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Abstract—For the development of boron neutron-capture therapy of malignant tumors, a source of
epithermal neutrons on the basis of a tandem accelerator with a vacuum insulation and a lithium target
was created and launched. With the aim of optimizing the neutron-producing target, various structure
materials were irradiated with a proton beam. The results obtained by measuring the dose rate and radiation
spectrum upon the absorption of 2-MeV protons are presented, and the choice of tantalum for an optimum
material of the target substrate was explained.
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1. INTRODUCTION

Boron neutron-capture therapy is a promising
procedure for the treatment of malignant tumors [1].
This method ensures a selective destruction of tumor
cells via a preliminary accumulation in them of the
stable nonradioactive isotope 10B and subsequent
irradiation with neutrons. Neutron absorption by
boron gives rise to a nuclear reaction accompanied
by a high energy deposition in tumor cells. Intense
fluxes of epithermal neutrons are required for the
treatment of deeply seated tumors. The threshold
reaction 7Li(p, n)7Be induced by 2- to 2.5-MeV
protons provides the best means for the production
of such neutrons. In addition to neutron production,
proton interaction with lithium nuclei leads to a
sizable emission of 0.478-MeV photons [2]. In
order to reduce this undesirable accompanying flux
of photons, the thickness of the neutron-producing
lithium layers should be such that protons in it were
moderated to the neutron-production threshold of
1.882 MeV. Further, it is required that the protons
be thereupon absorbed in materials where photons
are not sizably produced in (p, γ), (p, p′γ), (p, nγ),
and (p, αγ) reactions [3]. The objective of the present
study was to explore experimentally radiation accom-
panying the absorption of 2-MeV protons in various
materials in order to choose such a structural material
for the substrate of the neutron-producing target
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that would ensure a minimum yield of accompanying
gamma radiation.

2. EXPERIMENTAL RESULTS
AND DISCUSSIONS

The investigations reported here were performed at
a tandem accelerator with vacuum insulation which
was proposed and constructed for the development of
boron neutron-capture therapy [4]. At the accelera-
tor, a proton beam 1 cm in diameter and of energy and
current 2 MeV and up to 1.6 mA, respectively, is ob-
tained in a stable long-term regime [5]. The beam is
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Fig. 1. Layout of the experimental setup used: (1) vac-
uum volume, (2) window for observation, (3) cooled bot-
tom of the vacuum volume, (4) sample, and (5) spherical
ionization chamber.
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Fig. 2. X-ray and gamma-radiation dose rate versus the proton-beam current upon the irradiation of (1, open boxes) vanadium,
(2, open diamonds) titanium, (3, open circles) stainless steel, and (4, open triangles) tantalum.
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Fig. 3. Radiation-dose rate as a function of the proton-beam current upon the irradiation of a neutron-generating target for
the cases where (1) lithium is sputtered onto the copper target substrate and (2) use is made of a pure-copper substrate.

highly monochromatic in energy 0.1%, and its current
is highly stable (0.5%). In order to perform the inves-
tigations in question, a neutron-producing target [6]
was replaced by a specially designed vacuum volume
(see Fig. 1) consisting of a stainless-steel pipe and a
sleeve with a quartz glass for observation. The pipe
had an inner diameter of 100 mm and a wall thickness
of 2 mm. Its bottom from a copper disk 16 mm thick
was cooled with water.

Various materials manufactured predominantly in
the form of thin disks 95 mm in diameter were placed
on the bottom of the vacuum volume and, by means
of magnetic scanning, were irradiated with a 2 MeV
proton beam of current up to 500 μA. A web camera

permitted observing the sample-surface state and, in
a number of cases, beam scanning uniformity by the
glow of the sample. The absorbed dose of electro-
magnetic radiation was measured at a distance of
25 cm from the sample center by a spherical ion-
ization chamber that is similar to that which was
described in [7], while the neutron-radiation dose
was measured at a distance 50 cm by a DKS-96
radiometric dosimeter equipped with a BDMN-96
detection block. Since the readings of the ionization
chamber received a contribution from the radiation of
the accelerator used, there was a need for determining
this contribution. This was done with the aid of a
different ionization chamber that was positioned re-
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Fig. 4. Spectrum of gamma radiation from barium fluoride irradiated with a beam of 2-MeV protons.
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Fig. 5. Spectrum of gamma radiation from the following materials irradiated with a beam of 2-MeV protons: vanadium (V),
titanum (Ti), copper (Cu), aluminum (Al), stainless steel (Fe), tantalum (Ta), and molibdenum (Mo).

motely from the irradiated samples and in which only
bremsstrahlung from the accelerator was recorded [8].
Figure 2 shows the x-ray and gamma-radiation dose
rates (upon the subtraction of the contribution of the
accelerator contribution) as a function of the proton-
beam current for various samples. One can see that
the dose rate grows linearly with the beam current.

