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Background: Carbon ion therapy has achieved satisfactory results. However, patients have a
risk to get a secondary cancer. In order to estimate the risk, it is essential to understand particle
transportation and nuclear reactions in the patients body. The particle transport Monte Carlo
simulation code is a useful tool to understand them. Since the code validation for heavy ion in-
cident reactions is not enough, the experimental data of the elementary reaction processes are

needed.

Materials and Methods: We measured neutron production double-differential cross-sections
(DDXs) on a carbon bombarded with 430 MeV/nucleon carbon beam at PH2 beam line of HI-
MAC facility in NIRS. Neutrons produced in the target were measured with NE213 liquid or-
ganic scintillators located at six angles of 15, 30, 45, 60, 75, and 90°.

Results and Discussion: Neutron production double-differential cross-sections for carbon
bombarded with 430 MeV/nucleon carbon ions were measured by the time-of-flight method
with NE213 liquid organic scintillators at six angles of 15, 30, 45, 60, 75, and 90°. The cross
sections were obtained from 1 MeV to several hundred MeV. The experimental data were com-
pared with calculated results obtained by Monte Carlo simulation codes PHITS, Geant4, and
FLUKA.

Conclusion: PHITS was able to reproduce neutron production for elementary processes of
carbon-carbon reaction precisely the best of three codes.

Keywords: Carbon ion therapy, Neutron DDX, PHITS, Geant4, FLUKA

Introduction

Carbon ion therapy has achieved satisfactory results because of the advantages of
high curability and minimally invasiveness. In National Institute of Radiological Scienc-
es (NIRS), the number of patients receiving carbon ion therapy from June 1994 to March
2014 was 8227.Y However, patients have a risk to get a secondary cancer. As a specific
example, there was a report that lifetime cancer risk due to secondary neutrons in the
proton therapy was 5-10% [1]. In order to estimate the risk precisely, it is essential to un-

" http://www.nirs.go.jp/hospital/result/pdf/2014_03.pdf.
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derstand particle transportation and nuclear reactions in a
patient’s body. The particle transport Monte Carlo simulation
code is a useful tool to understand them. Since the code vali-
dation for heavy ion incident reactions is not enough, the ex-
perimental data of the elementary reaction processes as neu-
tron production cross section are needed.

We previously measured neutron production double-dif-
ferential cross-sections (DDXs) on a carbon bombarded with
290 MeV/nucleon carbon ions and confirmed that the Mon-
te-Carlo simulation code PHITS [2] reproduced the experi-
mental data [3]. In this article, we report the neutron produc-
tion DDXs on a carbon bombarded with 430 MeV/nucleon
carbon ions which is the maximum energy beam used in the
therapy. Then, the experimental DDXs were compared with
calculated DDXs by Monte Carlo simulation codes as PHITS,
Geant4 [4], and FLUKA [5].

Materials and Methods

1. Experiment

The experiment was performed at PH2 beam line of HI-
MAC facility in NIRS. The experimental set-up is shown on
Figure 1.

The 430 MeV/nucleon carbon beam was irradiated on a 5
cm x5 cm x 1 cm graphite target rotated 45° to the beam axis
in order to reduce multiple scattering neutrons emitted in
the direction of 90°.

A 0.5 mm thick NE102A plastic scintillator (Beam pick up
detector) was placed in front of the target to monitor beam
intensity. The beam intensity was set to around 10° particles
per spill to reduce the beam signal pile-up. Neutrons pro-
duced in the target were measured with two sizes of NE213
liquid organic scintillators located at six angles of 15, 30, 45,
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Fig. 1. The experimental set-up at PH2 beam line of HIMAC facility
in NIRS.
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60, 75, and 90°. The 5.08 cm long one (Small neutron detec-
tor) was used to obtain the neutron spectra from 1 MeV to 10
MeV and the 12.7 cm long one (Large neutron detector) was
used above 5 MeV. To determine signal bias level, light out-
puts of the neutron detectors were calibrated with y-ray
sources as *!Am, **Ba, ¥Cs, %°Co, and *’Am-Be. The 2 mm
thick NE102A scintillators (Veto detector) to discriminate
charged particles were set in front of the neutron detectors.

Kinetic energies of neutrons were determined by the time-
of-flight (TOF) method. The flight path lengths from the tar-
get were set to 1.0-2.5 m for neutron small detectors and 1.6-
3.9 m for neutron large detectors.

