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The local electron temperature measurements with the double electric probe in the compression zone are pre-
sented. Electric probes make it possible to measure the electron temperature with a reasonably good spatial resolu-
tion. Double electric probe application for electron temperature measurements in the dense self-compressed plasma
stream is discussed. We have shown experimentally that the electric probe operates in a diffusion regime.

PACS: 52.40.Hf; 52.70

INTRODUCTION

High-density and high-power plasma streams, namely
self-compressed plasma streams generated in a qua-
sistationary mode, have many applications in different
areas of studies, including plasma-surface interaction,
astrophysics, electric  propulsion, etc. Professor
A.l. Morozov formulated the main principles of the qua-
sistationary plasma acceleration and the self-compressed
plasma streams [1]. Theoretically, it is possible to reach
high density and temperature values in compression zone
forms in a self-compressed plasma stream generated by a
magnetoplasma compressor. The plasma density in the
compression zone can be up to 10*...10" cm™ and tem-
perature up to a few kiloelectronvolt. In many previous
experiments [2 - 7], plasma streams with a plasma density
of 10 cm™ were obtained. Various diagnostic methods,
such as wide-field interferometry and Stark broadening of
different spectral lines, were applied for density meas-
urements. All these methods cannot give a local value of
electron density in the plasma stream.

In many previous experiments, electron temperature
was estimated based on the ratio of the intensities of
different spectral lines [8, 9] or the pressure balance equa-
tion for an azimuthal self-generated magnetic field dis-
placed from the compression zone [7]. Both of these
methods do not give a local value of the electron tem-
perature. In the first case, the spectral line intensity was
measured along the line of sight. Consequently, the ob-
tained value of the electron temperature was also aver-
aged along the line of sight. In experiments [9], the elec-
tron temperature was estimated from the ratio of spectral
lines Xe Il and Xe Ill. However, these lines are emitted
from the periphery layers of the plasma stream. There-
fore, the result corresponds to a periphery layer but not
a near-axis region, where the compression zone forms.

Plasma temperature estimated from the pressure bal-
ance equation corresponds to the volume of the com-
pression zone in the plasma stream, so this is not a local
value at a particular point. Thus, it is averaged for the
volume of the compression zone. Moreover, to apply the
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pressure balance equation for the temperature estima-
tion, the radial distribution of plasma density should be
measured first. The value of the plasma density meas-
ured from Stark broadening of spectral lines is also
averaged along the line of sight.

So, both methods applied in the previous experi-
ments for electron temperature measurements cannot
give a local value of electron temperature in the near-
axis region where the compression zone forms.

Electric probes are among the most reliable diagnos-
tic tools among the contact methods used to measure
plasma parameters with sufficiently high temporal and
spatial resolution in various devices [10 - 16], including
tokamaks and stellarators [17, 18]. Sometimes, when the
electron energy distribution function (EEDF) consists of
a bi-Maxwellian with well-separated temperatures [17 -
19], the two temperatures can be obtained by straight-
line fits on the semi-logarithmic discharge-voltage char-
acteristic.

In this paper, we report our recent experimental re-
sults of the measurements of electron temperature local-
ly. We applied double electric probes for these meas-
urements.

This paper is structured as follows: the first section
describes the experimental setup and diagnostics sys-
tem. The second section is devoted to the operation of
the double electric probe, followed by the third section
that discusses our experimental results. The last section
summarizes the main findings.

1. EXPERIMENTAL DEVICE
AND DIAGNOSTICS

Experiments were performed in the magnetoplasma
compressor (MPC) device [5, 10]. The accelerating
channel of the MPC used in the present experiments
consists of two coaxial copper electrodes. An external
electrode (anode) is formed by a solid cylindrical part
and a conical part consisting of 12 rods inclined at
7.5 degrees to the axis of the channel. The cylindrical
part is 12 cm in diameter and 14.5 cm in length. Each
rod of the conical part of the anode is 14.7 cm in length
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and 1cm in diameter. Following a similar shape, an
internal electrode (cathode) consists of cylindrical and
conical parts. A solid cylinder-like part of the cathode is
20.8 cm in length and 6 cm in diameter. A 12 cm-long
conical part with an outlet diameter of 3 cm has a hol-
low at its end, acting as a divertor for impurities from
the main plasma flow.

