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A B S T R A C T

Radiation testing of perspective materials by fast neutron flux is an important task for large physical facilities 
such as the Large Hadron Collider or the International Thermonuclear Experimental Reactor. Such a source of 
fast neutrons is the accelerator based neutron source VITA, proposed, developed and actively used at the Budker 
Institute of Nuclear Physics. The paper describes the accelerator based neutron source VITA, its features related 
to the generation of a powerful fast neutron flux, the result of a long lasting experiment with fast neutron 
generation, further plans to increase the energy and current of the deuteron beam, to develop a compact fast 
neutron generator, and to increase the total fast neutron yield to 2⋅1013 s− 1. The paper presents results of the 
perspective materials irradiation by fast neutrons flux.

1. Introduction

The electrostatic tandem accelerator of an original design Vacuum 
Insulated Tandem Accelerator (VITA) [1] has been proposed and 
developed at the Budker Institute of Nuclear Physics (BINP). It is the first 
part of the accelerator based neutron source VITA [2], others are lithium 
target for generating stable neutron with total yield up to 2⋅1012 n/s and 
set of beam shaping assemblies for achieving neutrons with desired 
spectrum – from cold to fast. The neutron source has applications in 
various fields, such as: boron neutron capture therapy (BNCT) [3,4], 
activation studies of materials, blistering studies of materials [5], 
fundamental studies of the physics issues, radiation testing of perspec
tive materials and other applications. Radiation testing of the perspec
tive materials is providing by fast neutrons, which are generated in the 
process of exothermic (non-threshold) reaction 7Li(d,n) [6].

Neutrons are used for various applications. In the case of radiation 
testing of materials at least 1013–1014 neutrons per cm2 must be accu
mulated on the material to be tested, for which the neutron flux density 

must be at least 108–109 cm− 2s− 1. Neutrons are also used to perform 
nuclear doping of silicon, for this purpose 1014-1018 neutrons must be 
accumulated per 1 cm2 of material, nuclear reactors are used for this. 
Neutrons are also used for small angle scattering, diffractometry, spec
trometry, reflectometry, mechanical stress studies, magnetic and crys
talline structure studies of materials. For these purposes, the required 
neutron flux density is 105–106 cm− 2s− 1. The VITA, as will be shown 
later, fulfills these conditions, and occupies a median position between 
total neutron yield (or flux density) and compactness and simplicity of 
operation and maintenance.

2. Materials and methods

2.1. VITA and lithium target

The VITA provides dc proton/deuteron beam with a wide range of 
beam energy and current. Accelerator based neutron source VITA con
sists of the vacuum insulated tandem accelerator for obtaining a high- 
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power dc proton/deuteron beam, the lithium target for generating 
neutrons and a set of beam shaping assemblies for obtaining neutrons 
with required energy – cold (D2O moderator at cryogenic temperature), 
thermal (D2O or plexiglass), epithermal (MgF2 moderator), fast 
(concentrator without moderation).

The scheme of the facility in the fast neutron generating mode is 
shown in Fig. 1. Negative ion beam (Н− or D− ) is accelerated in the high- 
voltage electrodes of vacuum insulated tandem accelerator 1, stripped in 
the argon stripping target to positive ion beam (p+ or d+) and acceler
ated again to the energy up to 2.3 MeV. The lithium target 3 is located in 
the vertical or horizontal path, to transport ion beam to the position A 
the bending magnet 2 is not enabled; to transport ion beam to position B 
the bending magnet is enabled with a current, corresponding to the 
beam energy. When radiation tests of the materials by the fast neutrons 
are conducted, the target is located in the position B in the irradiation 

room, neutron concentrator 4 is located around the lithium target. The γ- 
5 and neutron 6 dosimeters are located at the distance of 5 m from the 
lithium target to stay in the working regime.

2.2. B. Neutron generating reactions

Radiation resistance tests require neutrons with an energy of more 
than 1 MeV, which are obtained in the following exothermic reactions: 

d+ d → 3He+ n+3.265 MeV,

T+ d → 4He+ n+ 17.588 MeV,

7Li+ d→8Be+ n+15.028 MeV,

7Li+ d→24He+ n+15.122 MeV,

9Be+ d → 10B+ n+4.362 MeV.

