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Abstract—The design of the accelerator-based neutron source VITA, which includes an electrostatic tandem
charged particle accelerator of an original design, an original thin lithium target and a set of beam shaping
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INTRODUCTION

A promising method for treating malignant
tumors, boron neutron capture therapy (BNCT)
[1, 2], requires intense neutron beams in the epither-
mal energy range (0.5 eV—10 keV), ideally monochro-
matic ones with an energy of around 10 keV. The best
solution is to use a threshold nuclear reaction
"Li(p,n)’Be (reaction threshold of 1.882 MeV) to gen-
erate neutrons. Due to the rapid increase in the reac-
tion cross-section near the threshold to 0.59 b at
2.25 MeV, the required neutron flux can be obtained
at a proton energy of 2.3—2.5 MeV. In this case, the
energy of the generated neutrons is minimal (hundreds
of keV), and, using a relatively compact moderator made
of magnesium fluoride, it is possible to form the most
monochromatic beam of epithermal neutrons with the
required flux density above 5 x 10% neutrons/(cm?s) due
to elastic and inelastic scattering of neutrons.

Such an accelerator neutron source was proposed
and developed at the Budker Institute of Nuclear
Physics of the Siberian Branch of the Russian Acad-
emy of Sciences. It has come to be used not only for
BNCT but also for a number of other applications [3].

ACCELERATOR-BASED
NEUTRON SOURCE VITA

The VITA accelerator neutron source is a physics
facility that includes an electrostatic tandem accelera-
tor of charged particles of an original design, later
called a Vacuum Insulated Tandem Accelerator
(VITA), for producing a stationary beam of protons or
deuterons, an original thin lithium target for generat-
ing neutrons, and a set of neutron beam shaping
assemblies with a moderator made of magnesium flu-
oride, plexiglass, or heavy water. The facility diagram
is shown in Fig. 1. The facility is generally housed in
one radiation-protected bunker, while the adjacent
bunker houses a lithium target with a neutron beam
shaping assembly suitable for patient therapy, or a
gamma or neutron spectrometer for scientific
research.

The originality of the accelerator design lies in the
fact that it uses not traditional accelerating tubes, but
electrodes in the form of nested coaxial cylinders,
which are attached to a single feedthrough insulator.
By placing the interelectrode insulators further away
from the charged particle beam and ensuring a high
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Fig. 1. Schematics of the accelerator-based neutron source VITA: (/) vacuum insulated tandem accelerator, (2) bending magnet,
(3) lithium target, (4) beam shaping assembly. The lithium target is placed in positions A, B, C, D, or E.

rate of ion acceleration due to the close placement of
the electrodes, it was possible to increase the ion cur-
rent to 10 mA. A distinctive feature of electrostatic
accelerators is the high monochromaticity of the ion
beam, in this case 0.1%. The ion energy can be
changed over a wide range from 100 keV to 2.3 MeV.

The lithium target is a thin layer of pure lithium of
crystalline density, thermally deposited in a vacuum on
an efficiently cooled copper substrate. Due to the cre-
ation of a very thin layer during evaporating that protects
lithium from interaction with air [4], and the formation
during use of an intermediate layer between lithium and
copper that is insensitive to radiation blistering [5], the
target is distinguished by an extremely long service life
without reducing its generating properties.

The facility produces neutron beams in a wide
range of energies: fast ones using a deuteron beam;
and when using a proton beam, supra-epithermal, epi-
thermal with the use of a magnesium fluoride moder-
ator, monoenergetic with the use of kinematic colli-
mation, thermal with the use of a moderator made of
plexiglass or polyethylene with embedded bismuth
powder, cold with the use of a moderator made of
heavy water frozen with liquid nitrogen.

Initially, the facility was used to develop boron
neutron capture therapy by irradiating cell cultures
and laboratory animals [6, 7]. Then, positive results
were achieved in the treatment of large domestic ani-
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mals (cats and dogs) with spontaneous tumors [8, 9].
To date, 31 pets have been treated; recently, the
method of prompt y-ray spectroscopy has been suc-
cessfully used in the treatment of animals for direct
measurement of the number of nuclear reactions
B(n,oty)’Li that have occurred and boron dose
assessment [10]. A significant number of new boron
delivery drugs have been tested on cell cultures and
laboratory animals with quite good results, especially
with cell cultures [11—15], but none of them can yet
replace sodium borocaptate and boron phenylalanine
used in therapy.