Constructing least squares fit to data (see straight
lines in Fig. 2), we determine the dose rates per
current unit for all materials being studied. They are
given in the table. The table also presents the errors in
determining the dose rate that characterize the spread
of experimental data. It should be noted that data for
lithium were obtained by using a neutron-producing
target [6]. The dose rate was first measured without
an evaporated lithium layer, in which case protons
were absorbed in the copper substrate of the target;

thereupon, it was measured with an evaporated layer
50 μm thick from pure metallic lithium (see Fig. 3)
[9, 10]. From the table, it can be seen that the
absorption of 2-MeV protons in structural materials
is accompanied by a substantially lower dose rate in
relation to the case of lithium.

A sizable rate of radiation from barium fluoride and
lithium fluoride crystals is worthy of special note. In
order to rule out errors, the radiation dose was mea-
sured anew with an LB6500-3H-10 (Berthold Tech.)
gamma detector. These crystals were not considered
as candidates for target structural materials, but they
were subjected to irradiation with a proton beam in
order to test experimentally the possibility of the gen-
eration of a strong positron beam [11]. It is commonly
known that proton interaction with fluorine leads to
the production of a 20Ne nucleus, which decays to an
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Fig. 6. Residual-activity spectrum of gamma radiation from (a) graphite, (b) titanum, and (c) lithium fluoride.

alpha particle and a 16O nucleus in the excited state
at the excitation energy of 6.05 MeV. This excitation
is removed via the emission of an electron–positron
pair. We can represent this reaction in the form
19F(p, αe+e−)16O; its cross section reaches 0.2 b
at the proton energy of 2 MeV. Spectra of gamma
radiation caused by the absorption of 2-MeV protons
in barium fluoride are shown in Fig. 4 according to
measurements with a BGO spectrometer (scintillator
80 mm in diameter and 100 mm in height) positioned
under the vacuum volume; 511-keV photons origi-
nating from the annihilation of product positrons can

clearly be seen in this scintillator. This property of
the generation of a strong photon flux can be used
for the diagnostics of the current or the current profile
of a proton beam—for example, by measuring the
gamma-radiation dose rate upon the introduction of
a fluorine-containing sample in the beam.

Spectra of gamma radiation induced by the ab-
sorption of 2-MeV protons in structural materials
are shown in Fig. 5 according to measurements with
a BGO gamma spectrometer. We recall that pro-
ton absorption in lithium leads to the formation of a
monochromatic flux of 478-keV photons. The re-
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Fig. 7. Counting rate in a neutron detector as a function of the channel number (energy) upon the irradiation of copper (Cu),
stainless steel (Fe), and vanadium (V) with 2-MeV protons.
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Fig. 8. Detector counting rate in the neutron-peak region as a function of the energy of protons absorbed in vanadium (V),
titanium (Ti), stainless steel (Fe), and lithium (Li).

spective experimental results were presented in [12].
Figure 5 shows that there is virtually no radiation
from molybdenum and tantalum.

Figure 6 gives the residual-activity spectra for
graphite, titanium, and lithium fluoride. No sizable
activity was observed in other materials. It turned
out that the activation of graphite, titanium, and
lithium fluoride was due to, respectively, the process
12C(p) 13N

β+(10 min)−−−−−−−→ 13C; proton absorption by the
isotopes 46Ti and 47Ti, which is followed by the β+

decay of 47V and 48V nuclei and electron capture in
48V [13]; and the production of the radioactive isotope
7Be in the reaction 7Li(p, n)7Be. Titanium activation

by a proton beam can also be used for diagnostic
purposes in order to measure the charge transferred
by the beam.

