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Off-axis emission of electrons by discharge of a low-inductance vacuum spark
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The article presents the results of the study of electrons, emitted by the plasma of a low-inductance vacuum
spark. It was found that a 50-kA discharge with a 3.4-us period of current oscillations produces electrons with
the energy higher than 100 keV, which leave the discharge plasma in the direction perpendicular to the discharge
axis. The electrons have an energy spectrum close to monoenergetic. They appear after the first quarter period
of discharge current oscillations and are emitted during about 1 ps. So, the origin of the electrons has no relation
to the process of plasma pinching. The time behavior of the electron energy was studied. It gradually diminishes
from a value of about 100 keV just after the maximum of the discharge current down to about 10 kV after reversal
of the current direction. This phenomenon points out the redistribution of the discharge current, resulting in the

disappearance of the magnetic field on the line of sight perpendicular to the discharge axis.
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I. INTRODUCTION

The appearance of accelerated electrons in high current
discharges had been noticed already in first experiments,
aimed on the creation of hot plasma [1]. This phenomenon
has been found in many types of discharges, for example
in plasma focus [2,3], Z pinch [4], and low-inductance vac-
uum spark [5,6]. Review [7] describes the physical picture of
the low-inductance vacuum spark (LIVS) discharge (vacuum
discharge with maximal current about 100 kA and period of
oscillations in the microsecond scale), where the acceleration
of electrons reveals itself in the generation of hard x rays
[8,9]. The mechanism of the electrons acceleration here is
closely connected with deep pinching of the discharge plasma
and generation of the overvoltage due to the jump of plasma
Ohmic resistance [10,11]. So the experimental methods of the
study of high-energy electrons, generated in LIVS, involved
mostly the study of electron emission along the discharge
axis [12], because the high value of the magnetic field of the
discharge current (about several tesla) gives no chance for
electrons to leave the discharge plasma perpendicular to the
discharge axis at the moment of pinching. In contrast to that,
the present work reports the results of the study of electrons,
generated by LIVS in direction perpendicular to the discharge
axis. These electrons appear after the phase of compression
and definitely have no relation to the process of the plasma
pinching. They are produced in a wide range of charging
voltages and with different materials of the anode, which
define the chemical composition of the discharge plasma. The
problem of the mechanism of these electrons generation is still
open.
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The LIVS discharge is a well-studied physical object, and it
was difficult to predict the detection of electrons in the side-on
direction. The usage of the microchannel plate as a detector
of images of the pinhole camera was the main point, which
made it possible to find it. Another reason of the absence
of the information about this phenomenon in the literature
can be connected with the geometry of radial emission of
electrons—they do not hit the anode but spread out over
the inner surface of the discharge camera. That makes the
brightness of the corresponding hard x-ray emission much
less. Together with smooth time dependence (see below) it
makes it more difficult to detect hard x rays, caused by radial
emitted electrons, in comparison with the short, bright pulse
of hard x rays produced during fast pinching.

II. EXPERIMENT

The present experiments have been done with LIVS, which
included the main capacitor C =3 uF (charging voltage
6-12 kV) and a discharge unit with a triggering arrangement
(see Fig. 1). The period of the oscillations in the discharge
circuit is 3.4 us and the first maximum of current is 50 kKA.
The residual pressure in the system was about 10~ Pa. The
discharge is triggered by means of the high-voltage pulse,
generated in a separate circuit. This circuit contains the
0.1-uF capacitor charged up to 10 kV. The trigger electrode
has been embodied in the cathode through the insulating
pipe. The main experimental tools are the pinhole camera
and the microchannel plate (MCP) detector [13], working
in the imaging mode. The MCP detector construction is an
assembly of a MCP and a phosphor screen. The geometrical
magnification of the pinhole camera is 3. The plasma-detector
distance is 200 mm. The sensitive part of the MCP is
exposed by the pinhole camera image, which contains the
anode-cathode gap of the discharge diode (see Fig. 1). The
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FIG. 1. The general scheme of the experimental setup. 1,2: the
discharge electrodes, cathode, and anode; 3: the trigger electrode;
4: the discharge plasma; 5: the image-forming aperture; 6: perma-
nent magnets; 7: microchannel plate detector; 8: the image of the
discharge gap; 9: the digital camera.

