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The most promising method for generating high-density neutron fluxes for BNCT and nuclear medicine using
delayed fission neutrons has been proposed. Estimated fluxes densities of therapeutic neutrons of the order of
4.4-10" n/(cm?s) for radiosurgery and 1.44-10™ n/(cm*s) for BNCT are presented, which significantly exceeds ex-
isting world analogues. Proposals for a design solution for a clinical-based neutron source device are presented. A
study was conducted of the capabilities of NSC KIPT as a potential participant in the international center of nuclear

medicine.
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INTRODUCTION

According to World Health Organization (WHO)
statistics from the pre-Covid period, oncology ranks
second among non-communicable diseases in mortality
after cardiovascular diseases [1]. However, the rate of
increase in cancer deaths between 2007 and 2017 is
second only to deaths from neurological disorders and
diabetes and may take the lead in the coming years.

Radiation therapy methods are used quite success-
fully in the fight against these diseases, but there is a
need to find optimal ways of obtaining ionising radia-
tion sources and approaches that could increase the ef-
fectiveness of their use in treatment.

In the world clinical practice such direction of radia-
tion therapy as neutron-capture therapy is successfully
applied, which is based on the use of elements with high
cross-section of slow neutrons capture by nuclei, such
as B [2, 9]. Preparations containing '°B are injected
into the affected area of the patient's tissue prior to irra-
diation. The interaction of the delayed neutrons with °B
results in a nuclear reaction with an energy release of
2.3 MeV inside the cancer cell and the production of ’Li
and alpha particles, which are absorbed within the cell,
resulting in its death.

PROBLEM FORMULATION

The purpose of this paper is to report on the search
and identification of opportunities for the creation of
new technologies for the production of beams of thera-
peutic neutrons for use in neutron-capture therapy.
Since the problems with cancer are a problem for the
entire population of the planet Earth, therefore, the
search and development of the most effective methods
for the treatment of cancer today is an urgent task for
the world community of physicists, engineers and phy-
sicians [3-5], to which the scientists of NSC KIPT be-
long [6-8].

Currently, the achievements of modern physics are
widely used in medical technology. The high-tech med-
ical equipment pipeline includes small-sized, high-
current electron accelerators that can be used to generate
high-density neutron fluxes in clinical sources. The ac-
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celerator is the most expensive component of this
equipment.

Joint efforts of physicists, engineers and medical
professionals have introduced combined models of
PET+CT, MRI+CT and other tomographs in many cen-
tres. Super-modern technologies of gamma ray therapy,
such as gamma knife and cyber knife, have appeared,
which are quite widely involved in practical use and can
be further modernised to create concentrated beams of
therapeutic neutrons.

At the same time, the number of new technologies
related to nuclear medicine is rapidly increasing.

The emergence of high-quality therapeutic neutron
beams with minimal accompanying background, which
are generated using non-standard methods of obtaining
high flux densities, can become, accordingly, a major
breakthrough in the use for specialised forms of radia-
tion therapy and will expand the standard areas of its
application.

Treatment of oncological diseases by boron-neutron-
capture therapy (BNCT) in clinical conditions requires,
at least, the availability of appropriate neutron sources
for this purpose, of which there are still a small number
in the world [2]. At present, Japan is the leader in this
field.

We are convinced that the establishment of interna-
tional nuclear medicine centres on the basis of partner-
ship cooperation of scientific world associations aimed
at fighting cancer will make a significant contribution to
the successful development of methods for overcoming
this disease worldwide.

OBJECTS OF RESEARCH

In the present study we intend to research for the po-
tential of NSC KIPT capabilities to create on its basis a
clinical neutron source for nuclear medicine. Obviously,
the existing equipment for nuclear research and the in-
frastructure supporting its functioning can be used for
this purpose.

Our study considers the possibility of locating a pu-
tative neutron source for nuclear medicine in the exper-
imental hall of the direct output of the LUE-2 GeV ac-
celerator, which is currently decommissioned. We have
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developed a schematic diagram of such a source and
presented it in Fig. 1.
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Fig. 1. Schematic diagram of a clinical-based neutron
source:

1 — electron accelerator, 2-accelerator bunker;

3 — activation zone bunker; 4 — combined target (core);
5 — therapeutic slow neutron beam shaper;

6 — room isolated from the accelerator and core,
designed to place the shaper and service personnel;
7 — background absorber;

8 — system for transporting activated targets

Let us consider the functional purpose of each of the
units that make up the neutron source:

— high-current electron accelerator with energy of
35 MeV and a beam power of 35 kW is designed to
produce photo neutrons in the primary tungsten target
located in the active zone;

—the accelerator bunker and activation zones fulfil
the role of biological environmental protection;

— core is designed for neutron multiplication.

