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Abstract

Introduction

Electron linear accelerator (LINAC) can be used for neutron production in Boron Neutron Capture Therapy
(BNCT). BNCT is an external radiotherapeutic method for the treatment of some cancers. In this study,
Varian 2300 C/D LINAC was simulated as an electron accelerator-based photoneutron source to provide a
suitable neutron flux for BNCT.

Materials and Methods

Photoneutron sources were simulated, using MCNPX Monte Carlo code. In this study, a 20 MeV LINAC
was utilized for electron-photon reactions. After the evaluation of cross-sections and threshold energies, lead
(Pb), uranium (U) and beryllium deuteride (BeD,) were selected as photoneutron sources.

Results

According to the simulation results, optimized photoneutron sources with a compact volume and
photoneutron yields of 107, 10% and 10° (n.cm™.s™) were obtained for Pb, U and BeD, composites. Also,
photoneutrons increased by using enriched U (10-60%) as an electron accelerator-based photoneutron
source.

Conclusion

Optimized photoneutron sources were obtained with compact sizes of 10°, 10° and 10° (n.cm?s™),
respectively. These fluxs can be applied for BNCT by decelerating fast neutrons and using a suitable beam-
shaping assembly, surrounding electron-photon and photoneutron sources.
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1. Introduction

In Boron Neutron Capture Therapy (BNCT),
boron 10 (*°B), as a stable isotope delivered to
tumor tissues, is irradiated by thermal neutrons
(En<0.1 eV). Neutron capture reactions occur
due to the high value of thermal neutron
capture cross-section in '°B (3,837 barns).
Following the *B(n, )’Li reaction, lithium 7
('Li) and alpha are produced (*He and ’Li with
1.47 and 0.84 MeV energies, respectively). In
93.7% of cases, a 478 keV gamma ray is
emitted [1, 2]:

B +ngp—> ["B]—>Li+a+E/(478keV) +
2.312 MeV 1)
High linear energy transfer (LET) of produced
particles in their path lengths in soft tissues
(~9 um for a particle and 5 pm for lithium ion)
lead to the destruction of malignant cells by
losing their high energy in boron-containing
cells [3].

BNCT has been applied for the treatment of
high-grade gliomas [1], cerebral metastases [4]
and primary cutaneous melanoma [5]. Most
recently, the application of this modality has
extended to head, neck and liver cancers.
Neutron sources in BNCT include nuclear
reactors, as well as proton and deuteron
accelerators, based on ’Li(p, n)’'Be and °Be(d,
n)*°B reactions and 2*°Cf [6]. Also, electron
accelerator-based photoneutron sources can be
used in BNCT via generating thermal and
epithermal neutron beams; these sources are
suitable for BNCT application at hospitals [7].
Photons are produced when high-energy
electrons impact a (e, y) target. For heavy
nuclei (A> 150), photon absorption leads to
neutron emission. The cross-section value of
this process is at its maximum level with a
photon energy range of 13-18 MeV for heavy
nuclei and 20-23 MeV for light nuclei (A<
40). Overall, beryllium (Be) and deuteride (D)
have been shown to have 1.67 and 2.23 MeV
energies, respectively [8].

Electron linear accelerators (LINAC) with
high energy (18-25 MeV) can be a source of
photoneutrons, which are produced by giant
dipole resonance reactions [9]. In 2006,
researchers in Italy used a small-sized LINAC-
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based neutron source with a flux rate of 10°
(n.cm?s™). The optimized neutron source
(called PhoNeS) created a neutron flux of 10°
(n.cm™?.s™) [10]. Moreover, in 2009, patients
with  lung cancer were treated after
boronophenylalanine  administration  with
neutron beams, using PhoNeS. The treatment
results were reported to be satisfactory [12].

It should be noted that photoneutron sources
produce fast neutrons, which cannot be
directly used in BNCT. Therefore, a beam-
shaping assembly (BSA) system, which
contains a moderator, a reflector and
neutron/gamma shields, should be applied. A
thermal or epithermal neutron flux (> 10°
n-Cm—z-S—l), Dfast n/ (b hyperthermal and Dy/ (b
hyperthermal (<2x107° Gy.cm® .n") should be
measured in the BSA exit to meet the
International Atomic Energy Agency (IAEA)
criteria for BNCT [6].

In the present study, a 20 MeV LINAC was
simulated by MCNPX Monte Carlo code in
order to provide a suitable neutron flux for
BNCT. After the simulations, we obtained
photoneutron sources with compact sizes of
107,10% and 10° (n.cm.s™), respectively.

