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Abstract—A tandem electrostatic accelerator with an original design called a Vacuum Insulated Tandem
Accelerator was proposed and developed at the Budker Institute of Nuclear Physics. Unlike conventional tan-
dem accelerators, it does not use accelerating tubes—the high-voltage and intermediate electrodes are made
in the form of nested cylinders and are fixed at a single feedthrough insulator. This design of the electrodes
made it possible to provide a high rate of ion acceleration (up to 25 kV/cm). The accelerator is equipped with
a set of diagnostic tools that provide the long-term stable production of a beam of protons or deuterons with
an energy varying from 0.6 to 2.3 MeV and with a current varying from 0.1 to 10 mA. The ion beam is char-
acterized by high monochromaticity, energy stability (0.1%), and high current stability (0.4%). The acceler-
ator is used for in situ observations of the blistering of a metal irradiated with protons; for measuring the cross
section of the reactions 7Li(p,p'γ)7Li, 7Li(p,α)α, and 11B(p,α)αα; for developing boron neutron capture ther-
apy for malignant tumors by using neutrons generated in the 7Li(p,n)7Li reaction; for the radiation testing of
promising materials using fast neutrons in the 7Li(d,n) reaction; and for other applications. The accelerator
became an integral part of the medical neutron source for boron neutron capture therapy: the first facility was
put into operation in one of the first six BNCT clinics in the world in Xiamen, China; the next two facilities
are being made for the National Center of Oncological Hadron Therapy in Pavia (Italy) and for the Blokhin
National Medical Research Center of Oncology in Moscow. In this paper, the design of the accelerator and
its features and parameters, as well as the results of studies carried out using the accelerator, are presented and
discussed.
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INTRODUCTION

Boron neutron capture therapy (BNCT) [1] is con-
sidered a promising method for treating malignant
tumors, because it provides the selective destruction of
tumor cells due to the accumulation of nonradioactive
atomic nuclei of 10B in them and their subsequent irra-
diation with neutrons. The absorption of neutron by
boron leads to the nuclear reaction 10B(n,α)7Li with a
high energy release in the cell, which results in its
death. A therapeutic neutron beam that would best
satisfy the BNCT requirements can be obtained in the
threshold reaction 7Li(p,n)7Be at a proton energy of
about 2.5 MeV. Such an accelerator of charged parti-
cles and a lithium target were proposed and designed
at the Budker Institute of Nuclear Physics. The accel-
erator neutron source is used to develop the BNCT
method and other applications.

1. STRUCTURE OF THE VACUUM 
UNSULATED TANDEM ACCELERATOR
The vacuum insulated tandem accelerator is a tan-

dem-type linear electrostatic accelerator of charged
particles with an original structure. The term linear
characterizing this accelerator means that the ion
beam passes once through the accelerating segments.
The term electrostatic means that a constant electric
field performs work on a particle, i.e., increases its
energy. The term tandem means that the applied accel-
erating voltage of the constant current is used twice.
Negative ions are accelerated by a positive potential
applied to the central high-voltage electrode. Inside
the central high-voltage electrode, negative ions con-
vert to positive ions, which are accelerated again by the
same potential. The key advantage of the concept of
tandem acceleration is the halving of the necessary
accelerating voltage, which significantly simplifies
920
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Fig. 1. Scheme of the vacuum insulated tandem accelera-
tor: (1) intermediate electrode, (2) high-voltage electrode,
(3) argon target, (4) feedthrough insulator, and (5) high-
voltage source.
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electrostatic insulation and, thus, reduces the size of
the accelerator and its cost.

The vacuum insulated tandem accelerator [2] has a
specific structure in which accelerating tubes are not
used, unlike conventional tandem accelerators.
Instead of them, one uses nested intermediate elec-
trodes (1) fixed at the feedthrough insulator (4), as is
schematically shown in Fig. 1. The advantage of such
an arrangement is the quite large distance between the
ceramic parts of the feedthrough insulator and the ion
beam, which enhances the high-voltage strength of the
accelerating segments in the hope of obtaining large
values of the current of the ion beam.

The initial aim of creating such an accelerator of
charged particles is reaching the parameters satisfying
the BNCT requirements. Such parameters—energy of
2.3 MeV and current of 10 mA—are reached at the
accelerator in the Institute of Nuclear Physics, Sibe-
rian Branch, Russian Academy of Sciences, however,
as the ultimate parameters. Despite the fact that the
accelerator does not provide a long stable operation at
these parameters, the main constraints are determined
and ways to overcome these constraints are proposed.
In the accelerators produced and being produced for
the BNCT clinics, for the stable acquisition of proton
beams with energy of 2.3 MeV, the gap between the
intermediate electrodes is increased and preaccelera-
tion is added. To obtain stable proton beams with a
current of 10 mA, the source of negative hydrogen ions
designed at the Budker Institute of Nuclear Physics is
replaced with the ion source produced by D-Pace
(Canada).

