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Boron neutron capture therapy, a promising method for treating malignant tumors, requires accelerator based
sources of neutrons in the epithermal energy range. One of the popular charged particle accelerators is an
electrostatic tandem accelerator of an original design called Vacuum Insulated Tandem Accelerator (VITA). The
paper presents the results of phase portrait measurements of an ion beam conducted at the Budker Institute of

Nuclear Physics experimental facility and at oncology clinics equipped with pre-acceleration. The advantages
and disadvantages of using pre-acceleration are shown. A proposal is made to improve VITA, confirmed by the
results of numerical simulation of ion beam transportation and acceleration.

1. Introduction

Boron neutron capture therapy (BNCT) [1-3] is considered a prom-
ising method for treating malignant tumors. It ensures selective
destruction of tumor cells by accumulating boron in them and then
irradiating them with neutrons. As a result of the absorption of neutrons
by boron nuclei in the tumor cell, a nuclear reaction of the decay of the
boron nucleus in an excited state occurs with a large release of energy,
which leads to its death.

The Budker Institute of Nuclear Physics (Novosibirsk, Russia) pro-
posed, created and effectively uses an accelerator based neutron source
[3-5]. The facility includes an electrostatic tandem accelerator of an
original design (Vacuum Insulated Tandem Accelerator, VITA), an
original thin lithium target, and number of neutron beam shaping as-
semblies. The accelerator is used to obtain a dc monoenergetic beam of
protons or deuterons with an energy up to 2.3 MeV, a current up to 10
mA. Lithium target is used for generating neutrons in 7Li(p,n)7Be reac-
tion with yield of up to 2 10*2 s™1. Beam shaping assemblies is used to
obtain a flux of cold, thermal, epithermal or fast neutrons. At present,
the facility looks as shown in Fig. 1.

2. Vacuum Insulated Tandem Accelerator (VITA)

The vacuum insulated tandem accelerator consists of a cylindrical
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vacuum tank with a diameter of 1.4 m, and a height of 2.3 m, with holes
for the input and output of the ion beam (on the side), for vacuum
pumping (on top), and for connection to the high-voltage power supply
(on the bottom). High-voltage and five intermediate cylindrical elec-
trodes are located coaxially within the body of the vacuum tank (the
diameter of the high-voltage electrode is 600 mm, the diameters of the
intermediate electrodes are 740, 870, 1000, 1130, 1260 mm). Frames
for fastening diaphragms are welded into the electrodes on both sides
and diaphragms with an aperture of 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 flanges of the ion
beam input and output, and form an accelerating channel. The potential
on the high-voltage and intermediate electrodes is supplied from the
high-voltage power supply through a feedthrough insulator. A gas
stripper is installed inside the high-voltage electrode coaxially with the
accelerating channel, designed to convert negative ions into positive
ones.

A beam of negative hydrogen or deuterium ions is obtained from a
surface-plasma source with a Penning geometry of the gas-discharge
chamber and is focused by a solenoid onto the accelerator input,
creating a diverging ion beam at the accelerator input. The typical
profile and phase portrait of a beam of negative hydrogen ions,
measured by the D-Pace ES-4 Emittance Scanner [6] at a distance of 57
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mm in front of the input, is shown in Fig. 2. It is evident that the beam is
close to ideal and there are practically no spherical aberrations. Its
transverse profile differs from Gaussian in the direction of more uni-
formity in the center due to the action of the space charge during its
transportation. The typical transverse size of the ion beam at this loca-
tion is 8-9 mm, the convergence is +30 mrad, while 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. Normalized emittance is enorm = €rmsfy, Where €y

. X2y (xx) 2 2

— (det(0x))” o = | ¢ 32 =5 S Va () =L S X
(det(6xx))”, Oxx’ |:<xx/> <x/2>:| (x*) N 21 Xi (x7) N Zl x5
xxy =13 Nxix,, p = Z vy = ﬁ, E - energy of a charged weakly

relativistic particle, m — its mass. The area of the phase portrait ellipse is
defined as S = 7 &,. For a Gaussian beam distribution, the portion of the
beam included in the ne ellipse is given by:

k [%] =100 % - (1 — e™?). So, forn=1wegetk =39 %,forn=2k
=63 %, for n = 4 k = 86 %. For real (non-Gaussian) beams, these values
depend on the beam shape. Note that the emittance values given below
are forn = 1.

