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Abstract—The VITA accelerator neutron source based on a vacuum-insulated tandem accelerator operates at
the Budker Institute of Nuclear Physics. At the accelerator source, when transporting a powerful (up to

10 kW/cm?) beam of protons or deuterons to the target, neutrons with a wide range of energies—cold, ther-
mal, epithermal, and fast—are generated. The transported beam or neutron flux is used for conducting
research in the field of boron neutron capture therapy (BNCT); measuring the cross section of nuclear reac-
tions ("Li(p, p'y)’Li, "Li(p, o)*He, °Li(d, o)or, "Li(d, o)>He, °Li(d, p)’Li, and "Li(d, o)an); conducting
materials science research together with INP, CERN, and ITER; and for other applications. The creation of
a separate compact installation for the generation of fast neutrons is an urgent task; it will allow the treatment
of malignant tumors by fast neutrons and the radiation testing of promising materials. The generation of fast
neutrons at the existing accelerator neutron source is complicated, because the source of negative hydrogen
ions and the bending magnet were designed and produced for the generation and transportation of a proton
beam. The installation being created will be designed to generate and conduct a deuteron beam, while the
high-voltage and intermediate electrodes of the accelerator will be connected directly to the corresponding
sections of the high-voltage power source located inside the gas part of the feedthrough insulator. This paper
presents the concept of a compact accelerator source of fast neutrons under development; the results of
numerical calculations, modeling, and preliminary testing of the accelerator power supply in air are presented
and summarized and further steps of manufacturing and testing of the proposed power supply are formulated.
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INTRODUCTION

The VITA accelerator source of epithermal neu-
trons [1] operates at the Institute of Nuclear Physics,
Siberian Branch, Russian Academy of Sciences, to
develop boron neutron capture therapy (BNCT) for
malignant tumors [2, 3]. VITA consists of a tandem
accelerator with vacuum insulation to produce a pro-
ton beam with an energy of 2.3 MeV and a current of
up to 10 mA; a lithium target for generating neutrons
as a result of the threshold reaction "Li(p, n)’Be; and a
set of beam-forming systems to generate a flux of epi-
thermal, fast, and cold neutrons [4]. The layout of the
VITA accelerating neutron source is shown in Fig. 1.

The accelerator source is used to carry out biologi-
cal research in the field of BNCT [5, 6] and the gener-
ation of fast neutrons [7, 8] to measure the content of
undesired impurities in the samples of boron carbide
ceramic developed for the International Thermonu-
clear Experimental Reactor and the radiation testing
of optical fibers of the system of laser calibration of the

CMS calorimeter to provide the operation of the
Large Hadron Collider (CERN) in the high luminos-
ity mode, as well as to determine with a higher accu-
racy the inelastic scattering cross sections of various
nuclear reactions [9, 10] and other applications.

The task of creating the accelerator neutron source
for carrying out BNCT has been successfully com-
pleted; this is confirmed by clinical trials at the VITA
accelerating neutron source in Xiamen (China) [11]
and the creation of VITA for carrying out BNCT at the
Blokhin National Medical Research Center of Oncol-
ogy (Moscow, Russia). The current tasks are the
development of a domestic boron-delivery agent,
dosimetry methods for BNCT, and a wide range of
investigations of promising materials under the radia-
tion load from a flux of epithermal and fast neutrons.
Despite the successful generation of fast neutrons [7]
as a result of the Li(d, n) reaction, VITA is not opti-
mized for the generation of fast neutrons—the design
of the source of negative hydrogen ions does not allow
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Fig. 1. Layout of the VITA accelerator neutron source: (/) tandem accelerator with vacuum insulation ((/a) source of negative
ions of hydrogen, (1b) high-voltage and intermediate electrodes, (Ic) gas stripping target, (/d) bushing, and (/e) high-voltage
power supply source), (2) bending magnet, (3) lithium neutron-generating target, and (4) neutron-beam formation system;

(A—E) points of arrangement of the targets.
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Fig. 2. Circuit of the three-section symmetric cascade multiplier with load.

injecting a beam of negative deuterium ions with a cur-
rent exceeding 1 mA; in addition, the bending magnet
and its power supply designed and produced for a pro-
ton beam are not designed to rotate a beam of deuter-
ons with an energy higher than 1.5 MeV. In addition,
the setup with an accelerator and a power supply has
a considerable height and does not seem to be prom-
ising for replication; therefore, one should strive to
reduce the height of the accelerator and its power
supply system.

For these reasons, it becomes relevant to develop
and manufacture a separate compact accelerator
source of fast neutrons. The compactness of the man-
ufactured source of fast neutrons lies in the fact that,
in this case, the power supply of the accelerator elec-
trodes is achieved directly through the sections of the
symmetrical cascade voltage multiplier without using
a bushing, thereby realizing the idea described in this
paper and patented [12, 13].

