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Abstract— The possibility is considered of restoring the electron energy distribution function (EEDF) in the
interval of electron energies 0 < £ <5 eV from measurements of the electric field strength and of gas and vibra-
tional temperatures by the coherent anti-Stokes Raman scattering (CARS) method in a positive column of a
glow discharge in molecular nitrogen at 20 < E/N < 80 Td and dissociation degree a < 10-3, when a consider-
able fraction of electron energy goes to excitation of vibrational degrees of freedom. The results of calculation
of drift velocity and electron temperature and of the ratio of transverse diffusion coefficient to electron mobility
and EEDF have demonstrated that the model proposed to restore the EEDF is in good quantitative agreement

with the experiment depending on the variation of the parameter E/N and vibrational temperature.

INTRODUCTION

At present, the problems of diagnostics of the elec-
tron component of a low-temperature weakly ionized
plasma at gas pressures p > 0.1 torr assume consider-
able importance in view of the development of plasmo-
chemical reactors and lasers. For measurements of
parameters of the electron component, the probe meth-
ods [1] and the spectral ones [2, 3], as well as micro-
wave interferometry [4], are conventionally used. In
[5], the optical interferometry method was proposed for
determination of electron concentration.

The properties of discharge plasma at low pressures
and a moderate degree of ionization are largely defined
by electron collisions with gas molecules. One of the
most important characteristics of a low-temperature
weakly ionized plasma of molecular gas is the electron
energy distribution function (EEDF).

The electric probe method is one of the most com-
monly used for experimental determination of EEDF.
However, in recovering the EEDF, the interpretation of
the volt-ampere characteristics obtained by probe mea-
surements is complicated by the effects of electron sink
to the probe [6] and of finite, plasma resistance [1].
The theory of probe measurements for discharges in
molecular gases at average pressures (p > 10 torr) is not
yet fully developed, and quantitative measurements are,
iisarule, estimatory.

In this study we investigate the possibility of restor-
ing the EEDF in the interval of electron energies 0 <

E< 5 eV based on its relationship with the vibrational-
rotational molecule distribution function (VDF) of
nitrogen in a glow discharge plasma, derived experi-
mentally by the coherent anti-Stokes Raman scattering
(CARS) method. The form of EEDF is defined by
numerical solution of the Boltzmann equation. To
recover the EEDF correctly, information about popula-
tions of vibrationally excited molecules is required,
whose concentrations are included in electron-mole-
cule collision integrals describing inelastic impacts of
the first and second (superelastic) kind. Populations of
vibrationally excited molecules were determined by
CARS spectroscopy. Note that this method allows one
to determine the VDF in plasma by direct measure-
ments with high reliability [7-12].

1. EXPERIMENTAL CONDITIONS AND
METHODS OF MEASUREMENTS

1.1. Discharge

A direct-current longitudinal glow discharge was
initiated in a quartz, tube with the inner diameter of
3.6 cm and length of 98 cm. A high-voltage stabilized
power source was connected to ring titanium elec-
trodes inserted in the discharge tube. The distance
between the electrodes was 60 cm. The tube had a water
cooling loop. The evacuation and admission of a gas
was performed through holes in end flanges. Quartz
mirrors of optical quality were attached to the flanges.
The current in the discharge was maintained at 50 mA.
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THE POSSIBILITY OF LOCAL NONPERTURBING DIAGNOSTICS 66

nitrogen molecules with v - 0, that makes it possible to
reach a consistent description of the electron compo-
nent and vibrational kinetics in the successive solution
of the first- and second-stage problems. Qualitative
agreement between the calculated and experimental
results in Vdr, Te, D/\i, and the EEDF validates the
numerical model used by us for determination of the
main characteristics of the electron component in a
glow discharge plasma in molecular nitrogen. The cal-
culated and measured values of the vibrational temper-
ature are also in good agreement (see the table).

