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a b s t r a c t

The 9Be(d,n)10B reaction was studied as an epithermal neutron source for brain tumor treatment
through Boron Neutron Capture Therapy (BNCT). In BNCT, neutrons are classified according to their
energies as thermal (<0.5 eV), epithermal (from 0.5 eV to 10 keV) or fast (>10 keV). For deep-seated
tumors epithermal neutrons are needed. Since a fraction of the neutrons produced by this reaction
are quite fast (up to 5e6 MeV, even for low-bombarding energies), an efficient beam shaping design
is required. This task was carried out (1) by selecting the combinations of bombarding energy and
target thickness that minimize the highest-energy neutron production; and (2) by the appropriate
choice of the Beam Shaping Assembly (BSA) geometry, for each of the combinations found in (1). The
BSA geometry was determined as the configuration that maximized the dose deliverable to the
tumor in a 1 h treatment, within the constraints imposed by the healthy tissue dose adopted
tolerance. Doses were calculated through the MCNP code.

The highest dose deliverable to the tumor was found for an 8 mm target and a deuteron
beam of 1.45 MeV. Tumor weighted doses �40 Gy can be delivered up to about 5 cm in depth,
with a maximum value of 51 Gy at a depth of about 2 cm. This dose performance can be improved
by relaxing the treatment time constraint and splitting the treatment into two 1-h sessions.
These good treatment capabilities strengthen the prospects for a potential use of this reaction in
BNCT.

� 2013 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.
Introduction

Background

Boron Neutron Capture Therapy (BNCT) [1,2] is a modality
currently under development worldwide [3] for the treatment of
some types of diffuse, infiltrating and/or very radioresistant
malignant tumors such as high-grade gliomas of the central
nervous system among others. This binary radiotherapy modal-
ity combines the selective administration of a thermal-neutron
capture agent e the stable isotope 10B e and the irradiation of
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the affected region with a high-intensity thermal neutron flux.
The neutron capturer is delivered ideally via a tumor-seeking
agent so that the 10B uptake is enhanced in tumor cells
compared to normal tissues. Then, when the target region is
irradiated with thermal neutrons (<0.5 eV), an alpha particle of
1.47 MeV and a Li ion of 840 keV are produced from the capture
reaction 10B(n,a)7Li. Since the ranges of these particles (of about
8 mm and 5 mm respectively) are comparable to the typical cell
diameter, the radiation damages the target cell without harming
the surrounding tissues.

The success of BNCT relies on (i) the effective and selective
delivery of a sufficient quantity of boron to the targeted tumor, and
(ii) a sufficient intense flux of thermal neutrons at the tumor
location. For deep seated tumors, clean-epithermal (0.5 eVe10 keV)
neutron beams are needed, since they thermalize on the way to the
tumor and reach it with energies that maximize the capture reac-
tion cross-section. Thermal and fast (>10 keV) contaminations to
by Elsevier Ltd. All rights reserved.
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the epithermal neutron beam produce undesirable effects. Thermal
neutrons have a limited penetration depth, not being suitable for
deep seated tumor treatments. On the other hand, fast neutrons
produce high LET recoil protons, primarily by scattering on
hydrogen present in tissues, which in turn deliver undesirable dose
to the healthy tissues.

Early BNCT clinical trials failed to achieve either of these goals
[4,5]. Concerning the boron delivery, the development of a suitable
tumor-seeking agent is an ongoing and highly complex task of
high priority. Only two boron-containing compounds are still be-
ing used in clinical trials. These are sodium borocaptate [6]
(Na2B12H11SH), (known as BSH) and boronophenylalanine [7] (or
BPA). Concerning the neutron beam design, the implementation of
epithermal columns in reactor facilities improved significantly the
neutron beam quality [8,9]. Very good neutron beam qualities
have been achieved and used clinically with an important degree
of success [10e18].

Accelerator-based BNCT

So far, BNCT clinical trials have been carried out in nuclear
reactor facilities. However, Accelerator-based (AB) neutron sources
have been a matter of interest for almost 30 years [19e25], because
of their much lower cost and level of complexity compared to a
reactor-based facility, and mainly because they permit in-hospital
siting. Some nuclear reactions were proposed as a possible
neutron source for AB-BNCT [25e28]. Among them, the 7Li(p,n)7Be
reaction is probably the optimal from a neutronic point of view
since it provides relatively low-energy neutrons with a significant
cross-section. Computational dose assessment of such a facility
showed good treatment performances both for superficial and
deep-seated tumors [29]. However, the implementation of a
metallic Li-based target constitutes a non-trivial challenge from a
technological point of view. First, the low melting point (180 �C)
and thermal conductivity (84.7W/m-K)make it difficult to keep the
target in solid state. On the other hand, the 7Be, 53 day radioactivity
produced by the 7Li(p,n) 7Be reaction is a non-negligible compli-
cation to deal with. In order to partially reduce the complexity of
the target cooling systems, liquid-Li targets have been proposed as
an alternative. Such prototypes are under development at the Soreq
Nuclear Research Center (SNRC) in Israel [30] and at the Kyoto
University Research Reactor Institute (KURRI) in Japan [31]. To
handle the complications derived from the residual radioactivity,
cold Be traps are also under development. In particular, for liquid-Li
targets, this becomes more important due to the eventual evapo-
ration of the residual 7Be.

In this context, the use of beryllium targets may constitute an
advantage concerning target engineering design. Metallic Be has
more suitable thermal and mechanical properties (the melting
point and thermal conductivity of Be are 1287 �C and 190 W/m-K,
respectively as compared to 180 �C and 84.7 W/m-k for metallic Li).
This fact certainly allows avoiding most of the difficulties related to
cooling requirements of a lithium-based target.

The closest to a clinical accelerator-based neutron source is the
Cyclotron-Based Epithermal Neutron Source (C-BENS) at the Kyoto
University Research Reactor Institute (KURRI) in Japan [32]. This
facility produces neutrons through the 9Be(p,n)9B reaction, using a
1 mA beam of protons of 30 MeV. However, the high energy of the
neutrons produced (up to 28 MeV) constitutes a disadvantage
concerning the exposure and the subsequent activation of the
surrounding materials [33]. Also in Japan, another 9Be(p,n)-based
accelerator facility is being constructed at the Ibaraki-prefecture
[34]. In this case, the accelerator is a combination of an 8 MeV
(10 mA) proton Linac consisting of a radiofrequency quadrupole
and a Drift Tube Linac (DTL).
Another possible source of neutrons is the 9Be(d,n)10B reaction.
Mc Michael et al. [35] first studied this reaction for BNCT. This
study is focused on the evaluation of different reactions as a
therapeutic neutron source. It evaluates the achievable epithermal
flux and the fast neutron contamination for a thick Be target
bombarded by a 20 mA beam of 2.6 MeV deuterons. The authors
discard this neutron source because of the amount of fast neutron
contamination. However, the use of a thin target allows reducing
most of the fast neutron contribution to the neutron spectrum,
and hence, to improve the prospects for a potential use of this
reaction in BNCT. Colonna et al. [36] had already stated the pos-
sibility of reducing the fast neutron contamination by using a thin
target.

