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Response functions of a BC501A liquid organic scintillator for neutrons up to 800 MeV have been measured at the
heavy-ion accelerator of the National Institute of Radiological Sciences, Japan. A thick graphite target was bombarded
with 400-MeV /u C ions and 800-MeV /u Si ions to produce high-energy neutrons whose kinetic energy was deter-
mined by the time-of-flight method. The measured response functions were compared with the results obtained using
SCINFUL-QMD code, and the accuracy of the code was experimentally verified up to 800 MeV. This work will con-
tribute to extending the energies measurable with our new radiation dose-monitoring system (DARWIN), which is
based on the BC501A scintillator.
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I. Introduction

High-intensity particle accelerators have been constructed
or planned for frontier research in areas including particle
physics, nuclear engineering, and medical applications.
The Japan Atomic Energy Agency (formerly the Japan
Atomic Energy Research Institute) and the High Energy
Accelerator Research Organization are collaborating to
construct the high-intensity proton accelerator complex
J-PARC." At these facilities, neutrons with a wide energy
distribution are produced through nuclear spallation by the
interactions of high-energy particles with the accelerator
components. The radiation dose outside the shielding is do-
minated by neutrons, and their energies reach several
hundred million electron volts.? Therefore, dose monitoring
of high-energy neutrons is one of the key issues in radiation
protection of workers and the general public.

We have developed a new dose-monitoring system appli-
cable to various types of radiation over a wide energy range
(DARWIN)? for monitoring doses from neutrons, photons,
and muons in the workspaces and surrounding environments
of accelerator facilities. A BC501A liquid organic scintilla-
tor was employed as a radiation detector for neutrons above
1.2MeV as well as for photons and muons in DARWIN,
because this scintillator has a high detection efficiency and
a good capability of distinguishing neutrons and photons.
The neutron dose is assessed from the light output by apply-
ing the G-function® that is derived from a set of the response
functions of the BC501A scintillator and the dose conversion
coefficients. The performance of DARWIN has been verified
in the energy region from thermal to 80 MeV*3") in various
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neutron fields. The upper energy limit is determined by
the available response function for the scintillator using
SCINFUL code,® which evaluates the response function
for neutrons from 0.1 to 80 MeV based on a multibody-
breakup model.

We previously developed Monte-Carlo-based code,
SCINFUL-QMD,>!? that incorporates a quantum molecular
dynamics (QMD) model'" into SCINFUL to allow it to eval-
uate the response functions for higher energy neutrons. This
code is capable of calculating the response for various sizes
of organic scintillator for incident neutron energies up to
3 GeV. Experimental validation of the code is essential when
using the response functions calculated by SCINFUL-QMD
to extend the neutron energies that are measurable using
DARWIN. A few experimental data sets are available for
energies above 80 MeV. For example, Nakao et al.'? meas-
ured the response functions using quasi-monoenergetic
neutron sources, and Sasaki et al.'® measured them with
spallation neutron sources. While these experimental data
are very useful for assessing the capabilities of the code,
the data set of Nakao er al. is limited to neutron energies
up to 206 MeV, and the statistics of the data reported by
Sasaki et al. is quite degraded for higher energy neutrons,
even though they measured up to 800MeV. For these
reasons, the existing experimental data are insufficient for
assessing the accuracy of SCINFUL-QMD for energies over
several hundred million electron volts.

We therefore measured the response functions of the
BC501A scintillator for neutrons up to 800MeV at the
Heavy-Ion Medical Accelerator in Chiba (HIMAC) of the
National Institute of Radiological Sciences (NIRS), Japan.
The experimental data are compared with the predictions
of the SCINFUL-QMD and another Monte-Carlo-based
code, CECIL,'"” which has been widely used to determine
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response function above 100 MeV. By use of SCINFUL-
QMD, we plan to extending the neutron energy measurable
with DARWIN from 80MeV to 1GeV.