Fig. 2 shows that the beam of accelerated electrons
(7) from the vacuum chamber (6) of the accelerator
through the separating foil (5) is led to the primary tar-
get (8) made of a set of tungsten plates stacked together.
There is a gap between the plates to allow cooling air to
pass through.

An electron beam with an energy of 35 MeV and a
power of 35 kW interacts with a primary target and pro-
duces photoneutrons in it. At this energy, it can be as-
sumed that there are about 10** n/s per kW of electron
beam power. Then the intensity of the produced neu-
trons will be 3.5-10" n/s.

Note that the primary target is surrounded by a mul-
tiplying target (4), made of natural uranium in the form
of a cylinder with an internal diameter of 10 cm and a
height of 10 cm, and the thickness of the cylinder wall is
1 cm. The surface area of the cylinder is 31.4 cm? and
the volume of natural uranium is 314 cm®. In this case,
the number of ?*U nuclei in the target will be
1.51-10” cm, Since the multiplying target has a cylin-
drical surface and not a spherical one, only about half
the intensity of the neutrons that were produced in the
primary target can interact with 28U nuclei. Then, dur-
ing the interaction of photoneutrons from the primary
target with the multiplying target, the process of fission
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of *®U nuclei occurs, as a result of which prompt and
delayed fission neutrons are formed, the total intensity
of which will be 4.9-10" n/s.
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Fig. 2. Schematic of the active zone located at the out-

put of the electron accelerator:

1 —active area wall; 2 — polyethylene moderator;

3 —target for production of radioactive medical drugs;
4 — n-multiplication target; 5 — e-beam output foil;

6 — vacuum accelerator chamber; 7 — electron beam;

8 — primary target; 9 — neutron streams;
10 — feeding of activated uranium dioxide targets;
11 — return of activated uranium dioxide targets

Further, from Fig. 2 we see that on the surface of the
multiplying target there is a target made of material for
the production of medical preparations (3), and behind it
there is a polyethylene moderator designed to slow
down neutrons from the breeding target. This entire
structure, together with the primary target, is placed in a
cylindrical body with a diameter of 20 cm and a length
of 20 cm, on which special guide grooves are made for
moving activated uranium dioxide targets into them.

The activated targets are standard uranium dioxide
pellets for WWER-1000 fuel rods. These tablets are
enriched up to 5% in ?*U. Let us determine the intensity
of neutrons after moderation in a polyethylene modera-
tor (2). Let's assume that the number of uranium dioxide
pellets that will pass through the core will be 4.8-10° s™.
Each pellet contains 6-10° nuclei of **U. Then
2.8-10% n/s will pass through the active zone, and the
intensity of thermal neutrons incident on the tablets lo-
cated on a cylindrical surface will be 2.5-10™ n/s. In this
case, the cross section for fission of *U by thermal
neutrons will be 5.8-10% and the number of fission
events will be 4-10" divisions/s. Since there are
2.5 neutrons for each fission event, the total intensity of
prompt and delayed fission neutrons will be 10*® n/s. In
this case, the number of delayed neutrons is 1% of the
total and equal to 10*® n/s. Considering the fact that the
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total number of neutrons in the core is 10' n/s, the pos-
sibility of using them to produce radioactive medical
isotopes can be considered. In this case, delayed neu-
trons with an intensity of 10 n/s after they leave the
core can be delivered by two separate transport channels
through a closed loop to the formers, which are located
at a remote distance from the core in different rooms
and are intended for different purposes, for example,
one for creating a concentrated neutron flux, and the
other for conducting a session of boron neutron capture
therapy, as shown in Figs. 3 and 4.
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Fig. 3. Shaper of concentrated therapeutic neutron flux:
1 — polyethylene moderator; 2 — neutron collimator;
3 — activated targets; 4 — therapeutic neutron flux;
5 — gamma radiation absorber; 6 — irradiated object

Four chains of activated targets of equal length pass
through each shaper, emitting delayed neutrons, from
which the total intensity in each shaper will be
5.10" n/s. One chain contains 600 pieces of activated
targets emitting delayed neutrons with an intensity of
1.2-10" n/s, which pass through the moderator. After
their moderation, the intensity of the moderated neu-
trons in the shaper is approximately 3.6-10" n/s, and
their angular distribution is isotropic. Since the distance
from the moderator to the irradiated object is 50 cm, the
flux density of moderated neutrons on it after passing
through one collimator will be 1.44-10" n/(cm?s).

