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The algorithm and results of calculating the integral and differential energy spectra of a pulsed electron beam (350-500 keV, 80 ns),
generated by direct-action accelerators, are presented. The electron spectrum was calculated using the oscillograms of the
accelerating voltage, electron current, total current of the diode, and the one-dimensional Child-Langmuir (1D CL) ratio. It was
found that the discrepancy in the integrated electron beam energy spectrum, when measured using the total current in the diode
and using the electron beam current, did not exceed 15% for 80%-95% of the electrons generated in a diode with graphite, carbon
fabric, and multipoint cathodes. When calculating the electron spectrum using the 1D CL, the error was much higher.

1. Introduction

For technological applications, pulsed electron beams with
high current density (more than 100 A/cm?) and high energy
density, which generate direct-action accelerators (with
vacuum electron diode) with an explosive-emission cathode,
are widely used [1, 2]. The beam energy spectrum of elec-
trons or ions is an important parameter of the charged
particle beam generator. The energy spectrum of electrons
and ions determines the penetration depth into a target and
the absorbed dose distribution [3, 4]. When pulsed electron
beams are used to initiate plasma chemical processes, the
electron spectrum influences the kinetics and selectivity of
chemical reactions [5]. The composition and energy spec-
trum of the ions in the beam significantly influence the
distribution profile by the depth when doping [6] and for
radiation defects generation in the target at simulated ra-
diation irradiation [7, 8], etc. Therefore, the operational
control of the energy spectrum of charged particles is an
important factor in the beam-plasma technologies and in-
stallations for their implementation.

Special sensors are mainly used to measure the energy
spectrum of charged particle beams. In [9], a method of
determining the electron beam energy spectrum from
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Cherenkov radiation generated in the microwave range is
presented. In [10], thermal imaging diagnostics of pulsed
electron beams is presented. It provides an energy density
distribution measurement of the electron beam along the
cross section, electron energy spectrum measurement, etc.
To measure the energy spectrum of electrons, the distri-
bution of the absorbed dose over the depth of a target (made
of a material with a low density and low thermal conduc-
tivity) is analysed. To measure the electron beam energy
spectrum, a magnetic spectrometer was designed [11]. To
record the electron’s distribution after moving half a circle
driven by Lorentz force, an imaging plate was placed per-
pendicular to the incident direction of the electron beam by
the side of a 1 mm diameter collimator hole. The energy
spectrum of the pulsed electron beam generated by the direct-
action accelerator is calculated from the accelerating voltage
and electron current oscillograms [12]. At an electron energy
of more than 10keV (speed exceeds 6cm/ns), the delay
between the oscillograms of accelerating voltage and the
electron current is insignificant, even at a distance of 5-10 cm
from the diode to the electron current sensor—Faraday cup
(FC). However, these methods do not provide an operational
measurement of the electron beam parameters without
stopping the technological process (nondestructive

L)

Check for
updates


mailto:aipush@mail.ru
https://orcid.org/0000-0002-1312-9810
https://orcid.org/0000-0003-4932-0139
https://orcid.org/0000-0003-2804-3574
https://orcid.org/0000-0001-7741-2810
https://orcid.org/0000-0002-3131-6062
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8815697
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1155/2021/8815697&domain=pdf
https://doi.org/10.1155/2021/8815697

diagnostics). The application of the Rogowski coil (RC) for
electron current measurement is limited by the use of a
leading magnetic field for the electron beam or by the reverse
current through the plasma channel when the beam is output

to the gas [13].

For the operational and nondestructive control of the
electron beam spectrum, it is possible to use the total diode
current. The performed current balance analysis in the ac-
celerator diode assembly showed that when generating the
electron beam, the total current was more than the electron
beam current. The losses are mainly due to electron scat-
tering in the A-K gap. In the mode of matching the diode
impedance with the output resistance of the pulse generator,

the current loss did not exceed 12% [14, 15].

