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Abstract Neutron capture therapy with Sulfur-33, similar
to boron neutron capture therapy with Boron-10, is effec-
tive in treating some types of tumors including ocular
melanoma. The key point in sulfur neutron capture therapy
is whether the neutron beam flux and the resonance capture
cross section of *3S(n, a)SOSi reaction at 13.5 keV can
achieve the requirements of radiotherapy. In this research,
the authors investigated the production of 13.5 keV neu-
tron production and moderation based on an accelerator
neutron source. A lithium glass detector was used to
measure the neutron flux produced via near threshold
"Li(p,n)’Be reaction using the time-of-flight method. Fur-
thermore, the moderation effects of different kinds of
materials were investigated using Monte Carlo simulation.
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1 Introduction

Shortly after the discovery of neutrons by Chadwick in
1932 [1], the principles of neutron capture therapy (NCT)
were proposed by Locher [2]. A patient suffering from
malignant glioma was treated using the Brookhaven Gra-
phite Research Reactor in 1954, as the first case of boron
neutron capture therapy (BNCT) [3]. BNCT may initially
appear to be a complex therapy; however, the approach is
in fact relatively simple. Tumor cells with a high concen-
tration of 1B can capture thermal neutrons, which results
in 1°B(n,«)’Li reaction. The products of this capture
reaction have such a high linear energy transfer (LET) in a
short range (4-10 pm) that their energy deposition is lim-
ited to a single cell. Therefore, these products can selec-
tively irradiate and kill tumor cells that absorb a sufficient
amount of '°B, while avoiding damage to normal, healthy
cells from damage [4].

In addition to '°B, an interesting isotope for NCT of
cancer is **S [5], which has a large (n,a) cross section in
the keV range, which is much greater than that of (n,y) [6].
The LET for 3.1 MeV a-particles emitted by *3S(n,x)™Si
reaction is sufficiently large to effectively destroy cancer
cells, so 33S can be utilized for NCT, which is called sulfur
neutron capture therapy (SNCT). C. Wagemans et al.
(1986) [7] measured the resonance cross section of
3S(n, oc)3OSi reaction, and the experimental result exhibited
some resonances in the keV range. These resonances are
illustrated in Fig. 1, where the most important resonance
peak (with a cross section above 20 barns) occurs at a
neutron energy close to 13.5 keV. Sulfur is an essential
component of all living cells, and its concentration in cells
is three orders of magnitude larger than boron. Therefore,
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Fig. 1 Resonance structure of ¥*S(n, 2)*Si

33S-carriers [5] are a promising option because it results in
a high local concentration in tumors. Some studies
[5, 8-15] have shown an enhancement in the neutron-ab-
sorbed dose for a combination of 3*S and '°B.

The therapeutic effect of SNCT is evaluated by esti-
mating the biological dose, which is a common dosimetric
reference for a given treatment scheme. The biological
dose partly depends on the resonance cross section of
3S(n, «)*Si reaction and the neutron flux and energy
within the area of a lesion. Our work is devoted to
designing a neutron generator for SNCT.

2 Neutron source selection

A neutron source based on a low-energy, high-current,
and light ion accelerator is being developed as a potential
replacement of reactors to meet the requirements of a
clinical NCT facility [16]. Accelerators have several
potential advantages related to safety, cost, and high neu-
tron flux in the keV range, compared to reactor-based
neutron sources for clinical radiotherapy. In this regard,
they are optimal neutron sources for SNCT.

Table 1 lists the properties of several neutron-producing
charged-particle reactions proposed for use in an acceler-
ator-based neutron source [16—18]. The neutron energies
via °Be(p,n)’B, *Be(d,n)'’B and '*C(d,n)'*N reactions are
too high to increase the resonance neutron intensity after
moderation. Although **Sc(p,n)*Ti reaction can generate
quasi-monoenergetic 13.5 keV neutrons, its cross section is
too small, and a small change of the proton energy leads to
a great influence on the emitted neutrons. The threshold
value (Eth) of 7Li(p,n)7Be reaction is 1880.57 keV, and the
emitted neutron energy (about 29.68 keV) is close to the
resonance energy [19]. The neutron yield of this reaction is
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high, and the relatively low-energy neutrons require less
moderation than those generated via other reactions to
enhance the 13.5 keV neutron intensity.

