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A STUDY OF TRANSITORY PROCESSES IN A
DC CYLINDRICAL PULSED HELIUM PLASMA

HERNANDEZ, M. A_,b DENGRA, A" COLOMER, V., CORDOBA

In this paper we analyse the creation and decay processes in a cylindrical de helium
plasma whose length is greater than its diameter. The ionization front velocity is

studied. From the temporal evolution of the plasma electron density and temperature

was identified that permits us, firstly, to determine the _.ooo.Banmo: and ambipolar
diffusion coefficients and, secondly, to establish the variation of the momentum
transfer cross section for an electron-neutral collision with the electron temperature.
The diagnostic techniques used are based on the I—V probe characteristics.

INTRODUCTION

The study of the plasma transitory processes in tubes whose length is greater
han their diameter is a matter of interest to many workers because of the
mportance of this type of devices in plasma chemistry, lasers, etc. [11, [2].

A matter of great scientific interest is the study of the pulsed plasmas because

t helps us analyse the response time, the stability and reproducibility of the
ibove devices.
- At present, a good classification of the characteristic stabilization times of the
ery important plasma magnitudes does not exist. That is why a full discharge
ime evolution theory does not exist. The object of this work is to present an
nalysis that tends systematize the transitory processes in a dc cylindrical pulsed
felium plasma.

In Section I. the theoretical considerations of the creation and decay process-
§ are present. The study of the creation process includes the ionization front
elocity and the density and temperature stabilization times. Next, the decay
lasma process is studied by means of an analysis of the time evolution of the
lasma parameters. From this evolution the ambipolar diffusion and ion-elec-
‘on recombination coefficients and the momentum transfer cross section were
btained.
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In Section II, the experimental set-up used and the results obtained are
shown. The paper concludes with a summary and conclusions.

I. THEORETICAL CONSIDERATIONS

L.1. Creation Process

The creation process in a cylindrical tube begins with the gas ionization in a
region near the active electrode, propagating the ionization front along the tube
with the velocity U5 [3]. For a fixed discharge tube and gas, the velocity v,
depends on the gas pressure and the dc pulse amplitude that originates the
plasma [4].

In these cylindrical dc discharges, the voltage signal which is propagated
originates the evolution of the electron density and temperature toward the
stationary values. For each one of these parameters a characteristic stabilization
time can be defined as the time interval spent between the beginning of the pulse
and time when the stationary value is reached. The time intervals t., and ¢, for
reaching the saturated values of the number density and the electron tem-
perature, respectively, are generally different and are functions of the gas
pressure and the dc pulse amplitude, for each tube and gas used. The knowledge
of v, ¢, and r,, will give us a full understanding of the creation and stabilization
plasma process. :

Theoretically it can be verified that the ionization front velocity is related to
the stationary electron density, n,, by the equation [4]:

v = o(p, V;) a(E)vAE)n, )

with
E = W/L, )]
where a is the ionization coefficient, v, the electron drift velocity, ¥, the dc pulse

amplitude and p the gas pressure. The parameters o and L, for the tube and gas
used are

Ly=0.13m (3)
o=kV;?
with
1.13, p<333Pa
k(107*m* Volt®) = < 0.48, 333 <p < 533Pa @
0.37, p>533Pa
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1.2. Decay Process

When the pulse is off, charge losses occur due, for the rare gases, to the
ambipolar diffusion and the ion-electron recombination. Therefore, the electron
density evolution equation is

¢ = DV, — fn (5)

where D is the ambipolar diffusion coefficient and B is the ion-electron recom-
bination coefficient.

If the ambipolar diffusion is the principal mechanism of the loss charge, the
solution of eq. (5) for a cylindrical geometry is

n,=mexp(—t/t) ©)
with
To
——— = 2405 7
(D1)'? ®

where r, is the tube radius and #, = n(t = 0).
When the principal process of the charge losses is the ion-electron recombina-
tion, the solution of eq. (5) is:

1n, = 1/ny + Br. ®)

The eqs. (6) and (8) allow us to determine the transport coefficients D and B,
respectively, with the knowledge of the electron density evolution in the range
where each process is predominant.

Ifitis supposed that the electron-neutral collision frequency is practically not
dependent on the electron temperature, the time evolution of the electron
temperature during the decay process can be expressed as [5]:

I — 1L, =(To — D)exp(—1/) ®

where T, is the gas temperature (T; = 300K), ris the characteristic time for the
electron cooling and T, = L(@=0).

