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Evaluation of neutron radiation field in carbon ion therapy
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Abstract: Carbon ions have significant advantages in tumor therapy because of their physical and biological prop-

erties. In view of the radiation protection, the safety of patients is the most important issue in therapy processes.

Therefore, the effects of the secondary particles produced by the carbon ions in the tumor therapy should be carefully

considered, especially for the neutrons. In the present work, the neutron radiation field induced by carbon ions was

evaluated by using the FLUKA code. The simulated results of neutron energy spectra and neutron dose was found

to be in good agreement with the experiment data. In addition, energy deposition of carbon ions and neutrons in

tissue-like media was studied, it is found that the secondary neutron energy deposition is not expected to exceed 1%

of the carbon ion energy deposition in a typical treatment.
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1 Introduction

Heavy ion cancer therapy has been developing rapidly
in recent years because of its physical and biological char-
acteristics. It is known that heavy ions with certain ener-
gies have a fixed range in the target and a typical Bragg
peak presents. Therefore the position of this Bragg peak
can be easily controlled [1]. Taking the patient safety
into account the effects of secondary particles caused by
heavy ion reactions must be carefully considered in can-
cer therapy. At a heavy ion accelerator, various kinds
of secondary particles are created through nuclear reac-
tion of the heavy ions with the accelerator components
or target. Neutrons are the most abundant products in
all secondary particles. Moreover, because the neutrons
cannot cause ionization directly, they may affect a large
area. In the cancer therapy, it means that the neutrons
would influence the whole body of a patient including
both tumor and healthy tissue. Therefore, neutrons are
the most important factor needed to take consideration
both in safety evaluations of heavy ion therapy and in
the environmental shielding of the accelerator facilities.
The neutron energy spectra is a fundamental measurable
quantity which is needed in the radiation protection of a
accelerator. The neutron dose can be obtained through
the neutron energy spectra and the dose conversion co-
efficients given by the International Commission of Ra-
diological Protection (ICRP) [2].

The effects of the secondary particles produced dur-
ing radiotherapy has been intensively investigated in past
years [3, 4]. In addition, there have been a number of pre-
vious studies on the neutron yields, neutron spectra and
angular distributions. The high energy neutron spec-
tra and angular distribution of carbon ions stopping in
a thick copper target was studied by T. Nakamura at
HIMAC (Heavy Ion Medical Accelerator in Chiba) in
1999 [5]. More studies of neutron yields of heavy ions
hitting a thick target were studied in Refs. [6, 7]. In
our previous work, neutron fluence and angular distribu-
tions were measured around a thick target bombarded
by 50-100 MeV/u 18O ions using an activation method
at the Heavy Ion Research Facility in Lanzhou (HIRFL)
in 1999 [8]. In a 100 MeV/u carbon ion therapy, the
neutron dose distribution was measured in a superficial
tumor treatment terminal at HIRFL in 2010 [9]. With
the development of heavy ion radiotherapy applications,
two HIMMs (Heavy Ion Medical Machines) are currently
being built in Lanzhou and Wuwei, Gansu, China, re-
spectively. The details of such facilities are described in
a previous article [10]. For the patient safety, it is signif-
icant to evaluate the neutron radiation field during the
carbon ion therapy.

In the present work, the secondary neutron energy
spectra around a thick target bombarded by carbon ions
was studied using a Monte Carlo program code. The
simulated results indicate that the energy spectra is in
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good agreement with previous experimental data. In ad-
dition, the distribution of the neutron dose was also cal-
culated. We attempt to provide a full set of numerical
data, which can be directly employed both for shielding
design of high-energy ion accelerators and for evaluat-
ing the safety of the patient during a treatment process.
Further, the neutron flux distribution in the tissue-like
media and the surrounding space was then studied. The
results show that the neutron energy deposition in the
tissue-like media does not exceed 1% of the carbon ion
energy deposition.

2 Monte Carlo calculation and experi-

ments

There are many Monte Carlo transport programs
available for use in the design of the radiation protec-
tion and other fields. FLUKA [11, 12] is a typical Monte
Carlo code which is released as free software. In this
code, the nucleus–nucleus interaction was described by
the Dual Parton Model (DPM) [13] for ion energies over
5 GeV/u, the Relativistic Quantum Molecular Dynam-
ics Model (RQMD) [14] for energies from 0.1 GeV/u to 5
GeV/u and the Boltzmann Master Equation (BME) [15]
theory for energies below 0.1 GeV/u, respectively.

Fig. 1. (color online) Schematic diagram of simu-
lation model.

Figure 1 shows a schematic diagram of the simulation
model. Both the diameter and the thickness of the cop-
per target is 5 cm. Its axis coincides with the beam-line.
The water tissue-like target size is 30 cm× 30 cm× 30
cm. The composition of this tissue-like target is listed
in Table 1. The size of the treatment room filled with
dry air is 4 m× 6 m× 6 m. In the present work, the

simulation geometry only includes the shielding wall and
the target, other accessories are ignored for simplifica-
tion. The beam cross section diameter is 2 mm. The
copper target is bombarded by carbon ions with energy
of 400 MeV/u, and the tissue-like target is bombarded
by carbon ions with energy of 430 MeV/u. Here, the
selected ion energies and the target are consistent with
the previous experimental data. In the process of our
simulation, the PHSICS card was used to select the ap-
propriate physical model. The USRBDX card is used to
obtain the neutron energy spectra and the USRBIN card
is chosen to obtain the neutron dose and energy depo-
sition. FLUKA version 2011.2c was used in the present
work.