Such focusing of the ion beam on the accelerator input aperture
provides a “hard” beam input: a strongly diverging ion beam enters the
accelerator, which is focused by the accelerator’s strong input electro-
static lens into a beam of 4-5 mm diameter close to parallel. In the gas
striper of the tandem accelerator, negative ions are transformed into
positive ions, which are subsequently accelerated by the electric field.
Upon exiting the accelerator, these ions experience slight defocusing due
to the output electrostatic lens. At a distance of 1.86 m from the accel-
erator center, the phase portrait of the proton beam was measured using
a movable cooled collimator and a D-Pace OWS-30 Oscillating Wire
Scanner; a typical example is shown in Fig. 3.

At this point, the proton beam has a transverse size 10 + 1 mm, an
angular divergence from +0.5 mrad to + 1.2 mrad, and a normalized
emittance of 0.2 mm mrad. The transverse profile of the proton beam at
this point and at a number of other points where it was measured using
several independent methods is well described by a Gaussian distribu-
tion. Such a weakly divergent proton beam allows it to be transported to
the lithium target without using focusing lenses, which is a crucial
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advantage (maximum transport distance is 10 m; see Fig. 1).

The only significant disadvantage of this injection mode is the
heating of the uncooled diaphragm of the first accelerating electrode,
which strongly depends on the focusing of the ion beam at the accel-
erator input and on the potential of the high-voltage electrode. Thus, in
Ref. [7] it is shown that if the current of the magnetic focusing lens
(solenoid) is increased by 1.6 % relative to the optimal mode, the proton
beam will be even less divergent, practically parallel, but the diaphragm
will heat up significantly more; if the current of the lens is reduced by
1.6 %, the beam divergence will increase by 1.5 times. The heating of the
diaphragm and the divergence of the proton beam depend even more on
the potential of the high-voltage electrode of the accelerator, i.e. on the
energy of the protons. The reason is that, while the accelerator was
initially designed for boron neutron capture therapy with a fixed proton
energy, it was later used for a whole range of other applications
requiring a beam of protons or deuterons with an energy of 0.1 MeV-2.3
MeV.

The implementation of such a “hard” mode of beam input into the
accelerator, resulting in the production of a weakly divergent proton
beam, is effectively ensured by the following set of diagnostic means: i)
two pairs of video cameras directed at the uncooled input and output
diaphragms of the first accelerating electrode, the images from which
provide control of the position and size of the ion beam and control of
the heating of the diaphragms, ii) thermocouples inserted into cooled
copper diaphragms in the high-energy ion transport path, the readings of
which provide control of the position, size and divergence of the proton
or deuteron beam.

We add that the rationale for implementing the “hard” input of an
ion beam into the accelerator is given in Ref. [9], the results of the study
of the influence of the space charge on the transport of a beam of
negative hydrogen ions are given in Ref. [8], the results of measuring the
phase portrait of a beam of negative hydrogen ions, a beam of protons
and the transverse size of the ion beam in the gas stripper of the accel-
erator are given in Ref. [7], the results of measuring the ion beam profile
are given in Refs. [7-10], and all the results of the study are summarized
in the thesis [11].

Bunker 1 Bunker 2

H— H-——=

Irradiation room

Fig. 1. Layout of the accelerator based neutron source: 1 — vacuum insulated tandem accelerator (1a — negative ion source, 1b — intermediate and high-voltage
electrodes, Ic — gas stripper, 1d - feedthrough insulator, 1e — high voltage power supply), 2 — bending magnet, 3 - lithium target (can be placed in positions A,

B, C, D, E), 4 — beam shaping assembly.
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Fig. 2. Profile (left) and phase portrait (right) of a 3 mA beam of negative hydrogen ions.
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Fig. 3. Phase portrait of 3 mA proton beam (y, y).

