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Investigation of the plasma column evolution
and dynamics in the PW-7 plasma accelerator
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In this paper the results of measurements of the azimuthal component distribution of the plasma column
magnetic field in the coaxial plasma accelerator PW-7 are presented. Registration of the magnetic field was
performed by the magnetic probe method. The objective of the work is to investigate the plasma column
dynamics and temporal evolution distribution by the magnetic field. It has been revealed that by using a
dielectric (quartz) tube limiting the plasma column, the escape of charged particles from the discharge onto
the walls of the vacuum chamber can be avoided. Through the use of a dielectric tube, the redistribution of
the plasma column current in the accelerator led to a change in the shape of the probe signals. In addition,
the plasma velocity was measured by the time of the plasma column front, passing between the bottom of
the coaxial electrode and probe measuring system. Using a rectangular screen composed of ferromagnetic
material provided magnetic shielding from the quasi-static magnetic fields of the plasma jumper between
the electrodes. These results allowed investigating the major peculiarities of the complex behavior of the
plasma column. The main objectives of investigations at the PW-7 facility include a detailed analysis of the
probe system operation, studying the effects of different discharge scenarios on the magnetic probe signals.

Key words: coaxial plasma accelerator, discharge current, plasma column evolution, plasma column
dynamics, intrinsic magnetic field of the plasma column.
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1 Introduction

Electromagnetic pulsed plasma accelerators
with intrinsic magnetic field are potential sources of
high-energy plasma fluxes. These units have been
investigated for a wide range of applications over
the past several decades. Astrophysical studies and
studies of the interaction of plasma with the surface

are highlighted [1, 2].
The first electromagnetic pulsed plasma
accelerators were railguns. Later, they were

modified to coaxial geometry. Due to their high
output parameters (plasma flux density, energy,
and velocity), simple design, and low cost, coaxial
accelerators have been successfully utilized for
simulating plasma heat fluxes that are expected to
be encountered in ITER [3-6]. It is known that the
plasma fluxes leads to the «breakdown erosion» of
first wall materials the fusion reactor. Current studies
reveal that the erosion represents a real and serious
problem for fusion reactors [7-9].
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The design of coaxial pulsed plasma accelerators
consists of storage capacitors connected to a coaxial
electrode system. The processes occurring in such
systems are divided into several phases: i. initiation
of a powerful electric discharge (formation of plasma
jumper between electrodes); ii. development and
acceleration of the current sheet in inter-electrode
space, iii. compression of the current sheet outside
the electrode system with the formation of dense
plasma column.

To reach the high efficiency of plasma treatment
and to achieve desired effect the certain conditions
of the irradiation of the target with the plasma flux
generated by the accelerator must be fulfilled [10-
12]. One condition is that the plasma flux should be
completely concentrated on the surface and interact
with the entire surface uniformly. Homogeneous
distribution of the plasma flux on the surface
behind the electrode system is characterized by its
specific structure. The structure of the plasma flux
is specified in the phases of plasma formation and
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acceleration. There are many mathematical models
that describe the dynamics of plasma flow in coaxial
plasma accelerators [13-15]. Unfortunately, there
is no experimental data that can provide direct
confirmation of the theoretical results. Furthermore,
the issue of the plasma flux dynamics in coaxial
plasma accelerators still has no definite interpretation
and requires supplementary, more thorough studies.
The present work is devoted to the experimental
investigation of the plasma flux in the PW-7 coaxial
plasma accelerator by using a system of magnetic
probes [16-18] and extends the work using magnetic
probes, the results of which are described in [19].

2 Experimental part

The scheme of the PW-7 coaxial plasma
accelerator is shown in Figure 1. The main
component of the plasma accelerator is the system of
electrodes (SE). The electrodes are made of copper.
The diameter and length of the central electrode is

5.5 cm and 33 cm and the outer electrode is 10.8
cm and 35 cm. The accelerator is powered by low-
inductive KPIMK-8-288 storage capacitors (C) with
a total capacitance of 1.4 mF. The capacitors are
charged from the high voltage power supply (PS) to
a maximum voltage up to 8 kV. The accelerator is
remotely controlled by a separate control unit (K). The
energy stored in the capacitor battery is transferred
to the electrode system through a vacuum arrester.
The electrodes are located inside the discharge
chamber. On the side walls of the discharge chamber
have several observation windows (M). Before the
experiments, the discharge chamber is pumped by
vacuum pump (VP) to a pressure of 107 Torr. The
physical principle involved in plasma acceleration is
that the plasma is accelerated by an electrodynamic
force arising from the interaction of the current in
the plasma jumper with intrinsic magnetic field. The
duration of discharge in this facility can reach 300 ps,
and a maximum discharge current of ~80 kA can be
obtained at a voltage of 5 kV [20].
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Figure 1 — PW-7 coaxial plasma accelerator

In this work, to measure the azimuthal component
of the magnetic field of the plasma cord a measuring
system consisting of four magnetic probes was used,
which was located at a distance of 23 cm from the
edge of the electrode system (Figure 2) [21].

