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The spectral and spatial profile of Hy from the low pressure rf and dc glow discharges in hydrogen is studied in order 1o reveal
the excitation mechanism of the fast excited H fragments. Measurements were performed both for the normal and abnormal dc
glow discharges. Spatial distributions of the Balmer B radiation reflect the local plasma conditions in the discharge. especially the
excitation efficiency which is used 1o determine the excitation kinetics in hydrogen discharges. Spectral Hy profiles were measured
and used 10 determine the kinetic energy of excited H atoms and 1o check which of the mechanisms describes best the results
observed in our experiment. We have also calculated the number densities of vibrationally "excited levels by solving a set of
vibrational master equations for the conditions similar 10 those of our experiments, as excitation from the vibrationally excited
ground-state hydrogen molecules may be used 10 explain the changes in the intermediate wing component of the line profile with

the changing current.

1. Introduction

Studies of hydrogen discharges are important be-
cause i1t 1s a test case for theoretical and experimental
investigations. there is still shortage of data. there are
inconsistencies between different sources [1] and
there is need 10 develop predicative models for real-
istic discharge conditions. Interest in hvdrogen or hy-
drogen/hydrocarbon discharges has recently in-
creased because of its importance in production of
amorphous and crystalline carbon films [2]. In fu-
sion research, studies of H, are related to fundamen-
tal knowledge of the breakdown, diagnostic and neu-
tral beam production [3]. In microelectronics pure
H, and its mixtures are used for selective etching of
InP, GaAs, InGaAsP, AlGaAs and thin oxide films
and cleaning of silicon or metallic surfaces [4]. Ki-
netics of hydrogen collisions are of interest in the de-
velopment of fast high-current switches such as thyr-
atrons [5] and finally it is worth mentioning that
spectroscopy of hydrogen is used in diagnostics of ni-
trading discharges [6] and of the earth’s atmosphere
(7).

Dissociative excitation is one of the dominant pro-
cesses in gas discharges, both as an important disso-

ciation channel or as a source of easily detectable Bal-
mer radiation which can be used for diagnostics. In
experiments with monoenergetic electron beams dis-
sociation dynamics of the hydrogen molecule 1s stud-
ied through the analysis of Doppler profiles of the hy-
drogen Balmer lines. Here, Doppler broadened
Balmer lines reflect the mechanism of excited hydro-
gen atom production [8-12] and it is possible to ob-
tain their kinetic energy distribution. The energy dis-
tribution function (EDF) of excited hydrogen atoms
produced in e-H, collisions usually consist of a “‘slow
group”, with a maximum in the 0-2 eV region, and
of a **fast group™ with a distribution peaking at 7-8
eV. There are numerous combinations of final states
of fragments with channels that open above 16.6 eV,
mostly in the 26-40 eV region [13]. The maximum
energy that is shared between two fragments does not
exceed 40 eV [14].

Hydrogen line shapes in glow discharges show line
widths which exceed by far the thermal Doppler
widths and their structure is different from the pro-
files obtained in the electron beam experiments. This
was confirmed by the measurements of Balmer line
shapes done in dc [15-18] and f [18-20] dis-
charges. The line profiles obtained in dc experiments
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show wide wings which indicate the presence of ex-
cited hydrogen atoms with remarkably high energies
(100 eV). These “far” wings correspond to energies
much larger than those of the *fast group™ (as ob-
tained from the beam experiments) whose contribu-
tion will be labeled here as “intermediate wings™.
Several mechanisms were proposed to explain the far
wings. Those include dissociative excitation by ions,
desorption and subsequent excitation of particles
from the surface, dissociative recombination and ex-
citation and neutralization of incident ions by colli-
sions with surface [17-21]. Even the so called inter-
mediate wings in gas discharges have energies larger
than what can be expected on the basis of potential
energy diagrams. Sultan and co-workers [20] gave an
alternative explanation for the intermediate wings
(e=50eV) observed in their experiment. They pro-
pose that the desorption of vibrationally excited H,
from the electrode surface enhances the high-energy
electron impact excitation in the sheath region and is
responsible for the production of every fast fragments.

