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Abstract—This paper describes the design and parameters of a nanosecond accelerator with an additional
transmission line that has variable wave impedance and a gas-filled diode. The possibility of controlling the
beam current parameters by changing the air pressure in the diode is shown. Behind the anode foil, at a half-
maximum pulse width of =1.3 ns and an electron energy of up to 350 keV, the beam current amplitude was
~700 A. Vavilov—Cherenkov radiation spectra and oscillograms were recorded when were excited by the elec-
tron beam of this accelerator. quartz, sapphire, and synthetic diamond were excited by the electron beam of

this accelerator.
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INTRODUCTION

Electron accelerators are used in various fields of
science and technology [1, 2] and continue to improve
[3, 4]. Electron beams are usually formed in vacuum
diodes and thin foil anodes are used in most accelera-
tors to output the beam current to air and other gases.
Since the last century, accelerators of electron beams of
nanosecond and picosecond durations with energies of
hundreds of kiloelectron-volts, as well as sources of
bremsstrahlung X-ray radiation based on such accelera-
tors, have been developed and studied [5—21].

In the development of nanosecond small accelera-
tors and x-ray machines, various high-voltage pulse gen-
eration schemes are used. The most common devices use
pulse transformers [5], a Marx circuit [8] and induc-
tive energy storage devices [ 14, 21]. To reduce the volt-
age pulse duration, sharpeners of various designs are
used based on high-pressure [15, 20] and solid-state
switches. All this allows the creation of accelerators
with various parameters and adjustment of the ampli-
tude and duration of beam current pulses.

In recent years, additional lines with ferrite rings
have been used to increase the amplitude of the voltage
pulse and reduce its duration [21—23]. However, such
lines must be placed in a magnetic field. For this,
cylindrical magnets are needed, whose length is equal
to the length of the line, which significantly compli-
cates the design of the accelerator.

In this paper, it is shown that other approaches can
be used to increase the electron energy and adjust the
duration of the beam current pulse, which allow creat-
ing electron accelerators of a relatively simple design.
Accordingly, the aim of this work was to develop and

study an accelerator with an open circuit voltage of
500 kV, an electron energy of up to 350 keV, a beam
current pulse duration of ~1 ns, and a current density
behind the foil of more than 200 A/cm?.

An additional line with variable wave impedance
was used to increase the electron energy in the acceler-
ator and the diode was filled with air to pressures of 0.1—
10 Torr to control the beam current pulse duration and
electron energy. We note that the possibility of con-
trolling the duration of the beam current pulse and its
amplitude in gas-filled diodes was studied in [24—26].

INSTALLATION AND METHODS
OF MEASUREMENTS

The design of the high-voltage accelerator block,
which consists of two sections and a gas-filled diode,
is shown in Fig. 1.
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Fig. 1. The scheme of the high-voltage block of the accel-
erator, consisting of two sections and a gas-filled diode, to
which a conical collector is connected. Both sections of
the accelerator are filled with transformer oil.
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Fig. 2. Oscillograms of the voltage pulse on the diode (/)
and the beam current behind the foil (2) with interelec-
trode gap d = 11.5 mm and the air pressure in the diode
p = 0.8 Torr.

In the first section of the accelerator, as in [15], a
double forming line is used. However, instead of an
spark gap with an adjustable gap, which is located
between the middle and grounded coaxial electrodes, an
industrial two-electrode high-pressure switch R-49 was
used, which was connected to the internal electrode.

The wave impedances of each of the two forming
lines of the first section were =20 Q. That of the short
transmission line was 50 Q. A second accelerator sec-
tion was installed after a short transmission line, which
consisted of an inhomogeneous transmission line 20
cm long, whose wave impedance gradually varied from
50 to 100 Q. The use of the second section provides a
simple way to increase the amplitude of the voltage
pulse. The diameter of the inner electrode at the inlet
of the inhomogeneous line into the gas-filled diode
was 8 mm and the inner diameter of the outer cylinder
of the coaxial line was 102 mm. This provided a rela-
tively high strength insulator gas diode.

A tubular cathode with an inner diameter of 8 mm
was made of stainless steel foil with a thickness of 100 um.
The interelectrode gap could vary from 2 to 13 mm. The
beam current was extracted through 40-um-thick
AlMg foil. The beam current was recorded using a
conical collector with a time resolution of no worse
than 0.1 ns [27]. Measurements of voltage pulses at the
output of the first and second sections of the accelera-
tor were carried out using capacitive dividers.