3. Vacuum Insulated Tandem Accelerator VITA-II

Two significant changes were made in the next two accelerator based
neutron sources, delivered to the BNCT clinic in Xiamen (China) [12]
and to the Blokhin National Medical Research Center of Oncology of the
Ministry of Health of the Russian Federation in Moscow.

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 [13]. To generate plasma in the ion
source, an arc discharge is used between heated tantalum cathodes and
the wall of the source chamber, which serves as the anode. On the wall of
the gas-discharge chamber, there is a multipole magnetic field created
by permanent magnets installed outside and used for magnetic
confinement of the plasma. The beam of negative hydrogen ions
generated by this source, with an energy of 30 keV, is characterized by a
normalized emittance of 0.1 mm mrad at a current of 1 mA, 0.13 mm
mrad at 10 mA and 0.16 mm mrad at 15 mA (data from the equipment
manufacturer). Our measurements confirmed these data.

Secondly, the negative hydrogen ion beam injected into the accel-
erator is additionally pre-accelerated by 100 keV. Initially, it was pro-
posed to pre-accelerate the injected ion beam to reduce the flux of
secondary charged particles and an accelerating tube was made, but the
problem was solved in a different way: by improving vacuum pumping,
suppressing secondary electron emission from the walls of the vacuum
chamber irradiated by the flux of secondary positive ions, and sup-
pressing the penetration of electrons from the transport channel into the

accelerator [14]. Then this accelerating tube was used in a neutron
source for a Chinese clinic to increase the proton energy; a similar
accelerating tube is used in a neutron source for a Moscow clinic. Thus,
pre-acceleration is implemented in both of the accelerating neutron
sources for oncology clinics.

The scheme of the accelerator based neutron source VITA-IIB for the
Blokhin National Medical Research Center of Oncology of the Ministry
of Health of the Russian Federation is shown in Fig. 4. The diameter of
the accelerator vacuum tank is 1.56 m while its height is 2.4 m. The
distance from the outlet of the negative hydrogen ion source to the
center of the accelerator is 3.23 m, and from the center of the accelerator
to the lithium neutron-generating target is 6.66 m.

The beam of negative hydrogen ions leaving the source is divergent.
An Einzel lens with a negative potential (included in the source kit) is
placed near the source output, which focuses the divergent ion beam and
makes it close to parallel. Then, this ion beam is accelerated in the
accelerating tube and then focused by a magnetic lens (solenoid) onto
the accelerator input. The D-Pace ES-4 Emittance Scanner is placed in
front of the accelerator input diaphragm, which measures the phase
portrait of the injected ion beam in different focusing and pre-
acceleration modes. It was found that focusing by an Einzel lens and a
magnetic lens does not change the ion beam emittance value, while pre-
acceleration increases the normalized emittance by 1.5 times. It has
been determined that the size of the ion beam increases with increasing
current due to the action of the space charge, mainly in the zone of
action of the Einzel lens, where ion deceleration occurs. Typical phase
portraits of a beam of negative hydrogen ions are shown in Fig. 5.

The transverse size of the ion beam at this point is 17-24 mm, the
convergence is +5-7 mrad, and the normalized emittance is from 0.15
to 0.2 mm mrad. The size and convergence indicate that the ion beam is
focused at a distance of 1.3-3 m, i.e. a weakly converging beam is
injected into the accelerator. A strong input electrostatic lens focuses the
ion beam even more, causing it to refocus inside the accelerator. At the
exit from the accelerator, the output electrostatic lens makes the beam
even more divergent.

At a distance of 2.17 m from the center of the accelerator, the phase
portrait of the proton beam was measured using a movable cooled
collimator and the D-Pace OWS-30 Oscillating Wire Scanner; a typical
example is shown in Fig. 6. At this point, the proton beam has a trans-
verse size of 15-20 mm, a divergence of +3-4 mrad, and a normalized
emittance of 0.15-0.2 mm mrad.