II. Experimental Setup

The experiment was performed using the PH2 beam line
at the HIMAC of the NIRS, with the experimental setup
shown in Fig. 1. HIMAC is a heavy ion accelerator complex
(injector linac and two synchrotron rings) that can supply
100 to 800 MeV /u beam of g/A=1/2. 400-MeV /u C ions
and 800-MeV/u Si ions were employed as incident heavy
ions to generate neutrons at a thick graphite target by spalla-
tion reactions. The thicknesses of the targets for the C and Si
ions were 20 and 23 cm, respectively, which ensured that the
primary ions stopped inside them. The target material was
chosen as a compromise between the production rates of
neutrons and other fragments. An NE102A plastic scintilla-
tor (BM) was placed in front of the target to monitor the
heavy-ion beams. The BM was 3cm in diameter, which
was smaller than the front surface of the target to ensure that
all tagged particles subsequently entered into the target. The

BM (NE102A)
Target (Graphite)

Heavy ion

(C, 400 MeV/u;
Si, 800 MeV/u)

Flight path =5.0 m
Veto (NE102A)

I,

BC501A (¢12.4 x 12.7 cm)

Fig. 1 Schematic of the experimental setup
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thickness of BM was 0.5 mm so as to reduce the energy loss
of incident beam inside it.

A cylindrical BC501A liquid organic scintillator with a di-
ameter of 12.4 cm and a thickness of 12.7 cm was positioned
5.0 m downstream of the target and 15° from the beam axis.
Scintillations of the BC501A scintillator are caused by inci-
dent neutrons as well as gamma rays and charged particles,
which hereafter are referred to neutron, gamma-ray, and
charged-particle events, respectively. Since the synchrotron
is operated in a pulse mode (0.3 Hz repetition cycle, where
flat-top period is 1,230 ms) and the beam intensity can be
reduced below 10° particles per second, neutrons emitted
from the target can be individually counted and their kinetic
energies are determined from the time-of-flight (TOF) data
between the BM and the BCS501A scintillator. Another
NEI102A scintillator was mounted in front of the BC501A
scintillator as a veto detector to discriminate the charged-
particle events.

II1. Electronic Circuitry

Data on the pulse height, pulse shape, and flight time were
acquired event by event via an electronic circuit connected
to a personal computer. Figure 2 shows the schematic view
of the circuit, which consisted of NIM and CAMAC mod-
ules. An anode signal from a photomultiplier tube (PMT)
combined with the BC501A scintillator was divided into
two branches. One of them was fed into a constant-fraction
discriminator to generate a logic pulse with a width of 15 ns,
and was sent to a coincidence module. If this pulse reached
the coincidence module when a logic pulse from the BM
with the width of 200 ns was waiting, all the CAMAC mod-
ules were activated to acquire the data. Once the data acquis-
ition was started, the processes for new events were inhibited

————— Scaler (Beam)

In/Out
—E—» TDC Stop
Inhibit
DL Att. ADC (beam) 200§
StanT TStop
VETO ADC (veto) Coin. Output Reg.
-|_|- » Scaler (Event)
15ns 1T 45ns
Fan ADC (fast/veto)
In/Out Gate
Div. ADC (fast) --G 5 'L_[300ns ADC (slow/total)
— Gate
ADC (slow)

Fig. 2 Schematic of the measurement circuitry

ADC (total)

for response function

ADC (Beam)
Gate

Interrupt Reg.

CFD, constant-fraction discriminator; Coin., coincidence module; Output Reg., output register; TDC, time-to-digital
converter; G.G., gate and delay generator; Att., attenuator; Div., divider; DL, Delay module.
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until the computer gave a release signal through an output
register. A time-to-digital converter was used to measure
the TOF that corresponded to the time difference between
the signals from the BM and the BC501A scintillator. In
the present TOF measurements, the delayed signal of the
BM was used as a stop signal.

The other branch from the BC501A scintillator was fur-
ther divided into three, and sent to the charge-sensitive ana-
log-to-digital converters (ADCs). The different gate widths
(i.e., 45ns for a fast gate and 300 ns for the slow and total
gates) were set at the ADCs. The slow gate was delayed
150 ns from the initial timing of the fast one. The ADCs with
the fast and slow gates were used to eliminate the gamma-
ray events with pulse shape discrimination (PSD) by the
two-gate integration method. The response function was
constructed for the ADC data relative to the total gate signal.
In order to obtain the light output spectrum of the veto detec-
tor, signals from the veto detector were fed into one of the
ADCs whose gate width was set at 45 ns.