The use of four magnetic probes simultaneously
made it possible to obtain a spatial distribution of the
azimuthal magnetic field. It should be noted that the
use of several probes is necessary to obtain a complete
field distribution. However, due to the limited
measuring channels of the oscilloscope (Lecroy
Wavejet 354 A digital four-channel), only four probes

were used in this work. The characteristics of the
magnetic probes are as follows: the number of turns
is 7, the diameter of the coils is 2.29 mm. A screen
of ferromagnetic material was used to magnetically
shield the probes from the quasi-static magnetic
fields of the plasma jumper in the gap between the
electrodes. The calibration was carried out in a
homogeneous magnetic field generated in the center
of the multilayer coil. The magnitude of the magnetic
field was measured with a Hall sensor. The results
obtained from the two magnetic sensors reasonably
matches.
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Figure 2 — System for measuring of the plasma column azimuthal magnetic
field. 1 — the frame on which the magnetic probes were attached,
2 — magnetic probes, 3 — cross-section of the plasma column (flux)

3 Results and Discussion of the plasma jumper between the high-voltage

electrodes. It appears near the insulating wall inside

The discharge current oscillogram (/) and the  of the electrode system. In addition, high-frequency

signals from the three magnetic probes (B ) are shown  fluctuations of signals (electromagnetic noises) have

in Figure 3. The signal recorded by the Rogowski  been detected at that moment corresponds to the time
coil [22] at the beginning indicates the occurrence  of formation of the plasma jumper (7).
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Figure 3 — The discharge current and plasma column
azimuthal magnetic field waveforms. U = 4 kV, p = 40 mTorr
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The large radial currents flow through the
plasma column. Consequently, these currents
create strong magnetic fields in space. However,
at this moment, the magnetic probes placed away
from the electrode system do not sense magnetic
flux, since the sensitivity of the magnetic probes is
limited due to external screening. As can be seen
in Figure 3, the current in the magnetic probes is
induced about 10 us after the occurrence of the
plasma jumper (z,). As it is indicated earlier, the
system of magnetic probes is placed from the edge
of the electrode system at a distance of 23 cm,
therefore the velocity of the plasma flux can be
evaluated. Correspondingly, it was approximately
v ~ 53 km/s if the distance is considered from the
bottom of the electrode system.

The waveforms of the magnetic field obtained
from the four probes are shown in Figure 4. The probes

were placed around the contour of a single frame at
an angle of 90° (Figure 2). The frame is arranged
perpendicular to the direction of the plasma flux. The
opposite magnetic probes are spaced at a distance
of 10 cm away from each other. In accordance with
the B vector circulation theory, the magnetic flux is
measured by the probes when the plasma column
expelled from the interelectrode space passes through
the frame. The following discussions were made by
analyzing the shape and specific characteristics of the
magnetic field signals shown in Figure 4. As can be
seen, the magnetic field signals are damped signals
and are composed of two half-periods. Also, it can
be observed that the signals of the opposite probes
oscillate in anti-phases (B _, and B B and
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Figure 4 — The waveforms of the plasma column
azimuthal magnetic field. U =4 kV, p = 40 mTorr

The obtained results are directly related to the
evolution and dynamics of the plasma column.
Asymmetry of the amplitude of the probe signals is
explained by the asymmetry of the primary discharge
formation between the electrodes. Dividing the
cross section of the electrode system into four
sectors, it can be concluded from the obtained
results that the discharge is mainly concentrated
in the top and right sector compared to the other

sectors. The following illustration is considered
for a more detailed discussion of this explanation
(Figure 5). The discharge current oscillogram has
three half-periods (Figure 3) where two of which
are positive and one is negative. This indicates that
the polarity signs of the inner and outer electrodes
are reversed. Thus, the evolution and dynamics of
the plasma column in the accelerator channel will
be as shown in Figure 5.
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Figure 5 — The plasma column magnetic field generation
mechanism in the first half of the period

