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Simple Summary

A new method of treating malignant tumors, boron neutron capture therapy (BNCT), is beginning to
enter clinical practice. The aim of our study was to develop an accelerator neutron source for this
therapy, as well as dosimetry tools and methods. We confirmed the compliance of the developed
VITA facility with the presented recommendations, implemented the prompt y-ray spectroscopy for
boron imaging, and developed a set of techniques for measuring dose components. We were the first
to implement lithium neutron capture therapy, which has advantages over BNCT. Thus, the VITA
accelerator neutron source characterized by high efficiency, reliability and compactness, can be used
for BNCT during which it is recommended to use the prompt y-ray spectroscopy.

Abstract

Purpose: To develop an accelerator neutron source suitable for boron neutron capture therapy — a
new promising method for treating malignant tumors, and to develop dosimetry tools and methods.
Methods: Research into the transport and acceleration of a beam of charged particles, development
and manufacture of an accelerator neutron source, and study of the radiation generated. Results: A
facility called VITA has been created, which includes a tandem electrostatic accelerator of an original
design for producing a 2.3 MeV 10 mA proton beam, a lithium target for generating neutrons in the
’Li(p,n)’Be reaction, and a beam shaping assembly for forming a therapeutic neutron beam. Also,
tools and methods for measuring the boron dose, y-ray dose, and sum of the fast neutron dose and
the nitrogen dose have been proposed and created. The conducted studies demonstrated the high
efficiency of the VITA facility, the possibility of implementing the prompt y-ray spectroscopy for
boron imaging, the possibility of implementing lithium neutron capture therapy, which has
advantages over BNCT, and also presented the results of the development of tools and methods for
measuring the boron dose, y-ray dose, and the sum of the fast neutron dose and the nitrogen dose.
Conclusion: The authors strongly recommend using the prompt y-ray spectroscopy in treatment,
developing lithium neutron capture therapy, including in combination with BNCT, and note the high
efficiency, reliability and compactness of the VITA facility.

Keywords: boron neutron capture therapy; neutron source; charged particle accelerator; neutron
producing target; dosimetry; beam shaping assembly; boron delivery drug
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1. Introduction

Boron neutron capture therapy (BNCT) is considered a promising method for treating malignant
tumors [1,2]. Currently, several dozen accelerator neutron source projects are being implemented
worldwide, with some of them being used for treatment or clinical trials [2,3].

The main objective of the research is to develop a compact accelerator neutron source that meets
the requirements of BNCT. The proposed and developed VITA accelerator neutron source has
become in demand for treatment and is actively used for scientific research into various aspects of
BNCT.

2. Materials and Methods

The VITA accelerator neutron source is a facility that consists of a tandem electrostatic charged
particle accelerator (Vacuum Insulated Tandem Accelerator, VITA), for producing a stationary
monoenergetic proton or deuteron beam with an energy of 2.3 MeV and a current of 10 mA, a lithium
target for producing neutrons in the "Li(p,n)’Be reaction, and a beam shaping assembly for producing
an epithermal neutron beam [1] (p. 115-125), [2] (p. 255-260), [4].

BNCT requires neutron beams in the epithermal energy range, ideally in the range of 1 keV to
30 keV [5,6]. The best neutron-generating reaction is considered to be the 7Li(p,n)’Be reaction due to
the rapid increase in the reaction cross section near the reaction threshold (1.882 MeV) [5,7]. This
allows the generation of a sufficient number of relatively low-energy neutrons (200-300 keV) at proton
energies of 2.3-2.5 MeV [8]. Such neutrons can be slowed down to the required energy on a relatively
thin moderator while maximally maintaining monoenergeticity. The use of a beryllium target, due to
its smaller *Be(p,n)°B reaction cross section, requires a higher-energy proton beam. Consequently, the
energy of the generated neutrons is higher, requiring a longer moderator, and the energy spectrum
of the therapeutic neutron beam will be broader: there will be more undesirable fast neutrons and
more undesirable thermal neutrons. The VITA facility was proposed for BNCT with the desire to
implement the best solution, and this solution was successfully implemented.

At present, the VITA facility at the BINP site looks as shown in Figure 1. This facility makes it
possible to obtain not only a proton beam, but also a deuteron beam, as well as to generate neutron
flux of various energy ranges. The ion beam is characterized by high monochromaticity (0.1 %), the
ability to change energy from 100 keV to 2.3 MeV and current from 0.5 mA to 10 mA. All this allows
this facility to be used not only for BNCT, but also for other purposes; we will briefly list them at the
end of the chapter.

The accelerator 1 consists of a cylindrical vacuum tank with a diameter of 1.4 m, a height of 2.3
m. The openings on the side are for the input and output of the ion beam, on the top — for vacuum
pumping, and on the bottom — for connection to a high-voltage power supply. Inside the vacuum
tank there are high-voltage and five intermediate cylindrical electrodes 1b, which are located
coaxially with the body of the vacuum tank. Frames for fastening diaphragms are welded into the
electrodes on both sides and diaphragms with an aperture usually 20 mm in diameter are inserted in
the negative ion acceleration path and in the high-voltage electrode and 30 mm in the positive ion
acceleration path. The diaphragms are located along the diameter coaxially with the input and output
flange of the ion beam input and output, and form an accelerating channel. A gas stripper Ic is
installed inside the high-voltage electrode coaxially with the accelerating channel, designed to
convert negative ions into positive ones. The potential on the high-voltage and intermediate
electrodes 10 is supplied from the high-voltage power supply le through a feedthrough insulator 1d.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0884.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2026 d0i:10.20944/preprints202605.0884.v1

3 of 19

Bunker 1 Bunker 2

|

By iy
D

|

Figure 1. Layout of the VITA facility: 1 — vacuum insulated tandem accelerator (1a — negative ion source, 1b —
intermediate and high-voltage electrodes, 1c — gas stripper, 1d — feedthrough insulator, Ie — high voltage power

supply), 2 — bending magnet, 3 — lithium target. A, B, C, D, E - lithium target placement positions.

A beam of negative ions is obtained from a surface-plasma source 1a with a Penning geometry
of the gas-discharge chamber. The beam is focused by a solenoid onto the accelerator input. The
typical transverse size of the ion beam at a distance of 57 mm in front of the input of accelerator is 8-
9 mm, the convergence is +30 mrad, the normalized emittance is from 0.13 mm mrad at a current of
0.5 mA to 0.2 mm mrad at a current of 3 mA.

This focusing of the ion beam at the accelerator's entrance aperture ensures a "hard" input beam.
A highly divergent ion beam enters the accelerator, which is focused by the accelerator's strong
electrostatic input lens into a beam 4-5 mm in diameter close to parallel. Negative ions are converted
into positive ions in the gas stripper of the tandem accelerator. Then positive ions are accelerated by
the electric field and, leaving the accelerator, are slightly defocused by the accelerator’s output
electrostatic lens. At a distance of 1.86 m from the accelerator center, the proton beam has a transverse
size 10 + 1 mm, angular divergence from + 0.5 mrad to + 1.2 mrad, and normalized emittance 0.2 mm
mrad.

