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Abstract—A neutron-beam-shaping assembly consisting of a moderator, a reflector, and an absorber is
used to form a therapeutic neutron beam for the boron neutron-capture therapy of malignant tumors at
accelerator neutron sources. A new structure of the moderator and reflector is proposed in the present
article, and the results of a numerical simulation of the neutron spectrum and of the absorbed dose in a
modified Snyder head phantom are presented. The application of a composite moderator and of a composite
reflector and the implementation of neutron production at the proton energy of 2.3 MeV are shown to permit
obtaining a high-quality therapeutic neutron beam.
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1. INTRODUCTION

Boron neutron-capture therapy (BNCT) [1], which
provides a selective destruction of tumor cells via the
accumulation in them of the stable nonradioactive
isotope 10B and subsequent irradiation with neutrons,
is promising method for the therapy of malignant
tumors. Upon neutron absorption by boron, there oc-
curs a nuclear reaction accompanied by a high energy
deposition in tumor cells. The purposes of therapy
require intense fluxes of epithermal neutrons—more
precisely, neutrons of energy 1 to 30 keV [1]. The
reaction 7Li(p, n)7Be, which is characterized by a
high yield of neutrons that have the softest energy
spectrum is the most appropriate for this purpose.
A neutron-beam-shaping (NBS) assembly that in-
cludes a moderator; a reflector; an absorber; and, in
some cases, a filter is used to slow down neutrons.
Over the past decade, when it became obvious that
a lithium target can be manufactured, an NBS for
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the reaction 7Li(p, n)7Be with a 2.3- to 2.8-MeV
proton beam was optimized by a number of research
groups [2–10]. For a phantom where one calculates
the distribution of doses, it is common practice to
employ a modified Snyder head phantom [11], which
is three ellipsoids inserted into each other that have
compositions maximally close to the compositions
of skin, bones, and brains. In calculations, use
is made of relative-biological-effectiveness (RBE)
values from [12], which are 1.0 for photons and 3.2 for
neutrons in the case of brain tissues; the composite
biological effectiveness (CBE) is 1.35. For a tumor,
RBE is assumed to have the same values, while CBE
is set to 3.8.

In calculating doses, the following processes are
taken into account. First, there is the process in-
volving neutron absorption by boron and resulting
in the energy deposition of 2.79 MeV; in 6.1% of
the cases, this energy is distributed only among the
product lithium nucleus and alpha particle, while, in
93.9% of the cases, the lithium nucleus is emitted in
an excited case, radiating a photon of energy 478 keV.
Second, there is neutron capture by hydrogen nuclei,
which leads to the formation of deuterium and the
emission of 2.2-MeV photons. Third, there arise
recoil protons both from the interaction of neutrons,
predominantly fast ones, with matter nuclei, primarily
with hydrogen, and from neutron absorption by ni-
trogen nuclei, which is accompanied by the energy
deposition of 580 keV. The flux of photons from the
target and from the beam shaper is taken into account
quite frequently. The process of neutron absorption by
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Fig. 1. Cross sections for (1) elastic and (2) inelastic
neutron scattering on fluorine versus the neutron energy
according to the ENDF/B-VII.1 database.

chlorine is disregarded almost always because of the
smallness of its cross section.

The prevalent opinion is that the moderator should
contain highest concentrations of fluorine since only
fluorine has a sizable cross section for inelastic neu-
tron scattering in the energy region below 1 MeV, so
that this ensures their fast moderation to energies of
about 200 keV (see Fig. 1). A hydrogen-containing
moderator can reduce the neutron energy efficiently,
but there occurs, in this case, an overly strong shift of
the resulting neutron spectrum toward thermal ener-
gies, so that it becomes inappropriate for the therapy
of deeply seated tumors. Lead or graphite is used
as a reflector. Polyethylene doped with boron and
lithium may be an absorber. Such NBS assemblies
used together with a proton beam of energy 2.5 MeV
and current 10 mA provide at dose rate at a level of
1 Gy Eq./min, a therapy depth (distance from the
surface to the point where the dose rate in a tumor
exceeds the maximum dose rate in a sound tissue) of
up to 10 cm, and a therapeutic ratio (ratio of the the
maximum dose powers in a tumor and healthy cells)
of up to 4. This is quite acceptable for performing
boron neutron-capture therapy.