In Argentina, a Tandem-ElectroStatic Quadrupole (TESQ) accel-
erator is under construction at the National Atomic Energy Com-
mission [37]. In a first stage of development, the machine is
intended to deliver a high intensity beam of deuterons of about
1.4MeV, towork in conjunctionwith a thin Be target. In this context
a thorough study on the potential use of the 9Be(d,n)10B as an
epithermal neutron source is presented here.

9Be(d,n)10B-Based neutron sources

The 9Be(d,n)10B reaction is exothermic (Q ¼ 4.36 MeV), and
consequently produces fast neutrons. In the low-bombarding en-
ergy regime (<1.5 MeV) the neutron spectra extend to 5e6 MeV.
However, when the target is bombarded with deuterons near and
above 1 MeV, three closely spaced excited levels in the residual 10B
nucleus (designated N6, N7 and N8 at 5.11, 5.16 and 5.18 MeV
respectively [38]) are preferentially populated as they become
energetically accessible (Fig. 1). Therefore, most of the energy
released in the reaction (which is near and above 5MeV) is spent in
exciting the residual nucleus, while a few hundred keV are available
as kinetic energy for the neutron. This considerably increases the
low-energy neutron yield softening the neutron spectrum. This
situation was observed for the first time by Bonner and Butler [39].
More recently, neutron spectra for deuteron energies near 1 MeV
were measured by Watterson et al. [40], confirming the previous
results (Fig. 2).

In order to maximize the benefit of the population of the N6, N7
and N8 states, thin Be targets can be useful. For instance, in a 2 mm
thick Be target, an incident deuteron with 1.1 MeV loses an energy
ofw100 keV before leaving the Be layer. Under these conditions all
reactions occur at an energy range that preferentially populates the
excited states in 10B, thus producing low energy neutrons, and
eliminating all of the high energy neutrons produced by deuterons
of energies lower than 1.0 MeV (which would be present in a thick
target). In other words, the appropriate selection of the target
thickness makes it possible to eliminate most of the highest-energy
neutrons from the primary spectrum.

From a technological point of view, the 9Be(d,n) reaction shows
three key advantages over 7Li(p,n) and 9Be(p,n):

� Asmentioned above, metallic Be is muchmore convenient than
Li as a high-power target, due to the high melting point and
thermal conductivity of Be.

� The threshold for 7Li(p,n) and for 9Be(p,n) are 1.88 and
2.06 MeV respectively. Then, the low deuteron energies
involved in the 9Be(d,n) reaction imply a significant advantage
for the design and construction of an accelerator devoted to
BNCT as far as voltage is concerned.

� Last but not least, there is no residual radioactivity in the
9Be(d,n) case, while the 7Be, 53 day radioactivity produced by
the 7Li(p,n) reaction is a non-negligible complication to deal
with.



Figure 1. Level-scheme of 10B with gamma emission (Data from Capote et al. [38]).
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In this work, we evaluate the possibility of producing thera-
peutic neutron beams through a 30mA current beam of low-energy
deuterons and thin Be targets. The 30 mA beam current is the
design value for the accelerator being developed in our laboratory
[37]. This value is quite high but is believed to be within reach since
there are currently several systems capable of producing the proton
beam intensity and energy required by BNCT. The most notorious
systems are the injectors for the large facilities like, e.g., the Oak
Ridge Spallation Neutron Source (SNS) [41]. There are several types
of ion sources able to produce proton beams of several tens of mA,
both for negative [41] and positive ions (see Ref. [42] for the 200mA
source developed for the International Fusion Materials Irradiation
Facility). These are frequently plasma volume sources excited
through different processes like radiofrequency or filament driven
plasma discharge sources [43]. This last one is the option we are
following [37]. As far as accelerators are concerned, there are both
electrostatic [44] as well as radiofrequency quadrupoles (ESQ and
RFQ) machines. Our group, continuing the tradition initiated by
Berkeley [23,24] is developing a Tandem electrostatic quadrupole
system.

The thermal power left in the thin Be target is of the order of
15 kW and the total power carried by the beam is approximately
Figure 2. Neutron emission spectra (only 0e2 MeV shown) from Watterson et al. [40]
for deuteron energies close to the threshold for excitation of the N6, N7 and N8 states
and showing the relative intensity and growth of the low-energy component.
45 kW. This power can be safely carried away with efficient water
cooling, taking into account that the melting temperature of Be is
quite high. In this respect it is relevant to mention that even a
metallic Li target can be kept solid by appropriate cooling [24,45]
for power densities of up to 1 kW/cm2. Some target designs are
being tested in our group [46]. In these designs, the Be layer is
deposited on a relatively thin slab (made of e.g., Wor Mo), resistant
to hydrogen and radiation damage, in which the deuterons stop.
The deuterons emerge from the thin Be target with an energy of
w1 MeV. The Coulomb barrier for the deuterons on these materials
is at least 5 MeV, thus suppressing completely any nuclear process.
Finally the two layers are deposited on a Cu backing which provides
the mechanical strength to separate the high vacuum from the
cooling water and also gives a high conductivity medium to effi-
ciently carry away the heat deposited by the beam.

Preliminary results on the feasibility of 9Be(d,n)-based neutron
sources have already been published in a conference proceeding as
a short communication [47]. Since then, major improvements were
made in the BSA design and in the neutron source models. Con-
cerning the BSA, the design we present here is more realistic for
clinical use than our previous one. A conical collimator was added
in order to facilitate patient positioning. Also, the flat beam port
was replaced by an elliptical-shaped port, which resulted in much
better dose performances. Concerning the neutron sourcemodels, a
more realistic description of the angular distributions was intro-
duced. In a realistic situation the hypothesis of isotropy (which was
assumed for our previous models) is not correct since the low-
energy region of the neutron spectrum is strongly forward
peaked. This correction is introduced in this work, by means of a
new source modeling method based on the Monte Carlo simulation
of the emitted neutrons.

Finally, a deeper-going dose analysis compared to the previous
one is presented here. In particular, a component analysis and a
study of the dose due to gamma emissions from the residual nu-
cleus are now included.

Materials and methods

Source modeling

To derive a closed mathematical form for the complete neutron
spectrum it is necessary to knowwhich is the process that produces
the (d,n) reaction (i.e. transfer, compound nucleus formation, etc).
This information can be derived from the shape of the differential
cross section curves (with respect to the CM angle). For the N0 to
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N4 states, the differential cross section does not show the charac-
teristics of a unique process. Only the fourth excited state is formed
as the result of a unique mechanism. In this case, a stripping
mechanism can be identified. The shapes of the angular distribu-
tions of the other groups show that not only deuteron stripping and
compound nucleus formation are involved, but also the interfer-
ence of both processes. There are theoretical expressions for the
stripping and compound nucleus cross sections [48e50] that fit
well the experimental cross section curves. However, for the N5 to
N8 excited states, there are no cross-section curves available in the
literature for the energy range of our interest. For this reason, it is
not possible to derive a closed mathematical form for the complete
neutron spectrum. However, numerical models can be built
following the procedure given below.