The lithium target 3 can be placed in one of five positions; in Figure 1, they are marked as A, B,
C, D, and E positions. To direct the ion beam downward, a bending magnet 2 is used, which ensures
the same focusing of the proton beam in the direction along and across the magnetic field.

The target units (3 in Figure 1) are made in the form of an aluminum tube with a diameter of 100
mm (Figure 2). Using a gate valve 1 with a standard CF100 connection, the unit is connected to the
facility or to a specially designed lithium evaporation unit. For different applications, the target unit
varies in length (from 131 mm to 443 mm) and the presence or absence of pipes for diagnostic
equipment or observation windows located at an angle of 45° or 52.5° to the axis. A copper disk with
a diameter of 144 mm and a thickness of 8 mm is sealed on the end of the target unit. On the proton
beam side, a layer of lithium with a diameter of 92 mm and a thickness of 0.5 to 100 um is applied to
the copper disk using thermal evaporation in vacuum. On the reverse side of the copper disk, inside
the diameter of 122 mm, four double-flow spiral channels are machined 3 mm deep and 6 mm wide,
with a partition between the channels 1 mm thick for water cooling. A flat aluminum disk with a
central hole for cooling water supply and two peripheral holes for water drainage is pressed against
the reverse side of the copper disk. At a typical water flow rate of 17 1/min, turbulent water flow at a
velocity of 4 m/s occurs in the cooling channels, ensuring efficient heat removal. It should be noted
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that the lithium target is characterized by an extremely long service life due to its insensitivity to
radiation blistering.

Figure 2. Target units: 1 — gate valve, 2 - pipes, 3 — cooling supply.

For scientific research on BNCT with cell cultures and laboratory animals, as well as for the
treatment of pets with spontaneous tumors, the lithium target is placed in position A. The placement
of a lithium target in position C is usually used to measure the parameters of the formed neutron
beam in air and in a water phantom using developed diagnostic tools. The results of the conducted
research are presented below in Chapter 3.

A lithium target is placed in position B to generate fast neutrons in the Li(d,n) reaction for
radiation testing of materials and equipment, including those developed for the International
Thermonuclear Experimental Reactor ITER and the Large Hadron Collider at CERN. References to
articles containing research results are provided in [9]. In the radiation-protected bunker, an
additional room was made from concrete blocks with boron carbide with a wall and ceiling thickness
of 46 cm to ensure an acceptable dose level in the control room.

The lithium target is placed in positions C or E when measuring the yield of particles in nuclear
reactions and the cross section of nuclear reactions. To date, the cross-sections of 21 nuclear reactions
have been measured, which are important for BNCT, the generation of a powerful flux of fast
neutrons and neutron-free thermonuclear energy. References to articles containing results of
measurements of nuclear reaction cross sections are provided in [9].

A lithium target is placed in position C to generate monoenergetic neutrons for the calibration
of high-sensitivity two-phase cryogenic avalanche detectors designed to search for dark matter.

A lithium target is placed in position D to produce a thin beam of cold neutrons to confirm the
solution obtained when solving the quantum problem of neutron motion in a 2(n+1)-pole magnet
(Stern-Gerlach experiment).

Two next-generation VITA-II accelerator neutron sources have been developed for oncology
clinics. Three modifications have been made to them. Firstly, the surface plasma source with the
Penning geometry of the gas-discharge chamber developed by BINP was replaced by a D-Pace
Filament Volume-Cusp Source [10]. Secondly, the negative hydrogen ion beam injected into the
accelerator is additionally pre-accelerated by 100 keV. Thirdly, the sectional rectifier (high voltage
power supply) was turned over and placed on the bottom of the feedthrough insulator, which made
it possible to significantly reduce the facility height.

The VITA-IIo facility was delivered to the BNCT Center at Xiamen Humanity Hospital (Xiamen,
China), where clinical trials began on October 9, 2022. A photograph of the facility at the BINP site
before being shipped to China is shown in Figure 3. The results of the first patient's treatment have
been published [11].
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Figure 3. The VITA-IIo facility at the BINP site before being shipped to China.

The VITA-IIB facility was delivered to the Blokhin National Medical Research Center of
Oncology of the Ministry of Health of the Russian Federation (Moscow, Russia), where clinical trials
will begin in April 2027. The scheme of the VITA-IIp facility is shown in Figure 4.

Figure 4. Scheme of the VITA-IIP facility: 1 — negative ions injector, 2 — pre-accelerator, 3 —solenoid, 4 —
correctors, 5 — accelerator input diaphragm, 6 —tandem accelerator, 7 — current meter, 8 — quadrupole lenses, 9 —
correctors, 10 — bending magnet (proton beam is rotated in horizontal plane), 11 — beam absorber, 12 — lithium
target and beam shaping assembly, 13 — high-voltage power supply. Arrows show propagation of negative

hydrogen ions (H-), protons (p) and neutrons (n).

3. Results

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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3.1. New Boron Delivery Drugs

Currently, sodium borocaptate (BSH) and boronophenylalanine (BPA) are used for BNCT [12].
The development of new boron delivery drugs is relevant for improving therapy and expanding the
range of tumor types. A significant number of new drugs have been tested in cell cultures and
laboratory animals on the VITA facility. References to 10 articles with the results of testing new boron
delivery drugs are given in [9]. One of the drugs was tested in the treatment of a domestic cat and it
showed quite acceptable accumulation [13].

3.2. Pet Therapy

Thirty-tree pets (cats and dogs) with spontaneous tumors were treated, primarily with BPA, and
in six cases with gadolinium. In this case control groups were not formed, since neutron capture
therapy was used in these animals with spontaneous tumors as an experimental palliative therapy,
given the fact that by the time neutron capture therapy was conducted, all possible treatment options
in each specific case had already been exhausted. Pets were not randomized. Irradiation occurred
between 1:00 PM and 5:00 PM. The experimental unit — a single animal.

The first 9 cases with BPA are described in the article [14]. The data obtained indicate a partial
tumor response when performing BNCT.

The next 7 incurable pets with spontaneous tumors were treated using gadolinium (Magnevist®,
0.6 mL/kg b.w.) as a neutron capture agent (gadolinium neutron capture therapy). The use of
gadolinium for neutron capture therapy had no significant effects on the life expectancy and quality
of life of animals with spontaneous tumors. Following this result, we stopped using gadolinium in
therapy.