In the present study, we carry out a critical analysis
of the decisions adopted previously in what concerns
the structure of NBS assemblies, put forth proposals
that would contribute to improving the quality of ther-
apeutic neutron beams, and perform an optimization
of NBS assemblies.

2. RESULT OF NUMERICAL
CALCULATIONS AND DISCUSSION

We begin our consideration by addressing a mod-
erator that should not only slow down neutrons to
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Fig. 2. Rate of neutron moderation on (1) magnesium and
(2) aluminum versus the neutron energy.

required energies but also accomplish this over a min-
imum thickness in order to minimize the loss of the
neutron flux density. Table 1 gives information about
the densities of fluorides and about the concentration
of fluorine nuclei in them. One can see that the flu-
orine concentrations in magnesium, aluminum, and
lithium fluorides are maximal and are nearly identi-
cal. In calcium fluoride and in fluoroplastic, the flu-
orine concentration is substantially lower; therefore,
it would not be reasonable to use these materials in
a moderator. Among the remaining fluorides, lithium
fluoride is only considered as a thin filter at the output
of NBS assemblies for absorbing thermal neutrons
originating from the reaction 6Li(n, α)3H (the cross
section for thermal-neutron absorption is 940 b).

Let us consider in detail elastic neutron scattering
on magnesium and aluminum. Since the mass num-
bers of magnesium and aluminum nuclei are close
to each other, the values of the mean logarithmic
energy loss in them, ξ, are also close: they are 0.08
for magnesium and 0.072 for aluminum. The rate
of neutron moderation on these nuclei in fluorides is
proportional to the density of nuclei, n; the scattering

Table 1. Densities of fluorides and densities of fluorine in
them

Density,
g cm−3

Concentration
of fluorine

nuclei,
1022 cm−3

Magnesium fluoride MgF2 3.177 6.14

Aluminum fluoride AlF3 2.88 6.19

Lithium fluoride LiF 2.639 6.13

Calcium fluoride CaF2 3.18 4.90

Fluoroplastic C2F4 2.2 5.29
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Table 2. Results of calculations for various versions of the NBS assembly for a proton beam of energy 2.3-MeV and
current 10-mA

Version 1
MgF2

Version 2
AlF3

Version 3
MgF2 + AlF3

Version 4
MgF2 + AlF3

graphite

Epithermal-neutron flux density [108 cm−2] 8.04 9.02 8.76 10.2

Fast-neutron flux density [108 cm−2] 1.49 2.04 1.49 0.61

Thermal-neutron flux density [108 cm−2] 0.22 0.21 0.21 1.96

Average neutron energy [keV] 17 19 18 7

Photon flux density [108 cm−2] 0.37 0.51 0.42 0.62

Average photon energy [keV] 312 300 314 385

Dose rate in tumor [Gy Eq./min] 1.68 1.83 1.76 2.14

Therapeutic ratio 2.8 2.17 2.54 4.1

cross section, σ; and the mean logarithmic energy
loss, ξ. We depict it Fig. 2. One can see that,
nearly the whole energy range under study, with the
exception of regions around 35 and 150 keV, neutron
moderation is more efficient on magnesium than on
aluminum. An appealing feature of aluminum is that
it is nearly transparent to neutrons of energy below
30 keV.