3 Neutron source simulation and experimental
measurement

3.1 Neutron source simulation and moderation

There are many factors that affect the neutron flux via
"Li(p,n)’Be reaction such as target thickness, outgoing
angle, and proton energy. In addition, with the increase in
the incident proton energy, the proton has a large range,
which can produce more accompanied y-rays via
"Li(p.p’)'Li and "Li(p, y)*Be reactions [20] that are the
harmful biological dose. An optimal experimental
scheme should be based on the balance of these three facts
for neutron production and moderation.

The neutron energy and yield via near threshold
"Li(p,n)’Be reaction were investigated using TARGET
[21, 22] code. In this work, two proton separation threshold
energies (1.885 MeV and 1.930 MeV) and two target
separation thicknesses (6.2 um as the thin target and 152
pm as the thick target) were chosen to calculate neutron
production.

In addition, different kinds of moderator materials were
used to enhance the intensity of resonance neutrons. These
materials should have a high scattering cross section and a
low capture cross section in the keV range. They also do
not exhibit decomposition in the radiation field, high long-
term radioactivity or moisture during long-time operation
[23]. The following materials as water (H,O), graphite,
heavy water (D,0), and polythene (CH,) have been sug-
gested. The moderation effects of the aforementioned
materials were calculated using the Geant4 (Version: 10.2)
Monte Carlo code [24]. In this study, the geometric model
was built according to the actual experimental conditions
presented in Sect. 3.2, and the cylindrical moderator close
to the neutron source was placed in the collimator aperture.
The GGST_BERT_HP [25, 26] has been used as a standard
physics model to describe neutron transportation, which
employs a high-precision neutron package used for neu-
trons with energies below 20 MeV, down to thermal
energies.

3.2 Experimental neutron source

The time-of-flight (TOF) method was used to measure
the neutron beam via near threshold "Li(p, n)’Be reactions
based on the HI-13 Tandem Accelerator at the China
Institute of Atomic Energy [27]. The minimum energy of
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Table 1 Characteristics of charged-particle reactions considered for accelerator-based SNCT neutron source

Reaction Bombarding Cross section Neutron energy Target melting Thermal conductivity
energy (MeV) (mb) at 0° angle (MeV) point (°C) W m! KD

"Li(p,n)’B 1.9 232 0.030 181 85

Be(p,n)’B 4.0 120 1.060 1287 201

Be(d,n)'°B 1.5 - 2.010 1287 201

BCdn)"“N 1.5 396 1.080 3550 230

Sc(p,n)PTi 291 3.73 0.014 1541 15.8

the proton beam generated by the accelerator was
approximately 7 MeV, and the pulse length was less than
3 ns (full duration at half maximum). An aluminum slice
with a thickness of 280 pum was used as the absorber to
reduce the proton energy to a mean energy of 2.5 MeV.

Although "Li(p,n)’Be reaction is favorable for enhanc-
ing neutron intensity in the keV range, some difficulties are
still encountered when lithium is used as an ideal target. As
shown in Table 1, the low melting point and poor thermal
conductivity of pure lithium make it a poor candidate. A
good water-cooling system is essential for the timely
removal of heat from the target, otherwise the integrity of
the lithium target will be compromised. The chemical
properties of lithium cause it to rapidly react with air to
form compounds, which directly affects the neutron energy
and yield. During the fabrication and installation of the
lithium target, it is not allowed to come into contact with
air [16].