In the treatment of the last 10 pets, the method of prompt y-ray spectroscopy was used to control
the dose and to study the pharmacokinetics of the drug [13]. An hour prior to irradiation, an
intravenous infusion of BPA solution with fructose in deionized water was started. The dosage of
BPA was 700 mg per kilogram of animal weight, the solution volume was 20 ml per kilogram of
animal weight. In one case, infusion of the drug was continued during irradiation. The primary
outcomes of the animal therapy (tumor mass, irradiation parameters, boron concentration in blood)
are presented and described in detail in [13]. The ongoing optimization of therapy and the experience
gained yielded significant results: one month after therapy for the last pet (a cat with osteosarcoma
of the mandible), the tumor volume decreased 26-fold, from 12.7 g to 0.48 g.

3.3. Dosimetry

3.3.1. Prompt y-Ray Spectroscopy

The neutron capture reaction by boron itself provides a direct measurement opportunity since
in 93.9% of cases one of the reaction products is the emission of a 0.478 MeV y-quantum. The number
of nuclear reactions that have occurred in the observed volume can be determined by measuring the
intensity of radiation of photons with an energy of 478 keV. This method of measurement in relation
to BNCT has been proposed and described in [15]; it is called the prompt y-ray spectroscopy.
Although this method is well-known, it is practically not implemented. The difficulty lies in the fact
that the y-ray spectrometer must be placed in the neutron flux and have good energy resolution. It
must also be taken into account that photons of the same energy are also emitted from the lithium
target due to inelastic scattering of protons on lithium nuclei. If a y-spectrometer that is relatively
resistant to neutron flux is used, its energy resolution will not allow the separation of the 478 keV line
from the more intense 511 keV line. The HPGe vy-ray spectrometer separates these lines but is not
resistant to neutrons. Efforts to introduce this method have been made for many years, but have been
unsuccessful.

To implement this method of prompt y-ray spectroscopy, we placed the y-ray spectrometer as
far as possible from the irradiation zone and protected it from neutrons as much as possible. We were

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0884.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2026 d0i:10.20944/preprints202605.0884.v1

7 of 19

lucky that the bunker housing the neutron source was adjacent to another bunker (bunker 2, see
Figure 1); the spectrometer was placed in it, behind a 1.5-meter concrete wall. A hole was drilled in
the concrete wall to register radiation from the irradiation object. A collimator made of lead bricks
was placed in front of the pet. A plexiglass plate, providing neutron scattering, was installed in front
of the wall hole in bunker 1 for suppressing neutron penetration into bunker 2. A similar plexiglass
plate was installed in bunker 2 in front of the spectrometer. The spectrometer detector was wrapped
in cadmium foil to absorb thermal neutrons to ensure better safety of the spectrometer. The
spectrometer detector was placed inside a lead collimator to reduce background signal and detector
load. Measurements were performed using the SEG-1KP HPGe y-spectrometer (Institute of Physics
and Technology, Dubna) based on a semiconductor detector made of high-purity germanium.

The first application of prompt y-ray spectroscopy to evaluate boron uptake and clearance
during BNCT was performed on a cohort of ten pets [13]. A typical spectrum of the detected radiation
is shown in Figure 5. It is clear that the 478 keV photon line can be reliably measured. It is also evident
that this emission line is broadened due to the Doppler effect, since the photon emission occurs from
a still-flying lithium-7 nucleus. Good registration of photons from the °B(n,a)’Li reaction is ensured
by almost complete suppression of monochromatic 478 keV photons from the lithium target in the
Li(p,p'y)’Li reaction due to shielding of the lithium target with lead bricks and significant
suppression of the neutron flux by placing plexiglass scatterers and cadmium foil. Other lines in the
measured spectrum are noteworthy. The 511 keV line is due to annihilation processes; the 517 keV
line is due to neutron capture by chlorine ¥Cl(n,y)*Cl, and its intensity is proportional to the volume
of tissue in the detection region; he 558 keV line is due to neutron capture by the cadmium foil
(13Cd(n,y)'#Cd) that wraps the spectrometer detector, its intensity is proportional to the number of
neutrons scattered from the detection region; the 1712 keV line is the single-escape peak for the 2.223
MeV line emitted during neutron capture by hydrogen 'H(n,y)’H, and its intensity is also
proportional to the volume of tissue in the detection region.

number of events in the channel
3000

1 — e - A PL=

L S OSSR SSS—

1500 fl----- e

1000 [ff-------o]-foofrrememmemmemee e . rmmme e

o WO R S
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Figure 5. Characteristic energy spectrum measured by the y-spectrometer: 1 - 478 keV, 2 — 511 keV, 3- 517 keV,
4-558 keV, 5 -1712 keV.

Figure 6 presents the time dependence of the 478 keV line event count during one of the
irradiations. Among all irradiated pets, the highest photon yield was recorded for this cat with
adenocarcinoma in the nasal cavity, which was characterized by rapid tumor growth, indicating the
greatest boron accumulation in the tumor. The graph also shows a rapid decline in boron
accumulation; the signal reduction time by a factor of e is 3 hours. By moving the collimator and
monitoring the 478 keV, 511 keV, 558 keV, 1.72 MeV and 2.223 MeV lines, data can be obtained
indicating the selectivity of boron accumulation in the tumor.
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Figure 6. Dependence of the 478 keV line event count N (normalized to a proton fluence of 1 mA-h) on time

during the one of the irradiations.

The studies revealed that the intensity of boron neutron capture nuclear reactions and the boron
clearance time differ significantly in different pets: the former by a factor of 10, and the latter by a
factor of 6. There was no correlation between the measured intensity of boron neutron capture events
and the boron concentration in the tumor or blood. Attention should also be drawn to the differing
dynamics of boron clearance from the tumor (ranging from 3 to 17 hours) and from the blood (ranging
from 1 to 3 hours).

There are many potential factors that can cause interindividual variability in boron dynamics.
To clarify this, we plan to conduct additional studies in 10 pets, limiting the variety of tumors and
restricting the study design. We plan to treat pets with adenocarcinoma and use a mobile collimator
to determine the time dynamics of boron accumulation in the tumor, in healthy tissue, and in the
kidneys. We will also try to evaluate the therapeutic effect using ongoing assessment of animal
condition.

The obtained data indicate that for therapy planning and outcome assessment, prompt y-ray
spectroscopy is strongly recommended for the treatment of patients using BNCT.

