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INTRODUCT ION

Measurements]’2 of H and D~ concentrations in plasmas indicate that
mechanisms involving intermediate excited states are required to explain the
observed large magnitudes and functional dependencies. Processes which in-
volve excited states or ions are the following:

a. Dissociative attachment of electrons from vibrationally excited
states of hydrogen molecules:
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b. Dissociative attachment of electrons from electronically excited
long-lived states of hydrogen molecules:
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c. Dissociative recombination of H1
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[n the Tow pressure positive column discharge process (a) will be most impor-
tant because of its much lower energy threshold. Under conditions of beam-
generated plasmas or of large fractional ionization processes (b) and (c)
become more important.

We have performed a theoretical investigation of the electron kinetics
in low pressure hydrogen discharges, with particular attention to the genera-
tion of neg%tive ions in such plasmas. Recent results of experimental and
theoretical” studies have shown that the dissociative attachment cross-sec-
tions for electron impact of molecular hydrogen are very strong functions of
the initial vibrational state of the molecule. The existence of this compre-
hensive set of cross-sections, which establish the vibrational level and ro-
tational level dependencies of dissociative attachment from the ground elec-
tronic state, permits the evaluation of the effect of non-equilibrium level
populations on the production rate of H™ in discharges.

CALCULATIONS AND RESULTS

Using the cross-section data for momentum transfer and the multiple in-
elastic processes outlined in Table 1, and a numerical solution of the Boltz-
mann transport equation for electrons in the two-term approximation, the
electron energy distribution function (EEDF) was calculated for a range of
the parameter E/N., Here E is the electric field in volts/cm and N is the
total number density (cm=3) of the discharqe species. This enables the evalu-

ation of the rate coefficient for the various processes as functions of E/N.
Results are shown in Figure 1 for assumed zero vibrational and rotational
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temperatures. Note that over most of the E/N range, the input energy is
channeled mainly into vibrational excitation, V; dissociation, D, and elec-
tronic excitation, EX. The dissociative attachment process from the ground
vibrational state absorbs a very minor fraction of the discharge energy. Vi-
brational excitation is the dominant energy loss in the E/N range of 10-50
Townsends. The dominant excitation channel is V=0 to V=1.

To examine the influence of vibrational excitation on the rate of disso-
ciative attachwment, the problem was initially uncoupled and a Boltzmann dis-
tribution in the vibrational states was assumed. The dissociative attachment
was calculated as a function of E/N for a realistic range of vibrational temp-
eratures. The results are shown in Figure 2. As anticipated, there is a
significant increase (X50) in the rate of dissociative attachment for the
higher vibrational temperatures. In addition, the location of the maximum of
the dissociative attachment rate shifts to lower energies, reflecting the
lower threshold for dissociative attachment from excited vibrational states.

When the discharge is switched on, plasma chemistry changes occur. These
influence the EEDF and the excitation rates. Calculations have been made for
different fractions of molecular and atomic hydrogen. Some results are shown
in Figure 3, illustrating the EEDF's for (E/N)= 40 Townsends. For this case,
if (E/N) were somehow held constant as dissociation occurs, the actual rate
coefficient for vibrational pumping is increased so that the net rate (up to
50% dissociation) would not change markedly even though the number of mole-
cules has decreased. Under most experimental conditions however, E is con-
stant so that as dissociation proceeds, (E/N) decreases and the rate coeffi-
cients decrease accordingly. The influence of superelastic collisions on
EEDF is measurable but it does not markedly change the dissociative attach-
ment rate.

More important at higher gas pressures are collision processes involving
heavy particles: molecule-molecule and molecule-atom. The primary energy
transfers that occur are vibrational-vibrational (VV) and vibrational-trans-
lational (VT).

Formally, each vibrational state population will be governed by an equa-
tion:
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where N, is the concentration of molecules in state V, and the R's represent
generaleed rate coefficients for the population or depopulation of state V.

This set of equations is commonly referred to as the Master Equation.

We have utilized the V-V and V-T rate coefficients from the gheory of
Schwartz, Slawsky and Hertzfeldd as modified by Keck and Carrier. These
results were fitted to she theoretical calculations or Billing and the exper-
imental data of Ducing. These heavy particle rate coefficients were supple-
mented by the electron impact rates for vibrational excitation and dissoci-
ative attachment and the Master Equation was integrated. Since the temporal
evolution is governed by the transition probabilities, V-V and V-T, which
range over many orders of magnitude, the resulting time constants for the
coupled set of equations differ substantially in magnitude. Consequently,

we hage utilized the multi-step implicit stiffly stable scheme proposed by
Gear.
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The rate of excitation, R, ., of the vibrational state J from vibrational
state I and the rate of dissoc‘gtive attachment are calculated self-consist-
ently with the existing excited state densities by solving the collisional
Boltzmann equation for the EEDF (differing substantially from a Maxwellian).
The calculation is then repeated to account for changes in the molecular vi-
brational populations which, in turn modify the electron distribution and,
consequently, the vibrational excitation and dissociative attachment rates.
The procedure carried on until a steady state solution for the EEDF and the
vibrational populations is found.

Results are 9re5ented in Figure 4, for an E/N = 40 Townsend, fractional
jonization of 10~/, and a translational temperature of 3000K. The vibra-
tional distribution is presented in a semi-log plot as a function of the
normalized vibrational energy. A Boltzmann distribution, characterized by a
temperature T,, would appear in this format as a straight line with slope of
(De/KT,). In this example, the vibrational temperature associated with the
first ¥wo levels"T ( " is approximately 2000°K. However, the actual vibra-
tional distributiox L}hibits a significant departure from this straight Tine
behavior. This departure can be understood by considering the relative mag-
nitude of the V-V and V-T exchange rates. At low vibrational quantum numbers
the Master Equation is dominated by V-V exchanges. In this regime, the vibra-
tional distribution is given analytically by the Treanor distribution.