image of plasma is taken from the phosphor screen by means
of a digital camera. The detector is sensitive to both soft x-ray
radiation and charged particles flux [14]. The detector has
been gated by means of a 10-ns pulse, synchronized with the
discharge current. There was a possibility to apply a magnetic
field of the order of 107> T to the volume of the pinhole
camera by means of the permanent magnets (see Fig. 1).
Typical pinhole images, obtained without application of a
magnetic field, are shown in Fig. 2 together with the discharge
current curve. The current curve has been obtained by means
of a magnetic probe. The images of discharges, presented in
Fig. 2, have been produced with the usage of an Al anode.
The triggering time is given with respect to the moment of the
beginning of the discharge current. The first quarter period of
the discharge current oscillations gives rise to the plasma col-
umn, connecting the anode and the cathode of the discharge
diode. It is possible to catch the frames with pinching of the
discharge column. The pinhole camera images at time delays
t > 1200 ns from the beginning of the discharge reveal a spot
feature, that exists in the discharge even when the discharge
current reverses its direction (see Fig. 2). This feature is the
object of the investigations described in the present article.
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FIG. 2. Current curve (upper image) and a series of pinhole im-
ages (lower line of images), obtained at different time delays with
respect to the start of the discharge current.
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FIG. 3. The influence of the magnetic field upon the position of
the spot feature in the discharge.

III. EXPERIMENTAL RESULTS

The main phenomenon is the influence of the magnetic
field upon the position of the mentioned spot feature. Figure 3
presents its displacement by the application of a magnetic
field about 0.001 T at a length of about 20 cm (see Fig. 1).
The images were obtained with the usage of a Mo anode. The
direction of the displacement shows that the image is formed
by the electrons. The displaced spot still remains a compact
feature; this indicates that the energy spectrum of the detected
electrons is close to monoenergetic. The particular form of the
displaced spot differs from discharge to discharge, but every
time it corresponds to the energy spectrum of electrons with
a definite maximum at a certain energy. So we will refer to
the generated electrons as the electron beam in the following
text. The magnetic field profile along the axis of the pinhole
camera has been measured, which made it possible to calibrate
the displacement of the electron spot at the image by the
field application in terms of the energy of the electrons via
numerical tracing of the electron trajectories. The point of the
spot, corresponding to the position of the maximum of the
brightness at the image was considered as a beam center posi-
tion for the calculation of the energy of the electron beam. The
application of the same magnetic field behind the discharge
chamber, on the opposite side with respect to the pinhole
camera, caused no influence on the pinhole camera images.
So, we can be sure that the magnetic field in the volume of the
pinhole camera does not disturb the discharge.

The results of the measurement of the electron beam en-
ergy dependent on the time delay with respect to the start
of the discharge current are given in Figs. 4 and 5. Figure 4
presents the results at different charging voltages for the dis-
charge diode with the Mo anode. Each point on the graph is
the result of the averaging of about ten measurements, and the
error bars correspond to 3¢ . Figure 4 shows that the electron
beam energy exceeds 100 keV at time delays between 1200
and 1400 ns. One can see that the properties of the electron
beam do not depend on the charging voltage within the range
6-12 kV. Figure 5 demonstrates the dependence of the elec-
tron beam properties on the material of the anode at charging
voltage 12 kV. Most likely the reason for the difference in the
energy of the electron beam for different anode materials is
connected to the different density of plasma, because the rate

065206-2



OFF-AXIS EMISSION OF ELECTRONS BY DISCHARGE ...

PHYSICAL REVIEW E 108, 065206 (2023)

5x10°

> e 0 12kV
) ; A 9KV
+ O 6kV ]
1x105 -t

5x10%-

electron beam ene
F~

1x10*

5000

1200 1400 1600 1800 2000
time (ns)

FIG. 4. The results of the measurement of the electron beam
energy at different charging voltages. The material of the anode
electrode is Mo.

of the anode erosion at the definite discharge current depends
upon the anode material.