Consider a deuteron with an energyE impinging on a very thin
Be target. After the (d,n) reaction, the residual nucleus 10B is left in
the N-th excited level. The kinetic energy Enof a neutron emitted is
determined as:
EnðεNÞ ¼
" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

MdMnE
p

,cosðqÞ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MdMnE,cos2ðqÞ þ ðMB þMnÞ,½MB,ðQ � εNÞ þ ðMB �MdÞ,E�

p
MB þMn

#2
(1)
whereMd,Mn andMBare themass of the deuteron, the neutron and
the 10B nucleus respectively, q is the emission angle in the lab
system,εN is the energy of the N-th excited state of 10B, and
Q ¼ 4:36 MeV is the Q-value of the 9Be(d,n)9B reaction. It can be
easily shown from Eq. (1) that, for a given excited state, the
maximum and the minimum possible neutron energies (namely
Emax
n ðεNÞ and Emin

n ðεNÞ) correspond to the forward (q¼0�) and the
backward (q¼180�) neutron emissions respectively. As shown in
Fig. 1, there are nine possible final states in the residual nucleus 10B
(N0eN8) for deuterons near and above 1 MeV. Hence, there are
nine different neutron structures (i.e. groups of neutrons produced
by the population of any of the excited levels in the residual nucleus
10B) in the complete neutron spectrum. The lower and upper edges
of each neutron structure are Emin

n ðεNÞ and Emax
n ðεNÞ respectively.

For a thin target (not thin enough to neglect the energy loss), the
energy spectrum (in units of neutrons per unit energy and charge)
for each neutron structure is determined as:

hiðEnÞjE;DE ¼ N
q
,
dsi

�
E
�

dEn
,

1
S
�
E
�DE (2)

where DE is the energy loss of deuterons in the target, dsi=dEn is
the differential cross section for the i-th excited state, Sis the
stopping power of deuterons on Be.N is the number of Be atoms per
unit volume, q is the charge of deuterons and E is a certain deuteron
energy in the range ½E � DE; E�.

The complete neutron spectrum is then:

hðEnÞjE;DE ¼
X8
0

hiðEnÞjE;DE (3)

Eq. (2) is valid when the cross-section and the stopping power
vary slowly in the ½E � DE; E� interval. The stopping power is
approximately constant over the ½E � DE; E� range but it is not the
case for the cross-section. As shown in Fig. 2, the low-energy
neutron production increases rapidly for energies E near and
above the threshold for the population of the N6, N7 and N8 excited
levels. This suggests that the cross-section for this group of levels
also increases rapidly, and therefore Eq. (4) should be used:

hiðEnÞjE;DE ¼ N
q
,

ZE
E�DE

dsiðE0Þ
dEn

,
1

SðE0ÞdE
0 (4)

Note that Eq. (4) is also equivalent to the subtraction of the thick
target spectra produced by deuterons with an initial energy of E �
DE from the one produced by deuterons with an initial energy ofE:

hiðEnÞjE;DE ¼ hiðEnÞjE;E � hiðEnÞjE�DE;E�DE (5)

Numerical models of the thick target neutron spectra hiðEnÞjE;E
were built based on data available in the literature. For the
neutron structures belonging to the N5-to N8 excited states,
cross-section data dsiðEÞ=dEn are not available but experimental
thick target neutron spectra hiðEnÞjE;E are (experimental spectra
with errors typically in the 5%e20% range) [40,51,52]. In most of
these experimental spectra, the neutron structures associated
with N0 to N4 excited levels are missing. For these structures, the
cross-section data dsiðEÞ=dEnare available. For this reason, two
different modeling methods were used, for the N0 to N4 and for
the N5 to N8 excited states, depending on the availability of
experimental data.

� The neutron associated with the N0 to N4 states were simu-
lated from partial cross-section data as follows:
1. The distance D traveled in the Be target by a deuteron

without undergoing a (d,n) reaction was generated through
a random procedure between from 0 to DMAX (being DMAX
the range of deuterons in Be), which takes into account the
energy dependence of the (d,n) cross-section.

2. The deuteron energy E0 at a depth D was calculated as:

D

E0 ¼ E �
Z
0

dE
dx

dx (6)

where E is the bombarding energy and dE/dx is the stopping power
S of deuterons in Be.

3. Then, the deuteron undergoes a (d,n) reaction at D. The final
state of the residual nucleus is determined by the partial
cross-section si (E0) (i ¼ 0,., 4), which is proportional to the
probability of undergoing a (d,n) reaction leaving the resid-
ual nucleus in the Ni excited state. Partial cross-sections
were taken from Ref. [53].

4. The neutron emission angle q was determined as a random
variable, with a distribution taken from Guzek et al. [54].

5. The neutron energy is determined by the nuclear reaction
kinematics.

� On the other hand, the neutron structures associated with
the N5 to N8 excited states of 10B were calculated by interpo-
lation of the experimental spectra reported in the literature
[40,51,52].
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Finally, all the complete spectrawere integrated over energy and
angle to normalize them according to the total neutron yields given
by Kononov et al. [55].

As an example, the neutron source modeled for E¼ 1.4 MeV and
DE ¼ 0.3 MeV at different emission angles is shown in Fig. 3.

Compared to our previous source models [47], the models we
present here constitute a more realistic representation of the
neutron beams. In our previous work the angular distributions
were considered as isotropic. In a realistic situation the hypothesis
of isotropy is not entirely correct since the low-energy neutron
structures are strongly forward peaked. This could be due to a
strong contribution of the deuteron stripping process, where the
proton is captured with lp ¼ 0 and/or lp ¼ 1 for neutrons leading to
the N6eN7 and N8 excited states [56].

Beam shaping strategy

The first stage of beam shaping focused on softening the pri-
mary neutron spectra, through an appropriate choice of the bom-
barding energy and the target thickness. A possible estimator of the
spectral hardness is the below-to-above 1 MeV neutron energy
yield ratio:

R ¼ Y<1MeV

Y>1MeV
(7)

Neutron yields above 1 MeV (Y<1MeV) were calculated by inte-
grating the following expression over energy range of deuterons in
the Be target:

Y>1MeV ¼ N
q

ZE
ER

sðE0Þ
SðE0Þ dE0 (8)

where N is the number of Be atoms in the target, s(E’) is the pro-
duction cross-section for neutrons above 1 MeV as a function of the
bombarding energy, S(E0) ¼ dE/dx is the stopping power of deu-
terons in Be and q is the charge of deuterons. The upper integration
limit E is the energy of the incident deuteron, and the lower inte-
gration limit ER is the residual energy of the deuteron after leaving
the target.
Figure 3. Neutron source modeled for a deuteron beam of E ¼ 1.4 MeV and an energy
loss in the target of DE ¼ 0.3 MeV at some different emission angles.
The cross-section s(E0) curve was taken from Shpetnyi’s
data [53].

Neutron yields below 1 MeV (Y<1MeV) were calculated as:

Y<1MeV ¼ Y � Y>1MeV (9)

where Y is the total neutron yield. Total neutron yields were taken
from Kononov et al. [55].