A schematic of the experimental setup is shown in
Fig. 2. A lithium glass detector (¢ 1.6cm x 0.95 cm) used
to monitor the neutron beam was positioned at 0° with
respect to the proton beam axis. The detector signals were
used to trigger a time-to-digital converter (TDC) to reduce
dead time, while the delayed signals of proton beams were
recorded for data acquisition of neutron flight time. Two
parameters were registered simultaneously for each event:
the pulse height (PH) and the TOF. The detection effi-
ciency of the lithium glass detector was previously cali-
brated by partners [28]. The experimental parameters are
summarized in Table 2.

4 Results and discussion
4.1 Simulated neutron spectra and discussion

The calculated neutron energy spectra obtained via the
near threshold "Li(p,n)’Be reaction under different condi-
tions are shown in Fig. 3, and the neutron yields under the
different energy ranges are shown in Table 3. The neutron
spectra at 0° angle have an obvious peak at 30 keV, while
the resonance neutron yields are very small. Compared

with the target thickness, the incident proton has a greater
influence on the neutron spectra and yields. According to
the TARGET results, the neutron energy spectrum corre-
sponding to the 0° output angle in Fig. 3d was selected to
study neutron moderation at a high flux.

The moderation effects of different kinds of materials
were calculated using the Geant4 code; the results are
shown in Fig. 4. The resonance neutron yields increased
gradually with the thickness of the moderators until there
was a dynamic balance between the neutron absorption and
moderation. Graphite could sufficiently moderate fast
neutrons ( > 30 keV) in order to enhance the intensity of
the 13.5 keV neutrons, while the hydrogen-containing
materials slowed down more neutrons to epithermal ener-
gies. The resonance neutron yields in the 12.6-15.8 keV
range could reach 6.45 x 107 st~ pA~!,
6.93 x 10° st pA~!, 1.29 x 10° sr ' pA~™' and 5.97 x
10° sr—' pA~!, respectively. According to the calculated
results, graphite is an optimal moderator to generate more
resonance neutrons.

4.2 Experimental neutron spectrum and discussion

A two-dimensional spectrum of “PH-TOF” based on the
measured raw data is provided to allow for the discrimi-
nation of the n-y signals, as shown in Fig. 5. The region
labeled peak-1 corresponds to 240 keV neutrons because of
the high detection efficiency of the lithium glass detector.
The region labeled peak-2 corresponds to the 560 keV
neutrons produced by the 2.5 MeV protons at the surface of
the lithium target. The neutron flight distance was so short
that these neutrons (<20 keV) could not be discriminated
using the TOF method. They were therefore treated as fast
neutrons (> 700 keV) produced in the next pulse because
their flight times were longer than that of the proton pulse
period. According to the calculated results, the neutron
peak at 30 keV should be clearly visible. In fact, the
recorded neutron flux was moderated by the water used to
cool the lithium target.

We can obtain the neutron energy spectrum by com-
bining the two-dimensional spectrum (Fig.5) and the
detection efficiency of the lithium glass after ticking out
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Fig. 2 (Color online) The
experimental setup. Left
figure shows the profile of the
neutron source shield and
collimator system, and right
figure shows the structure of the
lithium target
Detector

Table 2 Experimental parameters

Experimental condition Value
Proton energy (MeV) 7
Averaged current (nA) 100
Repetition frequency (MHz) 3
Absorber thickness (pm) 280
Detector volt (V) — 2020

Detector type
Neutron flight distance (cm) 58.0

Lithium glass

the y-ray background, as shown in Fig. 6. The right peak
corresponds to the region labeled peak-2 in Fig. 5, while
the left peak corresponds to the approximately 180 keV
neutrons produced by the 1.9-2.0 MeV proton beams.
There are three issues that affect these low-energy proton
beams: (1) The energy of protons after the absorber was
broadened and the spectrum followed a Gaussian distri-
bution (Full Width at Half Maximum > 0.5 MeV); (2) the
energy loss of protons in the Li target leads to low-energy
neutrons (approximately 180 keV) production; (3) these
neutrons could be produced via ’Li(p, n)’Be* reaction
(Eth = 2.373 MeV).

