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Abstract
A new study for a boron neutron capture therapy irradiation facility, based on a 2.5 MeV proton accelerator on a thick Li 
target as neutron converter, is presented here. The beam shaping assembly (BSA) modeling has been performed with the use 
of the MCNP5 Monte Carlo code. The fast (i.e., > 10 keV) neutron component yielded by the 7Li(p,n)7Be reaction is slowed 
down through  TiF3 neutron spectrum shifter, while to obtain a high-quality epithermal neutron beam at the beam port exit 
additional layers for thermal neutrons removal and shielding of gamma rays were used. Moreover, 60Ni and  Ti6Al14V were 
selected to filter out and further remove the residual fast neutron component, while cadmium was chosen as thermal neu-
trons absorber, and bismuth was selected for gamma rays shielding. The therapeutic effectiveness of the proposed BSA was 
evaluated by performing a set of dose-equivalent distribution calculations in a standard Snyder head phantom. The simula-
tion results show that the proposed BSA modeling meets all the recommended by IAEA criteria and provides one possible 
technical choice for an accelerator-based BNCT irradiation facility in a hospital environment.
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Introduction

Neutrons can easily diffuse inside matter before interacting, 
due to the null electric charge. Because of such a unique 
property, such particles are widely used as probes in many 
research fields, such as geology, biology [1], engineering 
[2] and for security applications as well. In medicine, one 
promising radiotherapy method which is based on neutrons 
is the boron neutron capture therapy (BNCT).

BNCT, however, is not a new method, since the first 
BNCT treatment performed in 1936 on a glioma patient 
[3]. Despite the progress achieved so far, there are types of 
cancers, e.g., the glioblastoma multiforme, recurrent cancers 
of the head, neck and liver where the conventional treatment 
methods, such as surgery, chemotherapy and radiotherapy 
have revealed to be less effective. For these types of cancers, 
BNCT might represent an interesting alternative therapeutic 
approach. BNCT is a binary treatment modality: First a 10B 
carrier drug is delivered into the patient body toward the 

final tumor tissue target and when the ratio of 10B atoms 
concentration between the cancer cells and the surrounding 
healthy tissues is large enough (i.e., usually ~ 3–4 for the 
most common BSA/BSH compounds), the patient is irradi-
ated with a neutron beam inducing the 10B(n,α)7Li nuclear 
reaction route with thermal neutrons.

Both the range of the α-particles and 7Li break-up frag-
ments into neighboring tissues are very short (~ 5–8 microns 
at the average); therefore, the highly ionising radiation dam-
age is nearly only the original 10B-containing tumors cells.

Thermal neutrons are suitable for surface or at least shal-
low tumors treatment only, because of their short mean free 
path in soft tissues. Usually, cancer cells are located deeper 
inside the human body, and in these cases epithermal neu-
trons with an energy range between 1 eV and 10 keV reveal 
more effective. The patient trials for deep-seated tumors, 
conducted all over the world in the last 20–25 years, have 
been performed making use of just 7–8 reactor-based epi-
thermal neutron BNCT facilities. High-flux epithermal 
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neutron beams with low fast neutron and gamma contami-
nation are required, fulfilling the preliminary IAEA crite-
ria [4]. To date, the existing BNCT facilities are based on 
nuclear reactors, but the scientific community has prompted 
R&D activities for alternative projects which use accelera-
tor-driven neutron sources [5–14]. In present work, a beam 
shaping assembly (BSA) optimization study based on a 
2.5 MeV proton accelerator and making use of a thick Li 
target is presented, which fulfills all the recommended IAEA 
criteria as preliminary in-air figure of merit (FOM) param-
eters. Main results from such a study are then compared with 
other published BSA facilities which are based on similar 
accelerator-based neutron sources. In such a study, we have 
taken into account neutrons produced via the 7Li(p,n)7Be 
reactions by a 2.5 MeV, 10 mA proton beam into a thick 
lithium target. All the required simulations for such a pro-
posed BNCT facility modeling have at last been performed 
with the MCNP5 Monte Carlo transport code [15].