The parameter R was calculated for energy losses ranging from
50 to 450 keV in steps of 50 keV, as a function of the bombarding
energy. Then, the bombarding energy was determined (for each
thickness) as the one which resulted in the highest R. In this way,
eight neutron sources (i.e. configurations of target thickness and
bombarding energy) were selected as “candidates” for use in
BNCT.

The second stage was focused in the epithermalization of these
“candidate” neutron sources. For this purpose, a Beam Shaping
Assembly (BSA) designwas proposed (Fig. 4). The BSA consisted in a
square cross-section moderating volume delimited by lead
reflecting walls. The moderator volume was formed by successive
layers of Al and AlF3/Al. The volume AlF3 and Al each material was
chosen to mimic Fluental� (69 w-% AlF3, 30 w-% Al and 1 w-% LiF),
which was successfully used in nuclear reactor epithermal col-
umns. We have eliminated LiF from our configurations because the
neutron capture on Li strongly reduced the neutron flux at the
beam port, increasing too much the treatment times.

A 5 cm-lead shield was added next to the production target in
order to reduce dose due to gamma emissions from excited states of
the residual nucleus 10B. The whole BSA was covered with 4 cm
thick natural Lithium Polyethylene (7.5% of Li by weight) as a
neutron shielding material. A conical-shaped collimator was added
in order to delimit the beam and to facilitate patient positioning. A
30 mA deuteron beam current was considered throughout.

Concerning the fast neutron shielding, Lithium Polyethylene has
been successfully used for this purpose as in the nuclear power and
nuclear medicine industry. Fast neutrons are slowed down (ther-
malized) by elastic scattering on hydrogen present in polyethylene.
Then, thermal neutrons are absorbed by neutron capture on 6Li
through 6Li(n,a)3H (natural lithium contains about 7.5w-% of this
isotope); and on 1H through 1H(n,g)2H (radiative capture). The
relative importance of neutron capture on 6Li and 1H can be roughly
estimated by comparison of the macroscopic cross sections
S ¼ rA � s (rA ¼ atomic density of 6Li or 1H in the material; and
s ¼ thermal neutron capture cross section for 6Li(n,a)3H or
1H(n,g)2H). Taking into account the material composition and
tabulated cross-section data [57]:

P ðLiÞP ðHÞ ¼ 7:164� 10�4 atoms
cm:barn � 940 barn

7:652� 10�2 atoms
cm:barn � 0:35 barn

¼ 0:673 cm�1

0:027 cm�1w25

Total dose rate evaluated on the lateral sides of the BSA is
reduced to about 30%, compared to the BSA configuration without
the lithium polyethylene shielding. Future work will focus on a
further reduction of the dose in the lateral directions, in order to
fulfill the radiation protection regulations. A BSA configuration
installed within awall can also be useful and we have not discarded
it yet.

This new BSA design is a more realistic for clinical use than our
previous design [47]. Apart from the conical collimator, the
improved design beam port consists in an elliptical surface while
the previous one was a flat port. These modifications derived in
better dose performances, as will be pointed out in the Results
section.



Table 1
Radiobiological weighting factors for each tissue.

Weighting factor Skin Skull Healthy brain Brain tumor

CBE: wB 2.5 1.3 1.3 3.8
RBE’s: wTher 3.2 3.2 3.2 3.2

wFast 3.2 3.2 3.2 3.2
wg 1.0 1.0 1.0 1.0

Figure 4. Beam Shaping Assembly design with a Snyder phantom (left) and the relevant dimensions considered for our Monte-Carlo study.
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In order to obtain the best possible beam quality for each
candidate source, an optimization of the BSA dimensions was
performed. The optimized magnitudes in this study were the BSA
length and the cross-section area. The other dimensions such as the
thickness of lithium polyethylene and the lead walls were kept
fixed. In this study, the outputs for BSA lengths of 20e60 cm and
cross-sections ranging from 15 � 15 cm2 to 50 � 50 cm2 (Fig. 4)
were simulated using the Monte Carlo N-particle code MCNP5 1.51
[58]. Depth dose profiles were recorded for each BSA configuration.
From these, the BSA geometry was determined as the configuration
that maximized the dose delivered to the tumor in a 60 min
treatment, within the constraints imposed by healthy tissue dose
adopted tolerance (radiobiological weighted doses of 11.0 and
16.7 Gy for healthy brain and skin respectively).

The strategy to reach the maximum dose value can be described as
follows

First, a rectangular path was followed in the two-dimensional
parameter space (length, cross-section). For a given starting value
of the cross-section, we move in the direction of the length coor-
dinate until the largest dose value is found. Subsequently, we fix
that length value and move parallel to the cross-section axis until
the maximum dose value is obtained. This cycle is repeated until it
converges to a maximum dose value.

To simplify calculations a non-stopping target was considered in
the simulations. As mentioned in the introduction, the Be target
deposited on a water-cooled W (or Mo)/Cu backing must be imple-
mented in a realistic situation, in order to carry away the power
deposited by the deuteron beam. All these layers are quite thin (W
less than 10 mm; Cu a few mm) and do not contribute to additional
neutron production. Hence, the use of such a target will not affect the
final characteristics of the epithermal neutron beam in any signifi-
cant way. Furthermore, in a realistic target, the beam spot size
(radius) should be larger than about 4 cm, if the total power carried
by the beam is 45 kW (taking into account that power densities of up
to 1 kW/cm2 can be safely handled). To simplify MC simulations we
considered a point-beam, since no differences in dose distributions
were found between the simulated point-beam and the realistic one.

MCNP simulations

For dose calculations the F4 tally (volume average neutron/
photon fluence) was used. Kerma factors [59] as a function of the
neutron/photon energy were taken as the fluence-to-dose con-
version coefficients, using the DE and DF cards.
The neutron sourcewas coded in terms of coupled distributions,
where the independent variable is the energy and the dependent
variable is the emission angle. Energy values were coded as histo-
grams (SI card, option H in MCNP) and emission angles were
defined by the probability density (DS card, option A). Particle
weights (WGT cards) were set as the total neutron yield, to obtain
the tally results in Gy/mA-s units.

Dose and treatment time calculation

Snyder’s head phantom [60] was considered and all tissue
compositions were taken from the ICRU-46 report [61]. The doses
were evaluated in spherical cells within the Snyder phantom,
placed at different points along the center line in the head (through
scalp, skull and brain) aligned with the beam port axis (Fig. 4).

Doses D were calculated as the radiobiological weighted sum of
the boron dose DB, thermal and fast neutron doses (DTher and DFast)
and the gamma dose Dg:

D ¼ wBDB þwTherDTher þwFastDFast þwgDg (10)

The first component is due to the boron thermal neutron cap-
ture 10B(n,a)7Li. DTher arises primarily from the thermal neutron
capture on 14N present in tissues, and DFast stems mainly from
neutron elastic collisions on hydrogen, 1H(n,n)1H. The last contri-
bution (Dg) primarily comes from neutron radiative capture on
hydrogen atoms in tissues. The corresponding weighting factors wi
[62] are listed in Table 1. In this work all the expressed doses are
radiobiological weighted unless otherwise indicated. The weight-
ing factors for fast, thermal and gamma dose are called Relative
Biological Effectiveness’ (RBE’s). For boron dose the weighting
factor is called Compound Biological Effectiveness (CBE) since it not
only depends on the radio-sensitivity of the tissue but also on the
applied boron compound and its microdistribution.