A system of capacitor banks triggered by a vacuum
spark gap supplies the MPC discharge. The capacitor
system’s total capacitance is 90 uF, with a maximum
voltage reaching up to 30 kV.

The MPC is installed inside a solenoid that produces
an axial magnetic field of up to 0.4 T in the accelerating
channel. The inner diameter and the total length of the
solenoid are 15 and 17 cm, respectively [10]. Fig. 1
shows a general view of the entire system, including the
solenoid with the MPC accelerating channel inside.

The MPC device operates in a regime with residual
gas at different pressures. The working gas is Helium at
a pressure of 2 and 10 Torr.

The complete system of the MPC with the solenoid
is installed inside the vacuum chamber of 2 m in length
and 40 cm in diameter.

The diagnostic system included a Rogovsky coil for
discharge current measurements, voltage dividers, a set
of local magnetic probes for measurements of the spatial
distribution of the magnetic field in the plasma stream.
The electric probes of a unique design were applied to
measure the spatial distributions of the electrical field in
the plasma stream.

Fig. 1. MPC with a solenoid

A number of double electric probes were used for lo-
cal electron temperature measurements. The probes are
made of molybdenum wire; their non-working surface is
shielded with a cylindrical ceramic tube. The diameter of
the working surface is 1 mm, and the length is 3 mm. The
measuring circuit is isolated from the MPC electrodes
and plasma by a sensitive Rogovsky coil. An isolated
capacitor bank of 0.05 F and the maximum voltage of up
to 100 V powers the probes. Fig. 2 presents the general
view of the double electric probe.

Fig. 2. Doubleprobe general view

150

2. DOUBLE ELECTRIC PROBE MODE
OF OPERATION

The results of the double electric probe measure-
ments strongly depend on their mode of operation. So,
as the first step, we have to determine the probe mode of
operation that depends on plasma density, temperature,
and density of neutral atoms. The MPC generates plas-
ma streams of very high parameters. For example,
plasma density typically varies from 10' cm™ in the
near-axis region to 10" cm™ in the plasma periphery
layers. Electron temperature ranges from a few elec-
tronvolt in the periphery of the plasma stream to several
tenths of electronvolt in the compression zone, as fol-
lows from the pressure balance equation [5 - 7].

In order to determine the mode of operation of the
probe, we have to compare several typical values: ;.
the length of free path of charged particles; Ly — Debye
length, and R, — the probe radius. The hierarchy of the
characteristic lengths in the plasma stream generated by
the MPC becomes

Rp>> ii,e>> Lg. (1)

Another critical parameter for the determination of
the probe mode of operation is the ionization length L.
In our case, L;>>/;. Therefore, the double electric
probe works in the diffusion regime [11 - 16]. As it has
been shown, in this mode of probe operation, the ion
saturation current does not depend on the probe diame-

ter and can be written as
. 1 A ;
=1 'SP :Z.e.n'vi' F;a 'SP = IiLamgmulr “Aia

O]

where S, — area of the probe electrodes; j; — density of
the ion saturation current; n — density; v; — ion velocity;
Xia — the free path length; 1;-"™" — [angmuir’s ion
saturation current. Thus, Langmuir’s theory can be
applied for measurements of the lower level of electron
temperature. Taking into account the measured ion
saturation current in the diffusion mode of the probe
operation, we can experimentally examine the probe
mode of operation discussed below.

2.1. PROBE MODE OF OPERATION
AND LIFETIME

We have designed and constructed the double elec-
tric probe with different electrode diameters (1 and
0.3 mm). Fig. 3 shows the signals of the ion saturation
currents (the probe voltage of 30 V corresponds to the
ion saturation current) for the probe with different elec-
trode diameters.

As we can see from the data obtained, the probe sig-
nals for direct and reverse polarity are virtually identi-
cal. This result is an immediate experimental confirma-
tion that the double electric probe operates in the diffu-
sion regime.