The proton beam profile was measured by shifting the collimator
horizontally or vertically (Fig. 7). It is evident that the proton beam
profile differs from the Gaussian distribution. The shape of the phase
portrait of the negative hydrogen ion beam shown in Fig. 5 indicates the
presence of spherical aberrations in the ion-optical path. This leads to
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Fig. 4. Layout of the accelerator based neutron source: 1 — negative hydrogen ion source with Einzel electrostatic lens mounted on high-voltage platform, 2 —
accelerator tube, 3 — solenoid, 4 — correctors, 5 — accelerator input diaphragm, 6 — vacuum insulated tandem accelerator, 7 — contactless current sensor, 8 —
quadrupole lenses, 9 — correctors, 10 — bending magnet (proton beam is rotated in horizontal plane), 11 — beam absorber, 12 — magnetic sweep, 13 - lithium target for
neutron generation and neutron beam shaping assembly, 14 — high-voltage power supply. Arrows show propagation of negative hydrogen ions (H"), protons (p) and

neutrons (n).
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Fig. 5. Phase portrait of a negative hydrogen ion beam injected into the accelerator with a current of 5 mA (left) and 9 mA (right).

the fact that different parts of the ion beam are focused at different
distances and form a non-uniform proton beam. To ensure efficient
transport of the diverging proton beam to the lithium-based neutron-
generating target, focusing elements are required. In this setup, a pair of
quadrupole magnetic lenses is employed to collimate and direct the
beam toward the target with the necessary focusing.

Thus, the use of pre-acceleration has both positive and negative ef-
fects. The positive effect is that the proton energy is increased by 100
keV and there is no heating of the uncooled diaphragms of the accel-
erator due to the smaller size of the ion beam in the accelerator, espe-
cially 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.

It is clear that it is possible to improve the accelerating tube, reduce
spherical aberrations, and use “soft” beam injection into the accelerator
[15], but it is hardly worthwhile to use pre-acceleration in the future,
which negates the main advantage of tandem accelerators — the place-
ment of the injector and target under the ground potential. The
next-generation design of the vacuum insulated tandem accelerator
proposes eliminating the need for a pre-acceleration stage, aiming to



T. Bykov et al.

Nuclear Inst. and Methods in Physics Research, A 1077 (2025) 170587

x', mrad y', mrad
6 6
3

0
-3
-6
-12 -6 0 6 12 -8 -4 0 4 8
X, mm y, mm
Fig. 6. Phase portrait of a 3 mA proton beam horizontally (left) and vertically (right).
1, arb. units 1, arb. units
1 1
0.8 0.8
0.6 0.6
04 04
0.2 0.2
e
0 0
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
X, mm y, mm
Fig. 7. Horizontal (left) and vertical (right) profile of proton beam at currents of 2, 3 and 4 mA.
7, mm
9

0 500 1000 1500 2000 2500

z, mm

Fig. 8. Envelopes of ion beam: 1 — at diaphragm potential 0 V, 2 — at diaphragm potential —20 kV, 3 — at diaphragm potential —20 kV and focusing the ion beam into
the input diaphragm of the accelerator.
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simplify the system while maintaining or improving beam quality and
performance.

4. VITA-III

A fundamental proposal for improving the accelerator is to slow
down the ion beam injected into the accelerator. This can be achieved by
insulating the input diaphragm of the accelerator (5 in Fig. 4) and
applying a positive potential to it. Since the supplied voltage is tens of
kilovolts, it seems that there will be no great difficulties in implementing
such a proposal.

Fig. 8 shows the envelopes of an ion beam during its transportation
and acceleration, obtained using numerical simulation without taking
into account the effect of space charge. The finite element simulation
was performed in COMSOL Multiphysics 5.2a in two stages. First, the
three-dimensional Poisson equation was numerically solved for the
given setup geometry in the Electrostatics module. The boundary con-
ditions are specified as electrode potentials. The grid element size in the
beam motion region and axial diaphragms was set manually and was
0.05 mm. Then, the dynamic equation for the beam in the pre-calculated
fields was solved in the Charged particle tracing module. In the Particle
beam submodule, a focused H™ beam with a Gaussian distribution on the
phase plane was specified at the accelerator input. The built-in post-
processing tools were used to calculate the envelope containing 95.4 %
of the beam. The initial beam energy was 30 keV, the transverse size was
5 mm. The initial normalized emittance ¢ = 0.14 mm mrad. The number
of particles is 25,000, the time step is 1 ns, the total simulation time is
0.5 ps.