IV. Data Analysis

1. Charged-particle Exclusion

The charged-particle events were separated from neutron
events using the light output spectrum of the veto detector
as shown in Fig. 3. The gate of the ADC for the veto detec-
tor was opened by a trigger signal from the BC501A scintil-
lator. Even though noncharged particles (i.e., neutrons and
gamma rays) passed through the veto detector without inter-
actions, the data for offset of the ADC was taken as the light
output of the veto detector. Thereby, a sharp peak by
noncharged particles was observed in the low-light-output
region corresponding to the offset level of the ADC. On
the other hand, charged particles caused luminescence in
the veto detector, and they could be successfully distinguish-
ed from those of noncharged particles.

2. Neutron and Gamma-ray Discrimination

A typical result of the PSD using fast and slow gates is
shown in Fig.4. In an organic scintillator such as
BC501A, neutrons and gamma rays are mainly detected as
a result of proton recoil and Compton scattering, respective-
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Fig. 3 Light output spectrum of the veto detector

D. SATOH et al.

1000_....,....]....,...,,
5 800 [ ]
° I Neutron events 1
5 I ]
= 600 - .
3 L i
[7) o 4
< L i
S 400 N .
O L i
D - -
< o500 [ Gamma-ray events anq N

L neutron events producing -
[ an escaping proton i
0 L b L
0 500 1000 1500 2000

ADC with fast gate (ch)

Fig. 4 Result of PSD by the two-gate integration method

ly. Since the energy loss per unit path length (dE/dx) for a
proton is larger than that for an electron, the fluorescent tail
of a neutron event is longer than that of a gamma-ray event.
Hence, the neutron events appear at higher channels than
gamma-ray events on the vertical axis in Fig. 4.

Secondary protons produced inside the scintillator by nu-
clear reactions sometimes escape from the detector wall, and
hence deposit only a part of their energies. The pulse shapes
for escaping protons are similar to those for electrons be-
cause the dE/dx of them are close to electrons. Therefore,
the position of neutron events producing an escaping proton
are shifted into the region of a gamma-ray event, which
makes it difficult to distinguish them. In the present analysis,
the events of escaping protons were eliminated from the neu-
tron events together with the gamma-ray events. For consis-
tency, they were also discriminated in the calculations dis-
cussed in Chap. V.

3. Energy Determination

The kinetic energies of neutrons were determined by the
TOF method. Figure 5 shows the TOF spectrum for the
incidence of 400-MeV/u C ions, where charged-particle
events were excluded. Because the stop signal for the TOF
measurement came from the BM, in the figure the horizontal

r Prompt gamma-ray peak-

T
Ll

Counts

300 400 500 600 700 800 900 10001100
TOF (ch)

Fig. 5 TOF spectrum for neutrons and gamma rays obtained by
the incidence of 400-MeV /u C ions on a graphite target
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Fig. 6 Energy resolution of TOF measurement

axis of the TOF spectra is reversed, and hence the prompt
gamma-ray peak appears in the right-hand portion of the
spectrum. This sharp peak was adopted as a time standard
to convert the TOF to the kinetic energy of a neutron.

The uncertainty of the neutron TOF is dominated by the
time resolution of the neutron detector. The time resolution
of the BC501A scintillator was obtained from FWHM of
the prompt gamma-ray peak, and converted into the energy
resolution by taking into account the uncertainty of the flight
path length. The energy resolution in form of one standard
deviation is shown in Fig. 6. The typical resolution is
3.4% at a neutron energy of 100MeV and 10.3% at 800
MeV.