Good agreement between the values of vibrational
temperatures Tv and T,n, as well as of measured and
calculated values of EEDF, points to strong correlation
between populations of the lower levels of VDF and
EEDF in the range of electron energies, where the cross
sections of excitation and de-excitation of vibrational
levels by electron impact have maxima. Indeed, as is
seen in Figs. 6 and 7, an increase in the vibrational tem-
perature leads to an increase in the relative fraction of
electrons with energy above 2 eV. Therefore, the form
of EEDF in the range of 2 <e <5 eV appears to be sen-
sitive to variation of the VDF. The reason is that, for
treated values of E/N, when a fraction of electron
energy is spent for the excitation of vibrational degrees
of freedom, the form of EEDF in the energy range spec-
ified above is largely defined by inelastic and superelas-
tic collisions of electron with molecules in states with
moderate vibrational numbers v < 10. As E/N
increases, the fraction of high-energy electrons
increases, and the variation of the form of EEDF as a
function of the VDF becomes less pronounced. For the
electron energy of e > 5 eV, kinetic processes involving
nitrogen atoms and molecules in electron-excited states
are of importance for the form of EEDF. Therefore, to
calculate the latter function correctly, measurements
are required of populations of electron-excited states of
molecules and atoms.

Figure 8 shows the EEDF for different values of the
degree of dissociation of nitrogen molecules in a sta-
tionary discharge. The effect of atoms on the EEDF in
the electron energy range e <5 eV is insignificant at the
degree of dissociation a < 10~3. In addition, according
to the calculations within the framework of the model
at hand, as well as to the estimates of [32], VT-relax-

log [/m(£)]

Fig. 7. Calculation of the electron energy distribution func-
tions: (1,3) atE/N =45Td; (2,4) atE/N =70 Td; solid lines
indicate calculation including superelastic collisions;
dashed curves, without superelastic collisions.

ation of nitrogen molecules by atoms (14) does not
affect the VDF of the first eight or ten vibrational levels.
Based on this fact, we may assume that, for the dis-
charge conditions, when the degree of dissociation of
molecules is a < 10~3, atom formation does not consid-
erably affect the degree of vibrational excitation of the
lower levels and EEDF. More detailed treatment of the
influence of the degree of dissociation on the VDF and
EEDF needs additional investigation.

Note that CARS spectroscopy may simultaneously
measure the values of electric field strength (and E/N),
gas temperature, and populations of vibrationally
excited molecules. A set of these values allows one to
determine the low-energy part of EEDF in a glow dis-
charge in nitrogen from the solution of the Boltzmann
equation. This is true for those conditions when the

Table
Experimental data Calculation
CARS 2-A.-CARS
References E/N, Td Tod> K
Tl K Av04. K Tl K T\O4. K
Our paper 80 480 +35 4470 + 350 460 + 25 4450 + 220 4415
45 530 +35 4940 + 360 510+ 25 4920 + 245 4750
60 600 + 40 4770 + 370 580 +30 4750 + 240 4700
[9, 10] 70 530 £30 6000 + 350 5900
HIGH TEMPERATURE  Vol. 34 No. 5 1996
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log (/(e)]

Fig. 6. Electron distribution functions over energy E/N =
70 Td: the lines indicate our calculation; Tv = (/) 3000;
(2) 4000 K; points indicate the experimental data of [31].

Tne value of vibrational temperature, defined by popu-
lations of the first two levels, T& =3400/In(NU 11/,),

was Twe = 4250 + 360 K. Figure 4 also shows the Boltz-
mann (solid line) and Trinore (dashed curve) distribu-
tions with the same value of Tv Figure 5 shows the
results of measurements of populations of vibrational
levels with v= 0-8 from [9], derived for the following
discharge parameters: p = 2 torr, E/N = 60-70 Td,
T=540 K,Ne=2x HKOI0cm-3. Under these conditions,
the value of the vibrational temperature was =
5300 + 350 K. The time of residence of molecules in
the discharge zone was 11 to 15 ms. The curves in Figs.
4 and 5 indicate that the measured values of VDF for
v = 0-4 are well approximated by the Trinore distribu-
tion. For the vibrational number of v> 5, the measured
values of VDF lie between the Trinore and Boltzmann
distributions.