PHYSICS OF PARTICLES AND NUCLEI LETTERS

Vol. 21

1. SCHEME OF INSTALLATION

The accelerator power supply in this compact
source of fast neutrons is a symmetrical cascade mul-
tiplier with series of capacitive coupling of cascades
[14—16]. The classical scheme of such a multiplier is
shown in Fig. 2.

The manufactured installation uses a circuit of
12 cascades of generator. The accelerator electrodes
are connected to every second cascade; in the scheme,
they can be shown as capacitors connected in parallel.
Series-connected diodes link two modules of high-
voltage capacitors with alternating voltage, which pro-
vide the power supply of the central module of con-
stant-voltage capacitors. The circuit elements are
designed for voltages of up to 50 kV, which imposes a
limit on the voltage at the input to the cascade multi-
plier, which must not exceed 25 kV. To uniformly dis-
tribute the electrical potential, KEV-1 resistors with a
nominal R = 80 MQ and a power of 1 W are intro-
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Fig. 3. Ideal circuit of the produced cascade multiplier with connected accelerator electrodes.
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Fig. 4. Equivalent circuit of the produced cascade multiplier with connected accelerator electrodes.

duced between the cascade sections parallel to the
capacitors of the rectifier column; this is shown in
Fig. 3. The secondary winding of the transformer with
a voltage of up to 25 kV and a frequency of 75 kHz will
be at the input. Thus, the maximum constant output
voltage will be 480 kV. The output voltage is reduced
because of the effect of parasitic parameters of the sys-
tem and the generator load. The capacitors in the elec-
trical circuit have their own resistance and inductance:
Rc = 320 MQ is the resistance of the capacitor insula-
tion (indicated as 4R in the diagram), r = 4 Q is the
equivalent series resistance, and L = 0.28 puH is the
equivalent series inductance.

Figure 4 shows the equivalent electrical circuit of
the cascade multiplier being manufactured with con-
sideration for the parasitic parameters of individual
elements.

The multiplier will be arranged in the upper part of
the accelerator bushing (Fig. 1d) and consists of
12 cascade sections; each circuit section is inside the
ring insulator. Between the insulators, there are elec-
trodes to which the high-voltage electrodes of the tan-
dem accelerator will be supplied through every second
section. The three assembled sections of the cascade
multiplier and the model are shown in Fig. 5. The
multiplier structure will be tested on the compliance
with the performed calculations. First and foremost,
we will investigate the effects associated with the pres-
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ence of parasitic parameters of the multiplier in the
system and the determination of its impedance.

With this purpose, the existing switch-mode power
supply (PS) with an output power of 100 W and an
alternating-voltage amplitude of 160 V insulated from
the 220-V input circuit by means of the circuit trans-
former will be temporarily used as a generator of alter-
nating current and frequency. The PS block diagram is
shown in Fig. 6. The power supply consists of a high
pass filter, a diode bridge rectifier, a power factor cor-
rector (PFC), an invertor, and a blocking capacitor C to
cut off the constant component of the output voltage.

The next step is to test the cascade generator “in
air” on the design parameters by using an alternating
voltage generator manufactured at the Budker Insti-
tute of Nuclear Physics.

2. RESULTS AND DISCUSSION

Before the direct testing of the cascade multiplier,
the ongoing processes were simulated. To simulate the
charging processes of cascade multiplier sections, the
NLS5 program was used [17]. Figure 7 shows the curves
of charging the sections of the cascade generator in the
two considered circuits at a load equivalent to the
10-mA beam, in this case, for the sake of illustration,
at a supply frequency of 10 kHz.

Vol. 21  No.3 2024
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Fig. 5. Image of three assembled sections of the cascade multiplier (on the left); model of three sections of the cascade multiplier

(on the right).
High pass filter
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Fig. 6. Circuit of the power supply source with an output voltage of 160 V, power of 100 W, and frequency of 85 kHz.