The mean kinetic energy of the fast atom differs
greatly in different discharge conditions, electrode
geometry, observation angle and is usually evaluated
from the fwhm of the line profile and not from the
kinetic energy distribution. Therefore there are still
ambiguities in both the explanation of the excitation
mechanism and evaluating procedure. Spatial pro-
files of both dc and rf discharges proved to be very
useful tests of discharge models and gave indication
of the mean energy of electrons and indirectly of the
mechanism of energy deposition [22-25]. Makabe
and co-workers [25] made extensive comparisons
with their numerical model of temporally and spa-
tially resolved H, emission from H, discharge:

In this paper the Balmer B line profiles in rf (27.12
MHz) and dc glow discharges are used to study the
kinetic energy distribution (EDF) of the product at-
oms. We also measured the spatial distribution of Hg
radiation along the E-field direction. The measure-
ments were done at different pressures, currents and
voltages and at several positions in the discharge. Ki-
netics of dissociative excitation in the sheath and in
the bulk of the discharge is distinctly different so such
measurements can give us information on the rela-
tive importance of different mechanisms. As our re-
sults for small (2 mA) and large (20 mA) currents
gave quite different spectral profiles we attempt to

establish the correlation between the non-equilib-
rium population of vibrationally excited molecules
{26] which provide a possibility of opening new
channels for dissociative excitation. Therefore, we
have calculated the vibrational level population from
v=0-13 of the ground-state hydrogen molecule for
two electron concentrations, to see if the distribution
function of the vibrational population could play an
important role in the formation of the fast atom
fragments.

2. Experiment

The apparatus used in this work has been de-
scribed in our previous publication [23] and will be
discussed only briefly.

The discharge was operated in a stainless steel
chamber with two parallel plate electrodes with a di-
ameter of 60 mm and an electrode gap of 20 mm. The
rf power is applied from a 27 MHz generator through
an impedance matching network and is monitored by
a standard rf power meter. The current and voltage
were measured throughout the expeniment. The typ-
ical incideni power was 60 W, with the peak to peak
voltage 500-800 V and a bias voltage of about 125 V.

The dc measurements were done with the elec-
trode set placed in a glass tube in order 1o prevent
breakdown towards the wall of the vacuum chamber.
The discharge current was 2 mA in the normal glow
regime and 20 mA in the abnormal glow regime. while
the discharge voltages were 330 and 1200 V. respec-
tively. In both cases the discharge was diffuse.

The gas density used in the experiments ranged
from 3x10'3-1.8x10'"*cm~2 (0.1-0.6 Torr). Flow
rates were between 5-10 sccm and were controlled
with an MKS model 258B mass flow controller. The
pressure was determined to better than 1% and the
flow rates to 0.5%.

Balmer radiation emitted from the glow discharge
was observed through a quartz window mounted on
the stainless steel vacuum chamber. The observation
angle was perpendicular to the discharge axis. An op-
tical scanning system was used in order to resolve the
light spatially with a resolution of 0.5 mm. The
monochromator was a SPEX 1802 with a dispersion
of 0.4 nm/mm. Normally a 30 pm slit was used. The
resolution was tested by using the 434.7 nm Hg line
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and the fwhm obtained was 0.02 nm. Single photons
were detected with a cooled photomultiplier (EMI
6256) and counted by a photon counting chain.

3. Results and discussion
3.1. Spatial profiles

The optical emission spatial profiles obtained from
rf discharge at two different pressures are shown in
figs. 1a, b. These profiles are usually not symmetric
to the mid-point of the discharge axis, since the sys-
tem is asymmetric. The observed differences in spa-
tial dependencies of Hg radiation, between rf- and dc-
field (see figs. | and 2.) at the same pressure are sig-
nificant. These differences reflect the changes in the
electron density and energy distribution function,
field distribution and consequently excitation effi-
ciency in both discharges.