The irradiation of stainless steel, titanium, and
vanadium with 2-MeV protons was found to lead
to neutron production, but the irradiation of other
materials was not accompanied by the yield of neu-
trons. The absorbed dose rate was measured with
a DKS-96 radiometric dosimeter. For vanadium,
the result was 7000 μSv/(h m2 mA), while, for
stainless steel, it was smaller by a factor of 25.
Neutron production was confirmed by the presence
of a characteristic signal from the reaction 6Li + n →
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Rate of gamma-radiation dose absorbed by various materials exposed to 2-MeV protons

Material (mass number)
Dose rate per

current unit, Dγ ,
μSv/(h m2 mA)

Errors in
determining dose

rates, %

Lithium fluoride 20 000 20

Barium fluoride 6500 20

Lithium layer 50 μm thick on copper substrate 750 5

Graphiteит 25 10

Aluminum (27) 150 5

Silicon (28) 23 2

Titanium (48) 230 8

Vanadium (51) 270 4

Stainless steel 12X18H10T 70 10

Copper (64) 90 5

Molybdenum (96) <6

Tantalum (181) <6

3H + α+ 4.785 MeV in a detector (channel nos. 300–
400 in Fig. 7) based on a GS20 scintillator 18 mm
in diameter and 4 mm in thickness (The Saint-
Gobain Crystals, USA). Figure 8 shows the detector
counting rate in the region around this neutron peak
as a function of the proton energy. From the resulting
dependences, it follows that neutron production in
stainless steel was due to the reaction 55Mn(p, n)55Fe
(the reaction threshold is 1.034 MeV); in titanium and
vanadium, this was due to, respectively, the reaction
49Ti(p, n)49V (the reaction threshold is 1.43 MeV)
and the reaction 51V(p, n)51Cr (the reaction thresh-
old is 1.562 MeV). Since the thresholds for these
reactions is substantially lower than the threshold for
the reaction 7Li(p, n)7Be, the energies of neutrons
originating from them are higher than the energies of
neutrons emitted by lithium. For this reason, it is not
wise to use stainless steel, titanium, or vanadium as
materials for the substrate of the neutron-producing
target. The point is that the system intended for form-
ing an epithermal-neutron beam [14] was tuned to
moderating neutrons from the reaction 7Li(p, n)7Be,
so that fast neutrons will not be moderated properly
by this system. As a result, an additional undesirable
dose from fast neutrons would appear in performing
therapy.

Thus, the application of tantalum or molybde-
num as materials for the substrate of the neutron-
producing target would ensure a minimum level of
undesirable gamma radiation, the absence of an un-
desirable fast-neutron flux, and the absence of mate-

rial activation. In choosing a target material, it is also
necessary to take into account its strength against
radiation damage (blistering) in the implantation of
protons. Since the deceleration of protons in metals
proceeds nearly along a straight line, all of them un-
dergo stopping at the same depth. Therefore, the cap-
tured gas atoms are agglomerated, and the surface
layer may be deformed up to the formation of blisters
(small domelike structures on the surface) and the
exfoliation of the surface because of an increase in the
internal pressure and a side compression stress. As
a rule, blistering is observed in metals that dissolve
hydrogen purely—in particular, in molybdenum [15].
As was shown in [16], tantalum, along with vana-
dium and alpha iron, has the highest strength against
blistering upon the absorption of 2-MeV protons in
the case where the temperature of the metals is about
150◦C, which is characteristic of a target heated by
a proton beam and cooled by a turbulent flow of
water [6]. In view of these two circumstances, the
application of tantalum as a material for manufac-
turing, for a neutron-producing target, a substrate
onto which a thin lithium layer is evaporated and in
which protons are absorbed is the best solution in an
accelerator source of epithermal neutrons for boron
neutron-capture therapy.

3. CONCLUSIONS

Samples manufactured from lithium, graphite,
magnesium fluoride, barium fluoride, aluminum,
silicon, titanium, vanadium, stainless steel, copper,
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molybdenum, and tantalum have been exposed to a
proton beam at a tandem accelerator with vacuum in-
sulation. The x-ray and gamma-radiation dose rates
and spectra and the neutron-emission dose rate upon
the absorption of 2-MeV protons in various materials
have been measured along with the residual-activity
radiation spectrum. The emission of neutrons from
lithium, vanadium, stainless steel, and titanium and
the activation of lithium, graphite, and titanium have
been detected. We have found that the absorption of
2-MeV protons in molybdenum or tantalum proceeds
at a minimum dose-rate level of accompanying x-
ray and gamma radiation and does not lead to the
production of fast neutrons and to a residual activity.
With allowance for earlier investigations into the
blistering phenomenon, we recommend tantalum as
a material for the substrate of a lithium neutron-
producing target for boron neutron-capture therapy
since tantalum gives a minimum flux of undesirable
radiation and possesses the highest strength against
radiation damage.
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