2. Materials and Methods

Photoneutron yield

Photoneutron yields depend on the target
material, thickness of the target material,
incident electron current on the target and the
geometry of photoneutron target. Therefore,
photoneutron yield can be measured by the
following formula [8]:

Neutron yield (yn) = Nopt 0(E) @./M (n.s?)
)

where Nyis the Avogadro’s number, M is the
atomic mass, p is density, t denotes the
thickness of the target, ¢, refers to the incident
electron fluence rate (electron/s), a,(E) is the
total photonuclear cross-section and finally E
is the incident electron energy.

The simulation of photoneutron target

In this study, MCNPX 2.6.0 Monte Carlo code
was applied to simulate the transport of
electrons, photons and neutrons. All these
simulations were performed with a relative
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error rate lower than 0.1% for 10° electron
particles. Since the maximum energy of
produced photons is 20 MeV, we used Varian
2300 C/D, which is a typical 20 MeV LINAC
[11]. LINAC working values were as follows:
electron current of 23 mA, electron pulse
frequency of 240 Hz and pulse duration of 5
us. In this case, the conversion factor was
1.72x10" e.s™.

The first step of photoneutron target design is
to produce bremsstrahlung radiation. For this
purpose, LINAC was located in a 50 cm
distance from (e, y) target, and photoneutron
converters and heavy elements were used.
According to figure 1, uranium (U) and
tungsten (W) had higher photoneutron yields
than lighter elements (e.g., carbon, aluminium
and nickel). Also, the maximum photoneutron
yield for W converter was achieved when the
thickness of W target was between 0.2 and 0.3
cm. The bremsstrahlung photon spectra were
almost independent of the thickness of the
target [11, 12].

(a)

Figure 2. The geometry of optimized photoneutron sources, listed in table 1: a) source No. 5, b) source No. 11, ¢) source
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Figure 1. Neutron yields from infinitely thick targets per
kW of electron beam power as a function of electron
beam energy (EO), regardless of the target self-shielding
[13]
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Figure 3. Photoneutron yields for sources No. 1 to 5, listed in table 1: a) in front of the target with 10’(n.cm®s™); b)

behind the target with 10° (n.cm?.s™)
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Figure 4. Photoneutron yields for sources No. 6 to 12, listed in table 1: a) in front of the target with 10® (n.cm™?.s™): b)

behind the target with 10° (n.cm?s™)
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Figure 5. Photoneutron yields for source No. 13, listed in table 1: a) in front of the target with 10° (n.cm?s™), b) behind

the target with 10° (n.cm™?.s™)
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Figure 6. Photoneutron yields for enriched U: (a) in front of the target with 10® (n/cmZ.s); b) behind the target with 10°

(n.cm?.s?)

In the present study, we used the findings of
previous research. Tungsten with 0.26 cm
thickness and 5 cm radius was selected as the
(e, y) converter [12]. After studying the
threshold energy and material cross-sections,
natural lead (Pb), U and beryllium deuteride
(BeD;) were selected as photoneutron
converters with different thicknesses and
radiuses. This selection optimized the
photoneutron sources, as shown in table 1 (No.
5, 11 and 13 in the table denote Pb, U and
BeD,, respectively).

3. Results
In this study, Pb, U and BeD, were used in
different compositions with a cylindrical
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geometry, different thicknesses and variable
radiuses in front of the target. U and Pb
produced more neutrons, given the high (y, n)
cross-section value. Moreover, BeD, could
produce considerable neutrons due to lower (y,
n) threshold energy (~ 8 MeV for Pb and U
and 1.67 and 2.23 MeV for Be and D,
respectively).

The results of photoneutron target simulation
are shown in figures 3-5. Also, we changed W
and U with enriched U (10-60%) to obtain (e,
v) and (y, n) targets with similar sizes for the
photoneutron source (No. 11 in table 1 &
figure 2b). The spectra of these simulations
and the obtained results are shown in figure 6
and table 2, respectively.
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Table 1. Photoneutron yields and average energies for different material thicknesses and radiuses in front of the target

No Mat_erial and di_mension Neutrorjzy!(leld Maximur_n Average energy

(thickness xradius) cm (n.cm®.s™) neutron Yield (MeV)
1 BeD,(5x10)+Pb(8x10)+U(7x10)+BeD, 5.47E+07 2.49E+06 5.73E-01
2 BeD,(25x10)+Pb(7x8)+U(7x8) 4.47E+07 1.37E+06 4.82E-01