In rf glow discharge (figs. 1a, b) the position of the
brightest region is strongly dependent on the pres-
sure. At lower pressure (0.1 Torr) in the rf field the
region of very high E/N (where E is the electric field
and N is the gas number density) and low collision
frequency is extended. This is similar to what Blet-
zinger and De Joseph [22] found in N,/Ar rf dis-
charges and we found in N, rf discharges [23]. On
the basis of the spatial profile of emission at lower
pressure one cannot distinguish between the “‘wave
rniding” and the *“secondary electron™ mechanisms
[27]. However, development of the sharp peak at 0.4
Torr indicates the “‘secondary electron” mechanism
of power deposition into the discharge [27]. At higher
pressure electron multiplication in the cathode fall
may be expected to be larger and thus contribute to
the observed spatial profile.

The electron density in the rf field is rather low in
the electrode vicinity so the maximum of excitation
1s shifted towards the larger distances compared to dc
discharges (figs. 2a. b) as found by Kushner [28].

The spatial profiles in the dc glow discharge with
the glass tube placed around the electrodes were rather
similar to those obtained without it. Significant dif-
ference between the spatial profiles for the normal and
abnormal glow (discharges were diffuse in both cases)
is in the relative intensity of the negative glow as
compared to the “"bulk™ of the discharge. In the nor-
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Fig. 1. (a) Spatial profile of Balmer B radiation in rf glow dis-
charge at 0.1 Torr. Spectral profiles were taken at points labelled
aand b. (b) Spatial profile of Balmer B radiation in rf glow dis-
charge at 0.4 Torr.
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Fig. 2. (a) Spatial profile of Balmer B radiation in normal dc glow discharge at 0.6 Torr (/=2 mA; ’=330 V). (b) Spatial profile of
Balmer B radiation in abnormal dc glow discharge at 0.4 Torr (/=20 mA; U=1200V).

mal glow discharge the intensity of radiation from the
negative glow is not significantly larger than the in-
tensity from the bulk. The intensity of radiation from
the negative glow is significantly increased for the
*‘abnormal glow™ discharge (fig. 2b).

3.2. Spectral line shapes and kinetic energy
distribution of H*

3.2.1. Analysis of line profiles

The product hydrogen atoms in dc and rf dis-
charges, are in the excited states H(n) and decay into
lower states, resulting in the emission of photons. By
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looking at these photons. more precisely by observ-
ing the Doppler profiles, the velocity and kinetic en-
ergy distributions of the product atoms can be found.

The experimental profile of Balmer lines is the
convolution of Doppler profile and instrumental
width since collisional broadening, fine structure
(fwhm=~0.0077 nm for Hg) and Stuark effect
(fwhm=0.0028 nm at n,~10'° cm~* for Hy) are
negligible [29]. The Balmer line profile usually con-
sists of a narrow certral peak and wings. However,
one has 10 be aware of the neighbouring molecular
lines. In rf discharge two weak features of the molec-
ular radiation were obtained on both wings of Bal-
mer B profile and another one further towards the red
side of the spectrum (see fig. 3a). These features were
subtracted from the Hg line assuming the symmetry
of the atomic line.

The observable emission profile /(%) of the Bal-
mer radiation 1s related to the true Doppler profile
I4(7") and the instrumental profile /;(~—4") by a
convolution integral:

I(72)= jld(/’.')l,(/'.—/'.')d/',' . (1)

In order 1o solve this integral equation it was neces-
sany 10 apply the Gaussian fitting procedure. We con-
sidered the instrumental profile as a single Gaussian
and an experimental one as a sum of Gaussians of
different halfwidths. Under these assumptions the
given integral equation is equivalent 1o a system of
linear algebraic equations. In this way the Gaussian
coefficients of the deconvoluted profile /4(/") were
evaluated and the full Doppler profile was obtained.
Following Ogawa and Higo [10.30]. we have calcu-
lated the translational energy distribution /7(¢€) of
excited hydrogen H*(n=4) atoms by differcntiating
the full Doppler shape:

const.xXd/(2)
—

3

e:ﬁm(:(/'—ffﬁ) =19.85(2—174)°, (3)

)

H(():

where ¢ 1s the energy in eV. m the atom mass. ¢ the
light velocity. / is the wavelength in A and 7, the
wavelength at the center of the line. Eq. (2) is valid
only when the anisotropy of dissociation and optical
emission can be neglected. For the conditions of our
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measurements. it 1s justified 10 assume that the an-
1sotropy of dissociative excitation by electrons is small
[11]. To check for small instrumental asymmetries
of the profiles. the EDF was obtained from both halfs
of the profile separately and compared. Following this
procedure the kinetic energy distribution of frag-
ments was obtained for each experimental profile.

