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Abstract—An epithermal neutron source that is based on a vacuum insulation tandem accelerator (VITA) and lith-
ium target was created in the Budker Institute of Nuclear Physics for the development of boron neutron capture
therapy (BNCT). A stationary proton beam with 2 MeV energy and 1.6 mA current has been obtained. To carry out
BNCT, it is necessary to increase the beam parameters up to 2.3 MeV and 3 mА. Ways to increase the parameters
of the proton beam have been proposed and discussed in this paper. The results of the experiments are presented.
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INTRODUCTION
An experimental model of an epithermal neutron

source that is based on a vacuum insulation tandem
accelerator (VITA) for boron neutron capture therapy
(BNCT) [1] was suggested [2] and made in the Budker
Institute of Nuclear Physics of the Siberian Branch of
the Russian Academy of Sciences (see Fig. 1).

A beam of negative hydrogen ions that flows from an
ion source 1 and has 23 keV energy and 5 mA current is
rotated through an angle of 15° in a magnetic field, then
focused by a pair of magnetic lenses 2, injected into an
accelerator, and accelerated there up to 1 MV. In a gas
(argon) stripping target 7 that is inside a high voltage
electrode 5, negative hydrogen ions are transformed into
protons, which then are accelerated by the same
potential of 1 MV up to 2 MeV energy. The potential is
applied to the high voltage electrode 5 and five inter-
mediate electrodes of the accelerator 6 by a high volt-
age power supply 10 through a bushing insulator 9,
where a resistive divider is established. Gas is pumped
by turbomolecular pumps 8 that are set near the ion
sources and at the accelerator output and by a cryogenic
pump 4 through the electrode shutters. A stationary pro-
ton beam that has 2 MeV energy and 1.6 mA current with
high energy monochromatism of 0.1% and current sta-
bility of 0.5% was obtained using the accelerator [3]. At
the beam dump in a lithium target, neutrons were gener-
ated [4] and the effect of the neutron radiation on cell
cultures was studied [5]. To carry out the therapy, it is
necessary to increase the voltage up to 1.15 MV and the
current of the proton beam at least up to 3 mA.

1. EXPERIMENTAL RESULTS
For a necessary increase in the energy of the proton

beam, the voltage at the accelerator was increased up

to 1.15 MV (Fig. 2), which was accompanied by break-
downs. Upon a decrease in the residual pressure (P),
dark current (Idark), and X-ray dose rate (D), it can be
seen that a training process develops which requires
time for starting operations without breakdowns.

An increase in the voltage up to 1.15 MV leads to an
increase in the electric intensity at the high voltage ele-
ments of the bushing insulator by 15%, which pro-
motes breakdowns on the surface of individual insula-
tors and a loss of the high voltage strength of the accel-
erator. A way to solve this problem is to change the
geometry of the surface of the insulators.

An investigation of insulators (Fig. 3) with a differ-
ent geometry of the outside surface [6] has demon-
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Fig. 1. Vacuum insulation tandem accelerator: 1 source of
negative hydrogen ions, 2 magnetic lenses, 3 corrector,
4 cryogenic pump, 5 high voltage electrode, 6 intermediate
electrodes, 7 gas stripping target, 8 turbomolecular pump,
9 bushing insulator, 10 high-voltage power supply, and
11 location of a diaphragm or detector.
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strated that the ribbed surface with the radii of the ribs
and dips from 0.5 to 1 mm increases the electric
strength up to 100% when compared to the smooth
surface (3 in Fig. 3). The technology for processing
inorganic insulators that has been developed makes it
possible to implement the ribbed geometry of the
surface.

To find the reasons for the breakdowns, experi-
ments have been performed by obtaining the maximal
current of the proton beam in the accelerator at different
voltages with a gradual increase in the injected current of
negative hydrogen ions up to the occurrence of the break-
downs (Fig. 4). It can be seen that, at a voltage of 1 MV,
the maximal proton current is 1.5 mA and, at 625 kV, it is
1.67 mA. Since the maximal proton current almost does
not depend on the energy, it is unlikely that the reason for
the breakdowns is connected with the high voltage
strength of the vacuum accelerating gaps.