A standard value of 15 mg/g [63] was adopted for the 10B con-
centration in blood. 10B concentrations in skin and tumor were
assumed to be 1.5 and 3.5 times the concentration in blood
respectively [64,65].



Table 2
Adopted levels and emissions of 10B. (Data from Capote et al. [38]).

Level Level energy
(keV)

Jp T1/2
a or Gb Eg (keV) Pgc Multipolarity

N0 0.0 3þ Stable . . .

N1 718.380 1þ T1/2: 0.7070 ns
% ITd ¼ 100 g10: 718.353 100 E2

N2 1740.05 0þ T1/2: 4.9 fs g21: 1021.7 100 M1
% IT ¼ 100 g20: 1740.0 <0.2

N3 2154.27 1þ T1/2: 1.48 ps g32: 414.1 51.6 M1
% IT ¼ 100 g31: 1435.8 27.3 M1 þ E2

g30: 2154.1 21.1 E2
N4 3587.13 2þ T1/2: 102 fs g43: 1432.7 14 M1 þ E2

% IT ¼ 100 g42: 1846.7 <0.3
g41: 2868.3 67 M1 þ E2
g40: 3586.4 19 M1 þ E2

N5 4774.0 3þ G: 7.8 eV
% IT ¼ 0.23 g51: 4054.8 99.5 E2
% ae ¼ 99.8 g50: 4772.8 0.5 M1 þ E2

N6 5110.3 2- G: 0.978 keV g62: 3369.6 5 M2
% IT ¼ 3.3E-03 g61: 4390.9 31 E1
% a w 100 g60: 5108.9 64 E1

N7 5163.9 2þ G: 1.79 eV g74: 1576.7 7.8 M1
% IT ¼ 84 g73: 3009.1 65.3 M1
% a ¼ 16 g72: 3423.1 <0.5 E2

g71: 4444.4 22.6 M1
g70: 5162.5 4.4 M1 þ E2

N8 5182 1þ G: 110 keV
% IT ¼ 5.4E-5
% a w 100 g82: 3439.2 100 M1

a T1/2 ¼ half-lives of the level.
b G ¼ level width %.
c Pg ¼ Probability that a level decays through the given gamma-ray emission. Pg

is the ratio of the total electromagnetic decay (gamma þ internal conversion) of the
level to the intensity of the gamma-ray.

d IT ¼ % isomeric transition.
e % a ¼ % alpha decay.
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The treatment time was determined as the minimum between
the following three values: (a) the maximum allowed time, that is
60 min; (b) the time required to reach the dose limit for healthy
brain (11.0 Gy) and (c) the time required to reach the dose limit for
healthy skin (16.7 Gy).

Treatable depth (TD) and advantage depth (AD)

Depth dose profiles along the beam port central axis direction
were evaluated in order to calculate treatable depth ranges and
advantage depths. The treatable depth (TD) was determined as the
region in brain where the total doses to tumor were �40 Gy. The
advantage depth (AD) was determined as the maximum depth at
which the tumor dose still exceeds the maximum healthy brain
dose.

Dose due to gamma emissions from excited states of the residual
nucleus 10B

A detailed source model for these gamma emissions requires a
detailed knowledge of the partial neutron yields Yi for each excited
state Ni of 10B. This information can be obtained through the
following expression:

Yi ¼ N
q
,

ZE
ER

siðE0Þ,
�
dE0

dx

��1

dE0 (11)

where N is the number of relevant atoms in the target; si(E) is the
neutron production partial cross-section for the Ni state of the re-
sidual nucleus 10B as a function of the energy, dE/dx is the stopping
power of the bombarding particle in the target material, q is the
charge of the projectile, E and ER are the bombarding and the re-
sidual energy of the deuteron respectively. Unfortunately, some of
the partial cross-sections are not available in the literature. In spite
of the lack of complete data about all the partial cross-sections, it is
possible to calculate an upper bound for this dose component. This
can be carried out by considering that the only state that is popu-
lated is the one that produces the highest gamma dose rate.

The cascade of gamma rays emitted from each excited state of
10B in the decay to the ground state can be easily obtained from
tabulated gamma emission probabilities taken from Capote et al.
[38]. These data are given in Table 2. From excited states N1 to N4,
the residual 10B nucleus decays to the ground state 100% via gamma
emission while from excited states N5 to N8, the 10B* nucleus de-
cays mostly to the ground state of 6Li via alpha emission. This is due
to the fact that the threshold for alpha emission (i.e the threshold of
the 6Li þ a reaction) is about 4.46 MeV, which is slightly lower than
the energy of the N5 excited level. From this data, numerical
gamma source models were built and gamma dose rates were
obtained by means of the MCNP5 1.51 code for the BSA configura-
tions described in Section 2.2.

Dose and treatment time uncertainties

Uncertainties in dose calculation were calculated taking into
account the following contributions:

i) Neutron spectra uncertainty. To calculate this contribution, a
sample of 10 neutron spectra were randomly generated (for
each “candidate” source) taking into account the uncertainty
derived from the source modeling method. These neutron
spectra were used as input data for 10 MCNP runs. Then, the
uncertainty from the neutron spectra was calculated as the
standard deviation (one sigma) of the results derived from
the 10 MCNP runs (typically 2%).

ii) One-sigma statistical uncertainty given by MCNP outputs.

Hence, the total uncertainty is calculated as the square root of
the sum of the squares of these two contributions.
Results and discussion

Results from beam shaping: target-deuteron energy configurations

R vs. bombarding energy curves for different target thicknesses
are shown in Fig. 5a, and the “candidate” neutron sources are listed
in Table 3.

As the target thickness increases, the bombarding energy at the
maximum R shifts to the higher energy region. This can be
explained by the fact that the highest-energy neutron productions
for all the target thicknesses show a local minimum (Fig. 5b). This is
because the cross-sections for the lowest-energy levels of 10B, N0 to
N4, show a local minimum at about 1.2 MeV [50]. Since the total
neutron production increases slightly with the bombarding energy,
the maximum R is formed at the same bombarding energy that
minimizes the highest-energy neutron production.

The fact that the maximum R value is higher for thinner targets
is consistent with the increasing of the neutron spectrum average
energy with the target thickness (Table 3).