3.3.2. Compact Neutron Detector

A compact neutron detector has been developed and manufactured to measure the boron dose
and y-ray dose. The detector's sensors have identical design, each containing three independent
optical detection channels. The first detection channel is based on a cast polystyrene scintillator with
boron, the second is based on a similar scintillator without boron, and the third is an optical fiber
without a scintillator. The scintillators are cylindrical, 1 mm in diameter and 1 mm long. The
scintillators are mounted on the ends of the optical fiber using optical organosilicon rubber and
protected by a light-tight plastic housing. The sides of the scintillator, as well as the end of the third
optical fiber, are coated with a reflective coating. Light from the scintillators is transmitted via optical
fibers to the readout electronics, and optical pulses are detected using micropixel avalanche
photodiodes (SiPM). The number of registered events with an amplitude above a certain threshold
at 10 ms intervals is transmitted to the computer for further processing. The difference between the
counts of the two detectors, with and without boron, allows us to estimate the contribution of the
neutron component recorded by the detector. The difference in the counts in the detector channel
without boron and the number of events recorded in the channel without a scintillator produces a
signal proportional to the y-ray dose at the measurement point, since it eliminates the contribution of
Cherenkov radiation generated in the optical fiber.

Using a compact neutron detector, we measured the spatial distribution of boron dose rate and
v-ray dose rate in air and in a water phantom for several variations of neutron beam shaping assembly
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during its optimization. References to articles with the results of the development and use of the
compact neutron detector are given in [9].

3.3.3. Cell Dosimeter

The use of a lithium target allows for a new method of measuring the sum of fast neutron dose
and nitrogen dose. The idea is that at proton beam energies below the neutron generation threshold
of 1.882 MeV, cell cultures can be irradiated with y-radiation alone as a result of the “Li(p,p"y)’Li
reaction. At proton beam energies above the neutron generation threshold of 1.882 MeV, cell cultures
placed in the same location are irradiated with mixed radiation: neutrons and y-radiation. If the
proton beam current is reduced to a certain value, then the same biological effect can be achieved, for
example, the survival of cell cultures, by irradiating cell cultures with two different types of
ionization for the same time. If irradiating cell cultures of the same line with two different types of
radiation for the same duration results in equal cell survival, then the equivalent doses are equal. To
implement this method, it is sufficient to measure the y-ray dose Dy, for which there are many
measuring instruments. Hence, the sum of the fast neutron dose and the nitrogen dose (thermal
neutron dose) Dn is calculated by the formula: Dn = Dy standard — Dy mixed, Where Dy standard — the y-ray dose
when the cells are exposed to y-radiation; Dymixed — the y-ray dose when the cells are exposed to mixed
radiation.

3.3.4. Epithermal Neutron Flux Monitor

The epithermal neutron flux monitor is an activation detector using 7'Ga(n,y)”?Ga reaction [16].
This reaction is characterized by many resonances and by placing the activated material (gallium)
inside the moderator, the same sensitivity to neutrons of different energies can be achieved. In the
monitor, the activation material is positioned in the geometrical center of the polymethyl
methacrylate (PMMA) or high-density polyethylene (HDPE) cylinder and covered with Cd foil for
thermal neutron absorption. Numerical neutron transport simulation shows that the detector is
sensitive to epithermal neutrons and it has a flat sensitivity curve in epithermal neutron range, while
its sensitivities to thermal and fast neutrons are low. It was experimentally measured that the
sensitivity of the flux monitor with HDPE moderator is 1.24 times higher than the sensitivity of the
flux monitor with PMMA moderator. It is also proposed to equip the flux monitor with a titanium
disk, which further reduces the detector's sensitivity to fast neutrons. References to articles with the
results of the development and use of the epithermal neutron flux monitor are given in [9].

There is a problem with the available data on the 7'Ga(n,y)”?Ga reaction cross section. While in
the resonance region the reaction cross sections are practically the same in ENDF-VII and JENDL-4.0
libraries, in the energy region below the resonances (below 50 eV), the cross section in ENDF-VII
library is approximately 1.3 times larger than that in JENDL-4.0 library. For practical use of the flux
monitor it is necessary to determine which of the used cross sections is reliable.

3.3.5. Labeling of the Boron Delivery Drug with Activated Nuclei

The idea is to label the boron delivery drug with a stable atomic nucleus characterized by a large
neutron capture cross section. During irradiation, these atomic nuclei will become radioactive, and
their spatial distribution can be measured with a y-ray spectrometer after therapy. Nuclei such as
1Ag, 115]n, and 7Au are considered candidates. An approach to assessing the absorbed dose of
BNCT using gold nanoparticles has demonstrated efficacy and safety in a cell culture experiment.
Reference to article with this proposal is given in [9].

3.4. Fundamental Knowledge

When using an accelerator neutron source for treating patients, validation of the lithium target
is required, including measurement of the neutron yield from the lithium target in the 7Li(p,n)’Be
reaction. The neutron yield from a lithium target was measured by its activation with the radioactive
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isotope beryllium-7 using a y-ray spectrometer based on a semiconductor detector made of high-
purity germanium. The measured yield is shown to correspond to the calculated one [8] with an
accuracy of 5%, which is important for planning the treatment.

The use of a lithium target entails additional emission of 478 keV photons as a result of inelastic
scattering of a proton by lithium nuclei ("Li(p,p’y)’Li reaction). The accompanying photon absorbed
dose is undesirable for BNCT. Knowing the photon yield of the 7Li(p,p’y)’Li reaction is certainly
important for nuclear data evaluation and for estimating the absorbed dose when planning therapy.
However, the data of the 478 keV photon yield and the data of the "Li(p,p’y)’Li reaction cross section
are few and differ significantly. We measured with high accuracy the 7Li(p,p’y)’Li reaction cross
section and 478 keV photon yield from a thick lithium target at proton energies from 0.65 MeV to
2.225 MeV. The data obtained can help establish a benchmark for radiation protection and treatment
planning. It is important to note that the results of measurements subsequently carried out by Greek
and Iranian groups [17,18] coincide with those we measured with good accuracy.

3.5. Beam Shaping Assembly

The neutron beam shaping assembly (BSA) was optimized using numerical modeling of neutron
and y-radiation transport. The optimal range of neutron and proton energies, as well as the size and
material of the moderator and reflector, were determined. The proton energy was 2.3 MeV, the
moderator material was magnesium fluoride crystals, and the reflector material was graphite in the
forward hemisphere and lead in the rear hemisphere. Using a compact neutron detector the
calculations were verified, showing good agreement between the calculated and measured data. A
view of the BSA for a Moscow clinic is shown in Figure 7. The neutron beam at 2.3 MeV 7 mA proton
beam satisfies all IAEA requirements [2]: therapeutic epithermal flux is 5.6 108 cm? ¢, thermal to
epithermal ratio is 0.017, fast neutron dose per unit epithermal fluence is 6.5 10"® Gy cm?, gamma
dose per unit epithermal fluence is 2.0 10 Gy cm™2.

Figure 7. BSA: 1 - lithium target, 2 — curtains made of borated polyethylene, 3 and 6 — lead reflector, 4 — titanium
frame, 5 — reflector made of reactor graphite, 7 — bismuth sheet, § — moderator made of magnesium fluoride
crystals, 9 — filters.