Fig. 2 presents neutron yields obtained in these and other reactions in 
thick targets [7]. Reaction Li(d,n) has the highest neutron yield when 
the energy of deuterons exceed 0.8 MeV. Indeed, at a beam energy of 2 
MeV neutron yields in Be(d,n) and Li(p,n) reactions are 6 × 1011 and 1.1 
× 1011 mC− 1 respectively, while in the Li(d,n) reaction is 13.5 × 1011 

mC− 1 [7,8].
Let us focus on the interaction of lithium with deuteron. Their 

interaction at a deuteron energy of 1 MeV is characterized by ten 
different reactions, five of them are neutron-generating: 

1. 7Li + d = n + 8Be + 15.028 MeV → 2 α + 0.094 MeV;
2. 7Li + d = n + α + α + 15.121 MeV;
3. 7Li + d = α + 5He + 14.162 MeV → n + α + 0.957 MeV;
4. 6Li + d = n + 7Be + 3.385 MeV;
5. 6Li + d = 3He + 5He + 0.840 MeV → n + α + 0.957 MeV.

Using a diamond detector and an α-spectrometric complex based on a 
silicon semiconductor detector, we measured the cross-sections of re
actions 1, 2 and 3 of the deuteron-lithium interaction with neutron 
generation, all reactions with the lithium-7 isotope, the results are 
presented in [9,10].

Fig. 1. Scheme of the VITA in the fast neutron generating mode: 1 – vacuum insulated tandem accelerator, 2 – bending magnet, 3 – lithium target, 4 – neutron 
concentrator, 5 – γ-dosimeter, 6 –neutron dosimeter, A and B – lithium target placement positions.

Fig. 2. Neutron yield of reactions in thick targets.
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We have not measured the remaining two reactions. In the future, it 
is possible to measure the cross-section of reaction 4 by measuring 
activated berillium-7 on a lithium target, and reaction 5 using a proton 
filter with an energy of up to 1 MeV in the α-spectrometric complex.

Nevertheless, the knowledge we have gained is sufficient to state that 
when generating fast neutrons, it is recommended to use a target 
enriched with lithium-7, since neutron-generating reactions of lithium-7 
and deuterium are the most productive. Knowing the reaction cross 
section it is known that it is possible to reconstruct not only the total 
neutron yield from the target, but also the neutron energy spectrum, 
which will undoubtedly be useful in future experiments on the genera
tion of fast neutron flux.

The important part of radiation tests of materials is possibility to 
detect and measure/simulate/estimate quantity and distribution of the 
neutrons. The VITA equipped with neutron detector with GS-20 lithium 
glass for measuring of the neutron flux; set of activation foils; two HPGe- 
detectors for measuring spectrum and flux of the γ-rays; α-spectrometers 
for measuring elemental composition by spectroscopy of ion scattering; 
γ-dosimeters for measuring of the radiation fields during and after 
irradiation.

3. Experimental facility and results

3.1. Performance of VITA

Earlier it was shown that VITA can be used as fast neutrons generator 
with total neutron yield 1.4 × 1012 s− 1 [6] and this yield is sufficient for 
providing radiation testing of materials, fast neutron therapy [11] and 
other applications.

After this, the irradiation room was prepared (position B of the 
lithium target in the Fig. 1) for decreasing the neutrons dose rate outside 
the bunker and in the control room. Walls of this room are made of 
concrete with boron carbide, door made of borated polyethylene, these 
materials are effective moderators and absorbers of neutrons. Inside the 
room, around the lithium target a concentrator was made. The 
concentrator is made of lead and wood, since lead is a reflector of 
neutrons and wood is not activating by neutrons. Photos of the lithium 
target assembly and concentrator are shown in Fig. 3. Lithium target 
consists of copper disc with diameter 144 mm and 3 mm thickness. On 
this copper disc the lithium is deposited by thermal heating method in 
vacuum chamber of lithium deposition system of BINP.

Since preparations were finished, the fast neutrons irradiation 
experiment have been resumed. There were different experimental 
groups that were irradiating following devices: 

– coils of optical cables developed at the Saclay Nuclear Research 
Center (France) for high-luminosity operation of the CERN Large 
Hadron Collider (LHC);

– semiconductor photomultipliers and direct current converters for the 
ATLAS detector of the CERN LHC;

– diamond neutron detector for the International Thermonuclear 
Experimental Reactor (ITER, Cadarache, France);

– plates made of В4C for ITER (Cadarache, France);
– neodymium magnets for the hybrid focusing system of the DARIA in 

the Institute for Theoretical and Experimental Physics ITEP (Mos
cow) [12];

– natural and synthetic diamonds for the Nikolaev Institute of the 
Inorganic Chemistry (Novosibirsk).