The parameter 7 is related with the momentum transfer cross section for the
electron-neutral collision, 0., by the expression (6):

sauw;x_oélﬁ Aasvs 2 (10)
2m, \8kT,/ 1p

where M and m, are the ion and the electron massses, respectively, and k is the
Boltzmann constant.
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Similarly as in the creation process it is possible to define the characteristic
extinction times for the electron density and temperature, tp, and 5, respective-
ly, as the time interval spent between the beginning of the afterglow and the time
necessary to reach 10% of the maximum value. The knowledge of these times
permit us to compare the evolution of the electron density and temperature in
the creation and the decay processes.
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Fig. 1. Experimental set-up for the study of the ionization front velocity

II. EXPERIMENTAL SET-UP AND RESULTS

The experiments were performed in a cylindrical Pyrex glass tube 4cm in
diameter. Two circular stainfess stee electrodes with a diameter 3.8cm and
separated by a distance of 25cm were used to obtain the breakdown of gas, in
this case Helium. A COBER *605 commercial model with an average power
output of 360 W and a pulse width and repetition pulse frequency (PRF)
continually adjustable (50 ns to 1 ms and 10 Hzto 1 MHz, respectively) was used
as the dc pulse generator. Small tungsten filaments were used as probes (50 um
in diameter and 3mm long). “

In order to guarantee, firstly, the extinction of the plasma created by a pulse
before the following comes and secondly to assure a sufficient dc pulse width so
that the plasma reaches the stationary state, the PRF and the pulse width were
set at 50 Hz and 100 ps, respectively.

In Figure 1 the experimental set-up used for the measuring of the ionization
front velocity is shown. The measuring of this parameter is based on the

detection of the delay time, At, from the osmmﬁﬁ of the ionization front to two

/
!

N
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probes separated by a distance Az = 2cm, 20cm being the distance of the
cathode-first probe.

The electron temperature and density at each fixed time are obtained from the
I—V probe characteristic [7] and the IV probe characteristic [8]. The experi-
mental set-up used to obtain them is shown in Figure 2. A delay line permits us
to fixe the time, with respect to the pulse on or pulse off (for the creation and
decay processes, respectively), so that a memory oscilloscope will sample the
collected probe current for several bias values [9].

SYNCHRONIZATION
DC PULSE
GENERATOR
CATHODE ANODE
PROBE \ DELAY
/] LINE
INPUT GAS PUMPED SYSTEM
DC SUPPLY ST ETE
R MEMORY

Fig. 2. Experimental set-up used for obtaining the /—V probe characteristics.

I1.1. Creation Process

Figures 3 and 4 show the vy variation as a function of the gas pressure and
the dc pulse amplitude. The solid line corresponds to the theoretical results
obtained with the eq. (1). As can be seen in F igure 3, there exists a gas pressure

for which v,is a maximum. This behaviour has been detected equally in dischar-

ges produced by surface waves [10].

Figures 5 and 6 show the time evolution of the electron density and tem-
perature for several gas pressures a fixed dc pulse amplitude. From this it is
possible to obtain the stabilization times defined in Section L. The variation of
these times is shown in Figure 7. As can be seen, there exists a gas pressure for
which these times has minimal values. This pressure is approximately the same
for which the ionization front velocity has a maximum. Also, it can be seen that
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Fig. 3. Theoretical (solid line) and experimental resuits for the ionization front velocity as a function
of the gas pressure for several dc pulse amplitude: 1300V (+); 1100V (7); 900 V ( x ); 700V ().

the electron temperature was stabilized at 15—20 us before the electron density.

Figure 8 shows the 7., and I.r variation as a function of the dc pulse amplitude,
for a fixed gas pressure.
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Fig. 4. Theoretical (solid line) and experimental results for the ionization front velocity as a function
of the de pulse amplitude for two different gas pressures: 400 Pa (¥); 700 Pa (M).
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Fig. 5. Experimental results for the electron density time evolution during the creation process for
a dc pulse amplitude of 900 Volt and several gas pressures: 600 Pa (l); 500 Pa ( x); 400 Pa (N);
350Pa (W); 300Pa (O).
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Fig. 6. Experimental results for the electron temperature time evolution during the creation process
for a dc pulse amplitude of 900 Volt and several gas pressures: 600 Pa ([]); 500 Pa (0); 400Pa(W);
350 Pa (M); 300 Pa (x ); 200 Pa (3J); 150 Pa (V).
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IL.2. Decay process 10. In an initial interval of, approximately, 2 ms, the mechanism controlling the
decay process was the ion-electron recombination. From 4 ms on approximate-