According to the experimental results, the neutron flux
reached 1.41 x 103 sr—' pA~! at a distance of 58 cm from
the lithium target. Moreover, the neutron source strength
reached 4.74 x 10° sr™' pA~!, which is lower than the
calculated results by an order of magnitude. The difference
is mainly attributed to the moderation and absorption of the
cooling water, scattering, and absorption of the collimator.

With the experimental neutron flux, the same modera-
tors were chosen to study the moderation effects. The
Geant4 simulation results are shown in Fig. 7. The reso-
nance neutron yield values in the 12.6-15.8 keV range
could reach 4.76 x 10* sr! pA‘l, 1.23 x 10° sr! uA_l,
5.23 x 10* st ' pA~! and 4.76 x 10* sr~' pA~!, respec-
tively. It is possible to obtain more 13.5 keV neutrons with
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deuteron-containing materials compared to those that
contain carbon and hydrogen. However, none of these
materials were capable of fully moderating the maximum
number of fast neutrons (hundreds of keV) down to the
desired resonance energy range, while increasing the res-
onance neutron yield. A high incident proton energy is
adverse to neutron production and moderation in terms of
increasing the resonance neutron yield near the threshold of
"Li(p, n)’Be reaction. This is an essential requirement for
further SNCT neutron source studies.

5 Conclusion

38 can be used for NCT because it has a large (n,o)
cross section, and the emitted o-particles produce a large
energy deposition near the interacting site to kill tumor
cells. The key aspect of SNCT depends partially on the
resonance cross section of **S(n, oc)3OSi reaction and the
resonance neutron flux. In this study, we built a 7Li(p,n)7Be
reaction accelerator-based neutron source for SNCT. The
energy and intensity of the neutrons were measured using a
lithium glass detector based on the TOF method. We also
studied the optimal moderation scheme to enhance the
intensity of the resonance neutrons. Using a simple mod-
erator material can increase the 13.5 keV neutron flux, but
it still has a large share of the high-energy neutrons in the
neutron beam. Composite materials may be the best can-
didate to slow down more high-energy neutrons to enhance
the resonance neutrons.

The combination of a near threshold 7Li(p,n)7Be reac-
tion neutron source and the use of graphite for the pro-
duction of neutron beams is potentially promising for
SNCT. To achieve the best therapeutic effect, this approach
needs to be studied further to obtain quasi-monoenergetic
13.5 keV neutron beams (for SNCT), or neutron beams
with a maximum energy of 13.5 keV (combined SNCT
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Fig. 3 (Color online) The neutron energy spectra via 'Li(p,n)’Be
reaction under different conditions. a represents the conditions of
1.88 MeV proton beams and a thick target (6.2 um), b represents the
conditions of 1.88 MeV proton beams and a thick target (152 pm), ¢
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represents the conditions of 1.93 MeV proton beams and a thick
target (6.2 um), d represents the conditions of 1.93 MeV proton
beams and a thick target (152 pm)

Proton Target Output Total neutron Neutron yield (< 30keV)
energy (MeV) thickness (pm) angle (°) yield (sr—' pA™!) (st~ pATh
1.885 6.2 0 2.64 x 10° 5.22 x 10°
10 2.19 x 10° 3.58 x 10°
20 1.44 x 100 3.27 x 10°
152 0 5.24 x 10° 1.03 x 10°
10 4.29 x 10° 8.39 x 10°
20 2.50 x 10° 6.65 x 10°
1.930 6.2 0 2.03 x 107 1.97 x 10°
10 1.79 x 107 7.77 x 10°
20 1.61 x 107 8.70 x 10°
152 0 2.39 x 107 2.39 x 10°
10 2.15 x 107 1.35 x 10°
20 1.84 x 107 1.45 x 10°
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with BNCT). There are some discrepancies in the experi-

mental data for 3*S(n, «)**Si reaction [7, 29, 30] in the keV

range. This neutron source can potentially be used to
clarify the existing discrepancies.
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