In the article [19] the authors presented the depth distribution of the thermal neutron fluence
rate, which is proportional to the boron dose rate, for accelerator neutron sources used for treatment
or clinical trials. The data presented in this article allow us to compare the BSA we developed with
similar ones.

Figure 8a shows the data on the depth distribution of the thermal neutron fluence rate in water,
and Figure 8b — in PMMA. The legends in the figures mean the following: “VITA (Moscow)” is a 2.3
MeV 7 mA VITA-IIf facility manufactured and delivered to the Moscow (Russia) for clinical trials;
“Tsukuba” is an 8 MeV 4 mA radio-frequency accelerator with a beryllium target used in Tokai
(Japan) for clinical trials; “Sumitomo” is a 30 MeV 1 mA cyclotron with beryllium target used in
Osaka and Koriyama (Japan) for treatment; “Neutron Therapeutics” is a 2.6 MeV 30 mA single ended
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accelerator used in Helsinki (Finland) for clinical trials; “VITA (Xiamen)” is a 2.35 MeV 10 mA VITA-
o facility manufactured and delivered to the hospital in Xiamen (China) used for clinical trials.
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Figure 8. Depth distribution of thermal neutron fluence rate in water (a), in PMMA (b).

It is clear that the neutron beam we have formed allows us to obtain a similar deep distribution
of the thermal neutron fluence rate, and consequently, the boron dose rate.

If we compare the facilities by efficiency (the ratio of the thermal neutron fluence rate to the
proton beam power), we find that the VITA-II{ facility is the most efficient: it is 2 times more efficient
than the “Neutron Therapeutics” facility, 1.8 times more efficient than the “Tsukuba” facility, 1.75
times more efficient than the “Sumitomo” facility, and 1.2 times more efficient than the VITA-IIo
facility. The high efficiency is due to the use of a 7Li(p,n)’Be reaction to generate neutrons,
optimization of the lithium target and the use of magnesium fluoride crystals.

For scientific research with cell cultures and laboratory animals, the PMMA moderator is used
at the VITA facility; since 2024, a HDPE moderator with a volumetric inclusion of bismuth has been
used, the use of which has made it possible to halve the y-ray dose while maintaining the boron dose.

3.6. Treatment Planning System

The VITA treatment planning system (TPS) is designed for therapy planning. VITA TPS is
indispensable software for BNCT: it simulates a patient exposure using a three-dimensional model
made of computed tomography (CT) data and provides calculation and analysis of dose distribution
relationships that can be used to select optimal parameters for the therapy. VITA TPS software
package consists of several modules: operator interface, geometry construction utility, particle
transport simulation code NMC [20], ENDF-VII library of evaluated incident-neutron data, and gRPC
server. VITA TPS has client-server architecture providing simultaneous work of several
workstations.

VITA TPS interface is represented by a desktop application written in C# programming
language. The interface allows processing CT data with subsequent creation of a voxel model of the
patient which is further imported into the geometry construction utility of the particle transport
simulation code NMC. The utility takes the voxel model and irradiation parameters set in a separate
configuration file as an input. After building the geometry in a format that the particle transport
modelling code accepts as an input, the program calculates the dose distributions in the model. The
obtained data on the dose component distributions are transferred to the VITA TPS interface where
they are combined with the original tomographic images of the patient and displayed as an isodose
map.

Based on the overlap of the dose distributions and the specified contours of the regions of
interest, the program output is a dose-volume histogram which is further interpreted by specialists
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to decide on the possibility of BNCT. The patient data and irradiation plans are stored on the server
to provide centralised data storage. The remote procedure call system (gRPC) is designed for
communication between the client and server parts.

The output of TPS VITA is the exposure plan protocol which is a static representation of the
exposure plan. The protocol includes longitudinal and transverse sections with the superimposed
contours and the isodose map, and it contains statistics of the dose distribution in the contours. The
standard approach to experimental validation of exposure plans is as follows: the patient's exposure
conditions are transferred without changing any parameters to an available phantom using radiation
detectors, then the phantom is irradiated, and the measured results are compared with the calculated
ones. If the results of measurements and predictions for the phantom coincide, the plan is considered
to be correctly calculated and the patient can be treated.

The calculation results were verified on the VITA facility in experiments with the measurement
of boron dose and y-ray dose in a water phantom for three different BSA: with a moderator made of
magnesium fluoride crystals, with a moderator made of HDPE, and without a moderator. The study
results demonstrated good agreement between the measured and modeled boron dose and y-ray
dose depth distributions for all cases considered. In all experiments, the maximum deviation between
the calculated and experimental data for boron and gamma doses was comparable to the statistical
error.

In section 3.3.1 we showed the possibility of using the prompt y-ray spectroscopy method for
BNCT which gives very important and reliable results. We highly recommend using this method of
boron imaging in patient therapy. We have included the following additional features in the VITA
TPS. The number of neutron capture reactions by boron-10 °B(n,cy)’Li and the number of neutron
capture reactions by hydrogen 'H(n,y)?D within the field of view are calculated. The attenuation
coefficient for the 478 keV photon flux in the direction of the y-spectrometer and the attenuation
coefficient for the 2.223 MeV photon flux in the direction of the y-spectrometer are also calculated.
Comparison of calculated and measured quantities of nuclear neutron absorption reactions by
hydrogen, accounting for the attenuation of the 2.223 MeV photon flux in the direction of the vy-
spectrometer placement, provides reliable verification of the neutron flux. Similarly, comparison of
the calculated and measured numbers of nuclear neutron capture reactions by boron, accounting for
the attenuation of the 478 keV photon flux in the direction of the y-spectrometer placement, provides
reliable determination of the boron concentration. This is important for treatment planning,
determining the treatment duration, and evaluating the outcome.

We propose using a lithium target as a radionuclide source of 478 keV photons for the calibration
of the y-spectrometer. The radioactive isotope beryllium-7 is produced in the target upon irradiation
with a proton beam via the nuclear reaction 7Li(p,n)’Be. The resulting beryllium nuclei decay with a
half-life of 53.22 days, emitting a 478 keV photon. The photon energy from this radionuclide source
matches the energy of photons detected by the y-spectrometer for boron dose measurement.
Furthermore, the intensity of this photon source is comparable to the intensity of the emission
measured by the y-spectrometer for boron dose measurement.

3.7. VITA-III Facility

Let us recall that the second version of the VITA facility uses pre-acceleration of the beam of
negative hydrogen ions injected into the accelerator.