– gas sensors based on titanyl phthalocyanines for Novosibirsk State 
University laboratory;

– semiconductor devices of the Novosibirsk Semiconductor Devices 
Factory.

When the neutrons are generated by the proton beam, the energy of 
the beam is varied up to 2.3 MeV and current up to 10 mA. In case of the 
deuteron beam, these values smaller. The energy of the beam is limited 
by the power supply of bending magnet down to 1.5 MeV. The current of 
the beam is limited by the ion-optical system of the H- source down to 
1.5 mA. These current and energy provide generation of fast neutrons 
with a total yield of 1012 s− 1.

Before delivering a powerful deuteron beam (with ~MeV energy and 
~mA current) a calibration of neutron flux was conducted, since 
γ-dosimeter cannot properly work in the radiation fields, dose rate of 
which exceeds 0.1 Sv/h. Using the neutron area monitor UDMN-100 
(SPC Doza) [13], it was established, that at the energy of the deuteron 
beam 1.011 MeV and current 0.5 μA the dose rate of the generated 
neutrons is 0.044 Sv/h. Distance from the lithium target to sensitive area 
of detector was 120 mm. It was also measured, that the increase of the 
energy of the deuteron beam from 1.0 to 1.5 MeV increases neutron dose 
rate twice. Since the amount of generated neutrons is proportional to the 
beam current, finally, at the deuteron beam energy 1.5 MeV and current 
1.5 mA the neutron dose rate at the distance of 120 mm from the lithium 

Fig. 3. Photos of the lithium target assembly (left) and concentrator (right).
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target is ≈250 Sv/h. Also, computer simulations based on FLUKA [14] 
were performed to estimate dose level. Obtained difference between the 
experimental data and the simulation is about 10 %. Example of ge
ometry description in the simulation (lead concentrator with wooden 

housing, target and sphere is UDMN-100) shown at the Fig. 4.
Additionally, spectrum of the Li(d,n) reaction at energy 1.5 MeV was 

measured by our team using AT1117M Radiation Monitor with 
BDKN‑06 Detection Unit and a set of spherical moderators with di
ameters 3″, 3.5″; 4″, 4.5″; 5″; 6″, 7″; 8″, 9″, 9.5″, 10″, 12″ (Atomtex, Re
public of Belarus) [15]. Since spherical moderators have different 
diameters, they have different sensitive areas, which allows estimating 
spectrum. Measurements of this set were reconstructed in energy spec
trum using sensitive curves of spherical moderators. Reconstructed 
spectrum in logarithmic and linear scales are shown at the Fig. 5.

The experiment was paused for a construction of a temporary wall, 
made of concrete blocks, containing boron carbide for neutron 
capturing. The photo of the outside view of the bunker is shown at the 
Fig. 6.

After these preparations the neutron dose rate in the control room 
became ~4 μSv/h, this level is acceptable for radiation group A 
personnel.

After the experiment restart, the facility was working average 11 h 
per day (8 h in neutron generation mode), 5 days a week, from 25th 
April to 25th May of 2022 year. During this time, it was only one un
expected stop, when we had to substitute malfunctioned forevacuum 
pump by a working one. In the Fig. 7 the neutron yield (in arbitrary 
units) normalized on deuteron current as a function of time (sec) in 2nd 
and 23th irradiation day, measured by neutron detector with lithium 
glass GS-20 (The Saing-Gobain Crystals, USA) is shown.

The total integral current on the surface of the lithium target was 
122 mA × h, the maximum neutron flux density per sample unit reached 
2.9 × 1014 cm− 2. After the accumulated deuteron current integral of 
122 mA × h, there were no any degradation of the neutron yield – nor 
deuteron energy degradation, nor degradation of the lithium neutron 
generating target.

After the prolonged irradiation, the studied samples and materials 

Fig. 4. Example of the geometry model for FLUKE code simulation.