Note that the population in vibrational states V=5, 6, 7 exceeds the
Boltzmann (at T, = 2000°K) values by two orders of magnitude. This enhanced
non-equilibrium population, encountered under conditions of strong vibrational
excitation and low translational temperature, is caused by V-V exchanges.

Thus, anharmonic pumping, which Teads to an enhancement in the popula-
tion of the high lying vibrational states, produces a substantial increase in
the rate constants for dissociative attachment, kDA(V). where

N

kDA(V) = ﬁ!— <o v(v) v >

These rate constants, also shown in Figure 4, exhibit a maximum for (E /D()=
0.5. This corresponds to the vibrational Tevel V=5. The contribution of
this Tevel alone to dissociative attachment exceeds that of the ground state
by almost three orders of magnitude.

Having established how the vibrational kinetics couple into the dissoci-
ative attachment coefficient, we examine the dependence of this coefficient
on the fractional ionization and gas temperature. Using the numerical solu-
tion of the Boltzmann equation for the electrons and the coupled vibrational
kinetics solutions, the dissociative attachment rate was calculated for frac-
tional ionization ranging from 10-8 to 10-0 at gas temperatures of 1000, 2000,
and 300°K. The results for an E/N = 40 Townsend are presented in Figure 5.
Consider first the results at 300°K. At this temperature, the effective dis-
sociative attachment rate per electron exhibits a linear dependence on frac-
tional ionization. Thus, the net rate of dissociative attachment is quadratic
in electron density for the range of conditions indicated. The reduction of
the gas temperature from 3000K to 200°K enhances the anharmonic pumping which
results in an increased vibrational population in the "plateau" region and an
extension of this region to higher vibrational quantum number. As a result,
a significant increase in kD is obtained. However, a further reduction in _
the temperature to 1000K proauces only a small additional increase. This
saturation of the enhancement reflects the Teveling off of the dissociative
attachment cross-sections for vibrational levels V>6 and the increased
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influence of dissociative attachment Tosses on the vibrational distribution.
CONCLUSTONS

As a result of this analysis, we conclude that under appropriate dis-
charge conditions, the rate of production of negative ions in a hydrogen
plasma can be significantly enhanced. For a high pressure discharge operating
at an E/N of 40 Townsend and a gas temperature of 200°K, the effective rate
constant is increased over three orders of magnitude. Since the negative ion
production is dominanted by contributions from high lying vibrational states
whose populations are determined by non-equilibrium pumping, it is important
to determine self-consistently the state of vibrational excitation when
analyzing the H, discharge. Even in a discharge at low pressure, if the wall
deactivation of"the vibrational levels is not 100% effective, one may antici-
pate increased dissociative attachment.

The calculations indicate that production will be significantly enhanced
by vibrationally exciting the molecular hydrogen and maintaining low trans-
lational temperatures by environmental control or by gas dynamic expansion.

In order to limit dissociation and its subsequent vibrational quenching, oper-
ation at low E/N values is necessary. It is suggested that this may be
achieved by external ionization or operation in a mixture that includes an
additive such as xenon or nitric oxide which is efficiently ionized.

REFERENCES

1. Bacal, M., and Hamilton, G.W., "H™ and D™ Production in Plasmas," Phys.
Rev. Letters, Vol. 42, 1538, (1979).

2. Bacal, M., Hamilton, G.W., and Bruneteau, A.M., Daucet, H.J., and Taillet,
J., Rev. Sci. Inst. 50, 719 (1979).

3. Bardsley, J.N., and Wadehra, J.M., "Dissociative Attachment and Vibra-
tional Excitation in Low Energy Collisions of Electrons with H, and 0,," Phys.
Rev. Vol. A20, 1398, (1979).

4. Schwartz, R.N., Slawsky, Z.I., and Herzfeld, K.F., "Calculation of Vibra-
tional Relaxation Times in Gases," Journal of Chemical Physics, Vol. 20, 1591
(1952).

5. Keck, J.C., and Carrier, G. "Diffusion Theory of Non-Equilibrium Dissoci-
ation and Recombination." Journal of Chemical Physics, Vol. 43, 2284 (1965).
6. Billing, G.D., and Fisher, E.R., "VV and VI Rate Coefficients in H2 by a
Quantum Classical Model" Wayne State University Report (1975).

7. Audiberty, J.J., Joffrin, C., and Ducing, J., "Vibrational Relaxation of
H2 in the Range 500-400K," Chem. Phys. Letter, Vol. 25, pp. 158-163, (1974).
87 Gear, C.W., "The Automatic Integration of Stiff Ordinary Differential
Equations" Communications in ACM, Vol. 14, 176 (1971).




PROCESS
MOMENTUM TRANSFER

ROTATION, R(0-2), R(1-3)
VIBRATION V(0-1)

v(0-2), v(0-3)

V(0-4), V(0-5)
DISSOCTATIVE ATTACHMENT
Vo-va

V5-v9

ELECTRONIC, E1, E2
DISSOCIATION

[ONIZATION
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FIGURE 1. Excitation Rates In Mole-
cular Hydrogen
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DISSOCIATIVE ATTACHMENT

AS FUNCTION OF VIBRATIONAL TEMPERATURE
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