At the VITA facility the proton beam has a transverse size 10 + 1 mm, angular divergence from
+ 0.5 mrad to+ 1.2 mrad, and normalized emittance 0.2 mm mrad. The transverse profile of the proton
beam is well described by a Gaussian distribution. A typical phase portrait of a proton beam is shown
in Figure 9a. An undoubted advantage of such a weakly divergent proton beam is the ability to
deliver it to a lithium target without the use of focusing lenses. The only significant disadvantage of
this injection mode is the heating of the uncooled diaphragm of the first accelerating electrode.
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Figure 9. Phase portrait of 3 mA proton beam in VITA facility (a), in VITA-II facility (b).

At the VITA-II facility the proton beam has a transverse size 15-20 mm, angular divergence from
+ 3 mrad to + 4 mrad, and normalized emittance 0.2 mm mrad. The proton beam profile differs from
the Gaussian distribution due to spherical aberrations of the pre-accelerator. A typical phase portrait
of a proton beam is shown in Figure 9b.

The use of pre-acceleration has 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, especially at the beginning. The
negative effect is that the quality of the resulting proton beam has deteriorated: it has become larger
in size, non-uniform, and its divergence has become greater. Obtaining such a beam complicates the
facility since focusing means are required for its transportation. The use of pre-acceleration itself also
complicates the facility — a high-voltage platform and an isolating transformer are required.

To improve the accelerator, we proposed using de-accelerating of the injected ion beam instead
of pre-accelerating it. This was achieved by isolating the input diaphragm of the accelerator and
applying a negative potential to it. The implementation of de-acceleration made it possible to reduce
the size of the ion beam in the region of the uncooled diaphragm and make the proton beam close to
parallel. It's worth noting that significantly slowing down the injected ion beam dramatically
improves the stability of the proton beam. The position of the proton beam is virtually independent
of the injection angle of the negative hydrogen ion beam. This significantly increases the reliability of
the facility.

The obtained result can be qualitatively explained as follows: the effect of the isolated diaphragm
under potential is analogous to that of an Einzel lens, which focuses the ion beam. The de-acceleration
and focusing of the ion beam into the diaphragm hole by the negative potential reduce its transverse
momentum, thereby aiding the subsequent focusing by the input electrostatic lens of the accelerator.

During this study, it was also established that multiple Coulomb (Rutherford) scattering of ions
on the atomic nuclei of the stripping gas (argon) in the stripper increases the normalized emittance
of the proton beam by an amount comparable to the value of the normalized emittance of the beam
of negative hydrogen ions injected into the accelerator, and this process already limits the size of the
proton beam.

Thus, in the next version of the VITA facility we plan to abandon pre-acceleration and
implement de-acceleration. To more quickly and reliably obtain the required voltage in the
accelerator, we will use seven accelerating gaps instead of six. At the VITA facility, the gas stripper
was replaced with a more compact one in 2024 (300 mm long instead of 400 mm, with a 12 mm hole
diameter instead of 16 mm) and encountered no problems. Therefore, we will also use a more
compact stripper in the VITA-III facility and will be able to maintain the same accelerator size with
seven gaps.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0884.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2026 d0i:10.20944/preprints202605.0884.v1

14 of 19

3.8. Lithium Neutron Capture Therapy

Over the years since the advent of BNCT, the term has become virtually synonymous with NCT.
This is partly due to the disappointing results of NCT with gadolinium. However, besides boron and
gadolinium, several other elements possess high neutron capture cross-sections, with lithium
occupying a special position among them.

The use of lithium instead of boron brings a new unique opportunity —local 100% energy release
since all products of the ¢Li(n,0.)*H reaction have high linear energy transfer characteristics. Also, due
to the longer range of the 6Li(n,a)?H reaction products, the requirements for homogeneous
intracellular distribution of the neutron capture agent are less stringent. This reaction has remained
largely unexplored, primarily due to the previously presumed high toxicity of lithium and the limited
availability of lithium-6, which was considered a weapons-grade material.

Our 2023 article [21] marked the beginning of the era of lithium neutron capture therapy. First,
we demonstrated in laboratory animals that natural lithium can accumulate in tumor cells to
concentrations sufficient for therapy, and that its administration at these concentrations does not
cause nephrotoxicity [21]. To study lithium nephrotoxicity male C57BL/6 mice of 10-12 weeks of age,
with weights of 20-22 g were used. Tumor cells (B16 melanoma) were administered to animals (1 x
106 cell). After tumor growth was induced mice were randomly divided into eleven experimental
groups (n = 5/group): a control group with an intact tumor and groups that treated by administering
lithium carbonat at a single dose of 300 mg/kg or 400 mg/kg orally. The series of experiments for
LiNCT was divided into 4 stages and was carried out using a total of 115 mice with implanted skin
melanoma. Mice were sacrificed at 15 min, 30 min, 90 min, 180 min, and 7 days after the start of
lithium administration. In the nephrotoxicity assessment experiment, descriptive statistics for lithium
biodistribution in blood, tumor and organs, as well as the results of histological examination of the
kidneys are presented in the corresponding publication [21].

Subsequently, for the first time worldwide, lithium neutron capture therapy was performed on
tumor-bearing laboratory animals using lithium chloride enriched with a light isotope ¢Li. To induce
tumors, cultured B16 cells were injected subcutaneously into the right inguinal region of mice (2 x 10
cells). After tumor growth induction (10 days in the oral model and 7 days in the intraperitoneal drug
administration model), mice were randomly divided in four groups: (1) a control group (intact
tumor), (2) a group receiving only lithium, (3) a group receiving only radiation, and (4) a lithium
neutron capture therapy group. Animals were randomly assigned to cages on different racks in the
same room and maintained under standard laboratory conditions. Irradiation was administered
between 1:00 PM and 5:00 PM. Tumor measurements were performed by a researcher blinded to
group assignment. Animals were observed until death or euthanasia by cervical dislocation (without
anesthesia) in compliance with the approved study protocol. In individual experiments where
statistical analysis was conducted, it was performed using R language. The normality of the data was
evaluated using the Shapiro-Wilk test, with a significance criterion of p<0.05. Tumor volume
dynamics was analyzed using a generalized linear mixed-effects model (GLMM). Kaplan-Meier
curves were used to evaluate survival times. The log-rank test with Holm'’s correction for multiple
comparisons was used to estimate p-values based on the survival analysis results of the experimental
animals. Two-tailed p < 0.05 deemed statistical significance. The results were striking: the treated
group showed significantly increased survival and 2—4 times slower tumor growth compared to the
three control groups.

Therefore, lithium should be regarded as a valid agent for NCT. Consequently, we call for a
reconsideration of the current paradigm that positions boron as the sole agent for this therapy.