Fig. 5. Spectrum of the Li(d,n) reaction at deuteron beam energy 1.5 MeV, measured by a AT1117M Radiation Monitor with BDKN‑06 Detection Unit and a set of 
spherical moderators. Top curve is in logarithmic scale, bottom curve in linear scale.
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were cooled for approximately 1 week in the irradiation room. This was 
due not to the significant activation of the samples but to the high 
activation of the lithium target and the radiation hazard for the staff.

Fig. 6. Photo of the outside view of the bunker. This neutron protection wall contains boron for neutron capture to decrease neutron dose rate outside the bunker.

Fig. 7. Neutron yield (arb. unit) normalized on deuteron current as a function of time (sec) in 2nd (blue curve) and 23th (red curve) irradiation day, measured by 
neutron detector with lithium glass GS-20 (The Saint-Gobain Crystals, USA).

Fig. 8. Location of the optical coils cables and semiconductor photomultipliers 
inside the concentrator.

Table 1 
Neutron flux densities on irradiated objects with deuteron beam 
energy 1.5 MeV and current 1 mA.

Object Neutrons, [108 cm− 2s− 1]

HCP-200-20-1 3.31
HCP-200-20-2 2.24
HCP-200-20-3 5.39
HCG365-50-1 1.4
HCG365-50-2 2.31
HCG365-50-3 2.58
HCG200-50-1 1.23
HCG200-50-3 1.58
PmtPlate 4.57
PumpPlate 1.31
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3.2. Materials irradiation results

3.2.1. Optical cables
Before discussing results of optical cables irradiation, let us take 

focus on some details of irradiation. Site of materials, located inside the 
concentrator (Fig. 3, right), is shown at the Fig. 8.

Using FLUKA simulation and calibration of the neutron area monitor 
UDMN-100 we obtained neutron flux densities values for these mate
rials, values are presented in the Table 1. These calculations were made 
with deuteron beam energy 1.5 MeV and current 1 mA.

In the Fig. 9 dependencies of the working sessions of VITA, fast 
neutrons integrals on samples and the dependence of the transparency of 
three types of optical fiber provided by the Saclay Center for Nuclear 
Research (France) are shown. It has been found that the transparency of 
an optical fiber decreases by ~50 % as soon as the fiber is irradiated with 

fast neutrons, and does not return to its previous level after the end of 
irradiation. The measured degradation of transparency of optical fibers 
varies from 20 % to 35 % with a fast neutron fluence of 1014 n/cm2.

Such a detailed study of the dependence of optical fiber transparency 
on fast neutron fluence has been performed for the first time, and the 
results obtained are unique and important for science and practice, 
including laser calibration of the CMS detector calorimeter during the 
planned operation of the CERN Large Hadron Collider in the high- 
luminosity mode.

3.2.2. Boron cabide
The BINP, Institution Project Center ITER, and ITER Organization 

cooperatively prepared and agreed on a specification for boron carbide 
for diagnostic ports (ITER_D_457TBH) [16,17]. There are very strict 
requirements for ceramics: the outgassing rate is limited to 1⋅10− 8 

Fig. 9. Results of coils of optical cables for high-luminosity operation of CENR LHC irradiation. Top graph – deuteron beam fluence during working sessions of VITA, 
middle graph – neutrons/cm2 integrals from the beginning of the irradiation on the three different optical coils, bottom graph – transparency of these irradi
ated samples.
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Pa⋅m3⋅s− 1⋅m− 2 for hydrogen at 100 ◦C. Vacuum tests of the first delivery 
batch showed that sintered ceramics produced by Virial Ltd. meet these 
requirements.

First, the VITA facility was used for experiments on the activation of 
ceramics by thermal neutrons. The γ-ray spectra after irradiation of 
ceramics with thermal neutrons contained mainly manganese lines. By 
comparing the intensity of manganese lines in ceramics from different 
manufacturers and a 316L-IG steel sample containing 1.83 % Mn, irra
diated simultaneously with the ceramic samples, the concentration of 
manganese in the ceramics was determined. The manganese content of 
the ceramics was in the range of 0.0001–0.0003 % [18].

The activation of ceramics after irradiation with fast neutrons at the 
VITA accelerator was then measured. The flux density was 3 • 109 

neutrons⋅cm− 2•s− 1 for 20 min and the cumulated fluence was 3.6•1012 

neutrons⋅cm− 2. Which roughly corresponds to the conditions inside the 
EP11, where the characteristic neutron fluxes are 108 ÷ 1011 neu
trons⋅cm− 2•s− 1 [16]. Radioactivity levels have been shown to drop 
rapidly within three days of activation [16].