We have considered three versions of the NBS
assembly featuring a moderator d = 20 cm in di-
ameter and h = 20 cm in height that is manufac-
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Fig. 3. Beam-shaper geometry and position of a modified
Snyder head phantom.

tured from (i) magnesium fluoride, (ii) aluminum flu-
oride, and (iii) their combination. A magnesium-
fluoride cylinder 12 cm in height was the closest to
the target, and an aluminum-fluoride cylinder 8 cm
in height was under it. The layout of the NBS as-
sembly is shown in Fig. 3. A moderator, a target,
and a vacuum chamber are surrounded by a lead
reflector of external diameter D = 60 cm and height
h+H = 50 cm. The lower parts of the reflector and
moderator are positioned at the same altitude. The
whole reflector, with the exception of its lower part,
is surrounded by a polyethylene absorber featuring
a 7.5% addition of natural lithium 5 cm thick. A
modified Snyder head phantom was placed on the
axis 5 cm below the moderator. The proton energy
was 2.3 MeV, and the proton-beam current and di-
ameter were 10 mA and 100 mm, respectively. In
our calculations, the neutron-producing target was
taken in the form of disks 100 mm in diameter from
lithium (100 μm thick), tantalum (0.4 mm thick),
water (2 mm thick), tantalum (0.4 mm thick) and
copper (3 mm thick). A numerical simulation of
proton, neutron, and gamma-radiation transport was
performed by the Monte Carlo method with the aid
of PRIZMA code [13] and the ENDF/B-VI database
of neutron and gamma-ray interactions with mat-
ter [14]. In order to describe the nuclear interac-
tion of protons with a lithium target, data on the
reaction 7Li(p, n)7Be producing neutrons and the re-
action 7Li(p, γ)8Be → 2α appearing to be a source
of high-energy gamma rays were taken from [15],
while data on the gamma-ray-generating reaction
7Li(p, p′)7(1∗)Li were prepared on the basis of the
EXFOR database [16]. The concentration of 10В was
set to 15 ppm in sound tissues and to 52.5 ppm in
a tumor. The results of the calculations are given in
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Fig. 4. Distribution of the dose rate over the depth in the
(a) tumor and (b) sound tissue for the case of employing
(1) graphite and (2) lead reflectors in the forward hemi-
sphere.

Table 2 (here, the boundary between the epithermal-
and fast-neutron ranges is shifted from 10 to 30 keV,
which is the upper boundary of the spectrum of op-
timal neutrons for boron neutron-capture therapy.
As might have been expected, a magnesium-fluoride
moderator as considered in relation to an aluminum
fluoride moderator yields a softer spectrum, a fast-
neutron flux lower by a factor of 1.37, and a therapeu-
tic ratio better by a factor of 1.3, but an epithermal-
neutron flux lower by a factor of 1.12, so that the dose
rate in tumors appears to be lower. As a matter of fact,
a combination of fluorides in an NBS assembly makes
it possible to have advantages of each of them within
a single scheme: the epithermal-neutron flux density
is nearly as large (only 3% smaller) as that in the case
of applying aluminum fluoride), and the fast-neutron
flux is low, as in the case of applying magnesium
fluoride alone. Thus, an optimum solution would
be to fabricate a composite moderator consisting of
magnesium fluoride positioned closer to the target
and aluminum fluoride placed closer to the output.

The next proposal for revising the solutions adopted
earlier concerns the reflector. Neutrons produced

in the forward direction have a substantially higher
energy than those that go in the backward direc-
tion [17]. Therefore, we propose to apply, in the
forward hemisphere, a graphite reflector, in which
case the moderation of neutrons accompanies their
reflection (ξ = 0.158), and, in the backward hemi-
sphere, a lead absorber without antimony admixtures,
where neutron reflection occurs nearly without a loss
of energy (ξ = 0.01). In Table 2, the results of the
calculation for an NBS assembly featuring such a
graphite reflector in the forward hemisphere are given
in the Version 4 column. One can see that the energy
spectrum of neutrons became softer and that the
epithermal-neutron flux density grew; this led to an
increase in the dose rate in the tumor and in the
therapeutic ratio. Figure 4 shows the distribution of
the dose rate over the depth in the tumor and in the
sound tissue. One can see that a graphite reflector in
the forward hemisphere makes it possible to obtain a
substantially higher radiation depth in tumors seated
at a depth of up to 6 cm. In the case of deeper
seated tumors, the use of lead reflector ensures higher
radiation doses.