4. Discussion

The BNCT technique is beginning to enter clinical practice; several clinics are conducting the
therapy, several clinics are conducting clinical trials, and several dozen more clinics are in the process
of being established [2,3].
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To obtain a therapeutic neutron beam in the epithermal energy range, various charged particle
accelerators (cyclotrons, linear radiofrequency electrodynamic accelerators, electrostatic accelerators)
with proton energies from 2.1 MeV to 30 MeV and various targets (lithium, beryllium) are used.
Despite this diversity, “accelerators producing very different initial neutron source spectra ultimately
produce thermal neutron fluences in phantom which have a high degree of similarity” [19, p. 5]. Further, in
this article [19, p. 6] a very important statement was made: “This promises much for the future of BNCT
and will hopefully lead to the possibility of multi-centre trials of this important new cancer treatment
technology”.

Over time, this important new cancer treatment technology will require more accelerator
neutron sources, and their efficiency will become more important. As follows from the results of the
article [19], which presents data on the thermal neutron fluence rate of different neutron sources, and
this can be seen in Figure 8, the use of a lithium target with a proton beam in the region of 2.3-2.5
MeV is more effective than the use of a beryllium target with higher proton energy. Electrostatic
accelerators are characterized by greater efficiency than cyclotrons or linear radiofrequency
electrodynamic accelerators. For these the reasons, simple, reliable, and efficient VITA-III accelerator
neutron source appears to be a good candidate for equipping oncology clinics.

The aforementioned article [19] also touched on another important aspect: the need to produce
a directed neutron beam. The IAEA's book [2] recommends a beam directivity greater than or equal
to 0.7. The authors of the article showed “that higher values (up to 0.87) provide some significant benefit
for the introduction of dose verification approaches based on prompt-gamma imaging”. However, they noted
that “it is feasible to generate a much more directional epithermal neutron beam, but with the cost of a
significantly reduced intensity”. Using the Birmingham facility as an example, they showed that
increasing the neutron beam directionality from 0.62 to 0.67 leads to a decrease in fluence to 56%, and
an increase the directionality to 0.87 leads to a decrease in fluence to 26%. We believe the cost of using
a prompt y-ray spectroscopy is prohibitively high, so we have proposed and implemented a solution
that does not require neutron beam directionality. Details of the proposal are presented and discussed
in sections 3.3.1 and 3.6.

We consider a prompt y-ray spectroscopy to be important and reliable, and therefore
recommend equipping oncology clinics with it. Its use will allow for adjustments in irradiation
timing, if necessary, and more reliably evaluate treatment outcomes.

Other dosimetry methods are important for characterizing the neutron beam, but ultimately, for
therapy, it's crucial to confirm the fast neutron dose, as it alone can vary significantly between
different facilities. The other two undesirable doses (thermal neutron dose and y-ray dose) [22], like
the boron dose, are proportional to the thermal neutron flux density, and the only way to suppress
them is to increase the ratio of boron concentration in the tumor to boron concentration in the healthy
organs. We propose to use the “cell dosimeter” for measuring the fast neutron dose. Here it is
important to remember that it is easy to suppress the fast neutron dose by thermalizing the neutron
beam, but the depth of neutron penetration (depth of therapy) is reduced.

We believe it is important to study the effects of neutron irradiation on cell cultures and
laboratory animals. A number of such studies have been conducted. It is clear that detailed studies
of the mechanisms of cell death and changes in the tumor microenvironment are needed.
Radiobiological studies are also needed to determine the relative biological effectiveness coefficients
and the compound biological effectiveness under conditions typical for clinical use.

The IAEA recommendations [2] are formulated for a neutron beam of the epithermal energy
range for the treatment of deep-seated tumors. As we know, an additional moderator is placed
between the BSA and the patient when treating superficial tumors at the Kansai BNCT Medical
Center (Osaka, Japan). We are currently developing a hydrogen-moderated BSA for the treatment of
superficial tumors, which features a higher neutron beam intensity compared to traditional
magnesium fluoride-moderated BSAs. In the future, accelerator neutron sources may need to be
equipped with two BSAs: one for the treatment of deep-seated tumors and one for the treatment of
superficial tumors.
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In conclusion, we strongly recommend that efforts be made to develop lithium neutron capture
therapy, which has several advantages over BNCT, or to develop a combination of the two that can
provide a synergistic effect and preserve the imaging method.

5. Conclusions

Boron neutron capture therapy is considered a promising method for treating malignant tumors.
Currently, several dozen accelerator neutron source projects are being implemented worldwide, with
some of them being used for treatment or clinical trials. One of such sources is the VITA facility,
consisting of a tandem electrostatic accelerator of an original design for producing a 2.3 MeV 10 mA
proton beam, a lithium target for generating neutrons in the 7Li(p,n)’Be reaction, and a beam shaping
assembly for forming a neutron beam that meets IAEA recommendations.

The article describes the VITA facilities used for research or clinical trials, presents the results of
the studies conducted and the dosimetry tools developed. The possibility of using the prompt y-ray
spectroscopy for boron imaging was experimentally demonstrated, its importance was noted, and a
strong recommendation was given to equip oncology clinics with this diagnostic tool for planning
therapy and assessing its results. The possibility of implementing the lithium neutron capture
therapy, which has a number of advantages over BNCT, has been experimentally demonstrated, and
its development is strongly recommended, possibly in combination with BNCT, which will allow the
preservation of the direct imaging method. The VITA facility is distinguished by its highest efficiency,
as shown by a comparison of thermal neutron fluence rate (boron dose) with other facilities. For this
reason, the simple, reliable, and efficient VITA-III accelerator neutron source appears to be a good
candidate for equipping oncology clinics.
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Abbreviations

The following abbreviations are used in this manuscript:

BPA boronophenylalanine

BSA beam shaping assembly

BSH sodium borocaptate

BINP Budker Institute of Nuclear Physics (Novosibirsk, Russia)

BNCT boron neutron capture therapy
HDPE high-density polyethylene
LiNCT lithium neutron capture therapy

NCT neutron capture therapy
PMMA polymethyl methacrylate
TPS treatment planning system
1) Vacuum Insulated Tandem Accelerator
VITA 2) A trademark for the VITA accelerator neutron source, its components, software,

and diagnostic equipment. Applies to physics research, medical research, clinical
trials, and materials testing. The trademark was registered on April 22, 2026

References

1.  Sauerwein, W.A.G.; Wittig, A.; Moss, R.L.; Nakagawa, Y.; Ono K.; Eds. Neutron Capture Therapy: Principles
and Applications, 2" ed.; Springer: Cham, Switzerland, 2025; 806 p.

2. Advances in Boron Neutron Capture Therapy; International Atomic Energy Agency: Vienna, Austria, 2023; 416
P

3. Accelerator-based BNCT projects. Available online: URL: https://isnct.net/bnct-boron-neutron-capture-
therapy/accelerator-based-bnct-projects-2021/ (accessed on 21 April 2026).