Next, the ceramics were subjected to prolonged fast neutron (average 
energy 5.68 MeV) exposure to study the degradation of mechanical 
properties and demonstrate resistance to cracking. Dust formation is 
especially important due to the location of optical diagnostics in the 
diagnostic ports [15]. Ceramics was tested with a fluence of 1014 n/cm2 

(corresponding to 2–200 ITER shots for Diagnostic Shield Module at 
EP11, depending on the block’s distance from the plasma). Not one 
sample cracked. Mechanical strength decreased by 15 %, Table 2.

Based on the test results, a conclusion was made about the applica
bility of ceramics in ITER diagnostic ports, and estimates were also made 
about the degree of boron burnup during ITER operation [14].

Based on the Manufacturing and Inspection Plan and test results, an 
End of manufacturing report on the first delivery batch (ITER_D_
DAGDG6) has been prepared and approved by the ITER Organization, 
allowing the ceramics to be used for delivery as part of the ports to the 
ITER site. In total, Virial Ltd. has already produced more than 54 
thousand blocks of boron carbide ceramics for ITER diagnostic ports.

3.2.3. Titanyl phthalocyanine (TiOPc) layers
Among numerous organic semiconductors, metal phthalocyanines 

(MPc) are particularly interesting due to their high thermal and chem
ical stability and unique electronic properties. The ability of MPc to 
sublimate in vacuum allows preparing thin homogeneous highly ori
ented polycrystalline layers by vacuum thermal evaporation, which is 
increasingly often used in not only the production of field − effect 
transistors, solar cells, diodes, etc., but also as active layers of chemical 
sensors [19]. The TiOPc layers were deposited using Knudsen chamber, 
as it shown at Fig. 10. Deposition time of the layers was 1 h with heater 
temperature 450 ◦C. On this stage there were two types of TiOPc, – 
prepared with applying magnet field of ~0.5 Τ (TiOPcM) and without 
magnetic field (TiOPc0).

After irradiation by fast neutrons on the VITA, the current–voltage 
characteristics of four TiOPc layers groups were measured. These groups 
are TiOPcM, TiOPc0, which were defined earlier, and TiOPcMN, 
TiOPc0N, which were irradiated by fast neutrons with a fluence of 
3⋅1014 cm− 2. Measurement results are shown in Fig. 11.

First difference of the prepared materials is the result of evaporation. 
Samples evaporated with using magnets has more conductivity. Results 
after neutron irradiation are that TiOPCMN conductivity decreased by 
two orders of magnitude and TiOPC0N conductivity not changed.

4. Conclusion

Accelerator based neutron source VITA as generator of fast neutrons 
is a reliable facility. Nowadays the total yield of generated fast neutrons 
is 1012 s− 1. Research has shown that VITA as a fast neutron generator 
can operate for at least a month in the 5 days a week, 8 h a day regime of 
neutron generation.

The compact fast neutron source now is under development. It will 
generate ~1012 fast neutrons per second. This is sufficient for providing 
investigations on radiation testing of perspective materials for large 
physical facilities, such as CERN, ITER etc.

The accelerator based neutron source VITA is currently undergoing 
modernization, which will allow the transport of a powerful (up to 50 

Table 2 
Degradation of mechanical properties of sintered boron carbide ceramics pro
duced by Virial Ltd. after irradiation by fast neutrons with fluence 10 14n/cm2.

After Before

Density, g/cm3 2.14 ± 0.02 2.26 ± 0.01
Young’s modulus E, GPa 365 ± 14 420 ± 7
Bending strength σ, MPa 190 ± 13 220 ± 11

Fig. 10. Setup for the thin TiOPc layers deposition.

Fig. 11. Current-voltage characteristics of TiOPcM and TiOPc0 layers and 
TiOPcMN and TiOPc0N layers irradiated by fast neutrons.
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kW/cm2) deuteron beam to a rotating lithium target to reach a total 
neutron yield of ~2 × 1013s− 1. Such a flux makes VITA the brightest 
neutron source with neutron concentration 104 cm− 3 and allow to 
provide direct studies of neutron structure using lepton or hadron beams 
or even construct an n-n collider.
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