From the half width of the line the non-thermal av-
erage kinetic energy can be derived. The mean ki-
netic energy of atoms obtained in this way is often
used by different authors 10 discuss the mechanism
of the dissociative excitation. However. this value.
obtained by different formulae in the single energy
approximation. is misleading since the realistic ki-
netic energy distribution functions cannot be easily
approximated by either a delia function or a Max-
wellian function [31]. Even when the bulk of the dis-
tribution can be described by a Maxwellian distribu-
tion the high energy tail cannot be. So the kinetic
energy distribution is in principle the most desirable
one for understanding the excited molecular state
dissociation.

The measurements of the Balmer line profiles have
shown that for different discharge conditions profiles
can differ greatly. We have measured the H* energy
distribution in rf discharge a1 0.1 and 0.4 Torr and in
dc discharge at 0.4-0.6 Torr. Profiles were usually
obtained at two positions. near the electrode (sheath)
and in the mid gap (bulk). Points at which the spec-
tral scans were taken are shown on scans of spatial
dependence of emitted radiation (figs. 1 and 2).

3.2.2. Balmer B profile in rf glow discharge in H
Typical profiles obtained for Hy in the sheath and
in the bulk of the rf discharge in pure H> at 0.1 Torr
and the corresponding kinetic encrgy distributions are
presented in figs. 3a.b. The profiles exhibit a central.
nearly Gaussian shape peak (with fwhm of 0.06 nm
in the bulk and 0.08 nm in the sheath) due to the
velocity distnbution of the slow hydrogen atoms. The
kinetic energy distributions in both cases show a sin-
gle slow component which falls rapidly with an aver-
age energy of 0.22 eV for the bulk of the discharge
and of 0.3 eV for the sheath. This narrow peak is at-
tributed mainly 1o the atoms produced by the disso-
ciation of the Rydberg states (1so) (n/) converging
to the X} (1so,) state of H* and predissociation of
vibrationally excited states such as the 1so, state (see
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Fig. 3. (a) The Doppler profiles of Balmer B line observed in rf glow discharge at 0.1 Torr; (a) sheath, (b) bulk. (b) Kinetic energy
distribution function of H(n=4) atoms in rf discharge: (a) sheath, (b) bulk.

fig. 4.). The threshold energy for these processes is
17 eV.

The kinetic energy distribution, obtained in the
sheath of the rf discharge. indicates the existence of
H* atoms with relatively higher energies (4-10eV).
These atoms can be produced through the repulsive
low lying doubly excited states converging 1o the
22 ¥(2po) of H*. Schiavone and co-workers [9]
suggested the 'Z7 (2no,)? 10 be the most important

for the production of 4 eV hydrogen atoms. since this
state is the lowest doubly excited state in the Franck-
Condon region around 26 eV. Higher doubly excited
states of (2po,, nls.) series which cross the middle of
the Franck-Condon region, below the first excited
H3# state (2po,), dissociate to H(n/) — +H(1s) and
contribute to the 8 eV hydrogen atoms [32]. Few of
these (2po.. nli) states, at large internuclear dis-
1ances. cross the Rydberg series (1so,. nli.) converg-



S.B. Vrhovac et al. / Dissociative

cxcuation of hydrogen

34 , ; .
32+ __H+H
H+ H(31)
30+
28k H'+ HI21
26+ -
2‘0"‘ -
22+ 0 'n,Lpx -
/?—_Vmg“l
L ) Y/ —B LT _
_ 20 DN Spx— b ) ,‘///_9 325“0.
> 18| 8 530\ x); ; ‘/v —— R
- . "\ 9's%4 e Hi1s)+ H(L1)
5 16 93[\;390\ \ — = S Hi15)+ HE31)
— \ = -— . 3 ‘\\\& N .3 3 —
5 \ = & L iy R T
S 1 \ N = - e et - 3
- \ /é)\\ = Hizs)+H(15))
n,3px
X 12} " ; 1ﬂg%dl -
5 N : '1[0 sz Caﬂu29!
— C+e?Lg 1o e’rg2s0
E 10 i;:,.- 329 H'Lg3s0 :3ﬂu2pl =
’ z,r’z;zmupc?
8 B
6 _
Hits)+H(1s)
L s e e TR LE
2+ .
X Lg1s0 N
0 1 1 1 1 ! ! ] ! ' ! 1 !
0 1.2 16 20 24 28 32 36 LO L& 4B 52 5.6
INTERNUCLEAR DISTANCE (A)