We now proceed to optimize the dimensions of
NBS assemblies. The respective calculations were
performed by means of the NMC code, which was
intended for simulating neutron transport in three
dimensions by the Monte Carlo method with the
aid of the ENDF-VII cross-section database. The
structure of the code was described in [18, 19]. In
Table 3, the results obtained by calculating the radi-
ation dose (P ) and the therapeutic ratio (AR) for a
moderator from magnesium fluoride of various height
h and diameter d at the proton-beam energies of
2.5 and 2.3 MeV are shown for the cases of a lead
or a graphite reflector D = 60 cm in diameter. The
following dimensions of the moderator seem optimal
(the respective cells in Table 3 are gray): at the energy
of 2.5 MeV, the diameter and height are both 30 cm,
while, at the energy of 2.3 MeV, the diameter and
height are 30 and 25 cm, respectively, in the case of
a lead reflector and are both 20 cm in the case of a
graphite reflector in the forward hemisphere.

For a NBS assembly featuring a magnesium-
fluoride absorber d = 20 cm in diameter and h =
20 cm in height and operating with a proton beam
of energy 2.3 MeV and current 10 mA, the radiation
dose and the therapeutic ratio are determined for the
case where there is a graphite reflector in the forward
hemisphere and where its diameter D changes from
0 to 140 cm with a step of 20 cm. As the reflector
diameter becomes larger, the dose rate grows and
reaches a plateau rather quickly. For example, it
is 74%, 93%, and 97% of the maximum dose rate
at the reflector-diameter values of D = 40, 60, and
80 cm, respectively. The use of a reflector 80 cm in
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diameter seems optimal. We note that, in the absence
of a reflector, the dose rate diminishes to 11% of the
maximum value. This suggests that a major part
of neutrons escapes from the moderator and returns
back after the interaction with the reflector.

In a similar way, we have determined the radiation
rate at various values of the height H of the lead re-
flector in the backward hemisphere that change from
0 to 100 cm with a step of 10 cm. As the reflector
height becomes larger, the radiation rate grows and
also reaches a plateau rather quickly. For example,
it is 96% and 99% of the maximum value at the
heights of H = 20 cm and H = 30 cm, respectively.
In the absence of a lead absorber in the backward
hemisphere, the dose rate falls down to a value of 53%.

We now proceed to consider the problem of deter-
mining an optimum energy of the proton beam. The
cross section for the reaction 7Li(p, n)7Be is given in
Fig. 5. For the purposes of boron neutron-capture
therapy, one usually considers proton beams of energy
2.5 to 2.8 MeV, in which case the neutron yield is quite
large. We propose employing a proton beam of energy
2.3 MeV, which is close to that at which the cross
section for the above reaction reaches a maximum. As
the proton energy grows above 2.3 MeV, the neutron
yield increases, of course, but at a lower rate than at
lower energies; moreover, these additional neutrons
will have a higher energy.

By way of example, we indicate that, for an NBS
assembly consisting of a magnesium-fluoride moder-
ator h = 21 cm in height and d = 20 cm in diameter
and a reflector D = 80 cm in diameter, an increase
in the proton energy from 2.3 to 2.5 MeV leads to
an increase in the neutron-flux density by a factor
of 1.75—owing primarily to more energetic neutrons
(see Fig. 6)—and, as a consequence, to a growth of
the dose rate in tumors nearly in the same proportion.
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Fig. 5. Cross section for the reaction 7Li(p, n)7Be as a
function of the proton energy according to the ENDF/B-
VII.1 database.