After the stored electrical energy in the capacitor
battery is transferred to the electrodes, the working gas
filling the interelectrode gap is ionized and a plasma
jumper is formed (1). It attaches the electrodes and
shorts the external circuit of the accelerator. From
this moment, the Rogowski coil starts to record the
discharge current oscillation in the circuit. Current
is mainly directed radially from the anode to the
cathode and the magnetic field of the plasma acts on
it which leads to the appearance of Ampere’s Force.
The Ampere’s force accelerates the plasma along the
axis of the electrode system (2). The Ampere’s force
acts on the plasma during ~10 ps while the discharge
current achieves its maximum value (Figure 3). As
a result, the expansion of the plasma has a parabolic
shape (6) to the open end of the accelerator. In Figure
5, the cross sections of the two magnetic probes P
and P, are shown. Also the plasma column current
lines (solid blue line) are schematically illustrated
in Figure 5 and correspond to the first half-period of
discharge current (/) when the anode is positive and
the cathode is negative. The frame illustrating the
axial cross section of the coaxial electrode system
is considered. The reason of oscillation in opposite
phase of the two opposite magnetic probes signals
can be explained by the first half-period, during
of which the plasma column creates a magnetic
field in space. The magnetic induction vector at the
magnetic probe position P is directed toward the
viewer. The magnetic induction vector is directed
in the opposite direction (away from the viewer)
in the case of the magnetic probe P, . Therefore,
the signals measured by the two probes oscillate in
the opposite phase and continue in subsequent half-
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periods. In subsequent half-period, the amplitude
of the magnetic probe signals decreases due to
the discharge current decreasing in the external
circuit. Moreover, two peaks of the magnetic field
are observed on the oscillograms. The magnetic
field becomes weaker when the discharge current
decreases slowly from its maximum value. Then the
magnetic field increases while the discharge current
equals zero and it can be indicated the detachment
of the plasma column and transformation into the
plasma flux. The magnetic probes should not detect
a signal when the plasma column current is zero
(~38 us). In this case, the current occurs only due
to the plasma flux. In addition, this can be related to
the formation of the plasma column into a plasmoid
shape.

The following experiment was conducted to
confirm the interpretation of our results. In this
experiment, in order to force the plasma flow inside
the probe system, thereby limiting the escape of
plasma particles to the grounded chamber wall, we
used a dielectric (quartz) tube, as shown in Figure
6. This allowed more appropriate interpretation of
the obtained results. In other words, by comparing
the obtained oscillograms from the magnetic probes,
which are shown in Figures 4 (without a tube) and 7
(with a tube), we could obtain confirming data on the
structure of the plasma column.

It should be noted that in this experiment
the magnetic probes were placed as in previous
experiments. The waveforms of the four magnetic
probes signals are shown in Figure 7. As can be seen
from these waveforms, the phases of the signals in
this case are the same.
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Figure 6 — Mechanism of formation of the magnetic field
of the plasma column inside the dielectric tube in the first half of the period
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Figure 7 — The waveforms of the plasma column
azimuthal magnetic field. U =3 kV, p =20 mTorr

To clarify our observations, we can refer to Figure
6 where the plasma column current lines surrounded
by a dielectric tube. The experimental results shown
in Figure 6 would not have been obtained without
the tube. In that case, the plasma column magnetic
induction vector is directed away from us at the two
points where the magnetic probes Pup and P, are
placed.

Studies on the interaction of plasma flows
with candidate fusion reactor materials require the
production of highly concentrated plasma fluxes on
the surface. Obtaining such fluxes depends on many
factors, one of which is due to the magnetic self-
isolation of the plasma. In this regard, the obtained
results can further be valuable in determining the
optimal accelerator parameters, at which it is possible
to obtain highly concentrated plasma fluxes.

The results of the plasma column azimuthal
magnetic field distribution well describe the plasma
flux dynamics in accelerators. The ambiguities of
the configuration of the plasma column current line
can be concluded from these results. In addition, the
configuration of the current affects the configuration
of the magnetic field. For example, it was observed
that the dielectric tube changes the configuration of
the plasma column current lines and also magnetic
field.

4 Conclusions

Such important parameters of the plasma column
as the discharge current value and distribution of
the azimuthal magnetic field were experimentally

investigated. In addition, the plasma column
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evolution and dynamics in the accelerating channel
of the PW-7 coaxial plasma accelerator were studied.
The experiments were conducted in two conditions.
In the first case, the plasma column evolution and
dynamics were studied without the dielectric (quartz)
tube. In the second case the dielectric tube was
used. The dielectric tube allowed avoiding plasma
flux around the magnetic probes. It also avoided the
plasma diffusion to the grounded wall of the chamber.

It was found that the oscillation of the
magnetic probes signals occurs in anti-phase

in the first case. In the second case the plasma
column current lines are changed when the column
is surrounded by a dielectric tube. Therefore, the
configuration of the magnetic flux of the plasma
column also changes.
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