Materials and methods

Neutron source

Different neutron sources have been investigated for the mod-
eling of a BNCT irradiation facility. Nuclear reactors rep-
resent the common choice for high-intensity beams despite 
their drawbacks (expensive, sizeable and with different safety 
concerns) because usually no other high-intensity neutron 
source is suitable for such a purpose. On the other hand, 
about Sealed Tube (ST) generators, based on either DD or 
DT fusion nuclear reaction, although technical improvements 
have been obtained in the last 20 years, still continues to have 
low intensity for BNCT treatment [5, 6, 16, 17].

Studies on protons, deuterons or electron based accel-
erators have also been assessed such as capable to provide 
neutron beam fluxes comparable to that provided by nuclear 
reactors. In this work, a Monte Carlo modeling study on a 
BSA irradiation system, driven by a Rf focused interdigital 
(RFI) linac structure, has been carried out. Based on the pre-
vious work by Bayanov et al. [18], Fantidis [14] and Lee [19] 
the expected neutron source level has been estimated to be 
8.83E+12 s−1 by using 10 mA, 2.5 MeV protons and suppos-
ing a water-cooled thick lithium target. The related prompt 
gamma ray spectrum which is also produced may be found 
from previous works by Kiss et al. [20] and Lee et al. [21].

BSA modeling

In order to ensure the requested neutron beam parameters 
at the beam exit port, a proper spectrum shifter system, or 
BSA, is necessary. The BSA includes mainly four parts, 
namely the epithermal spectrum shifter, the reflector for 

epithermal neutrons and some absorbers/beam delimiter for 
low energy (i.e., thermal) neutrons and shielding for gamma 
radiation produced both in the neutron converter and during 
the neutron beam tailoring. The neutron spectrum shifter, 
the core of the system, has to slow down the fast neutrons 
yielded by the source, i.e., having energy larger than 10 keV, 
in a selected way without increasing the fraction of thermal 
neutrons in order to get a net accumulation in the epither-
mal energy range (i.e., 1 eV–10 keV). A reflector has to be 
included to either limit the neutron losses or scatter neutrons 
toward the beam port, while further improving the quality 
of the beam.

Dose evaluation

In order to evaluate the therapeutic effectiveness of each 
BNCT BSA modeling configuration considered, some in-air 
figures of merit (FOM) parameters are taken as reference 
(see Table 1) and widely used as a preliminary assessment. 
In addition, the Snyder head phantom calculations about 
profiles determination of main dose parameters and their 
related effectiveness were performed [14, 22]. These param-
eters include the advantage depth (AD), the advantage depth 
dose rate (ADDR), the treatment time (TT), the therapeutic 
depth (TD) and the advantage ratio (AR). AD is defined as 
the depth in tissue at which a tumor receives a dose equal to 
the maximum dose delivered at the healthy tissue. ADDR 
expresses the maximum delivered dose-equivalent rate to 
healthy tissue. TT is the required treatment time needed to 
impart the maximum dose to the healthy tissue while keep-
ing below the limit of 12.5 relative biological effectiveness 
(RBE) Gy [8]. TD is the depth at which the cancer dose falls 
below twice the maximum dose to healthy tissue, and AR 
is defined as the ratio between of the total therapeutic dose 
that would be delivered to tumor tissue and the integral dose 
delivered to normal tissue at the AD [23].

The total absorbed tissue dose equivalent (DT) can be 
obtained by the following equation:
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Table 1  IAEA recommended BNCT neutron beam parameters at the 
BSA beam exit window [4]

BNCT beam port parameters Recommended value

Φepithermal  (cm−2 s−1) ~ 109

Φepithermal/Φfast > 20
Φepithermal/Φthermal > 100
Ḋfast/Φepithermal (Gy cm2) < 2 × 10−13

Ḋγ/Φepithermal (Gy cm2) < 2 × 10−13

Fast energy group (Φfast) E > 10 keV
Epithermal energy group (Φepithermal) 1 eV ≤ E ≤ 10 keV
Thermal energy group (Φthermal) E < 1 eV
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where wγ, wfast, wN and wB are the weighting factors, or RBE 
values, for γ rays, fast neutrons, (n,p) reaction on nitrogen 
and radiative capture (n, gamma) reactions for boron atoms 
which accounts for the neutron thermal component, respec-
tively, with values wγ = 1, wfast = 3.2, wN = 3.2 and wB = 1.3 
for boron in tissue and 3.8 for boron in the tumor [23, 24]. 
Dγ, Dfast, DN and DB are the calculated dose components 
from γ rays, fast neutrons, nitrogen and boron correspond-
ingly. In the calculations performed, the 10B concentration 
in the tumor is usually set at 40 ppm and a 4:1 ratio of 10B 
nuclei concentration (distribution) in tumor to healthy tissue 
was considered [23].