BeD,(26x10)+Ph(7.5x6)+U(7.5%6) 4.36E+07 1.48E+06 5.29E-01
4 BeD,(20x10)+Ph(7x8)+U(7x8) 9.54E+07 4.73E+06 6.48E-01
5 BeD,(17x10)+Pb(7x8)+U(7x8) 9.72E+07 5.14E+06 6.88E-01
6 BeD,(3x10)+U(4x10)+BeD, (5x10) 7.96E+08 3.25E+07 5.58E-01
7 BeD,(3x10)+Pb(4x10)+BeD, (5x10) 4.16E+08 2.24E+07 9.05E-01
8 BeD,(9x12)+Ph(7x10) 3.53E+08 3.70E+07 1.47E+00
9 BeDy(3x10)+Pb(3x10)+U(3x10)+BeD, 5.10E+08 2.61E+07 8.27E-01
10 ge:[%g(:zx10)+Pb(6"10)+u(2"10)+BeD2 3.55E+08 2.83E+07 1.25E+00
11 pp(4x10)+U(3x10)+BeD; (2x10) 4.89E+08 3.96E+07 1.17E+00
12 pp(1x10)+U(4x10)+BeD, (4x10) 6.74E+08 3.50E+07 7.10E-01
13 BeD,(3x10)+Pb(4x10) 1.03E+09 1.07E+08 1.65E+00
Table 2. Photoneutron yields and average energies for enriched U in front of the target
Enriched U Neutron yield Maximum Average energy
(%) (nem?s™) neutron Yield (MeV)

14 10 6.18E+08 4.00E+07 1.07E+00

15 20 6.63E+08 4.25E+07 1.12E+00

16 30 7.13E+08 4.52E+07 1.17E+00

17 40 7.66E+08 4.91E+07 1.21E+00

18 50 8.25E+08 5.32E+07 1.25E+00

19 60 8.88E+08 5.81E+07 1.29E+00
4. Discussion of sources No. 5, 11 and 13 are shown in
The simulation results showed that the figure 2.
optimized photoneutron fluxes, based on After reviewing the results, source No. 11 with

forward scattering, were 10°, 10® and 10°
(n.cm™.s™) for photoneutron source No. 5 in
figure 3a, photoneutron source No. 11 in
figure 4a and photoneutron source No. 13 in
figure 5a, respectively. The neutron spectrum
extended from 0.001 eV to 5 MeV for source
No. 5, from 0.01 eV to 5 MeV for source No.
11 and from 0.1 eV to 5 MeV for source No.
13, as shown in figures 3a-5a. The geometries

neutron production of 10®° (n.cm?s™) was
selected as the best photoneutron source, since
its flux was higher than that of photoneutron
source No. 5 (10" n.cm®?.s™). In addition to
higher neutron production, lower energy was
of great significance due to easier neutron
moderation by the BSA system. Therefore, as
expected, source No. 11 was obtained
approximately in the region of fast neutrons
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with a rather low average energy (1.17E+00
MeV), while the average energy of
photoneutron source No. 13 (1.65E+00MeV)
(10° n.cm.s™) was higher than that of source
No. 11.

Capture cross-section value of 2®U for
neutrons with energies higher than 1 MeV is
higher than ?®®Pb (1 >10° barn) [6]; therefore,
by using U after Pb, neutrons with energies
greater than 1 MeV are absorbed. Also, the
elastic scattering cross-sections of Be and D
are higher than absorption cross-sections;
consequently, BeD, can be used as a
moderator in the design of photoneutron
sources. Also, in composite materials,
regularity in locating the materials is of great
significance.

Changing W and U with enriched U (10-60%)
for source No. 11 could increase photoneutron
yield from 6.18E+08 to 8.88E+08 (as shown in
figure 6 and table 2), since photoneutron cross-
section of °U was greater than %**U [6]. Back
scattering (scattering at 6=180°) for optimized
photoneutron sources (10° n.cm?.s™) could be
relocated in front of sources when these
sources were surrounded by a moderator, a
reflector and neutron/gamma shields (as
shown in figures 3b-5b).

A photoneutron source, with extended energy
from 0.001 eV to 5 MeV, surrounded by a
BSA system, was suggested for experimental
studies on the treatment of superficial cancers
(e.g., skin melanoma), using BNCT. The
reported results showed an obtained neutron
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