The present results show that the generation of the electron
beam takes place at time moments considerably later than the
time of the plasma pinching. The pinching takes place within
the first quarter period of the discharge current oscillations,
and the electrons appear at the second and third quarter pe-
riods. The electron beam appears even when the Pb anode is
used in the vacuum diode, although the pinhole camera images
show that the discharges with the Pb anode reveal no pinching
at all in our setup. The generation of the electron beam takes
place during a considerable time interval, about 1 us, while
the electrons originated in pinches usually are short pulses.
So, we conclude that the electrons under study are of a quite
different nature in comparison with the electrons appearing by
pinching.

IV. THE RESULTS OF MEASUREMENTS
WITH MCP IN CURRENT MODE

The detailed information about the time behavior of the
accelerated electrons can be obtained with the usage of a MCP
in the current regime (see Fig 6). This arrangement implies
dc bias of the MCP in the range 600-800 V. The sensitive
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FIG. 5. The results of the measurement of the electron beam
energy for different materials of the anode. The charging voltage is
12 kV.
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FIG. 6. The scheme of the experiment with the usage of a MCP
in the current regime. 1: MCP; 2: current collector electrode.

part of the MCP is exposed by part of pinhole camera im-
age, corresponding to the anode-cathode gap of the discharge
diode (see Fig. 6). The signal from the collector electrode
has been analyzed by means of a digital oscilloscope. More
detailed information about this mode of the MCP detector
is given in [15]. Typical results for the discharge diode with
Al and Mo anodes are given in Figs. 7 and 8. The signal
from the collector electrode, loaded on 50 €2, is given together
with the current curve. Irreproducible pulses during the first
quarter of discharge current oscillations correspond to exreme
ultraviolet radiation emitted by pinching plasma. A wide pulse
after 1200 ns is the electron beam signal. The application of
the magnetic field results in its disappearance. The electrons
have been emitted even after the reversal of the direction of
the discharge current. One can see that the time behavior of
the total electron beam current is smooth and does not contain
any pronounced time structure, at least down to a timescale of
about several tens of nanoseconds.

The results presented in Figs. 7(b) and 8(b) can be used for
the estimation of the total electron beam current. The output
current of the MCP detector in the current regime produces a
voltage of about 1 V on a 50-Q2 load, that corresponds to the
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FIG. 7. Time behavior of the MCP signal for the discharge with
the Al anode. (a) Discharge current curve; (b) MCP signal without
magnetic field in the pinhole camera volume; (c) MCP signal with
the magnetic field applied to the volume of the pinhole camera.
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FIG. 8. Time behavior of the MCP signal for the discharge with
the Mo anode. (a) Discharge current curve; (b) MCP signal without

the magnetic field in the pinhole camera volume; (¢) MCP signal with
the magnetic field applied to the volume of the pinhole camera.

output current 0.02 A. The maximal gain of the MCP is about
10*; this corresponds to the current at the entrance of the MCP
of about 2 x 107 A. The quantum efficiency of the MCP for
the electrons in our range of energies is within 10%-20%, so
the value of the electron beam current at the entrance of the
MCP can be estimated as 107> A. The image-forming aperture
in the pinhole camera defines the solid angle of the electron
beam (0.1 mm on the distance 50 mm). Neglecting the angle
dependence of the properties of the electron beam, we get the
estimation of the peak value of the total electron beam current
in 47 sr as about 30 A.