For the operational and nondestructive control of the
electron beam spectrum, it is possible to use also the one-
dimensional Child-Langmuir (1D CL) ratio [16]. Studies of
the vacuum diode in generating a high-current electron
beam have shown that the electron current is limited by the
emission capacity of the cathode or the space charge of
electrons in the A-K gap [1, 17]. When forming cathode
plasma with high concentration, the electron current density
is described by 1D CL. The results of the experimental study
of a flat diode with explosion-emission graphite, copper, and
carbon fabric cathodes and a multipoint W cathode are
presented in [18]. The tests were performed on a TEU-500
accelerator (350-500 kV, 80 ns) [14]. In addition, studies of a
strip diode with a graphite cathode, in the mode of electron
self-magnetic insulation, were performed on a TEMP-4M
accelerator (150-200kV, 400-600ns) [19]. In the tested
diodes, a satisfactory coincidence of the experimental values
of the total current with those calculated from 1D CL (for the
working area of the cathode) was observed, not only in the
absence of a change in the electron trajectory in the A-K gap
but also in its deviation from the normal to the cathode
surface by an angle of less than 90° (without magnetic
electron cutoff). The increase in electron current due to the
reduction of the A-K gap, the increase in cathode emission
area by cathode plasma, and the presence of microcavities on
the cathode are well described by 1D CL, taking into account
the increase of cathode emission surface area and reduction
of the A-K gap. In [11], a method of the energy spectrum of
pulsed electron beam calculation from the accelerating
voltage (using Child-Langmuir law) is presented. However,
this method is only applicable to diodes operating in the
mode of limiting the current by a space charge in the A-K
gap. In addition, this method does not allow the summation
of the electrons with the same energy, which are generated

during the front and rear edges of the pulse.

The purpose of the performed studies is to develop a
nondestructive method by studying the energy spectrum of
the pulsed electron beam generated by direct-action accel-
erators, which allow the summation of the electrons with the
same energy, which are generated during the front and rear

edges of the pulse.
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2. Experimental Setup and Methods

Investigations of the electron beam energy spectrum were
performed on a TEU-500 pulse accelerator (350-500KkV,
80ns) [14]. Figure 1 shows the accelerator diode assembly
and location of the diagnostic equipment.

We used a diode with a 45 mm diameter flat cylindrical
cathode made of different materials. As the anode, we used a
92 mm diameter flat copper FC collector. To measure the
total current in the diode, a Rogowski coil with reverse turn
was used. The acceleration voltage was measured by a ca-
pacitive divider located in the oil-filled chamber and a
differential voltage divider located in the vacuum volume of
the diode chamber [20]. The total electron beam current was
measured by a Faraday cup, which was pumped along with
the diode chamber at a pressure of 0.05-0.1 Pa. The FC
collector with a diameter of 92 mm was connected to the FC
chamber by a low-inductive shunt with a resistance of 0.05
Ohms. Calibration showed that the diagnostic equipment of
the diode assembly correctly reflected its operation in the
short circuit mode, when operating on a resistive load of up
to 60 Ohms, and when operating on a diode.

3. Electron Spectrum Determination

3.1. Determination of Electron Beam Spectrum using the
Current Oscillograms. Figure 2 shows the characteristic
oscillograms of the accelerating voltage, the total current of
the diode assembly, and the electron beam current.

When calculating the integrated electron beam energy
spectrum, at first in the program OriginPro 9.0 [21], a
spreadsheet of the dependence of electron current on ac-
celerating voltage was built. Then, in the spreadsheet, the
values of accelerating voltage and current were sorted
synchronously in the order of voltage increase (“sort col-
umns/ascending”). Next, the electron current was integrated
over time, which allowed the summation of the electrons
with the same energy which are generated during the front
and rear edges of the pulse. The charge of the electrons was
then recalculated on their number, and the integral de-
pendence of the number of electrons on their energy (which
is equal to the product of the electron charge on the ac-
celerating voltage) was built. Figure 3 shows the calculation
results.