However, the appearance of a sizable fast-neutron
component (especially in the region between 250 keV
and 1 MeV) leads to the growth of the dose rate in
sound cells at the surface by a factor of 2.56, with the
result that the therapeutic ratio decreases from 5.4 to
3.7. In order to reduce the effect of fast neutrons, it
is necessary to increase the moderator height. Upon
the increase in this height from 21 to 26 cm, the fast-
neutron effect becomes weaker to such an extent that
the therapeutic ratio reaches nearly the same value,
5, but, concurrently, the dose rate decreases by a
factor of 1.6. Figure 6 shows that the neutron spectra
become similar, and there is no use in increasing the
proton energy. Moreover, the spectrum of neutrons
generated at the proton energy of 2.5 MeV involves
a sizable flux of neutrons whose energies are above
500 keV, since the moderation efficiency for them is
insufficient. Table 4 gives the calculated energy loss of
a neutron inelastically scattered on fluorine. One can
see that, at an initial energy in the range between 200
and 400 keV, an inelastically scattered neutron loses
50% of its energy, while, at initial energies in excess
of 500 keV, the respective energy loss is 30%.

Thus, therapeutic neutron beams of best quality
are obtained upon employing a proton beam of energy
2.3 MeV or energy close to it. The use of a higher
energy proton beam may justified only for tumors
seated at a depth in excess of 7 cm. In that case, it is
desired to generate harder neutrons in order that they
penetrate deeper into tissues and to seek a solution to
the problem of reducing the dose rate in healthy cells
at the surface by directing a beam from different sides
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Fig. 6. Energy spectrum of the shaped neutron beam
at (1) the proton-beam energy of 2.3 MeV and the
moderator height of 21 cm, (2) the proton-beam energy
of 2.5 MeV and the moderator height of 21 cm, and
(3) the proton-beam energy of 2.5 MeV and the modera-
tor height of 26 cm.
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Table 3. Optimization of the moderator height and diameter

d, cm h, cm
2.5 MeV, Pb 2.3 MeV, Pb 2.3 MeV, graphite

P , Gy Eq./min AR P , Gy Eq./min AR P , Gy Eq./min AR

30 40 1.2 4.6

35 1.6 4.8

30 2.3 5.2 1.4 5.4

25 3.1 4.8 1.8 5.3 1.6 5.3

20 4.4 3.3 2.5 4.8 2.2 5.3

15 6.6 1.9 2.9 4.8 3.2 3.7

10 12.4 1.2

20 30 1.3 4.7

25 1.8 4.2

20 2.4 3.3 2.2 5.2

15 3.5 2.4

40 20 2.2 5.2

50 20 2.1 5.3

60 20 2.1 5.3

Table 4. Energy loss of neutrons scattered inelastically on fluorine

Initial neutron energy [keV] 200 300 400 500 600 700 800 900 1000

Neutron energy loss [keV] 123 153 210 205 225 243 225 260 261

with the aid of a rotatable orthogonal neutron-beam
shaper [20, 21].

3. CONCLUSIONS

A neutron-beam-shaping assembly consisting of
a moderator, a reflector, and an absorber is used at
accelerator neutron sources to obtain a therapeutic
neutron beam for the boron neutron-capture ther-
apy of malignant tumors. For the first time, we
have proposed here employing a composite modera-
tor formed by magnesium fluoride near the neutron-
producing target and aluminum fluoride near the out-
put along with a composite reflector from graphite
in the forward hemisphere and lead in the backward
hemisphere and generating neutrons via the reac-
tion 7Li(p, n)7Be induced by 2.3-MeV proton beam.
By means of a numerical simulation of neutron and
gamma-radiation transport, we have shown that the

proposed solutions make it possible to shape a ther-
apeutic neutron beam meeting to a great extent the
requirements of boron neutron-capture therapy.
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