V. DISCUSSION

The emission of electrons by discharge plasma in the di-
rection perpendicular to the discharge axis means that there is
no magnetic field on the line of sight of the pinhole camera.
The maximal energy of the electron beam (about 100 keV)
corresponds to the time delay with respect to the beginning of
the discharge at about 1400 ns. At that moment the discharge
current is 25 kA (see Fig. 1). Would this current go through
the plasma between the anode and the cathode, the estimation
of the magnetic field at the radius equal to the radius of the
anode (r = 1.5 mm) gives B = MQ# = 3.3T. The value of
the Larmor radius for 100-keV electrons at such B is about
0.5 mm and they have no possibility to directly leave the
plasma or to form a compact image at the MCP detector.
The situation is even more serious at a time delay of about
2000 ns, where at the same value of discharge current the
energy of the electron beam is only about 10 keV. This, in
turn, means that after about 1200 ns from the beginning of the
discharge the current has been substantially redistributed (see
Fig. 9). The current must flow not through the anode-cathode
gap, but between the anode and the discharge chamber inner
wall, which has the same potential as the cathode. Such redis-
tribution matches the fact of weak sensitivity of the electron
beam properties on the charging voltage, because in this case
the electron emission takes place without any current flow-
ing through the plasma. The absence of the influence of the
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FIG. 9. The scheme of the redistribution of the discharge current.
1: cathode; 2: anode; 3: discharge current up to 1200 ns from the
beginning of the discharge; 4, discharge current after 1200 ns from
the beginning of the discharge; 5: the insertion of the cylindrical
insulator into the discharge chamber prevents the appearance of the
accelerated electrons.

discharge current value upon the electron beam also matches
the results with the MCP detector in the current regime; the
electron beam signal in Figs. 7 and 8 does not “feel” in any
way the moment of zero crossing by the discharge current.
The physical picture given above can be checked also by
preventing the discharge current redistribution. For that an in-
sulating cylinder has been inserted along the inner wall of the
discharge chamber (position 5 in Fig. 9). The images with and
without application of a magnetic field are shown in Fig. 10
(Mo anode). Figure 10 should be compared with Fig. 3. The
cloudlike feature between the anode and the cathode now is
not sensitive to the application of a magnetic field. So, the
visible image most likely has been formed by the radiation
of the plasma, and accelerated electrons do not appear. This

1750 ns

Magnetic field off Magnetic field on

FIG. 10. The pinhole camera image of the discharge gap with the
insulator 5 (see Fig. 9) inserted into the discharge chamber.
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fact corresponds to the proposed mechanism of the discharge
current redistribution.

One could hardly imagine the existence of the potential
difference of about 100 kV in the radial direction of the
decaying plasma during a time of about 1 us. A plausible
mechanism of electron acceleration can be connected with
the radial oscillations of the plasma electrons, which become
possible after the redistribution of the discharge current. The
magnetic field of the discharge current before 1200 ns influ-
ences the radial motion of the plasma electrons, limiting their
displacement. The appearance of the running radial waves of
electron density can result in electron acceleration, as takes
place in the process of wakefield acceleration [16]. The source
of the energy of radial oscillations could be connected with
the expansion of the decaying discharge plasma. The physical
mechanism of the generation of radial running waves can
be connected with the diminishment of plasma density in
the radial direction, resulting in the diminishment of plasma
frequency. This should produce a phase modulation of ra-
dial oscillations. Such modulation can be responsible for the
appearance of the running radial waves of electron density,
which can produce the acceleration of the electrons.

VI. CONCLUSION

The present work reports the results of the study of
electrons emission by the LIVS discharge with a maximal

discharge current of about 50 kA. The emission has been
detected in the direction perpendicular to the discharge axis,
which hints at the absence of a magnetic field around the
discharge plasma. The electron beam energy spectrum is
close to monochromatic. The electrons are emitted during
a comparatively long time—about 1 ps. The time behavior
of the electrons energy has been investigated. This energy
gradually decreases from the value of about 100 keV at
time delay 1200 ns from the beginning of the discharge
to the value of about 10 keV at time delays more than
2000 ns. The origin of the emitted electron beam is not con-
nected with plasma pinching. A possible mechanism is the
electrons acceleration by the radial running waves of electron
density. The study of the electron density at the plasma decay
stage can clarify the mechanism of the electrons acceleration.
The use of interferometry seems to be adequate for the den-
sity investigations, and it is included in the future working
plans of the authors. The understanding of the mechanism
of the electrons generation in the LIVS discharge can be
useful for the elaboration of very simple sources of 100-keV
electrons.
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