With a total electron beam charge per pulse of
0.5-0.8 mC, the total number of electrons in the beam was
(3-5)- 10", At the same time, 80% of the electrons had an
energy of more than 200 keV.

The approximation of the integrated electron beam
energy spectrum by the polynomial and subsequent dif-
ferentiation enables the distribution of electrons by the
energy in the beam (electron beam energy spectrum) to be
obtained, as shown in Figure 4.

The electron beam energy spectrum calculated using the
electron current was further used to evaluate the correctness
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F1GURre 1: Diode assembly diagram and location of the diagnostic equipment: (1) cathode; (2) Rogowski coil; (3) capacitive voltage divider;
(4) differential divider; (5) Faraday cup.
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FIGURE 2: Oscillograms of the accelerating voltage (1), diode assembly total current (2), and electron beam current (3) (using graphite
cathode).
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FIGURE 3: The integrated electron beam spectrum calculated using the electron current (1), using the total current in the diode assembly (2),

and using the 1D CL (3). The error in calculating the electron beam spectrum using the total current (4). Graphite cathode (a) and carbon
fabric cathode (b).

of electron spectrum measurements by  other
methods—using the total current of the diode or one-di-
mensional Child-Langmuir ratio.

calculating the integrated electron beam spectrum. Error
was calculated from the following equation:

100|Nc (E) = Ngc (E)|

Figures 3 and 4 show also the electron beam energy
spectrum calculated using the total current of the diode unit.
The calculation was made according to the algorithm, which
was used to calculate the electron beam spectrum using the
electron current oscillograms. Figure 3 shows the error in

https://doi.org/10.1155/2021/8815697 Published online by Cambridge University Press

Er,(E) =

%, 1
Ngc (E) " =

where Ny (E) is the number of electrons with energy from 0
to E, calculated from the total current of the diode, and Ngc
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FIGURE 4: An electron beam energy spectrum calculated using the total current in the diode assembly (1) and using the electron current (2).
The error of calculation of electron beam spectrum (3) (using graphite cathode).

(E) is the number of electrons with energy from 0 to E,

calculated from the electron current.

Figure 4 shows the error in calculating the electron beam
energy spectrum. Error was calculated from the following

equation:
100|np (E) — npc (E)|
g (E)

>%)

Er,(E) =

where ngc (E) is the number of electrons with energy E,
calculated from the total current of the diode, and npc (E) is
the number of electrons with energy E, calculated from the

electron current.

The developed algorithm allows us to determine the
change in the spectrum of electrons in the beam when
exiting the diode chamber. Figure 5 shows the integrated
electron beam spectrum of the original electron beam and

the extracted beam.

In this series of experiments, a stainless-steel lattice with
a transparency of 70% was used as the anode. The FC
collector was 5 mm behind the lattice. Studies show that the
anode array only weakens the electron beam without
changing its energy spectrum. After passing the 0.13 mm
thick aluminium foil, the beam spectrum varies significantly

in the low energy region.

3.2. Determination of Electron Beam Energy Spectrum Using
the 1D CL. Studies have shown that when operating a
vacuum electron diode in the space-charge-limited current
mode, the calculation of the electron beam spectrum by CL
1D also produces correct results (see Figure 3). The calcu-
lation of the integrated electron beam energy spectrum is
made according to the algorithm of spectrum calculation in
Figure 3, but instead of the electron current, the calculated
current by 1D CL is used. Considering that the A-K gap
reduction and cathode area increase at emission surface

expansion, the electron current is equal to [18]

23310 °2F - U (£)* (ry + vt)’
(dy - vt)°

>

Io (1) =
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where U is the accelerating voltage, d,, is the initial A-K gap,
1o is the initial radius of the cathode, v is the cathode plasma
expansion velocity, and F is the form factor.

In contrast to a smooth emitting surface for which the 1D
CL formula was obtained, the cathode surface may have
microirregularities. If the cathode-surface roughness exceeds
the thickness of the space charge layer, the emission area of
the cathode increases and it is necessary to introduce a form
factor F>1 [18].