Fig. 4. Potential energy curves for H;

ing to HY (1so, ) state and consequently lead to frag-
ments of the same energy.

The energy distributions obtained in the sheath and
in the bulk of the discharge when compared with beam
experiment distributions indicate that the number of

and H? (from Sharp [14]).

higher energy electrons (above 26 eV) is signifi-
cantly increased in the sheath.

The line profiles obtained in hydrogen rf discharge
a1 0.4 Torr are rather similar 1o those measured at 0.1
Torr. while the spatial distributions of Balmer f ra-
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diation are quite different. In the sheath the lines are
somewhat broader and the structure of the interme-
diate wings changes in the same manner at both pres-
sures. Identical mechanism of excitation at two pres-
sures indicates that the significantly different spatial
profiles (figs. 1a. b) are due 1o a different spatial dis-
tribution of electron density and not due to a differ-
ent power deposition mechanism.

3.2.3. Balmer B profile in dc glow discharge in H

In figs. 5 and 6 the line profiles measured in the
sheath (a) and in the bulk (b) of the dc discharge at
2 and 20 mA are shown. The corresponding kinetic
energy distributions are given in fig. 7. In the bulk of
the normal and abnormal glow discharge the identi-
cal EDF was evaluated. The slow component has a
mean energy of 0.2 eV and the fast component has a
mean energy of 8 eV which is in agreement with the
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Fig. 5. Doppler profiles of the Balmer B line observed in normal
glow discharge: cunve a in the sheath. curve b in the bulk.
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dc abnormal glow discharge: curve a in the sheath. cune b in the
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Fig. 7. Kinetic energy distribution function of H(n=4) fragment
atoms in dc glow discharge: curve a in the sheath of the normal
glow. curve b in the bulk of the normal glow and cune ¢ in the
sheath of the abnormal glow.

results obtained using beam experiments [10]. Both
the low and high energy components are thought to
be created through the same excited states of H, as
discussed already for spectral profiles in rf dis-
charges. In the sheath of the normal glow discharge a
similar EDF was derived but with a tail extended to
somewhat higher energies. The shift towards higher
energies of the maximum in the EDF. in the sheath
region, can be attributed to the existence of vibra-
tionally excited molecules which collide with higher
energy electrons producing the emissive fragment
with large kinetic energy. The shift and shaping of the
EDF of the product H*(n=4) atoms. obtained in this
experiment, correspond fairly well with the shaping
theoretically obtained by Celiberti and co-workers
[33] when vibrationally excited ground state mole-
cules are taken into account. These calculations were
done for different electron energies showing that dif-
ferences in the cross sections for the process
H,(X'Y}. v=0-13)+e—~H(n=1)+H(n=4)+e
determine the intensity of the EDF.

In the sheath of the abndrmal glow a broad EDF
was evaluated with the main peak at 1 eV and a very
high energy tail up to 45 eV. These changes can be
connected with the nonequilibrium vibrational dis-
tribution too. because nonequilibrium vibrational
distribution with increased current density further
modifies the high energy 1ail of the EDF. However.
the observed changes in the intensity and shaping of
the EDF. in the sheath of the abnormal glow, can also
be due to heavy particle collisions. as expected for
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very high values of £/.N in the sheath of the abnor-
mal glow [21].