Considering an electrode of the probe as a target, we
expect it to be irradiated under the plasma stream treat-
ment. Apparently, the irradiation depends on the energy
density in the plasma stream. As we have discovered in
the present experiments, the probe installed at a distance
of 3 cm from the inner MPC electrode probe operates
without significant damage during several hundred
MPC shots. When the probes are moved from the inner
MPC electrode to a distance of 8 cm, the probe elec-
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trodes become destroyed after ten consecutive MPC
shots. This experimental result shows that the compres-
sion zone, forming in the plasma stream, is shifted away
from the MPC electrodes. Therefore, the erosion of the
MPC electrodes is reduced, which is of great im-
portance for different MPC applications.

10

>

(5+]
£5nv
g

80'
Q0

o

o

-54
o| 20 40 60 80
time, us
Fig. 3. Probe signals for direct and reverse polarity

3. EXPERIMENTAL RESULTS
AND DISCUSSION

Experiments have been carried out in the MPC facil-
ity under the following experimental conditions: the
operation with residual working gas — Helium at a pres-
sure of 2 Torr; the discharge current Iy =400 KA, the
magnitude of the external longitudinal magnetic field
(H,) inside the MPC channel of 0 and 0.26 T.

The typical waveforms of the discharge current, the
double electric probe, the azimuthal component of the
self-magnetic field (H,) in the plasma stream, and the
radial component of the electric field (E,) are shown in
Fig. 4.
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Electric probe signal, z=3 cm

Electric probe signal, z=8 cm

Discharge current
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Fig. 4. Waveforms of the discharge current,

double electric probe, self-magnetic field H,,
and radial component of electric field E,
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The half-period of the discharge current is 10 ps.
The duration of the signals of the self-magnetic field
and radial component of the electric field correspond to
the discharge duration. Surprisingly, the duration of the
electric probe signals is about 70...80 ps. Such a con-
siderable duration of the electric probe signal can be
explained by a long lifetime of the plasma stream that
flows from the MPC output to the end of the vacuum
chamber (the time of flight is about 20...30 ps), is re-
flected from the end flange, and then moves back.
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We measured the current-voltage characteristics of
the electric probe with a step of the biasing probe volt-
age of 2...4 V from point to point in space. The statisti-
cal spread of the probe signals did not exceed 10%.
Special attention was paid to the probe electrode clean-
ness. Probe electrodes were cleaned by aglow discharge
or a high-voltage (up to 100 V) short discharge after two
working shots.

Fig. 5 illustrates the typical 1-V curve of the electric
probe measured at a distance of 8 cm from the inner
electrode and a radius of 2 cm for the discharge time of
10 ps.
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Fig. 5. Typical I-V curves of double electric probe

As we can see, the I-V curve is symmetrical with re-
spect to a zero biasing probe voltage. The probe current
reaches saturation at 15...40 V of the voltage applied,
depending on the radius and distance from the MPC
electrodes.

The current-voltage characteristics of the double
electric probe were measured at different spatial posi-
tions and MPC mode of operation, with and without an
external magnetic field. The semi-logarithmic scale was
applied for 1-V curves analysis and electron temperature
estimation. Fig. 6 shows the typical 1-V curve of the
electric probe in a semi-logarithmic scale for the periph-
ery layers of the plasma stream (r = 4 cm) and a distance
of 8 cm from the central electrode.
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Fig. 6. Probe I-V curve in semi-logarithmic scale

As we can see, the experimental data of the probe
current-voltage characteristic in a semi-logarithmic
scale fits well on two linear regions with reasonable
accuracy. The ion saturation current starts at a probe
voltage of 12...14 V for this experimental condition.
The transition region of the probe I-V curve for a
0...12 V voltage can be approximated by a linear func-
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tion with reasonable accuracy. This result allows us to
suggest that the electron energy distribution function is
close to Maxwellian. Therefore, we estimated the elec-
tron temperature from Langmuir’s theory applying the
following equation