As mentioned in the Introduction, the benefit of using a thin
target results from the preferential population of the N6, N7 and N8
high-energy levels of 10B in the low bombarding energy regime. The
threshold for the population of these states (which produce the
lowest energy neutrons) is about 0.9e1.0 MeV. When the residual



Figure 5. (a) Below-to-above 1 MeV neutron yield ratio R and (b) neutron production
from the N0 to N4 excited states of 10B, for thin targets as a function of deuteron
energy. Each curve corresponds to a different deuteron energy loss in the target (i.e. to
a different target thickness).
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energy of the deuterons is higher than this threshold, it is ener-
getically possible for all the (d,n) reactions to leave the residual
nucleus in any of these levels. Since these are preferentially
populated over the others, most of the reactions result in the
emission of low energy neutrons. When the residual energy of
deuterons is lower than the threshold, there are some reactions
that leave the 10B in the low-energy levels and hence produce only
undesirable high-energy neutrons. Note that, in agreement with
this, the residual energies for all the sources (#1e8) are slightly
higher than the threshold.
Table 3
Target energy that maximizes the below-to-above 1 MeV neutron yield (R) for each
target thickness. Also given is the total neutron yield.

Source
ID

Energy
loss
(keV)

Bombarding
energy
(MeV)

Target
thickness
(mm)

Average
energy
(MeV)

R Total
neutron yield
(neutron/mC)

#1 50 1.20 0.89 1.44 2.33 � 0.60 3.83 � 1009

#2 100 1.24 1.82 1.46 2.26 � 0.29 2.45 � 1010

#3 150 1.27 2.78 1.48 2.15 � 0.19 4.49 � 1010

#4 200 1.31 3.78 1.52 1.93 � 0.13 6.61 � 1010

#5 250 1.35 4.82 1.57 1.93 � 0.10 8.75 � 1010

#6 300 1.40 5.92 1.65 1.83 � 0.08 1.12 � 1011

#7 350 1.44 7.03 1.68 1.80 � 0.07 1.39 � 1011

#8 400 1.45 8.06 1.70 1.80 � 0.05 1.62 � 1011
In this way, as the bombarding energy increases, thicker targets
are possible. However, increasing the deuteron energy implies
necessarily an increasing of the neutron energy, regardless of the
final state of the residual nucleus 10B. For this reason, the maximum
R value decreases and also the R vs. bombarding energy curves
become flatter as the target thickness is increased.

Results from beam shaping: BSA geometry

Depth dose profiles for the optimal BSA configuration found for
the “candidate sources” are shown in Fig. 6. These profiles showed
that sources #4 to #8 resulted in acceptable doses deliverable to the
tumor, without exceeding either the maximum treatment time
(60 min) or the dose constraints for the healthy brain and skin.

The results in Table 4 show that treatable and advantage depths,
and also the maximum dose deliverable to the tumor increase as
the bombarding energy is increased, while the treatment time
and the maximum doses to healthy tissues remain practically
Figure 6. Simulated depth dose profiles (a) for brain tumor and (b) for healthy tissue
obtained with the optimal BSA configurations. Healthy tissue dose profiles for sources
#3 and #5 do not differ appreciably from the dose profile for source #4, as well as the
ones for sources #6 and #7 do not differ from the one for source #8. The first point
(at 0 cm in depth) and the last one (at 17 cm) correspond to skin, and the second point
(at 0.9 cm) and the ones from 14.8 to 16.3 cm correspond to the skull where no boron is
present.



Table 4
Doses, treatable depths and treatment times calculated for the proposed neutron sources. The optimized dimensions of the BSA are also shown. The MDT position, AD and TD
ranges are referenced to the skin surface (brain tissue extends from 1.55 cm to 14 cm in depth relative to the skin surface).

Source ID La (cm) Ab (cm2) MDTc (Gy) MDT Position (cm) ADd (cm) TDe (cm) MHSDf (Gy) MHBDg (Gy) <DHB>h (Gy) TTi (min.)

#1 21 35 � 35 16.9 � 0.3 1.72 5.64 e 16.7 � 0.4 10.7 � 0.2 2.52 � 0.05 58 � 2
#2 34 35 � 35 28.6 � 0.6 2.75 8.41 e 15.5 � 0.4 10.8 � 0.3 2.91 � 0.06 60 � 1
#3 39 41 � 41 35.6 � 0.8 2.86 9.01 e 15.7 � 0.4 11.0 � 0.3 3.03 � 0.09 59 � 2
#4 43 41 � 41 40.4 � 0.8 2.82 9.26 2.30e2.80 15.2 � 0.4 11.0 � 0.3 4.28 � 0.09 58 � 2
#5 47 39 � 39 42.9 � 0.9 2.74 9.40 1.65e3.82 14.9 � 0.4 11.0 � 0.3 4.27 � 0.09 60 � 1
#6 49 40 � 40 47.3 � 1.0 2.82 9.58 1.55e4.45 15.2 � 0.4 11.0 � 0.3 4.48 � 0.09 57 � 2
#7 52 39 � 39 50.0 � 1.2 2.76 9.70 1.55e4.81 15.2 � 0.5 11.0 � 0.4 4.52 � 0.09 58 � 2
#8 55 40 � 40 51.3 � 1.1 2.72 9.79 1.55e4.82 15.0 � 0.4 10.9 � 0.3 3.31 � 0.08 60 � 1

a L ¼ Moderator Length.
b A ¼ Moderator Cross-Section.
c MDT ¼ Maximum Total Dose to Tumor.
d AD ¼ Advantage Depth.
e TD ¼ Treatable Depth.
f MHSD ¼ Maximum Healthy Skin Dose.
g MHBD ¼ Maximum Healthy Brain Dose.
h <DHB> ¼ Mean Dose to Healthy Brain.
i TT ¼ Treatment time.

Figure 7. Depth dose profiles of the main contributions to tumor (a) and the healthy
tissue (b). Jump discontinuities in the healthy tissue profiles are due to the different
healthy tissues in Snyder’s phantom (skin, skull, brain). The dip at w1 cm corresponds
to the skull and is due to the fact that there is no 10B uptake in skull, and hence, the
dose contribution from boron neutron capture is zero for this tissue.
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unchanged. Therefore, sources #7 and #8 show the best dose
performance, since larger treatable depths and higher doses to
tumor are obtained by these sources. For the latter, the profiles of
the main dose contributions are shown in Fig. 7.

Better dose performances were reached here compared to our
previous results in Ref. [47], the maximum doses delivered to the
Figure 8. Neutron spectra at the beam port for sources #1 to #5 (a) and for sources #5
to #8 (b).



Table 5
Maximum doses to tumor and healthy tissues in the “plateau” regime.

Source the
ID regime

Moderator
length (cm)

MDT (Gy) MHBD (Gy) MHSD (Gy) Time to reach
“plateau” (min)

#1 75 59.8 � 1.5 11.0 � 0.3 14.4 � 0.4 >1000
#2 80 60.7 � 1.4 11.0 � 0.3 14.7 � 0.4 >1000
#3 85 59.8 � 1.5 11.0 � 0.3 14.5 � 0.4 >1000
#4 85 60.0 � 1.5 11.0 � 0.3 14.8 � 0.4 776
#5 80 59.8 � 1.3 11.0 � 0.3 14.5 � 0.4 467
#6 80 58.7 � 1.2 11.0 � 0.3 14.6 � 0.4 356
#7 80 58.9 � 1.3 11.0 � 0.3 14.3 � 0.3 284
#8 75 59.0 � 1.2 11.0 � 0.3 14.6 � 0.4 150
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tumor were increased by about 15%. On the other hand, treatment
times were reduced, since it was not possible for any source with
our previous BSA design to deliver more than 40 Gy to the tumor in
treatments shorter than 1 h.