The performed studies showed that the difference in the
integrated electron beam energy spectrum, when measured
using the total current in the diode and using the electron
beam current, does not exceed 15% for 80-95% of the beam
electrons and for 95% of the beam energy. The error of
electron beam spectrum calculation using the total current
in the diode is most significant in the field of low electron
energies. The electron beam spectrum calculation by 1D CL
also allows for correct results, but the error is higher.

3.3. Thermal Imaging Diagnostics of an Electron Beam
Spectrum. The distribution of the absorbed dose over the
depth of the target depends on the energy spectrum of
electrons in the beam, so thermal imaging diagnostics can be
used to measure the energy spectrum of the electrons [10].
To measure the distribution of the absorbed electron beam
dose by depth, in a cylindrical target from foamed poly-
styrene, a section by diameter was made. After irradiation of
the target with a pulsed electron beam, the cut target was
opened and a thermal image of its inner surface was
recorded, 2-3 seconds after irradiation. Due to the low
thermal conductivity of the target material, its temperature
distribution change was no more than 5% during the first 3
seconds [10]. In this series of experiments, the distribution of
the absorbed dose over the depth of the target was measured
for a beam extracted from the diode chamber into the at-
mosphere through an aluminum foil.

Figure 6 shows the oscillograms of accelerating voltage
generated by the TEU-500 accelerator in this series of ex-
periments and the thermograms of an internal surface of the
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FIGURE 5: Integrated electron beam spectrum calculated using the total current in the diode unit (1), using the electron current measured
behind anode (2), and using the electron current measured behind anode and aluminium foil (3). Absolute (a) and normalised (b) values

(using carbon fabric cathode).
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FiGure 6: Oscillograms of accelerating voltage (1) and full current (2) in the diode (a) and thermogram of a target (b) (using graphite

cathode).

target (one pulse). The diameter of the target is 85 mm, the
thickness is 110 mm, and the direction of electron move-
ment goes left to right (see Figure 1).

The thermogram was processed according to the pro-
gram SmartView 4.1 Fluke Corporation [22], and the
absorbed dose of the electron beam was calculated from
heating of the target:

D(x, y) = ¢, AT (x, y),Gr, (4)

where ¢, is the target specific heat and AT is the target
heating.

Figure 7 shows the normalised absorbed dose distri-
bution over the depth of the target for three cross sections
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(see Figure 6) and the results of the simulation of the ab-
sorption of a monoenergetic electron beam in foamed
polystyrene with a density of 0.018 g/cm’, according to
Geant4 program [23]. The simulation is made for an electron
beam with a diameter of 5cm and with a constant electron
fluency across the cross section.

Figure 8 shows the results of the integrated electron
beam spectrum calculation for Figure 6(a).

Studies have shown that the distribution of the
electron beam absorbed dose generated by the TEU-500
accelerator over the depth of the foamed polystyrene
target corresponds to the electron beam energy
spectrum.
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FiGure 7: Normalised absorbed dose distribution over the depth of the target for three cross sections in Figure 6(b) (1, points). Results of
simulation absorption dose distribution of electrons with energy 250keV (2), 300keV (3), and 350keV (4).
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FIGURE 8: Integrated electron beam spectrum (1) and electron beam spectrum (2) calculated using the 1D CL.

4. Conclusion

The developed technique for diagnosing the distribution of
charged particles by the energy in the beam (beam energy
spectrum), which generates a direct-action accelerator, enables
the control of the parameters quickly and accurately during the
technological process. Spectrum control does not require
additional sophisticated equipment and lengthy processing of
measurement results. The technique has been successfully
tested on various accelerators that form pulsed electron beams.
The discrepancy in the integrated electron beam energy
spectrum when measured using the total current in the diode
and using the electron beam current does not exceed 15% for
80-95% of the electrons generated in the diode with graphite,
carbon fabric, and multipoint cathodes. When calculating the
electron spectrum using the 1D CL, the error is much higher.
The developed technique does not include the energy spread
of the beam, due to space charge, scattering, or other effects.
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