-1

1 di

T==u1_ | , 3

e 2 saturation |:dU :| ( )
U, -0

p

where lsauration — the ion saturation current measured by
the probe, U, — the probe voltage. We want to point out
that this approach underestimates the true value of the
ion saturation current. Owing to this fact, the electron
temperature is also underestimated with respect to the
actual value. Therefore, the double electric probe can be
applied to measure the lower level of the electron tem-
perature. Unfortunately, within the framework of the
present experiments, we cannot estimate how an actual
value of the saturation current differs from its measured
value. The reduction ratio depends on the probe position
and is presumably smaller in the periphery layers of the
plasma stream than in the near-axis region. Electron
temperature estimated for the periphery layers of the
plasma stream is about 3...5 eV. There is a good match
between these values and those obtained earlier [7] at
the flow periphery with spectroscopic methods.

As for electron temperature estimation in the near-
axis region, at a distance of 3 cm from the cathode and a
radius of 1cm, the electron temperature was about
8...12 eV. It was not possible to measure the current-
voltage characteristic of the probe at a radius smaller
than 2 cm at z =8 cm due to complete evaporation of
the probe working electrodes after 10 MPC shots. How-
ever, it was still attainable to conduct the 1-V curve
measurements at a radius of 2 cm for this distance. At a
radius of 2 cm, the electron temperature was found to be
above 15 eV. The I-V curve measured in the presence of
the axial external magnetic field is shown in Fig. 7.

In (I probe)
7.38906 1

2.71828 1 "saturation

11
0.36788 t=10 ps
0.13534- H=026T
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Fig. 7. Double probe I-V curve in semilog scale
for discharge time t = 10 s, external magnetic field
H,=026T

The transition region of the probe I-V curve (see
Fig. 7), when plotted semi-logarithmically vs. the probe
voltage, consists of two segments of lines that can be
fitted with linear functions. Since such a finding is the
indication of the bi-Maxwellian EEDF, it points out two
populations of electrons near the compression zone,
which have temperatures of 6...7 and 60...70 eV, re-
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spectively. The high value of the electron temperature
does not contradict ourresults obtained previously [7].
In the above mentioned research, the plasma tempera-
ture T =T, +T;, averaged along the compression zone
with a 2...3 cm radius, was estimated based on the pres-
sure balance equation and reached around 60...120 eV.
For that, the plasma density was determined from the
Stark broadening of Hell spectral line [7] and, as we
mentioned earlier, averaged along the line of sight. The
fact that the electron temperature turned out to be that
high in the near-axis region explains the short lifetime
of the electric probes.

It has been discovered for the first time that the elec-
tron energy distribution is bi-Maxwellian in the MPC
mode of operation with an external longitudinal magnet-
ic field applied inside the accelerating channel only. The
EEDF in the near-axis region may deviate from a sin-
gle-Maxwellian distribution and form a bi-Maxwellian
one due to various processes related to the formation of
the compression zone as well as the presence of the
magnetic field. We should emphasize that a more de-
tailed study must be performed to clarify the origin of
the bi-Maxwellian EEDF in this mode of the MPC op-
eration.

CONCLUSIONS

The double electric probe was applied to measure
the local value of the electron temperature in the plasma
stream generated by the MPC. We have shown that the
electric probe works in the diffusion regime at plasma
parameters typical for the present experiments. In this
mode of operation, the current measured by the probe
does not depend on the probe size. It is an important
conclusion considering the high value of energy deposi-
tion on the working electrodes of a probe leading to
their fast evaporation. The value of the ion saturation
current measured by the probe turned out to be lower
than Langmuir’s current due to the attenuation in the
near-probe layer. Within the framework of this study,
we have not been able to determine the coefficient of
this attenuation. Therefore, the lower level of the elec-
tron temperature was analyzed. We have experimentally
discovered that the electron temperature measured with
a double electric probe strongly depends on the MPC
mode of operation and probe spatial position. The elec-
tron temperature measured by the electric probe in the
periphery part of the plasma stream gave figures of
approximately 3...5 eV, which are in good agreement
with spectroscopic measurements conducted in our
previous studies.