4.  Taskaev, S.; Berendeev, E.; Bikchurina, M.; Bykov, T.; Kasatov, D.; Kolesnikov, I.; Koshkarev, A.; Makarov,
A.; Ostreinov, G.; Porosev, V.; Savinov, S.; Shchudlo, I.; Sokolova, E.; Sorokin, I.; Sycheva, T.; Verkhovod.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0884.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2026 d0i:10.20944/preprints202605.0884.v1

18 of 19

G. Neutron Source Based on Vacuum Insulated Tandem Accelerator and Lithium Target. Biology 2021, 10,
350.

5. Kreiner, A. Neutron Sources: Accelerators (Principles). In Neutron Capture Therapy: Principles and
Applications, 2" ed.; Sauerwein, W.A.G.; Wittig, A.; Moss, R.L.; Nakagawa, Y.; Ono, K.; Eds.; Springer:
Cham, Switzerland, 2025; pp. 45-63.

6. Leung, K.-N. Compact Neutron Generator for BNCT. In Neutron Capture Therapy: Principles and Applications,
2nd ed.; Sauerwein, W.A.G.; Wittig, A.; Moss, R.L.; Nakagawa, Y.; Ono, K., Eds.; Springer: Cham,
Switzerland, 2025; pp. 65-77.

7. Blue, T.; Yanch, J. Accelerator-based epithermal neutron sources for boron neutron capture therapy of brain
tumors. J. Neuro-Oncol. 2003, 62, 19-31.

8.  Lee, C.L.;; Zhou, X.-L. Thick target neutron yields for the "Li(p,n)’Be reaction near threshold. Nucl. Instrum.
Methods Phys. Res. B 1999, 152, 1-11.

9.  Bikchurina, M.; Bykov, T.; Verkhovod, D.; Degtyarev, V.; Ibrahim, I.; Kasatova, A.; Kasatov, D.; Kashcheev,
A_; Kolesnikov, Ya.; Konovalova, V.; Koshkarev, A.; Kuzmina, K.; Ostreinov, G.; Savinov, S.; Singatulina,
N.; Sokolova, E.; Soldatov, A.; Sorokin, I.; Taskaeva, I.; Shein, T.; Shuklina, A.; Shchudlo, I.; Shchukin, S.;
Taskaev, S. Accelerator based Neutron Source VITA for Boron Neutron Capture Therapy and other
Applications. Bull. Rus. Acad. Sci., Phys. 2026, 90, 917-922.

10. 10 kW Filament Volume-Cusp. Available online: URL: https://www.d-pace.com/?e=304 (accessed on 22
April 2026).

11. Hong, J,; Liu, Y.-H.; Zhu, X,; Teng, Y.-C.; Lin, X,; Shu, D.; Lai, Y.; Cao, Y.; Gong, Q.; Fu, S.; Xu, W.; Lai, Q,;
Liu, X,; Zhou, P.; Mei, M.; Ying, M.; Huang, C.; Pan, J. Boron Neutron Capture Therapy as a Novel
Approach for Chondrosarcoma: Case Study of Tumor Reduction and Long-term Control. Adv. Radiat.
Oncol. 2025, 10, 101897.

12.  Sauerwein, W.A.G.; Bet, P.M.; Wittig; A. Drugs for BNCT: BSH and BPA. In Neutron Capture Therapy:
Principles and Applications, 2° ed.; Sauerwein, W.A.G..; Wittig; A., Moss; R.L., Nakagawa; Y., Ono; K., Eds.;
Springer: Cham, Switzerland, 2025; pp. 205-250.

13. Maltseva, V.; Bykov, T.; Chesnokova, Y.; Deeb, R.; Degtyareva, M.; Dmitrieva, E.; Kasatova, A.; Kasatov,
D.; Taskaeva, I.; Uspensky, S.; Taskaev, S. Application of the prompt y-ray spectroscopy in the boron
neutron capture therapy of pets. Appl. Radiat. Isot. 2026,234, 114628.

14. Kanygin, V.; Kichigin, A.; Zaboronok, A.; Kasatova, A.; Petrova, E.; Tsygankova, A.; Zavjalov, E.; Mathis
B.; Taskaev, S. In vivo Accelerator-based Boron Neutron Capture Therapy for Spontaneous Tumors in Large
Animals: Case Series. Biology 2022, 11, 138.

15. Kobayashi, T.; Kanda, K. Microanalysis system of ppm order B-10 concentrations in tissue for neutron
capture therapy by prompt gamma-ray spectrometry. Nucl. Instrum. Methods Phys. Res. 1983, 204, 525-531.

16. Guan, X.C.; Manabe, M.; Murata, I.; Wang, T. Design of an epithermal neutron flux intensity monitor with
GaN wafer for boron neutron capture therapy. J. Nucl. Sci. Technol. 2015, 52, 1-6.

17.  Ziagkova A.; Axiotis M.; Harissopoulos S.; Kokkoris M.; Lagoyannis A.; Maragkos F.; Ntemou E.; Taimpiri
E. Differential Cross Section Measurements of the “Li(p,pYyi-0)’Li Reaction Suitable for PIGE Applications.
Nucl. Instrum. Methods Phys. Res. B 2023, 539, 113-119.

18. Aslani, H.T.; Jokar, A.; Mehmandoost-Khajeh-DaD, A.A.; Rafi-Kheiri, H. Gamma ray production of ’Li and
F from proton-induced nuclear reactions in the energy range of 700-2730 keV. Eur. Phys. |. A, 2026, 62, 57.

19. Green S.; Phoenix B.; Nakamura S.; Liu, Y.H.; Shu, D.; Hu N.; Suzuki, S.; Koivunoro, H.; Kumada, H.;
Tanaka, H. Accelerator neutron sources for BNCT: Current status and some pointers for future
development. Appl. Radiat. Isot. 2025, 217, 111656.

20. Yurov D.; Anikeev A.; Brednikhin S.; Frolov S.; Lezhnin S.; Prikhodko V. Parameters optimization in a
hybrid system with a gas dynamic trap based neutron source. Fusion Eng. Des. 2012, 87, 1684-1692.

21. Taskaeva, I; Kasatova, A.; Surodin, D.; Bgatova, N.; Taskaev, S. Study of Lithium Biodistribution and
Nephrotoxicity in Skin Melanoma Mice Model: The First Step towards Implementing of Lithium Neutron
Capture Therapy. Life 2023, 13, 518.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0884.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2026 d0i:10.20944/preprints202605.0884.v1

19 of 19

22. Rassow, J.; Saurwein, W.A.G. Prescribing, Recording and Reporting of BNCT. In Neutron Capture Therapy:
Principles and Applications; Sauerwein, W.A.G.; Wittig, A.; Moss, R.L.; Nakagawa, Y.; Eds.; Springer:
Heidelberg, New York, Dordrecht, London, 2012; pp. 278-285.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0884.v1
http://creativecommons.org/licenses/by/4.0/