In the coordinate z = 0, an ion beam with a radius of 5 mm and an
angle that ensures its focusing into the input diaphragm of the acceler-
ator (z = 127 mm) is specified. The diaphragm potential is 0. Curve 1 in
Fig. 8 shows the simulated envelope of the ion beam at accelerator po-
tential 1 MV. It can be seen that the diverging ion beam is focused by a
strong input electrostatic lens of the accelerator to the uncooled dia-
phragm of the first intermediate electrode (z = 367 mm). The beam is
then accelerated to the high-voltage electrode, at the entrance to which
it is defocused due to the electric field penetrating into the high-voltage
electrode (z = 767 mm). Negative hydrogen ions are converted into
protons in the gas stripper placed inside the high-voltage electrode. The
proton beam outgoing from the high-voltage electrode is focused by an
electrostatic lens in the area of the high-voltage electrode diaphragm (z
= 1247 mm), then accelerated and defocused at the exit by the accel-
erator’s output electrostatic lens (z = 1647 mm).

Curve 2 in Fig. 8 shows the simulated ion beam envelope when —20
kV is applied to the accelerator input diaphragm. It is evident that not
only has the ion beam size decreased in the region of the uncooled
diaphragm of the first accelerating electrode, but the proton beam has
also become smaller in size and even slightly converging.

It can be noted that, when applying the negative potential, the focal
point shifts toward the source. If we weaken the focusing to such an
extent that we focus again into the center of the accelerator’s cooled
input diaphragm, the ion beam envelope will change slightly (curve 3 in
Fig. 8): the beam size in the region of the uncooled diaphragm will
decrease, and the proton beam will become parallel. Such a proton beam
can be transported without the use of focusing elements which makes
the facility simpler and more reliable.

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 deceleration and
focusing of the ion beam into the diaphragm hole by the negative po-
tential reduce its transverse momentum, thereby aiding the subsequent
focusing by the input electrostatic lens of the accelerator.

The obtained result is important for BNCT and other applications.
When generating neutrons for BNCT, the proton beam is scanned over
the surface of the lithium target in order to reduce the thermal load to an
acceptable level. Obtaining a smaller proton beam allows for more
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uniform heating of the target surface, which eliminates the possibility of
unwanted local overheating leading to damage to the target. Producing
a smaller proton beam using a rotating target allows for high-density
neutron production for a planned repeat of the famous Stern-Gerlach
experiment and the creation of a neutron-electron collider [16].

5. Conclusion

The electrostatic tandem accelerator of the original design called
Vacuum Insulated Tandem Accelerator (VITA) is widely used for the
development of boron neutron capture therapy, for radiation testing of
promising materials, for measuring the cross-section of nuclear re-
actions, and for other applications. Unlike the accelerator at the Budker
Institute of Nuclear Physics, the accelerators delivered to oncology
clinics use pre-acceleration. Measuring the phase portrait of the ion
beam of these facilities and comparing them establishes the advantages
and disadvantages of using pre-acceleration. The positive effect of using
pre-acceleration is that the energy of the protons increases and does not
cause heating of the uncooled diaphragms of the accelerator. The
negative effect is that the quality of the resulting proton beam has
deteriorated: it has become larger in size, non-uniform and its diver-
gence has become greater. To improve the vacuum insulated tandem
accelerator, it is proposed to decelerate the beam injected into the
accelerator. The results of numerical simulations show that it allows to
reduce the heating of the uncooled diaphragms of the accelerator and
obtain a parallel proton beam at the output that is easy to transport.
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