In BNCT, it is customary to distinguish four com-
ponents of the absorbed dose of ionizing radiation:
boron, thermal neutron dose, fast neutron dose, and
v-radiation. We have successfully applied the method
of prompt y-ray spectroscopy for the first time for
direct measurement of boron dose [10], and together
with a chemical dosimeter for measuring the total
dose; a new method for measuring boron dose was
proposed by adding stable atomic nuclei activated by
neutron irradiation to the preparation for targeted
delivery of boron [16]; a small-sized detector with a
pair of cast polystyrene scintillators, one of which is
enriched with boron, was developed for measuring the
boron dose and dose y-radiation in the air or in a water
phantom [17]; a “cellular dosimeter,” i.e., a method
for measuring the sum of the dose of fast and thermal
No. 6
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neutrons, has been proposed and implemented [18];
an activation sensor has been manufactured and is
being used to measure the flux of epithermal neutrons
[19, 20].

We have opened the era of lithium neutron capture
therapy, which brings a new quality: 100% dose deliv-
ery to tumor cells. First, it was shown for laboratory
animals that natural lithium can accumulate in tumor
cells in a concentration sufficient for therapy, and the
kidneys can cope with such a single injection of lith-
ium [21, 22]. Then, using lithium chloride enriched
with the isotope lithium-6, administered orally or
intraperitoneally, an impressive result was obtained:
the group that received the therapy differed from the
other three control groups in having a significant
increase in survival and two-fourfold slower tumor
growth.

Considerable attention at the facility is given to
obtaining fundamental knowledge about the cross-
section of nuclear reactions, which is important for
many applications [23—25]: the neutron yield in the
reaction "Li(p,n)’Be [26], the yield of photons with
energy 478 keV in the reaction "Li(p,p"y)’Li [27], reac-
tion cross-section "Li(p,p"y)’Li [27] and "Li(p,o)*He
[28] important for BNCT, reaction cross-section
B(p,0,))®Be, "B(p,0)®Be* and "B(p,ao)o [29]
important for neutron-free thermonuclear energy, as
well as the reaction cross-section °Li(d,o)*He,
°Li(d,p)’Li, °Li(d,p)’Li*, "Li(d,o)’He, 7Li(d,no)*He
[30], '“B(d,0,)®Be, '"B(d,o;)®Be*, '°B(d,p,)''Be*,
1B(d,0,))°Be, "B(d,0,)°Be* [31] and ’Li(d,n)®Be,
"Li(d,n)®Be* [32] were measured.

The facility is used for radiation testing of boron
carbide and steel samples for the International Ther-
monuclear Reactor ITER [33], optical cables for the
Large Hadron Collider (CERN) [34], neodymium
magnets for a high-power linac, gas sensors based on
titanyl phthalocyanines [35], semiconductor photo-
multipliers, electronic components and devices. Thus,
irradiation of boron carbide samples with thermal
neutrons allowed us to determine the minimum acti-
vated ones, and irradiation with fast neutrons with a
fluence of 10'* neutrons/cm? led to a decrease in the
density of the samples by 5%, Young’s modulus by
13%, and flexural strength by 14%. The dependence of
the transparency of three types of optical fiber, pro-
vided by the Saclay Nuclear Research Center
(France), on the fast neutron fluence up to a value of
3 x 10" neutrons/cm? was measured. It has been
found that the transparency of optical fiber decreases
by ~50% as soon as the fiber is irradiated with fast neu-
trons and does not return to its previous level after the
irradiation is completed. The measured degradation of
optical fiber transparency ranges from 20 to 35% at a
fast neutron fluence of 10'* neutrons/cm?. This is the
first time such a detailed study of the dependence of
optical fiber transparency on fast neutron fluence has
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been carried out, and the results obtained are unique
and important for science and practice, including for
laser calibration of the CMS detector calorimeter
during the planned operation of the Large Hadron
Collider at CERN in high-luminosity mode.

Thanks to the use of a thin lithium target, the VITA
accelerator neutron source is characterized by
extremely high brightness, which can be used to
implement a neutron—neutron collider. As a first step
towards the implementation of an ambitious project, it
was proposed to obtain a beam of cold (ultracold) neu-
trons and, using a sextupole magnet, repeat the Stern-
Gerlach experiment, and give it a correct description
[36]. The next step could be the creation of a neutron-
electron collider to directly study the neutron for the
first time.

VITA-II

Accelerator-based neutron sources VITA-IIo
(Fig. 2) [37] and VITA-II, made for oncology clinics,
differ from VITA by the presence of pre-acceleration
to increase the proton energy to 2.35 MeV, a change in
the connection of the high-voltage power source to
significantly reduce the facility height, and the use of
a source of negative hydrogen ions with volume ion
generation from D-Pace (Canada) instead of a source
with surface-plasma ion generation developed by the
Budker Institute of Nuclear Physics of the Siberian
Branch of the Russian Academy of Sciences to
increase reliability and simplify operation.