Background neutrons were estimated by a measurement
with iron shadow bars between the target and the neutron
detectors (measurement B). Neutrons emitted from the tar-
get to the neutron detectors directly were obtained by sub-
tracting neutrons for the measurement B from neutrons for a
measurement without iron shadow bars (measurement A).

An electronic circuit for data acquisition consisted of NIM
and CAMAC modules. The light output of the neutron detec-
tor was registered with analog-to-digital converter (ADC)
and the time difference between the signal of the neutron
detector and the signal of the beam pick up detector was reg-
istered with time-to-digital converter (TDC).

2. Analysis
1) Determination of neutron kinetic energy

Figure 2 shows the inverse TOF spectrum for the large
neutron detector at 15°. TDC of the horizontal axis is the time
difference between the start signal of the neutron detector
and the stop signal of the beam pick up detector. The peak
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Fig. 2. Inverse TOF spectrum for the large neutron detector at 15°.
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Light output spectrum for the veto detector.

corresponding to the prompt y-ray events appears at 3140
ch. The neutron kinetic energy E. was determined by using
the following formula:

2
m,c 5

E, = —m,c

1 () @

where m, is the rest mass of neutron, L is distance from the

target to the neutron detector, c is velocity of light and £.., is
difference of flight time between the prompt y-ray peak and
the neutron.

2) Extraction of neutron events

In Figure 2, not only neutron events but also y-ray and
charged particle ones are included.

Non-charged particle events as neutrons and y-rays were
extracted by using the light output spectrum of the veto de-
tector in Figure 3. The detector signals come from energy de-
position of charged particles via the Coulomb interaction.
Non-charged particles do not deposit their energy in the veto
detector because the detector is so thin that they are not able
to cause nuclear reactions. Therefore, non-charged particle
events were registered as offset values. The events below 125
channels were extracted as non-charged particle events.

Neutron events were extracted by using the two-gate inte-
gration method [6]. In Figure 4, the horizontal axis of the his-
togram as ADC total is the integrated value of the signal for
the neutron detector and the vertical axis of the histogram as
ADC slow is the integrated value of the delayed part of the
signal for the neutron detector. In the neutron detector, the

346 www.jrpr.org
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rate of the delayed part of the signal for neutron is larger than
that for y-ray. The events painted red in Figure 4 were ex-
tracted as neutron events.

3) Estimation of neutron detection efficiency

Neutron detection efficiency of the neutron detector was
estimated by using SCINFUL-QMD code [7, 8]. This code
can calculate light output response function of a liquid or-
ganic scintillator for neutron energies up to 3 GeV and detec-
tion efficiency is obtained by integrating the response func-
tion above a bias level. For neutron below 150 MeV, 11 initial
reaction channels are prepared. For neutron above 150 MeV,
proton, and pion, the quantum molecular dynamics incor-
porated with the statistical decay model (QMD+SDM) is
used. The bias level for determining the detection efficiency
was a light output (MeVee) corresponding to a minimum
ADC total channel of the neutron events in Figure 4. In this
analysis, the bias level for the small neutron detector was set
to 0.073 MeVee and that for the large neutron detector was
set to 1.041 MeVee. Figure 5 shows the neutron detection ef-
ficiencies for small and large neutron detectors.

4) Derivation of neutron production DDX
Neutron production DDX was derived from the following
formula:

No(E) f

2
Nion p €(E) AE AQ @

d%c
agan ) =

where Ny(E) is the number of detected neutrons, N is the
number of carbon beam, p is the surface density of the target,
&(E) is the neutron detection efficiency, AE is the energy bin

https://doi.org/10.14407/jrpr.2016.41.4.344



Measurement of Neutron Production Cross-sections

0.45

__Small neutron detector
Bias level=0.073MeVee

Large neutron detector

Bias level=1.041MeVee

Yy

o
¢ ¢ o
]

T T T T [T [ T [ T T T

Neutron Detection Efficienc

P Ll
1 10 102

Neutron Energy [MeV]

Fig. 5. Neutron detection efficiencies for small and large neutron
detectors calculated by SCINFUL-QMD code.
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Fig. 6. Neutron production DDXs at 30°.

width, AQ is the solid angle for each neutron detector, and f
is a factor which corrects data acquisition and Nio.