It is seen from the graph that the output voltage in
the ideal circuit is higher. This is explained by the fact
that the output voltage in the cascade voltage multi-

plieris U= Q2NU, — AU £ dU)F[18, 19], where

AU = ’{/AUéC + AU',§ + AUZ is the total slump of

the output voltage;

3
AU, = LCN? is the slump related to generator
loading;
5 2/3
AU = (s NU | B2 RV s the

0
related to the direct resistance of the rectifier;
172

oL,

0
to the leakage inductance of the transformer;
I N

oU =

load;

_tanh(2N,/C,/C)

F = is the efficiency of the cir-

2N JC,/C
cuits, where

U, = 20 kV is the input voltage applied to the cas-
cade generator (voltage of the secondary winding of
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Fig. 7. Modeled curves of charging the sections of the cas-
cade generator with a power-supply frequency of 10 kHz.
The red curve indicates the ideal circuit; the blue curve
indicates the equivalent circuit.

the transformer), k is an integer number (usually >3),
N = 12 is the number of sections of the cascade gener-
ator, /= 1—10 mA is the load current, f= 10 kHz is the
generator frequency, C = 1.7 nF is the capacitor capac-
itance (UHV-12A) in the sections, R, is the equivalent
resistance of the secondary winding of the trans-
former, R is the direct resistance of the diode
(2CLGS50KV-1A), L is the leakage inductance of the
transformer, and C; is the equivalent parasitic capaci-
tance of a section.

Vol.21 No.3 2024



350

Y, nC
1010

10°
108

107

Ti-D(d, n)

10°

10°
0 0.5 1.0 L.5 2. 2.5 3.0
E, MeV

Fig. 8. Neutron yield of some reactions from thick targets.

With such system parameters, AUy = 1.5kV, AU L=
2.5kV, and AU, = (dU/dI)I = al, where 0. is the slope
of the load characteristic (14 kV/mA for the ideal cir-
cuit and 15 kV/mA for the equivalent circuit); thus, we
assume that AU= AU.and F= 0.95 for the ideal circuit
and 0.9 for the equivalent circuit.

The output voltage ripple dU in the ideal circuit
agrees with the presented expression O8U =
(I/fC)(N/2), and its value is £0.55 kV/mA; in the
equivalent circuit, the voltage ripple increases to a
value of £0.7 kV/mA.

The same procedure performed for a supply fre-
quency of 75 kHz leads to the following results: F =
0.97 for the ideal circuit and 0.95 for the equivalent
circuit; o are 1.33 and 1.5 kV/mA, respectively. When
the cascade multiplier is loaded with a beam with a
current of 10 mA, the output voltage ripple is dU =1 kV.
Obviously, it is more reasonable to use the power sup-
ply with a frequency of 75 kHz; the increase in the
voltage drop due to the increase in the leakage induc-
tance of the transformer is insignificant.

Thus, the value obtained theoretically at the cas-
cade generator is U [kV] = @QNU, — k) F = 465 — 1.41
[mA], with the voltage ripple dU [kKV] = £0.1 I [mA].
Since the cascade generator is designed to be used as a
power source for a tandem accelerator, the energy
obtained of the deuteron beam at it is £ = E, + 2 X
(465 — 1.40) = E; + 900—930 keV, where E| is the
injected beam energy.

Let us evaluate the theoretical yield of fast neutrons
based on the proposed cascade voltage multiplier as a
power source for the tandem accelerator. Figure 8
shows the dependences of the neutron yield from dif-
ferent targets. Thus, during a long run to irradiate
promising materials for CERN, fast neutrons were
generated as a result of the nuclear reaction "Li(d, ) at
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a deuteron beam energy of 1.5 MeV and a beam cur-
rent of about 1 mA, which corresponded to a total
neutron yield of up to 2 x 102 s~L. Since little is known
about the cross section of the Li(d, n) reaction at ener-
gies lower than 0.75 MeV, the total neutron yield can
only be estimated approximately and its value is esti-
mated to be 10''—3 x 10" mA s~!. Such a neutron yield
is acceptable for research on radiation testing of prom-
ising materials and other applications, in particular,
the possible use of the accelerator for research on fast
neutron therapy.

CONCLUSIONS

A compact accelerator source of fast neutrons was
proposed at the Institute of Nuclear Physics, Siberian
Branch, Russian Academy of Sciences, for the radia-
tion testing of promising materials. As a power supply
of the tandem accelerator in it, a symmetric cascade
voltage multiplier with a capacitive coupling consist-
ing of 12 sections is used.

In this work, the cascade generator is investigated;
its output parameters are estimated with consideration
for the parasitic elements of the system; the output
energy of the deuteron beam and the total yield of fast
neutrons as a result of the ’Li(d, n) reaction corre-
sponding to it and to the beam current were also esti-
mated.

It is estimated that the output energy of deuterons
in this accelerator varies from 900 to 930 keV, with an
accuracy of up to the energy of the injected beam of
negative deuterium ions, which corresponds to a total
yield of fast neutrons of 10'—3 x 10" mA s~!. Such a
neutron yield is acceptable for the use of the proposed
fast neutron source in the radiation testing of promis-
ing materials and other applications; there is also a
possibility to achieve a relatively simple setup to carry
out investigations on fast neutron therapy.
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