The double forming line was charged from the sec-
ondary winding of a pulse transformer, which was
located between two coaxial cylinders with built-in
magnetic cores, when the capacitor was discharged
through the primary winding of the transformer (not
shown in the figure). Further, when the R-49 high-
pressure spark gap was triggered, a nanosecond voltage
pulse with an amplitude of 190 kV was formed in sec-
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tion I, which was supplied to the tubular cathode along
a short transmission line and a line with a variable
wave impedance. This made it possible to obtain volt-
age pulses with a duration of 2.5 ns with an amplitude
at idle of =500 kV. The air pressure in the diode could
vary from 0.1 to 760 Torr. As was shown in [24, 28], the
optimal pressure in the diode to obtain the maximum
amplitudes of the beam current in helium, hydrogen,
and nitrogen is different. In this accelerator, air was
used to fill the gas diode.

Signals from capacitive dividers and a collector
were fed to a Keysight DSO-X6004A digital oscillo-
scope (6 GHz and 20 samples/ns) via 5SD-FB PEEG
high-frequency cables (Radiolab) 1.2 m long. To
attenuate the signals, 142-NM attenuators (Barth
Electronics, 30 GHz) were used, which made it possi-
ble to register voltage pulses with a front duration of up
to 20 ps without significant distortion.

RESULTS OF STUDIES ON THE BEAM
CURRENT PARAMETERS

Oscillograms of voltage pulses and the beam cur-
rent are shown in Fig. 2. These oscillograms were
recorded in a regime close to optimal for conducting
experiments on the study of the Vavilov—Cherenkov
radiation parameters [29]. The amplitude of the volt-
age pulse across the diode was =350 kV and the current
recorded by a collector with a receiving diameter of
15 mm was =700 A. The beam current density behind
the foil from the central site 3 mm in diameter was
=220 A/cm?. Oscillograms of voltage pulses and beam
current in this mode consisted of two pulses. The
duration of the first (main) pulse at the half maximum
was =1.3 ns.

The second beam current pulse had a smaller
amplitude and was detected only when the pressure in
the gas-filled diode decreased and/or the interelec-
trode gap increased. It arose due to differences in the
resistances of the generator and the gas-filled diode,
which increased with increasing resistance of the
diode. However, due to this mismatch, it was possible
to increase the gap voltage and, accordingly, the elec-
tron energy.

The effect of air pressure in a gas-filled diode on
the amplitude of voltage pulses and current of the first
pulse of the beam, as well as on the duration of the
beam current at half maximum, is shown in Fig. 3.

It can be seen that under these conditions a signif-
icant increase in the voltage amplitude in the gap
begins at an air pressure of less than 2 Torr and maxi-
mum stresses are recorded at pressure of less than
0.5 Torr. Accordingly, to obtain beam electrons with
maximum energies, one must work in this pressure
range. However, the duration of the beam current
pulse with decreasing pressure increases and to obtain
pulses with a duration at the half maximum t,5 < 1 ns
the air pressure in the gas diode must exceed 1 Torr.
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Fig. 3. The dependences of the amplitude of the voltage pulse on the diode (/), as well as the amplitudes (2) and duration (3)
beam current behind the foil, from air pressure. The interelectrode gap d = 11.5 mm.

As can be seen from Fig. 3, the maximum ampli-
tude of the beam current at an optimal pressure and an
electrode gap of 11.5 mm was 900 A. An increase in the
pressure in the diode to 2 Torr led to a decrease in the
amplitude of the beam current to =250 A. To obtain
the pulse duration T, 5 = 0.1 ns the air pressure in the
diode should be increased to 100 Torr or more. How-
ever, this led to a significant decrease in the amplitude
of the beam current.

At an air pressure of 400 Torr in the diode, the
beam current amplitude was 3 A, while at atmospheric
pressure it was 1.3 A. The amplitude of the voltage
pulse at air pressures of 400 and 760 Torr was =135 kV.
The low beam currents at elevated pressures under
these conditions were due to the duration of the volt-
age pulse front, which was =2 ns.