Results and discussion

The source spectrum (i.e., number and energy of neutrons) 
available from the Li thick target is strictly related to the 
yielded angle with respect to the proton beam line. As 
known, smaller yielded angles downstream the target allow 
for having higher neutron fluxes, although with a harder 
spectrum. For the purposes of this work, in order to achieve 
a good compromise between an acceptable neutron flux 
level and a needed epithermal-energy-peaked spectrum dis-
tribution, the selected yielded angle chosen was at last 45°. 
The corresponding neutron source spectrum at this angle is 
shown in Fig. 1.

A number of spectrum shifter/reflector/absorber materi-
als and their combinations were simulated with the aim to 
maximize the epithermal neutron flux and remove all the 
other beam contaminations at the exit port. The BSA geo-
metrical configuration was studied in a cylindrical shape, 
and the final model is shown in Fig. 2. Eight different spec-
trum shifter materials, namely Fluental,  MgF2,  Al2O3,  AlF3, 
 TiF3, Teflon  (CF2),  CaF2 and 7LiF were considered. Lead 
(Pb) was selected as reflector, while a combination of  TiF3 
and an additional material layer has turned out to have the 
best results as spectrum shifter. A layer to filter out the spec-
trum harder component can further decrease the presence of 
the unwanted fast neutrons in the beam. In addition, bismuth 
(Bi) was selected as gamma ray shielding material, cadmium 
(Cd) as thermal neutron absorber and lithiated polyethylene 
(poly-Li) was chosen as delimiter to manage the size of the 
beam aperture.

Table 2 reports the in-air parameters for the two opti-
mum BSA configurations investigated. The configuration 
A includes 14 cm  TiF3 spectrum shifter, 30 cm 60Ni fast 
neutron filter, 3.5 cm Bi gamma ray shielding and 0.1 cm 
Cd thermal neutron absorber. In the second configuration 
 Ti6Al14V was selected instead of the pure 60Ni due to the 
higher cost of the highly enriched material: It consists of 
15 cm  TiF3 spectrum shifter, 27.5 cm  Ti6Al14V fast neutron 
filter, 7 cm Bi gamma ray shielding and 0.1 cm Cd thermal 

neutron absorber. All the parameters have been calculated 
using the F2 (surface tally) and FM2 tallies in MCNP5, 
while for dose distribution calculations being necessary 
the use of the DE, DF cards. In order to keep the relative 
errors in all cases lower than 1.5%, cutoff (NPS) values up 
to 4 × 108 histories were considered. From data reported, 
it could be concluded that both of the proposed configura-
tions meet all the suggested by IAEA in-air FOM criteria; 
however, the latter BSA configuration considered is able to 
provide an epithermal neutron flux level which is almost 
the double. The neutron spectra calculated at the BSA beam 
port exit are shown in Fig. 3, while the profiles for fast, 
epithermal and thermal neutrons flux components expected 
at the beam port of the suggested BSA configurations are 
plotted in Fig. 4.

The head phantom which was simulated in this work 
is derived by the MCNP5 samples files and consists of 
three ellipsoids for scalp, scull bone and brain. Both the 
dimensions and the material composition for an adult head 

Fig. 1  The calculated thick-target 7Li(p,n)7Be neutron source spec-
trum yielded at 45° downstream the target with regard to the incident 
proton energy of 2.5 MeV (the spectrum based on the data from Ref. 
[14])
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Fig. 2  A cross-sectional view of the proposed BNCT facility modeling investigated in the present study. The 2.5 MeV proton beam hits a Li tar-
get. The target tilted position has been chosen in order to achieve a uniform beam along the beam line at the beam port

Table 2  The BNCT parameters 
for two different investigated 
configurations

Configuration A with 14  cm  TiF3 spectrum shifter + 30  cm 60Ni fast neutron filter + 3.5  cm Bi gamma 
ray shielding material + 0.1 cm Cd thermal neutron absorber. Configuration B with 15 cm  TiF3 spectrum 
shifter + 27.5 cm  Ti6Al14V as fast neutron filter + 7 cm Bi gamma ray shielding material + 0.1 cm Cd ther-
mal neutron absorber