In this analysis, experimental DDX (DDXex,) was obtained
by subtracting results for the measurement B from results for
the measurement A. DDX.x, obtained by the small neutron
detector was adopted below 5 MeV and DDX., obtained by
the large neutron detector was adopted above 5 MeV.

In this experiment, the carbon target was 1 cm thick and
much thicker than ideal target for DDX measurement. In this
analysis, an effect of multiple scattering in the target was esti-
mated by using the simulation code PHITS. DDX was ob-
tained by multiplying the DDX.y, by the ratio of DDX calcu-
lated with 0.01 x 0.01 x 0.01 cm target to DDX calculated with
5x5x 1 cm target rotated 45° to the beam axis.

https://doi.org/10.14407/jrpr.2016.41.4.344
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Fig. 7. Neutron production DDXs at 15, 30, 45, 60, 75, and 90°after
the multiple scattering correction.

3. Simulation

Neutron production DDX was calculated with Monte Car-
lo simulation codes PHITS, Geant4, and FLUKA to estimate
the accuracy of these codes. The versions of these codes are
PHITS 2.81, Geant4 10.1, and FLUKA 2011.2c.0 respectively.
A 0.01x0.01x0.01 cm carbon target was irradiated with 430
MeV/nucleon carbon beam. To shorten calculation time,
ring neutron detectors were adopted [3]. For Nucleus-Nucle-
us collision models, PHITS, Geant4, and FLUKA adopt
JQMD, G4QMD, and RQMD, respectively. For total cross
sections for Nucleus-Nucleus collision, we used KUROTAMA
model [9], Glauber model with Gribov corrections [10], and
default model for PHITS, Geant4, and FLUKA, respectively.

Results and Discussion

Figure 6 shows the experimental results at 30° compared
with the data of 400 MeV/nucleon carbon ions incident on
carbon measured by Iwata et al. [11]. They show an agree-
ment within a factor of 1.3 in the energy region above 10 MeV.

Figure 7 shows neutron production DDXs for carbon bom-
barded with 430 MeV/nucleon carbon ions obtained at six
angles of 15, 30, 45, 60, 75, and 90° after the multiple scatter-
ing correction. Furthermore, DDXs calculated with PHITS,
Geant4, and FLUKA are shown with the experimental data.
The experimental data below 3 MeV for 15° and 45° were not
smooth because the ratio of background neutrons to fore-
ground neutrons was large. These codes reproduce the ex-
perimental data in the whole energy.

Figure 8 shows neutron angular distributions obtained by
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Fig. 8. Neutron angular distributions from 1 MeV to 20 MeV calcu-
lated with PHITS, Geant4, and FLUKA, normalized by experimental
data.

integrating calculated DDXs from 1 MeV to 20 MeV normal-
ized by the experimental data. Neutrons from 1 MeV to 20
MeV are produced by both QMD and evaporation process.
Both PHITS and FLUKA reproduce shape of angular distri-
butions and absolute values well. Geant4 overestimates the
experimental data as an angle against the beam axis be-
comes larger.

Figure 9 shows neutron angular distributions obtained by
integrating calculated DDXs from 20 MeV to 1 GeV normal-
ized by the experimental data. The majority of neutrons from
20 MeV to 1 GeV are produced by QMD process. PHITS re-
produces shape of angular distributions and absolute values
well. FLUKA does not reproduce shape of angular distribu-
tions and overestimates absolute values. In particular, FLU-
KA overestimates experimental result 1.9 times at 15°. Ge-
ant4 does not reproduce shape of angular distributions.

Conclusion

Neutron production DDXs for carbon bombarded with
430 MeV/nucleon carbon ions were measured at PH2 beam
line of HIMAC facility in NIRS. We obtained the DDXs above
1MeV at six angles of 15, 30, 45, 60, 75, and 90°. The DDXs
were compared with DDXs calculated with Monte Carlo
simulation codes as PHITS, Geant4, and FLUKA. PHITS re-
produced the experimental DDXs the best of three codes.

We confirmed PHITS code was able to reproduce neutron
production for elementary processes of carbon-carbon reac-
tion precisely. We hope estimation of lifetime cancer risk due

348 www.jrpr.org
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Fig. 9. Neutron angular distributions from 20 MeV to 1 GeV calcu-
lated with PHITS, Geant4, and FLUKA normalized by experimental
data.

to secondary neutrons in the carbon therapy by using Monte
Carlo simulation codes will come true.
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