Figs. 3 and 4 show diagrams of shapers of different
designs. The shaper in Fig. 3 contains about 300 colli-
mators directed from its spherical surface to the center
of the ball to one point, at which a concentrated flow of
therapeutic neutrons is created on the irradiated object.
The density of this flow can be approximately
4.4.10% n/(cm?s). This flow can be used for radiosur-
gery on the brain. At the same time, the flux density of
therapeutic neutrons in the shaper in Fig. 4 remains at
the level of 1.44.10™ n/(cm*s), however, the spot size
of these neutrons can vary from minimum to maximum,
commensurate with the size of a cancer tumor, which
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can well be used for carrying out boron neutrons grip
therapy.
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Fig. 4. Formator of therapeutic delayed neutron for
boron neutron capture therapy:
1 — graphite reflector; 2 — polyethylene moderator;
3 — thermolyzed neutron absorber; 4 — gamma radiation
absorber; 5 — delayed neutron collimator;
6 — beam aperture; 7 — irradiated object;
8 — delayed neutrons from an activated target;
9 — returning activated targets;
10 — feeding activated targets

CONCLUSIONS

Thus, as a result of previous and present studies, it
has been shown that:

1. The use of delayed fission neutrons to generate
therapeutic beams of delayed neutrons is currently the
most promising way to obtain high neutron flux densi-
ties for BNCT and nuclear medicine in general.

2. The presented estimated therapeutic neutron flux
densities indicate that they significantly exceed existing
world analogues.

3. In this work, we conducted a study of the capa-
bilities of NSC KIPT as a potential participant in the
global community of physicists, engineers and physi-
cians who can contribute to the creation of a clinical-
based neutron source and, on its basis, create an interna-
tional center for nuclear medicine to fight cancer diseas-
es, which are today are a global problem for all humani-
ty. It is obvious that the equipment for nuclear research
created over many years by a whole generation of em-
ployees of NSC KIPT, the infrastructure that ensures its
operation and scientific developments in nuclear medi-
cine can be used for this purpose as its share contribu-
tion from the world community.
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JKEPEJIO HEﬁTPOHIB KJIITHIYHOT' O BA3YBAHHSI V151 3BACTOCYBAHHSI
B AAEPHIM MEJUIINHI TA HEUTPOH-3AXOIIVIIOBAJIBHIN TEPAIIII

, B.B. I[auvko, 10.I'. Kazapinoe, B.O. I'puzopenko,

C.I'. Kapnycs, I' /1. Kosanenxo, C.C. Kouemos, €.B. Llayvko

3anponoHOBaHO HaMOLIBII MEPCIIEKTUBHUMA CIOCiO TeHeparlii MOTOKIB HEHTPOHIB BEIMKHX MIUTBHOCTEH s
BH3T i sgepHOi MeOUIMHU 3 BHKOPHCTAHHSIM HEWTPOHIB MOIUTY, IO 3aMi3HIOIOTHCA. [IpencTaBieHO OIIHOYHI
I{MBHOCT] TIOTOKIB TepaNeBTHYHNX HEHTPoHiB mopsky 4.4-10™ meitrp./(cM®¢) ans pamioxipypriunux omepatiii Ta
1.44-10" weiitp./(cm?c) w1 BH3T, mo CyTTEBO MepeBHILye icHyrOUi cBiTOBI anamorn. I10QaHO MPOMO3MII KOHC-
TPYKTHBHOTO PillIEHHS MPHUCTPOIO JDKEpeNa HEWTPOHIB KIIiHIYHOTO Oa3zyBaHHs. [IpoBeeHO NOCIIIPKEHHSI MOXKIIBO-
creit HHI[ X®TI sik moTeHUiiHOro yuacHUKa MI)KHAPOHOTO LIEHTPY SACPHOT METULINHH.
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