Configuration Φepithermal 
(* 109 n cm−2s−1)

Φepithermal/
Φfast

Φepithermal/
Φthermal

Ḋfast/Φepithermal 
(* 10−13 Gy cm2)

Ḋγ/Φepithermal 
(* 10−13 Gy cm2)

Configuration A 1.096 21.16 180.14 1.87 1.40
Configuration B 0.523 29.55 101.99 1.13 1.77
IAEA criteria > 0.5 > 20 > 100 < 2 < 2

Fig. 3  The neutron spectra 
calculated at the BSA exit port. 
Neutrons were tallied in 11 iso 
lethargy bins from  10−9 MeV up 
to 1 MeV
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Fig. 4  The profiles of the Φepithermal, Φthermal and Φfast at the beam port of the suggested BSA modeling configurations for the configurations A 
and B

Table 3  Comparison of the proposed facility with some published works (based on the 7Li(p,n)7Be reaction with 2.5 MeV proton accelerator)

*Φ thermal (E < 4 eV), Φepithermal (4 eV ≤ E ≤ 40 keV) and Φfast (E > 40 keV)

Facility Neutron yield 
(* 1012 n s−1)

Φepithermal 
(* 109 n cm−2s−1)

Φepithermal/Φfast Φepithermal/Φthermal Ḋfast/Φepithermal 
(* 10−13 Gy cm2)

Ḋγ/Φepithermal 
(* 10−13 
Gy cm2)

IAEA criteria > 0.5 * 109 > 20 > 100 < 2 < 2
Configuration A 8.83 1.096 21.16 180.14 1.87 1.40
Configuration B 8.83 0.523 29.55 101.99 1.13 1.77
Kim et al.* [8] 8.83 8.92 3.8 21 1.85 0.09
Kim et al.* [8] 9.6 24.97 0.71 0.24
Montagnini et al. [9] 18.72 1.226 35.0 103.1 1.7 1.7
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proceed from ICRU46 reference parameters [22]. In order 
to evaluate the proposed BSA configurations here discussed, 
the MCNP5 calculation results are compared with other 
published BSA facilities which are based on the similar 
2.5 MeV proton beam and a thick lithium target. The results 
are shown in the next Table 3 where the unacceptable val-
ues are noted with italic letters. According to this table, the 

proposed BNCT facility modeling has similar results with 
the one discussed in the paper by Montagnini et al. although 
it is expected to use a proton beam with the half current.

Figure 5 shows the depth–dose distributions calculated 
in the Snyder’s head phantom for the tumor and healthy 
tissues. The dose profiles distribution inside the phantom 
were performed using point detectors (F5 tally) for up to 

Fig. 5  Comparison of the total 
delivered dose between tumor 
and normal tissues, for different 
depths in the simulated head 
phantom for the configurations 
A and B
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NPS = 8 × 108 histories yielding an accuracy < 2%. Table 4 
reports the in-phantom calculated parameters for the pro-
posed accelerator-based BSA for a possible BNCT facility 
compared to some previous published data for both accelera-
tor-based BSA configurations studied and available (reactor-
based) ones. From these results, it may be inferred that both 
proposed BSA configurations A and B have neutrons beams 
main parameters which could be suitable for deep tumor 
treatment into the brain; the AD values are approximately 
11.4 and 12.4 cm.

Conclusions

A BSA modeling based on a proton accelerator and a Li 
thick target has been studied through MCNP5 calculations 
as a possible, accelerator-based spectrum shifter system 
for a possible BNCT irradiation facility. According to all 
calculations carried out, the modeled configurations meet 
the preliminary by IAEA in-air FOM parameters. Two of 
them were proposed, and the therapeutic effectiveness for 
each one was calculated with the aim to get a preliminary 
dosimetric evaluation in a simulated standard Snyder head 
phantom. The results obtained with present study, com-
pared to others based on 2.5 MeV proton accelerators and 
making use of a thick Li target, show that it is possible 
to further improve the main neutron beam parameters at 
beam port exit for a possible BNCT facility. The AD val-
ues for both configurations have the higher values com-
pared with the other facilities, rendering that the simulated 
units are suitable for deep-seated tumors in brain.
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