In the next experiment, at the constant injection
current of negative hydrogen ions, the dependence of
the current of the proton beam and the current of
accompanying charged particles [7] on the voltage that
is applied to the high voltage electrode have been mea-
sured (Fig. 5).

It can be seen that, upon an increase in the voltage
from 400 kV to 1 MV, the current of the proton beam
increases from 500 to 850 µA, whereas the current of
the accompanying particles decreases from 750 to
500 µA. At a voltage of 600 kV, the vacuum conditions
were worsened by cutting off the pumping by the cryo-
genic pump (the volume continued being pumped by

the turbomolecular pump), and the current of the pro-
ton beam decreased by one-third, while the current of
the accompanying particles increased by a factor of 2.
All these results indicate insufficiently good vacuum
conditions, especially in the beginning of the acceler-
ation of the injected ion beam. To improve the vacuum
conditions and suppress the f low of accompanying
charged particles, the input node of the accelerator has
been upgraded: a cooled diaphragm that functions as

Fig. 2. Increase in the voltage in a tandem accelerator.

1000
2000
3000
4000
5000
6000
7000
8000
9000

0
13010 20 30 40 50 60 70 80 90

100
110

120
0

Time, min

D
, µ

Sv
/h

0

100
50

150
200

Id
ar

k,
 µ

A

8×10–3

6×10–3

4×10–3

2×10–3

10–2

10–3

P
, P

a

0

1400
1200
1000
800
600
400
200

U
, k

V

Fig. 3. Dependence of the breakdown voltage on the sur-
face of an insulator: 1 smooth, 2 with one rib, and 3 ribbed.
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upon changing the injection current of negative hydrogen
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vacuum resistance has been established and an addi-
tional cryogenic pump and a grid to suppress the sec-
ondary emission from the walls of the vacuum cham-
ber have been established.

To improve the quality of the therapeutic neutron
beam, the neutron-generating target and systems that
form the neutron beam have been upgraded. When
compared to the target that was developed earlier [8],
the new target is made as thin as possible to make it
possible to form a neutron beam with higher quality
and the target substrate, on which a thin layer of lith-
ium is deposited, is made of tantalum, which has the
maximal resistance to blistering and provides the min-
imal power of gamma irradiation upon proton absorp-
tion in it [9]. The system for the formation of a neutron
beam has a composite moderator applied for the first
time, magnesium fluoride near the target and alumi-
num fluoride at the output, and a composite reflector
is applied for the first time as well, graphite in the front
hemisphere and lead in the back hemisphere, which
has made it possible to increase both the absorbed
dose rate in a tumor and the therapeutic ratio.

CONCLUSIONS
The epithermal neutron source that is based on the

VITA and lithium neutron-generating target was made
for the development of BNCT in the Budker Institute of
Nuclear Physics of the Siberian Branch of the Russian
Academy of Sciences. As a result of the experiments that
have been carried out, a voltage of 1.15 MV has been
achieved and the ways to increase the high voltage
strength of the accelerator have been found. The reasons
for the limitation of the current of the proton beam have
been determined and the upgrade of the input node of

the accelerator to increase the current of the proton beam
from 1.6 to 3 mA has been suggested. A neutron-generat-
ing target with the deposition of the lithium layer on the
cooled thin tantalum substrate and a system for the for-
mation of the neutron beam have been developed. The
implementation of the accelerator upgrade with the pur-
pose of increasing the current of the proton beam and the
use of the new neutron-generating target with the system
for beam formation would make it possible to form a
beam of epithermal neutrons that meets the BNCT
requirements the most.
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Fig. 5. Voltage dependence of the current of the proton
beam and that of accompanying particles in a tandem
accelerator.
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