Our preliminary measurements of the Balmer f8
Doppler shift. in the direction of the electric field
(observed through one of the electrodes) of the ab-
normal glow discharge. have shown that high energy
H* atoms with mean energies in excess of 100 eV ex-
ist in the same experimental conditions as discussed
here. From the measured line profile it was found that
a significant number of atoms are moving towards
the cathode as well away from the cathode with ener-
gies of the order of 100 eV which is in agreement with
the results of Benesch and L1 [15]. A significant con-
tribution to the line wings may come from the fast
ions” 1 neutrals and these effects were studied in
more detail by Petrovic and co-workers [21]. By
comparing the model of hydrogen low-current dis-
charge [1] to experimental data these authors found
that at high E/.N values such as those found in cath-
ode fall of glow discharges electron excitation in the
cathode vicinity 1s less important. Petrovic and co-
workers [21] found that the dominant excitation of
Balmer lines comes from the collisions of fast H, and
H which may excite molecular hydrogen into H*. lons
hitting the surface may get neutralized and reflected
back as excited atoms with high kinetic energy. Fast
back reflected excited atoms may contribute 1o the
wings in *‘side on™ measurements if scattered at an
angle different from 90°. The flux of outgoing ex-
cited atoms was found to depend strongly on the sur-
face materials [15.21] and stainless steel has one of
the largest vields of excited atoms.

As suggested by Sultan et al. [16] and shown in
the:  1easurements, the electron impact of vibra-
tionally excited molecules may also lead to high en-
ergy of fragments. This mechanism which is domi-
nant in the bulk region will be analyzed in more detail
in the following section.

3.3. Population of vibrationally excited levels

The strong dependence on the current of the Dop-
pler profiles in dc glow discharges indicates that ex-
citation from highly excited vibrational levels could
be rather important. Therefore we have performed
calculations of the vibrational level population of the
ground state hydrogen molecule directed towards in-
terpreting the line profiles and discussing the impor-
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tance of vibrationally excited molecules in the for-
mation of kinetic energy distribution of slow and fast
hydrogen atoms.

A well-know fact is that the direct dissociation cross
sections are affected by the vibrational excitation.
This was confirmed by the calculations of several au-
thors where they present the dependence of electron
cross section on the vibrational quantum number and
show that the increase of vibrational energy de-
creases the threshold energy of the electron impact
dissociation processes [33-35]. As mentioned above
(see section 3.2.3.) the nonequilibrium vibrational
distribution deeply affects the kinetic energy distri-
bution (EDF) of the hydrogen atoms and protons
[33] generated by direct dissociative excitation and/
or ionization mechanisms.

In this section we will briefly discuss the influence
of different processes on the vibrational level popu-
lation. In particular the present results are applied to
the bulk experimental situation in the discharge. To
integrate the system of vibrational master equations
we have used a software package, PLOD, which is
based on the Gear stiff formulas.

Nonequilibrium vibrational kinetics can be mod-
eled provided one takes into account the following
points [36-44]:

(a) Low energy electrons are responsible for direct
excitation of lower vibrational levels. (e-V) while the
higher vibrational states (" =5-14) are populated
mainly through resonant excitation via singlet states
(E-V).

(b) Vibrational excitation is reduced or enhanced
(depending on the quantum number) through colli-
sions of two vibrationally excited molecules in the vi-
brational-vibrational (V-V) energy transfer.-Such
non-resonant vibrational energy exchange increases
the population of upper energy levels.

(c) The vibrational population is also determined
by the vibrational-translational (V-T) energy trans-
fer. It is worth mentioning that the de-excitation (V-
T) rate (v—v—1) increases monotonically with vi-
brational quantum number and is important forv> 6
[35-37].

(d) We have estimated the electron density for the
normal glow to be 1 X 10'°cm =2, For such discharge
conditions (7, =300 K. p=0.4-0.6 Torr, n,~ 1 x 10"
cm~?) the rates for atomic-molecular collisions
which lead to vibrational de-excitation are compara-
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bly smaller than the V-T rates. Furthermore. the
concentration of atoms is sufficiently small com-
pared to the molecules since the degree of ionization
and dissociation is small (107%-10-*) in rf and dc
glow discharges with current density up 1o 10~* A/
cm? [37.47]. Judging by the kinetic equations. pro-
vided that there is no loading and the recombination
1s negligible. the electron number density may be ex-
pected to be proportional 1o the current.