As was already mentioned, a correct calculation of
the EEDF based on equation (5) requires information
about the populations of vibrational levels of nitrogen
molecules with v= 0-10. In its turn, to solve the bal-
ance equations for the concentration of vibrationally
excited molecules (to determine the VDF), it is neces-
sary to determine correctly the rate constants of excita-
tion and de-excitation of vibrational levels by electron
impact. Therefore, an adequate description of a glow
discharge plasma in molecular nitrogen in the range of
the parameter E/N = 20-80 Td, where a considerable
part of the energy contributed to the discharge is spent
fer excitation of molecular vibrations [4], may be
obtained only by simultaneous solution of equation (5)
and the set of equations (11) and (12).

In the first stage, the EEDF, drift velocity Vdp tem-
perature Te, and the characteristic electron energy D/y
were calculated and compared with the data of [14, 28,
30, 31]. The initial parameters were provided by the
experimental data for the gas temperature T, vibrational
temperature of the first level TvE obtained by CARS
spectroscopy, and E/N. Note that the method proposed
in [42] may be used to determine the electric field
strength from the results of CARS measurements.

In the second stage, the VDF and Tv were deter-
mined from the solution of the set of kinetic equations
describing the balance of vibrationally excited mole-
cules and formation of nitrogen atoms. The gas temper-
ature T and the rate constants, drift velocity Wdr, and
electron concentration Ne calculated by the EEDF,
were used as the input parameters.

Figure 6 illustrates the results of EEDF probe mea-
surements borrowed from [31] at E/N = 70 Td. Calcu-
lation results are also given in Fig. 6. As is seen, good
agreement with the experiment is peached at Tv=2000-
3000 K. Note that the values of vibrational temperature
Tw = 6000-8000 K (corresponding to the first five
vibrational levels) cited in [31] are overestimated for
the experimental conditions of that study. The results of
direct measurements by the CARS spectroscopy
method [8-10, 12] and of the calculations performed
both in our study and in [9, 35] for experimental condi-
tions close to those of [31] are listed in the table. As is
seen in the table, the values of V04 do not exceed
6000 K (for Tvbelow 5000 K).

Figure 7 shows the EEDF calculated for the condi-
tions of our measurements (curve 1), as well as of [9]
(curve 2). Dashed curves 3 and 4 indicate the EEDF
calculated by the Nighan model, i.e., disregarding the
superelastic collisions. Further, the calculated EEDF
were used to determine the populations of vibrational
levels of nitrogen molecules from the set of balance
equations. The VDF calculated in this way are indi-
cated in Figs. 4 and 5 by the dash-dotted lines. It is seen
that they are in good agreement with our results
(Fig. 4), as well as with the results of [9] (Fig. 5).

A comparison between the experimental and calcu-
lated values of the vibrational temperature and EEDF
reveals that the information gained from CARS spectra
of nitrogen molecules (the vibrational and gaseous tem-
peratures, electric field strength) is sufficient to
uniquely restore the low-energy part of EEDF (£<
5eV) from the solution of the Boltzmann equation. A
violation of the above-mentioned agreement for the
measured and calculated values of VDF would mani-
fest the presence of additional kinetic processes (e.g.,

that involving metastable molecules of N2(A3I*) or
nitrogen atoms), which affect the EEDF and VVDF. This
would cause the need for measuring additional dis-
charge parameters. Note that it is only the inclusion of
the second-order collisions between electrons and
vibrationally excited molecules, as well as of the
decrease in the population of ground electron state of
1996

HIGH TEMPERATURE Vol. 34 No. 5
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