, v, J) + AE |

(12)

are propable, as they fulfill the condition AE < kT,
and obey the usual optical selection rules. Energy
values of H, and H states have been taken from
Refs. 11, 13, and 14. Then, following Ref. 12, we
have Gy, OCE,,’V,Aqu,gv with A, the Einstein
coefficient for the n—1 transition, ¢, ,. the
Franck-Condon factor for the electronic trans-
ition »(X* £},v=0,J) - v'(Q’,v’,J’), and g, the
fraction of H, molecules in the state v. Summa-
tion is performed on all states v, v’ (typically
three or four states) satisfying reaction (12).

With the Franck-Condon factors given in Ref. 15,
we obtain the following ratio: 0§y, /0%p,/0kx,
=1/0.2/0.02. Experimentally, this ratio was
found to be 1/0.9/0.9. Results of Ref. 12 are

on the other hand in better agreement with this
elementary model. In Ref 12, H, molecules were
mainly in the ground state X* 23(0,J) so that only
reactions (12) contributed to atomic excited-state
quenching as assumed in the model. But in our
experiment, a part of H, molecules is also in
electronic excited states. This part is generally
small compared to the ground-state population,
except for the quasimetastable group of states
c®r, and @2} which then may intervene as sup-
plementary collisional deexcitation channels of
atomic states!®

cm,

H(n)+ H2<a3 -

)-’H(n’=2)+H2($Z', v’,J)+ AE .

(13)

Tables given in Ref. 13 indicate that for every
level n, at least 20 deexcitation channels with
AE <3kT, exist. On the other hand, measurement
by absorption of a cw dye laser beam at 5947.3 A
of the population density of the a®*Z}(v =0, J=2)
state leads to an estimate of the total population
of quasimetastable states of about 5% of the total
molecular population depending on the discharge
conditions (P,Z). We thus can expect to obtain an
important population transfer of the atomic system
towards the molecule according to reaction (13)
which can 'explain the discrepancy with the results
of Ref. 12. This has been experimentally verified
for the n=3 level of H in the particular transfer
reaction

H(n=3)+H[a*Z}(v=0,J=4)]

~Hn=2)+Hy(e*Zw=2,J=5)— £kT, . (14)

H
(avbi(rary uni()

molecular
line

0 10 20 30 40

FIG. 5. Time resolved light intensities of the reso-
nance atomic fluorescence (H,) and collision induced
molecular fluorescence (molecular line) according to the
excitation transfer reaction (14).,

Pumping the »=3 atomic level with the pulsed dye
laser (A,=6563 A) we observed at the same time
an increase of the induced fluorescence light
starting from the e Z}(v =2,J=5) state of
H,(\,=6568 A#),). Result of the time resolved
transfer experiment is shown on Fig. 5 in relative
intensity scale, and exhibits clearly the efficiency
of the quenching of H atomic states by metastable
molecular states, since a great number of reac-
tions similar to the one studied are allowed. The
relaxation times of the atomic and molecular
states deduced from Fig. 5 are of the same order
of magnitude, which indicates that the two level
populations are strongly coupled through col-
lisions.

V. CONCLUSION

One thus can ascribe the quenching of atomic
H states in a glow discharge to collisions with H,
molecules-in ground and quasimetastable states.
Thermally averaged cross sections of 1.5 x 1074
cm? indicate the great efficiency of the mechan-
isms which strongly connect atomic and molecular
states. This coupling through atom-molecule ex-
citation transfers may be for the main part re-
sponsible for the anomalies observed in the mea-
surements of molecular rotational temperatures
and atomic excitation temperatures in H, glow
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discharges. The transfer process tends to de-
populate atomic excited states for the benefit of
excited molecular states, leading to an apparent
increase of H, rotational temperature and an

apparent decrease of H excitation energy. This
is precisely the case of the discharge under study
where T52,~450 °K, T, ~320 °K and TX_
~0.1eV, E, ~5 eV.
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