When the voltage pulse front duration was =0.3 ns
at the SLEP-150 generator with a tubular cathode with
a diameter of 6 mm, the amplitude of the beam current
at atmospheric air pressure and the voltage amplitude
at the 180 kV diode (140 kV in the incident voltage
wave) was 10 A [30]. The transition to a mesh cathode
with a diameter of 40 mm made it possible to obtain
the amplitude of the beam current behind the foil
~100 A with a pulse duration at the half maximum of
0.1 ns using an SLEP-150 generator with a voltage of
200 kV in the incident wave [17].

The effect of the interelectrode gap on the ampli-
tude of the voltage and beam current of the first and
second pulses, as well as on the beam-current duration
at half maximum, is shown in Fig. 4.
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Fig. 4. The influence of the interelectrode gap on the amplitude of the first (a) and the second (b) voltage pulses (/) and beam
current (2), as well as the pulse width of the beam current at the half maximum (3). The air pressure in the diode p = 0.8 Torr.
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Fig. 5. The energy distribution of electrons for the first (/)
and the second (2) current pulses of the electron beam. d =
11.5 mm, p = 0.8 Torr. Both distributions are normalized to
unity.

When these dependences were obtained the pres-
sure in the diode during continuous pumping by the
foreline pump through a small-diameter hose was
=~(.8 Torr. This pressure at a pulse width at the half
maximum of =1.3 ns corresponded to the region of the
largest amplitudes of the beam current in the first
pulse for d = 11.5 mm. With a decrease in the inte-
relectrode gap, the amplitude of the beam current
increased, while the voltage across the diode
decreased. The duration of the beam current pulse at
the half maximum also increased. The second pulse of
the beam current under small gaps was not recorded,
which is associated with a decrease in the diode resis-
tance and, accordingly, the voltage across it. The elec-
trons of the second-pulse beam under small gaps were
absorbed by the anode foil.

Testing of an accelerator with a cathode with a
diameter of 4 mm from a foil 100 um thick, which was
also made of stainless steel, gave a similar dependence.
With a decrease in the interelectrode gap from 8 to
4 mm the gap voltage decreased and the amplitude of
the beam current and its duration increased. The
amplitude of the beam current at d = 2.75 mm was
~3.2 kA, but the amplitude of the voltage pulse was
~230 kV. At the same pressure in the gas diode and the
same d the cathode diameter did not significantly
affect the amplitude of the beam current.

To determine the spectra of the beam current
behind the foil, we used a technique that uses the
attenuation curves of the beam current by filters,
which was described in [31, 32]. Aluminum foils of
various thicknesses were installed between the foil and
the collector and the amplitudes and durations of the
beam current pulses were measured. Then, from the
obtained attenuation curve, the electron spectrum was
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restored. Figure 5 shows the electron beam spectra for
the first and second pulses at p = 0.8 Torrand d= 11.5 mm.

According to the calculations, for the first pulse in
the electron energy distribution there were two groups
with 50—150 and 180—350 keV. In the second pulse,
under the same conditions, the electron energy did not
exceed 100 keV and the distribution had one maxi-
mum.

The created accelerator will be used to study Vavi-
lov—Cherenkov radiation in KU-1 quartz, sapphire
and synthetic type I1a diamond obtained by gas-phase
deposition. In preliminary experiments, as in [29],
Vavilov—Cherenkov radiation was detected using a
standard spectrometer. The intensity of this radiation
in the ultraviolet and visible regions of the spectrum
increased in the transparency region of the samples
with decreasing wavelength. In addition, the Vavilov—
Cherenkov radiation pulses coincided in duration and
shape with the duration and shape of the beam cur-
rent. In contrast to [29], in which an accelerator with a
pulse duration at the half maximum of 12 ns was used,
this accelerator with a similar electron energy distribu-
tion had 1y 5 = 1.3 ns.

CONCLUSIONS

An electron accelerator with an open circuit voltage
of 500 kV has been created, which has a relatively sim-
ple design. The parameters of the beam current and
the voltage across the gap with a change in the air pres-
sure in the diode are presented and the possibility of
controlling these parameters is shown. At a diode volt-
age of 350 kV and a beam current amplitude of 700 A,
the beam current pulse duration at a half maximum of
1.3 ns was obtained. It has been demonstrated that an
additional line with a variable wave impedance makes
it possible to increase the gap voltage and, accordingly,
the electron energy. Vavilov—Cherenkov radiation was
detected in KU-1 quartz, sapphire and synthetic dia-
mond using a standard spectrometer, whose intensity
in the ultraviolet and visible regions of the spectrum
increased with decreasing wavelength.
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