2. APPLICATION OF THE VACUUM 
INSULATED TANDEM ACCELERATOR

As the main goal (achieving parameters that meet
the BNCT requirements) has been attained, the accel-
erator has started to be used in other applications that
required other values of energy and current lower than
2.3 MeV and 10 mA, respectively, albeit which are sta-
ble for a long time. Nowadays, in this accelerator, it is
possible to obtain a stationary proton beam with
energy varying from 0.6 to 2.2 MeV and current usu-
ally varying from 0.5 to 3 mA. The proton beam is
characterized by its energy homogeneity of 0.1%,
energy stability of 0.1%, and current stability of up to
0.4%. The accelerator makes it possible to obtain deu-
teron beams with similar parameters as well. With the
use of the vacuum insulated tandem accelerator, the
following important scientific results were obtained:

(1) The process of blistering on the surface of met-
als irradiated with protons with energy of 2 MeV is
studied in situ in detail [3] and its effect on the neutron
yield from the target made in the form of a thin lithium
layer deposited onto the effectively cooled copper sub-
strate is investigated [4]. It is established for the first
time that radiation blistering does not limit the target
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operation time; the processes leading to such a result is
determined.

(2) It is established that neutron irradiation of the
cells of human malignant glioma U251 and human
glioblastoma T98G, preliminarily incubated in the
medium with boron, leads to a significant suppression
of their viability; irradiation of mice with a trans-
planted tumor leads to their recovery [5–7]; and the
irradiation of large domestic animals with sponta-
neous tumors leads to their recovery [8].

(3) The yield of 478-keV photons from a thick lith-
ium target and the cross section of the 7Li(p,p'γ)7Li
reaction [9], the cross section of the 7Li(p,α)4He reac-
tion [10], and the neutron yield from a lithium target
in the 7Li(p,n)7Be reaction [11] are measured. The
data are put into the databases of IBANDL and
EXFOR experimental nuclear reactions.

(4) The method for measuring the sum of the dose
of fast neutrons and the nitrogen dose is proposed for
the first time and achieved in practice [12].

(5) The method for measuring the lithium thick-
ness from the detection of the intensity of radiation of
photons emitted in the process of inelastic scattering
of a proton by a lithium nucleus was proposed and
achieved for the first time [13].

(6) A compact detector of neutrons with a cast
polystyrene boron-doped scintillator is developed and
used for measuring the boron dose [14].

(7) By using the activation analysis method, the
concentration of dangerous impurities in the speci-
. 20  No. 4  2023



922 BIKCHURINA et al.
mens of ceramics and steel developed for the ITER
international thermonuclear reactor is measured [15].

(8) The generation of a powerful fast-neutron flux
[16] is applied for the radiation testing of optical cables
produced by specialists of the Saclay Nuclear
Research Center for the operation of the Large Had-
ron Collider in CERN in the high-luminosity mode, a
diamond detector of neutrons for the ITER Interna-
tional Thermonuclear Reactor, and neodymium mag-
nets for a powerful linear accelerator.

(9) Thermal and epithermal neutron fluxes are used
for testing new selected boron delivery drugs [17–20].

Relevant problems of the further development of
the facility are increasing the current of the ion beam
and expansion of the scope of its application owing to
the development of methods for dosimetry, boron
visualization, measurement of the cross section of the
11B(p,aa)4He reaction, obtaining cold neutron and
positron fluxes, obtaining a more powerful fast-neu-
tron flux, and other tasks.

CONCLUSIONS
A vacuum insulated tandem accelerator is proposed

and designed at the Budker Institute of Nuclear Phys-
ics, it provides the long stable acquisition of proton
and deuteron beams with an energy varying from 0.6 to
2.3 MeV and current varying from 0.1 to 10 mA. The
ion beam is characterized by its high monochroma-
tism and energy stability (0.1%), as well as a high cur-
rent stability (0.4%). The accelerator is used for study-
ing the dynamics of blistering on the metal surface in
the process of proton implantation, measuring the
cross sections of some nuclear reactions, developing
the boron-neutron capture therapy of malignant
tumors, the radiation testing of promising materials,
and other applications.
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