Figure 9 shows the electron density time evolution for set conditions. The ly, the decay mechanism was the ambipolar diffusion. Between 2—4 ms both
corresponding functions 1/n, and Ln #, for these conditions are shown in Figure processes are present. The strong electron density variation (nearly 85%) was
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Fig. 7. Experimental resuits for the electron density and temperature stabilization times as a function

. Fig. 9. Experi ity ti i i
of the gas pressure, for a fixed value of the dc pulse amplitude: ¢, (¥); 7., (W). g xperimental results for the electron density time evolution during the decay process for fixed

values of the dc pulse amplitude and the gas pressure.
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Fig.8. Experimental results for the electron density and temperature stabilization times as a Fig. 10. Time evolution of the functions 1/n, and Ln n, during the decay processes for fixed values
function of the dc pulse amplitude for a fixed value of the gas pressure: ¢, (B); .7 (). of the dc pulse amplitude and the gas pressure.
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produced in the small time interval during which the ion-electron recombination
was predominant.

From figures similar to Figure 10 and egs. (6) and (8) it is possible to obtain
the values for D and f coefficients, respectively. Table I shows the values of these
coefficients as a function of the gas pressure and the dc pulse amplitude. Figure
11 show the product pD as a function of p. As can be seen, this relation is linear,
as reported in other gases [2].
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Fig. 11. The function pD as a function of the gas pressure for a fixed value of the dc pulse amplitude.
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Fig. 12. Experimental results for the electron temperature time evolution during the decay process
for fixed values of the dc pulse amplitude and the gas pressure.
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Table 1
Experimental results of the ion-electron recombination and ambipolar diffusion coefficients

Table Ia (¥ = 900 Volt)

p(Pa) B (107 P m?/s) D107 *mYs)
150 4.7 298
200 4.2 257
300 28 238
350 2.2 227
400 2.0 224
500 1.7 216
600 1.0 200

Table Ib (p = 200 Pa)

¥, (Volt) B0~ m¥/s) D(107*m?¥/s)
800 6.3 276
900 42 257
1000 3.6 236
1100 2.8 214
1200 1.9 192
Table II

Experimental results of the gas pressure variation of the characteristic time for the electron cooling,
for a fixed value of the dc pulse amplitude
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Fig.13. Time evolution of the function |
Ln (T, — T;) during the decay process for fixed
values of the dc pulse amplitude and the gas 4 g

pressure.
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Figures 12 and 13 show the T, — 1, and Ln (T, — T,) time variations for set
conditions. According to eq. (9), the function Ln (T, — T,) is linear and, conse-
quently, from this it is possible to determine the parameter 7 and from eq. (10),
the momentum transfer cross section variation with the electron temperature.
The electron temperature drop was produced in the time interval when the
predominant decay mechanism was the ion-electron recombination. Table I1
shows the r-variation with the pressure. As can be seen, r decreases when p
increases.

; ¢ V5900 VOLT
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T
|»]
[m}
i
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studied. It has been found that the electron temperature is stabilized approxi-
mately 20 ps after the electron density, in consequence during this time interval
the electron density increases whereas the electron temperature is constant.

The electron density decay process, controlled by two different mechanisms,
has been determined. The recombination of the ion-electron controlled the
decay process during the 0—2 ms time interval. From 4 ms the decay process is
controlled by the ambipolar diffusion and, during the interval between 2 and
4ms both mechanism are present. It is necessary consider that the electron
density decreases, fundamentally, in the time interval during which ion-electron
recombination is predominant and that, during this time interval, the electron
temperature decreases to, practically, the gas temperature. Analogously to the
creation process the decay temperature time is less than the decay density time.
It is found that the electron temperature decay is an exponential function with
a tempering time of two ms, approximately.

From the electrons density and temperature time evolution it has been
possible to determine the ion-electron recombination and ambipolar diffusion
coefficients and the momentum transfer cross section for the electron-neutral
collision, respectively.

0 200 400 600
P(Pa)

Fig. 14. Experimental results of the electron density and temperature decay times as a function of
the gas pressure, for a fixed value of the dc pulse amplitude: 1, (O); tpr (V).

Figure 14 shows the electron density and temperature extinction times,
defined in Section I, as a function of the gas pressure. Similarly as in the creation
process, {; is less than ¢,,, and, as can be seen, both times decrease when p
increases. It is necessary to remark that, as expected, in the gas pressure range
studied, no variation of these times with the dc pulse amplitude has been
observed.

CONCLUSIONS

In this paper we analyse the creation and decay processes in a cylindrical dc
helium plasma whose length is greater than its diameter.

The study of the creation process was found by the analysis of the ionization
front velocity. Next, the electron density and temperature time evolution is
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