Table 1. Composition of tissue-like target.

component proportion (%)

H 8.1

C 67.2

N 2.4

O 19.9

Cl 0.1

Ca 2.3

Figure 2 shows the experimental arrangement at the
deep-therapy terminal at HIRFL. Carbon ions were ac-
celerated by HIRFL-CSRm and delivered to the ther-
apy room. In our experiment, the standard Anderson–
Braun neutron rem-meter, WENDI-2, was used. This
rem-meter uses a large volume He-3 tube and has ex-
cellent energy and angular response. The neutron dose
angular distribution was measured at a distance of 2 m
far from the center of the tissue-like target. The size and
composition of the tissue-like target is the same as the
one described in the simulation model.

Fig. 2. (color online) Experimental arrangement.

3 Results and discussion

In order to obtain good statistic results, a small solid
angle was taken in the present simulation for counting
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the particles [16]. As shown in Fig. 1, all the solid an-
gles used for counting are the same size. Figure 3 shows
the calculated secondary neutron energy spectra and the
measured data by T. Nakamura [5] as the copper target
was bombarded by 400 Mev/u carbon ions. It can be
seen that the FLUKA results are in good agreement with
the experimental results. Because of the uncertainty of
the primary ions counting, the relative results are plotted
in this figure. The calculated neutron energy spectra for
the tissue-like target bombarded by 430 MeV/u carbon
ions is shown in Fig. 4, and the neutron dose distribu-
tion is presented in Fig. 5. The corresponding angular
distribution of neutron dose is shown in Fig. 6, in which
the solid line is the FLUKA result and the dots are the
experimental data measured at the HIRFL deep tumor
therapy terminal. Similarly, the relative results are used
in this figure due to the uncertainty for counting the pri-
mary ions.

Fig. 3. (color online) Experiment data [5] and
FLUKA results for a copper target bombarded
by 400 MeV/u carbon ions.

Fig. 4. (color online) Neutron spectra for a tissue-
like target bombarded by 430 MeV/u carbon ions.

Fig. 5. (color online) Neutron dose distribution for
a tissue-like target bombarded by 430 MeV/u car-
bon ions.

Fig. 6. (color online) Angular distribution of neu-
tron dose for a tissue-like target bombarded by
430 MeV/u carbon ions, compared with calcu-
lated values from FLUKA.

Both Fig. 3 and Fig. 4 indicate that there is a broad
peak at high energy range of the neutron spectra, es-
pecially for the zero degree situation. In this forward
direction, the highest energy of the neutron achieves
up to about twice as much as the incident ion energy
per nucleon. As discussed in previous study [5], these
high-energy neutrons are produced by a cascade process,
which is the so-called pre-equilibrium process. Low en-
ergy neutrons are mainly produced in a compound nu-
cleus system by the evaporation process. Neutron emis-
sion by the cascade process has a sharp peaking at small
angles. However, the neutron spectra emitted at large
angles become more gentle because the evaporation pro-
cess dominates. Figure 5 shows a similar characteristic
to the neutron energy spectra, i.e., the neutron dose has
the largest value at zero degree and then it decreases as
increasing the emitted angles. This can be explained by
noting that the energy spectra can be converted to the
neutron dose through the product of the appropriate flux
and the dose conversion coefficients given by the ICRP.
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Figure 7 shows the neutron flux density distribu-
tion inside and outside the tissue-like target. The size
of this target is 30 cm × 30 cm × 40 cm. Inside the
target, the neutron flux density first increases and then
decreases along the beam direction, and far from the
beam direction there are less statistics. Figure 8 shows
the calculated energy deposition in the tissue-like tar-
get bombarded by 400 MeV/u carbon ions with units of
GeV/cm3. In this figure, the solid line represents the
total energy deposition, the dashed line represents the
carbon energy deposition, and the dotted line represents
the neutron energy deposition, respectively. The differ-
ence between the values represented by solid and dashed
lines, especially beyond the Bragg peak, is entirely from
the contribution of the fragment ions produced by nu-
clear reactions. The calculated results indicate that the
neutron energy deposition does not exceed 1% of the car-
bon ion energy deposition.

Fig. 7. (color online) Neutron flux density inside
and outside the tissue-like target.

Because the Bragg peak measurements could give
only the total energy deposition of all particles, and the
measurements of the energy deposition from secondary
neutrons is difficult inside the target, the Monte Carlo
simulation is the best way to study secondary neutron
energy deposition.

Fig. 8. (color online) Energy deposition in the
tissue-like target bombarded by 400 MeV/u car-
bon ions.

4 Conclusions

In the present work, secondary neutron spectra for a
copper target were calculated with the FLUKA code,
and the results are in good agreement with previous
experimental data. We then calculated the secondary
neutron energy spectra and the dose distribution for the
tissue-like target bombarded by carbon ions. The calcu-
lated angular distribution of the neutron dose is in good
agreement with the experimental values measured at the
HIRFL deep tumor treatment room. Finally, the studies
show that secondary neutron energy deposition is much
smaller than the total energy deposition. It is demon-
strated that the neutron energy deposition is not more
than 1% of the carbon ion energy deposition. These data
are very important for accelerator shielding and individ-
ual dose assessment. It is found that the neutrons pro-
duced by the carbon ions do not appear to be a serious
hazard to the patient body in the therapeutic process.
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