The vibrational master equations system can be
writen in general form as:

B [ o)
a “\ar ) \or /).y
N a.N
+(a', ”) +<d', "> : (4)
O Jew a Jy_r

Explicit expressions for these terms have been re-
ported previously [35-40].

The corresponding excitation and relaxation pro-
cesses were incorporated into the vibrational master
equation. It should be noticed that e~V processes start
from ground the vibro-electronic state of the H, mol-
ecule and that rotational excitation and termaliza-
tion effects of electron—electron interactions have not
been included in these calculations. The rotational
excitation is important in the case of lower E/N than
those considered in this experiment. Basically we have
solved the system of vibrational master equations de-
scribing the temporal evolution of the population
density of the fourteen vibrational levels of H,, start-
ing with all molecules in the level =0 at time =0
in the flow regime. The rate coefficients for e-V en-
ergy exchange were taken from Buckman and Phelps
[45] and for V-V and V-T processes from Caccia-
tore etal. [40] and Biling and Fisher [46].

Fig. 8 shows the relative population of the excited
vibrational levels .V, (v) compared to the ground vi-
brational level for two electron densities at 30 Td. The
low value of E/N was chosen 1o be able to compare
our results with other available calculations. In case
of cathode sheaths a much higher E/N would be ex-
pected. Yet even in that case one may expect a good
correspondence between current and electron num-
ber density.

It can be seen that populations fall rapidly with in-
creasing vibrational quantum number (for n,=10'°
cm~?) because of the declining e-V pumping rates

° 05310":m}
3 n,=10cm’

]
1
1
E
1

POPULATION DENSITY N, (cm )
2

VIBRATIONAL LEVELS

Fig. 8. Populations of vibrationally excited levels in H. at S ms.

[36]. For lower vibrational levels v < 5 the e-V rates
are dominant. However, at the upper end of the vi-
brational spectrum the e-V rates are small compared
with the E-V and V-T rates. and the relative contri-
butions to successive levels decline is slower for E-V
than for e-V processes. Moreover. at the upper end
of the vibrational ladder the populations are depleted
by V-T de-excitation following E-V formation. At
intermediate levels we observed a characteristic pla-
teau on the vibrational distribution which is more
pronounced when approaching the quasi stationary
conditions (r=10"2s). Also the V-T losses are small
compared to high e~V and V-V rates, which is true
for hydrogen at low gas temperatures and low
pressures.

The calculations were extended 10 the population
via electronic excitation of C '], state which affects
particularly the population of higher vibrational lev-
els. No significant difference was noticed when the
B 'X, state was included in the calculation. This is in
accordance with the transition moments of both states
and the fraction F(B, v") as evaluated by Hiskes and
co-workers [37,38]. We have also noticed that the
obtained distribution with de-excitation processes for
t=10"7sis similar to the one calculated without re-
combination processes.

The present calculation shows that high popula-
tions of vibrationally excited molecules may be ex-
pected in discharges under conditions that lead to the
observation of the high energy excited hydrogen at-
oms. Furthermore, with increased electron density
(n,=10""cm~*) the number of vibrationally excited
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molecules in higher vibrational levels (¢>35) is in-
creased. Such changes in the vibrational distribution
influence the kinetic energy distribution of the prod-
uct hvdrogen atoms (EDF) in the manner that the
difference between distinct regions of low and higher
energy atoms in the EDF 1s slowly disappearing.

4. Summary

In the present paper we have reported a study of
spatial dependence of emitted Hg radiation and of the
kinetic energy distribution of hydrogen atoms in dc
and rf field discharges at various points along the field
axis. —

In _.ticular we have shown the importance of vi-
brationally excited molecules affecting the EDF in the
bulk and in the sheath of the glow discharges. The
correlation was made between experimentally ob-
tained changes in the EDF with the changes in the
vibrational distribution induced by increased current.