For sources #1, #2 and #3 the total doses to tumor are lower
than 40 Gy for any depth in brain and no treatable depths can be
calculated. For these sources, there is a strong fast-neutron
contribution to the neutron spectrum (Fig. 8) which would
require larger moderators to efficiently moderate the primary
neutron fluxes at expense of larger treatment times. Since the
neutron yields for these sources are too low, it is not possible to
increase the amount of moderating material without exceeding the
treatment time limit (60 min), due to the loss of neutrons in the
moderating volume.

By removing the treatment time constraint (and applying
multiple-fraction-treatments), larger moderating volumes are
feasible and it is possible to enhance the maximum dose to the
Figure 9. (a) Treatment time as a function of the moderator length obtained with
source #3, (b) maximum dose to the tumor (MDT) as a function of the treatment time
for the same neutron source. Increasing the moderator length from 39 (single-fraction
treatment, 60 min) to 47 cm (double-fraction treatment, 120 min) allows reaching a
MDT of 47.1 Gy. This makes the source #3 a viable source for the double-fraction
configuration. Similar results were found for source #4.
tumor without increasing the doses delivered to healthy tissues. In
this situation, the treatment time is determined as the minimum
time to reach the healthy tissue dose limits (either 16 Gy for healthy
skin or 11 Gy for healthy brain, whichever occurs first). Treatment
times as a function of the moderator length are shown in Fig. 9 a
and Fig. 9b shows the doses as a function of the treatment time for
source #3. Without the treatment time constraint, the maximum
dose deliverable to the tumor (MDT) increases as the moderator
length (or the treatment time) is increased until it reaches a
“plateau” regime, at about 58 Gy. This behavior is essentially the
same for all the sources, but differs in the treatment times involved
(due to the different neutron yields) (see Table 5). For all the BSA
lengths in Fig. 9, the MHBD is 11 Gy, since the healthy brain dose
limit is reached first. The MHSD does not show a significant change
as the moderator length increases. The MHSD decreases from
15.7 Gy for the single-fraction treatment (Table 4) to 15.1 Gy and
14.5 Gy, for the double-fraction treatment and for the plateau
regime respectively (Tables 5 and 6).

Due to the long treatment times, it is impractical to work in the
“plateau” regime. However, sources #6, #7 and #8 (i.e. the sources
with highest neutron yield), allow us to work quite near the
“plateau” if one is willing to split the treatment into 2 irradiations of
60 min each (Table 6). On the other hand, although MDT’s are
somewhat further into the “plateau regime”, sources #3 and #4
become feasible, since the dose performances are still acceptable.

Fractionated BNCT schemes arise as amatter of interest, not only
for the potential implementation of a 9Be(d,n)-based source, but
also for a 7Li(p,n)-based one. For the latter, a fractionated scheme
(and consequently longer treatment times) would make possible
the use of lower beam currents, and therefore, most of the diffi-
culties involved in target cooling would be significantly reduced. In
the case of a 9Be(d,n)-based source the use of high beam currents is
not so critical concerning the target cooling requirements. In this
case, the neutron yields (which are quite low) constitute the critical
parameter that makes difficult to further reduce the treatment
times. Independently of the neutron producing reaction, fraction-
ated schemes would help the implementation of an accelerator-
based BNCT facility, with all the benefits that an in-hospital facil-
ity entails. On the other hand, even larger beam currents in the Be
case are conceivable and already exist [42].
Table 6
Maximumdoses to tumor and healthy tissues delivered after 2 irradiations of 60min
each.

Source ID Moderator length cm) MDT (Gy) MHSD (Gy ) MHBD (Gy)

#1 25.3 20.0 � 0.5 16.3 � 0.4 11.0 � 0.2
#2 40.1 37.4 � 0.8 15.5 � 0.4 11.0 � 0.2
#3 47.1 44.1 � 1.0 15.1 � 0.4 11.0 � 0.2
#4 52.1 49.6 � 1.2 15.0 � 0.4 11.0 � 0.2
#5 56.2 52.7 � 1.2 14.8 � 0.3 11.0 � 0.2
#6 60.0 54.8 � 1.2 14.8 � 0.3 11.0 � 0.2
#7 63.9 55.6 � 1.2 14.2 � 0.3 11.0 � 0.2
#8 66.3 56.8 � 1.2 14.7 � 0.3 11.0 � 0.2



Figure 10. Main percentage contributions to the total biological weighted dose to
tumor (a), healthy brain (b) and healthy skin (c). Main percentage contributions for
healthy brain and tumor tissue were calculated at the depth of maximum total
weighted dose.
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It is important to emphasize that the therapeutic effectiveness
of fractionated BNCT has already been demonstrated [66] in some
cases. It was proven that fractionated (or “sequential”) BNCT
implies a significant enhancement of the tumor response without
additional radiotoxicity effects in the precancerous tissue,
compared to a single BNCT application. Moreover, fractionated
schemes have already been implemented in the clinic [16,67,68].

BNCT dose component analysis

The different contributions to the total dose to tumor are shown
in Fig. 10a. Except for source #1, the main contribution to the total
dose in tumor is due to neutron capture in boron, as desired for
BNCT. For source #1, the most important contribution (of about
54%) belongs to fast neutron scattering from hydrogen 1H(n,n). For
this source, the total neutron yield is too low (see Table 3), so a very
short BSA length was obtained in order not to exceed the treatment
time limit (60 min). As mentioned above, the amount of moder-
ating material in the BSA is not enough to efficiently moderate the
highest-energy neutrons. For sources #2 and #3, whose total
neutron yields are still low, this dose contribution is still quite high
(19% and 11% respectively). This is consistent with the fact that
sources #1-#3 cannot provide an acceptable treatment.

For sources #6 to #8, the gamma dose is the most important of
the non-specific contributions to tumor dose. This contribution
includes the dose from all gamma rays produced by the interaction
of neutrons in the patient’s tissues (mainly via 1H(n,g) reaction) and
in the BSA, but does not include gamma emissions from the target
itself because of the excited states of the residual nucleus 10B of the
neutron producing reaction 9Be(d,n)10B. Gamma dose from
9Be(d,n)10B* is discussed in Section 3.4.

Concerning healthy brain the most important dose contribution
is due to neutron scattering 1H(n,n) for all the sources (Fig. 10b)
except for sources #7 and #8, in which the main contribution be-
longs to 10B dose. The main contribution to the total dose in skin
belongs to fast neutron scattering from 1H for all the sources except
for sources #7 and #8, where neutron capture contributions be-
comes equally or more important (Fig. 10c). The 1H(n,n) dose is
essentially due to fast neutrons. Then, this dose contribution can be
further reduced adding more moderating material to the BSA
configuration, which implies splitting the treatment into 2 or more
irradiations. A comparison between the 1H(n,n) percentage dose
contribution for a single and a double-fraction treatment is shown
in Table 7.