Accelerator-based neutron source VITA-IIow was
delivered to China and has been used for several years
to conduct clinical trials of BNCT, which allowed
China to become the second country in the world,
after Japan, to master the new method of treating
malignant tumors.

Accelerator-based neutron source VITA-II} was
manufactured for the Blokhin National Medical
Research Center of Oncology of the Ministry of
Health of the Russian Federation. By now, it has been
transported, assembled, and commissioned in Mos-
cow. By the end of this year, it is planned to bring the
facility into operating mode with design parameters
and begin clinical trials. Completion of clinical trials
and registration of the accelerator-based neutron
source for BNCT as a new medical device are planned
for the end of 2027.

VITA-III

The VITA accelerator implements a mode in which
the injected beam of negative ions is refocused onto
the accelerator input so that the accelerator’s strong
input electrostatic lens makes the beam practically
parallel inside and slightly divergent at the output. At
the exit from the accelerator, the proton beam has a
transverse size of 10 = 1 mm, angular divergence from
0.5 up to *1.2 mrad, normalized emittance is
No. 6
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Fig. 2. Accelerator-based neutron source VITA-IIa at the Budker Institute of Nuclear Physics before shipment to China.
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Fig. 3. Phase portrait of the 3 mA proton beam of the VITA accelerator (a) and the VITA-IIf accelerator (b).

0.2 mm mrad, its transverse profile is well described by
a Gaussian distribution. Low angular divergence
allows transporting the ion beam over a distance of up
to 10 m without the use of focusing devices. A signifi-
cant disadvantage of this injection mode is the heating
of the uncooled diaphragm of the first accelerating
electrode, which limits operation at high beam cur-
rents.
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In the VITA-II accelerator the injected beam of
negative ions is focused inside the accelerator, so that
at the exit from the accelerator the proton beam has a
transverse size of 15—20 mm, an angular divergence of
+3—4 mrad, a normalized emittance of 0.2 mm mrad,
and its transverse profile is nonuniform. Figure 3
shows the phase portraits of the proton beam mea-
sured at the VITA and VITA-11f accelerators. The use
No. 6
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of pre-acceleration had both positive and negative
effects. The positive effect is that the proton energy is
increased by 100 keV and there is no heating of the
uncooled diaphragms of the accelerator due to the
smaller size of the ion beam in the accelerator.
The negative effect is that the quality of the resulting
proton beam has deteriorated: it has become larger in
size, its divergence has increased, and it has become
nonuniform. Obtaining such a beam complicates the
facility, since focusing means are required for its trans-
portation. The use of pre-acceleration itself also com-
plicates the facility since it requires a high-voltage
platform and an isolation transformer.

One of the main proposals for improving the accel-
erator is to slow down the ion beam injected into it
[38]. This is achieved by isolating the input diaphragm
of the accelerator and applying a negative potential to
it. The results of numerical simulations show that this
makes it possible to reduce the transverse size of the
beam in the accelerator and, as a consequence, the
heating of uncooled diaphragms and to obtain a paral-
lel proton beam at the output, which is convenient for
transportation. The obtained result can be qualita-
tively explained by the fact that the action of an iso-
lated diaphragm under potential is similar to the effect
of an Einzel lens focusing an ion beam, or by the fact
that the deceleration of injected ions reduces their
transverse momentum and, as a consequence, the
transverse size of the beam in the accelerator.

VITAmin

The height of the accelerator neutron source can be
significantly reduced by placing the high-voltage
power supply inside the upper vacuum part of the
feedthrough insulator and eliminating the lower gas
part of the feedthrough insulator [39]. Such a solution
with a 500 kV symmetrical cascade Cockcroft—Walton
generator is being developed for a high-power com-
pact fast neutron source [40, 41] and with a 1.1 MV
generator for a very compact BNCT facility.

CONCLUSIONS

The Budker Institute of Nuclear Physics of the
Siberian Branch of the Russian Academy of Sciences
has proposed and developed an accelerator-based
neutron source, which includes an electrostatic tan-
dem charged particle accelerator of an original design,
an original thin lithium target, and a set of neutron
beam shaping assemblies. The first version of the neu-
tron source has been actively used for a decade at the
institute’s site to develop boron neutron capture ther-
apy for malignant tumors, for radiation testing of
promising materials, for measuring nuclear reaction
cross-sections, and for a number of other applications.
The second version of the neutron source is being used
in China for clinical trials of the BNCT technique and
will soon be used for clinical trials in the Russian Fed-
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eration. The third version of the neutron source is
being developed for subsequent equipping of oncology
clinics with the aim of widespread implementation of
the technique into clinical practice. Another version of
the neutron source is being developed as a powerful
compact source of fast neutrons and a very compact
facility for BNCT.
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