The Hp profiles measured in the rf glow discharge
and the corresponding single component EDF with a
tail up to 25 eV proved that the electron impact dis-
sociative excitation playva a key role in the mecha-
nism of excited hydrogen atom production. No es-
sential difference has been notices between the sheath
and the bulk of the rf discharge at 0.1 and 0.4 Torr
which implicates that the excitation mechanism in
both cases is the same though it does not exclude a
possible directed component of heavy particles. In dc
normal and abnormal glow discharge the two com-
ponent EDF was obtained in the bulk region, thus in-
dicat that electron impact excitation determines
the exv..ation mechanism in the bulk region through
(1) the predissociation of vibrational excited states
or Rydberg states directly dissociated leading to the
production of slow hydrogen atoms or (2) repulsive
doubly excited states leading to the production of fast
hydrogen atoms. In the sheath region of the normal
glow, the shift of the maximum in the EDF towards
higher energies was evaluated and attributed to the

existence of the emissive H* higher energy fragments

which are formed in the collisions of the vibration-
ally excited molecules with the higher energy
electrons.

In the sheath region of the abnormal dc glow dis-
charge the single component EDF was evaluated. The
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high energy tail of EDF is greatly enhanced and ex-
tended up to 45 eV. Our recent measurements of Bal-
mer B Doppler shift, in the direction of the electric
field. in similar experimental conditions. have shown
that high energy H* atoms with energies up to 500 eV
exist in the cathode fall region of the abnormal glow.
We have also noticed the presence of back-scattered
H* atoms with energies up to 100 eV. These atoms
are preferentially produced in heavy particle colli-
sions (1.e. in the gas phase charge exchange collisions
and ion or neutral surface collisions) where vibra-
tionally excited molecules play a significant role.
Further experimental studies are in progress in order
10 reveal the importance of heavy particle collisions
for the fast atom production.
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molecules in higher vibrational levels (¥>5) is in-
creased. Such changes in the vibrational distribution
influence the kinetic energy distribution of the prod-
uct hydrogen atoms (EDF) in the manner that the
difference between distinct regions of low and higher
energy atoms in the EDF is slowly disappearing.

4. Summary

In the present paper we have reported a study of
spatial dependence of emitted Hg radiation and of the
kinetic energy distribution of hydrogen atoms in dc
and rf field discharges at various points along the field
axis.

In _.ticular we have shown the imponance of vi-
brationally excited molecules affecting the EDF in the
bulk and in the sheath of the glow discharges. The
correlation was made between experimentally ob-
tained changes in the EDF with the changes in the
vibrational distribution induced by increased current.

The Hp profiles measured in the rf glow discharge
and the corresponding single component EDF with a
tail up to 25 eV proved that the electron impact dis-
sociative excitation plava a key role in the mecha-
nism of excited hyvdrogen atom production. No es-
sential difference has been notices between the sheath
and the bulk of the rf discharge at 0.1 and 0.4 Torr
which implicates that the excitation mechanism in
both cases is the same though it does not exclude a
possible directed component of heavy particles. In dc
normal and abnormal glow discharge the two com-
ponent EDF was obtained in the bulk region, thus in-
dicati” that electron impact excitation determines
the exv..ation mechanism in the bulk region through
(1) the predissociation of vibrational excited states
or Rydberg states directly dissociated leading to the
production of slow hydrogen atoms or (2) repulsive
doubly excited states leading to the production of fast
hydrogen atoms. In the sheath region of the normal
glow, the shift of the maximum in the EDF towards
higher energies was evaluated and attributed to the

existence of the emissive H* higher energy fragments

which are formed in the collisions of the vibration-
ally excited molecules with the higher energy
electrons.

In the sheath region of the abnormal dc glow dis-
charge the single component EDF was evaluated. The
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high energy tail of EDF is greatly enhanced and ex-
tended up to 45 eV. Our recent measurements of Bal-
mer B Doppler shift, in the direction of the electric
field. in similar experimental conditions. have shown
that high energy H* atoms with energies up to 500 eV
exist in the cathode fall region of the abnormal glow.
We have also noticed the presence of back-scattered
H* atoms with energies up to 100 eV. These atoms
are preferentially produced in heavy particle colli-
sions (1.e. in the gas phase charge exchange collisions
and ion or neutral surface collisions) where vibra-
tionally excited molecules play a significant role.
Further experimental studies are in progress in order
10 reveal the imponance of heavy particle collisions
for the fast atom production.
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