Dose due to gamma emissions from excited states of the residual
nucleus 10B

As an example, dose rates in skin for source #8 are shown in
Table 8. For this neutron source the upper bound for this dose
Table 7
Comparison of the 1H(n,n) percentage contribution to total doses for a single-
fraction of 60 min (SF) and for a double-fraction irradiation of 60 min each (DF).

Source ID Tumor tissue Healthy skin Healthy brain

SF DF SF DF SF DF

#1 54.3% 42.7% 88.2% 82.9% 85.5% 79.1%
#2 18.7% 17.6% 71.7% 60.1% 65.9% 53.8%
#3 11.1% 11.6% 61.7% 49.7% 56.2% 42.1%
#4 9.60% 7.38% 57.7% 38.0% 48.2% 33.0%
#5 7.57% 6.37% 48.6% 33.3% 39.0% 27.8%
#6 6.49% 4.18% 44.7% 26.2% 35.5% 19.7%
#7 5.11% 3.04% 39.1% 19.2% 28.4% 15.0%
#8 4.08% 2.83% 34.9% 19.8% 27.5% 14.0%



Table 8
Gamma emissions from each excited state of 10B and their influence on the skin dose, for source #8. The state fromwhich the dose rate is higher is in bold type. Uncertainties in
doses and dose rates do not exceed 5%. Doses in skin were calculated assuming a 30 mA deuteron beam current and the treatment times listed in Table 2.

Excited state <Eg>a (MeV) Egmin
b (MeV) Egmax

c (MeV) g�rays per neutron Dose rate in skin (mGy mA�1 h�1) Dose in skin (mGy)

N1 0.718 0.718 (g10) 0.718 (g10) 1.00Eþ00 2.59E�02 0.78
N2 0.566 0.414 (g32) 0.718 (g10) 2.00Eþ00 1.13E�02 0.34
N3 0.934 0.414 (g32) 2.154 (g31) 2.31Eþ00 5.10E�01 15.3
N4 1.800 0.414 (g32) 3.586 (g40) 1.99ED00 3.27ED00 98.0
N5 2.392 0.718 (g10) 4.773 (g50) 4.59E�03 1.92E�02 0.58
N6 4.422 0.718 (g10) 5.109 (g60) 3.63E�05 wE�03 w1E�02
N7 1.771 0.414 (g32) 5.163 (g70) 2.37Eþ00 3.08Eþ00 92.3
N8 1.726 0.718 (g10) 3.439 (g82) 1.62E�06 w1E�05 w1E�04

a Average Energy of gamma rays.
b Minimum Energy of gamma rays.
c Maximum Energy of gamma rays.

Table 9
Upper bounds for skin and brain doses due to gamma emissions from excited states
of the residual nucleus 10B. The state from which the dose rate is higher is given in
brackets. Total uncertainties in doses and dose rates do not exceed 6%. Maximum
doses were calculated assuming a 30 mA deuteron beam and the treatment times
listed in Table 4.

Source
ID

Maximum g dose
rate in skin
(mGy mA�1 h�1)

Maximum g dose
rate in brain
(mGy mA�1 h�1)

Maximum
g dose in
skin (mGy)

Maximum g
dose in brain
(mGy)

#1 11.7 (N7) 9.18 (N7) 328 257
#2 5.71 (N7) 4.94 (N7) 171 148
#3 4.25 (N7) 3.82 (N7) 125 113
#4 3.36 (N7) 3.11 (N7) 97 90
#5 2.75 (N7) 2.60 (N7) 83 78
#6 2.94 (N7) 2.80 (N7) 84 80
#7 3.07 (N4) 2.87 (N7) 89 83
#8 3.27 (N4) 2.95 (N7) 98 88
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component is given by gamma emissions fromN4, since the gamma
dose rate is higher for this state than for the others. Taking into
account the treatment time listed in Table 4, the dose in skin due to
gamma emissions from excited states of the residual nucleus 10B is
expected to be lower than 98 mGy assuming a 30 mA deuteron
beam. The corresponding results for all the neutron sources (#1 to
#8), both for skin and brain tissues are listed in Table 9.

For sources #4 to #8 this dose component does not imply a
significant increase of healthy tissue doses, since their values do not
exceed the uncertainties associated to the BNCT doses listed in
Table 4.

Conclusions

Eight neutron sources produced through the 9Be(d,n)10B reac-
tion were evaluated as epithermal neutron sources for brain tumor
BNCT treatments. These neutron sources were found by selecting
the combinations of bombarding energy and target thickness that
minimized the highest-energy neutron contribution to the primary
neutron spectra.

Our Monte Carlo study has shown that good dose performances
can be obtained by means of w5-to-8 mm thick Be targets bom-
barded with deuterons from 1.35 to 1.45 MeV (i.e. sources #5 to #8)
in a 60 min irradiation treatment. Using these neutron sources and
considering a 30 mA deuteron beam, biological weighted doses
from 40 to 51 Gy can be delivered to brain tumors of up to 4.8 cm in
depth without exceeding the adopted dose limits for healthy skin
(16.7 Gy) and healthy brain (11 Gy). For bombarding energies lower
than 1.35 MeV and beryllium targets thinner than w5 micron (i.e.
sources #1 to #4), less-than 60-min-treatments are not feasible,
since the total neutron yield is in these cases too low.

Fractionated treatments become of interest not only for a
9Be(d,n)-based source but also for a 7Li(p,n)-based one. For the
latter, fractionationwould allow the use of a less intense beam, and
hence, to reduce most of the problems related to cooling re-
quirements of a lithium target. In the case of a Be target, these
requirements are less critical but the low neutron yields of the
9Be(d,n) reaction make it difficult to reduce the treatment time
below 1 h (which clearly can be compensated by higher beam
currents). From the point of view of neutronics, the performances
obtained with sources #5 to #8 can still be improved by removing
the treatment time constraint and splitting the treatment into two
1-h sessions. Under this condition, the fast neutron contribution to
the neutron spectrum is reduced; since longer BSA lengths are
feasible. Assuming a two-irradiation treatment of 60 min each,
doses delivered to tumor are increased by w10% without affecting
the doses delivered to healthy brain and skin. In addition, in a
double-fraction configuration, thinner targets and lower bom-
barding energies (sources #3 and #4) become feasible.

It is important to point out that published work on “sequential”
BNCT [66] demonstrated the therapeutic effectiveness of fraction-
ated treatments.

The technological advantages of 9Be(d,n)-based BNCT must be
emphasized. First, the low bombarding energies involved in the
9Be(d,n)10B reaction (about half of the proton energy required for
7Li(p,n)) imply a significant advantage for the design and con-
struction of an accelerator devoted to AB-BNCT as far as voltage is
concerned. Moreover, the thermal and mechanical superiority of a
metallic Be target as compared to a Li one, together with the
absence of residual radioactivity, mean very important benefits in
terms of target engineering design and overall safety of the facility.
Finally, even if we have chosen 30 mA’s as the beam intensity goal,
there is no special “barrier” at that value and there are already ion
sources capable of producing more intense ion beams [42].
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