In the near-axis region (r <2 cm), the results of the
probe measurements showed disagreement with the
spectroscopic measurements obtained earlier. At a dis-
tance of 3 cm from the central electrode, the electron
temperature was about 8...12 eV at r =1 cm. At a dis-
tance of 8 cm from the central electrode, the electron
temperature at r <2 cm could not be adequately meas-
ured due to the fast evaporation of the probe electrodes.

When an external magnetic field is applied inside
the MPC channel, the I-V curve shows a bi-Maxwellian
EEDF indicating the presence of two populations of elec-
trons with different temperatures in the vicinity of the
compression zone. Notably, the high values of electron
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temperature near the compression zone are found to be in
good agreement with our previous experiments. The two-
temperature Maxwellian EEDF in the compression zone
has been discovered for the first time. It might be ac-
counted for by the influence of a magnetic field and
different phenomena accompanying the plasma dynam-
ics in this region. Possible causes are of great interest for
our future research. Furthermore, the actual EEDF is
vital for the understanding of underlying physics.
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MU3MEPEHME JIOKAJIBHOM 3JIEKTPOHHOM TEMIIEPATYPBI B IOTOKE CAMOCKATOM
IIJIA3MbBI
JI.T. Consakos, IO.E. Bonkoea, H.E. I'apkywa, A.K. Mapuenxo, M.C. Jlaovicuna, B.B. Cmansyos, FO.B. Ilempos,
B.B. Yeoomapés, T.H. Mepenkosa, B.A. Maxnait, /. B. Enucees

IIpencraBieHsl pe3yabTaThl U3MEPEHUHN JIOKAILHOM 3JIEKTPOHHON TeMIepaTyphbl JBOMHBIM 3JIEKTPUYECKUM 30H-
JIOM B 30HE KOMIPECCHH. DJIEKTPHUCCKHE 30HIBI TO3BOJIIOT M3MEPATh TEMIEPaTypy 3JIEKTPOHOB C JTOCTATOYHO
XOPOIIMM TPOCTPAHCTBEHHBIM paspemeHreM. OO0cykaaeTcss IPUMEHEHHE JBOHHOTO JJIEKTPUIECKOTO 30HIA IS
M3MEpEHUs SJIEKTPOHHOM TeMIepaTyphl B IUNIOTHOM TOTOKE CaMOCKATOM IJIa3Mbl. DKCIEPUMEHTAIBHO MOKa3aHo,
9TO JCKTPUUECKUI 30H1 paboTaeT B T PY3HOHHOM PEKUME.

BUMIPIOBAHHSA JJOKAJIbHOI EJTEKTPOHHOI TEMIIEPATYPH B IOTOII CAMOCTUCHEHOI
IJTA3SMHU

JIL.T. Conakos, I0.€. Bonkosa, I.€E. I'apkywma, A.K. Mapuenko, M.C. Jlaouzina, B.B. Cmanvuyos, FO.B. I[Iempos,
B.B. Yebomapvos, T.M. Mepenkosa, B.O. Maxnau, /I.B. €nicees

HaBezneno pe3ynpTaTi BUMIpIOBaHb JIOKAJIBHOI €IEKTPOHHOI TEMIIEPAaTypH MOABIMHAM ENEKTPUIHUM 30HIOM y
30HI CTHCHEHHA. ENeKTpu4HI 30HAN JO3BOJISTIOTH BUMIPIOBATH TEMIIEPATyPy €INEKTPOHIB 3 JOCUTH BHCOKOIO MPOCTO-
POBOIO PO3IUTEHOIO 3[ATHICTIO. PO3MIITHYTO 3acTOCYBaHHS MOABIMHOTO €NEKTPUYHOTO 30HIA JIJIS BUMIPIOBAaHHS
€JIEKTPOHHOI TeMIIEpaTypH B IMITHPHOMY ITOTOIi CAMOCTHUCHEHOI Tura3Mu. EKkcriepuMeHTaIbHO MMOKa3aHo, MO eIeKT-
PUYHKH 30H] Npatoe B AUQy31IHHOMY pexXnMi.
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