4. Normalization

In order to determine the absolute value of the response
function, the number of neutrons entering the BC501A scin-
tillator was estimated from the number of detected neutron
events divided by its detection efficiency. In the present anal-
ysis, we calculated the detection efficiencies by use of the
SCINFUL-QMD code. It should be noted that the detection
efficiency is obtained by integrating the response function in
the region above a threshold. Though it is difficult to repro-
duce the complex structure of the response function, the
detection efficiency can be estimated with an acceptable un-
certainty by the code.

To assess the uncertainty caused by this normalization
procedure, the calculated detection efficiencies were com-
pared with the experimental data'>'> obtained by absolute
measurement of the incident neutron fluence. The reported
detection efficiencies were 0.047 and 0.051 for neutrons of
206.8 and 388 MeV, respectively, at a threshold setting of
10MeVee. The corresponding values calculated by SCIN-
FUL-QMD were 0.053 and 0.055. The results of calculation
agreed with those of the experiment within 12%. In this
work, the uncertainty of the number of incident neutrons
was conservatively decided to 15% for energies above
100 MeV. 1617

The data from the ADC in units of channels were convert-
ed to light output in units of equivalent-electron energy
(MeVee). Gamma rays from %Co and ' Am-Be reference
sources were used to determine the calibration points in
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Fig. 7 Measured response function of a BC501A liquid organic
scintillator for neutrons of 190-210 MeV
Other experimental data obtained by Nakao et al.'? and
Sasaki et al.'¥ were for neutrons of 205.8-207.8 and 180-
260 MeV, respectively. The calculation by SCINFUL-QMD
was performed for incident neutrons of 200 MeV.

low-light-output region. In higher light-output region, the
calibration was carried out with spallation protons produced
inside the target by heavy-ion bombardment. The kinetic
energies of the protons were determined from TOF data
considering their energy losses during the flight.

V. Results and Discussion

We first examine the validity of our experimental proce-
dure by comparing with other experimental data around
200 MeV, and then show the experimental data in the region
of neutrons up to 800 MeV, for which there are no previously
available data to test the capability of the code.

The measured response function for neutrons of 190-
210MeV is presented in Fig. 7 together with experimental
data obtained by Nakao et al.'” and Sasaki et al.'® for
similar neutron energies. The result of SCINFUL-QMD is
also depicted in the figure. The threshold was set at the
relatively high level of 20 MeVee because the main purpose
of the experiment was to measure neutrons in the high-light-
output region. The error bars (equal to one standard devia-
tion) reflect both statistical uncertainties and ambiguities in
the number of incident neutrons (15%). The results calculat-
ed using SCINFUL-QMD were smeared by a Gaussian
function in accordance with the light-output resolution. As
mentioned above, the neutron events producing the escaping
proton were excluded from the response function in both the
experiments and calculations.

The results of the present experiment shown in Fig. 7
agree with other experimental data quite well in both of
the shape and absolute magnitude, especially below 100
MeVee within the error bars. This good agreement indicates
that our experimental procedure was appropriate. In the
comparison between measured and calculated results,
SCINFUL-QMD generally reproduces the experimental data
well. The agreement is also satisfactory in the low-light-
output region, which corresponds to the data of Sasaki et al.
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Fig. 8 Response functions for neutrons of 200, 300, and 400 MeV
compared with the SCINFUL-QMD and CECIL calculations
The bin width of incident-neutron energies for the experi-
mental data was £10MeV (e.g., 290-310MeV for the result
of 300 MeV). Monoenergetic neutrons were used in the calcula-
tions.
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Fig. 9 Response functions for neutrons of 500, 625, and 800 MeV
compared with the SCINFUL-QMD and CECIL calculations
The bin width of incident-neutron energies for the experimen-
tal data was =10 MeV (except for 800-MeV neutrons, its width
was 750-810MeV). Monoenergetic neutrons were used in the
calculations.

Figures 8 and 9 show response functions for neutrons
from 200 to 800 MeV together with the results calculated
using SCINFUL-QMD and CECIL.' The bin widths for
the energies of incident neutrons for the experimental
data were =10 MeV, except for the 800 MeV data (for which
a larger bin width was applied in order to accumulate suffi-
cient statistical data). These two figures indicate that the

D. SATOH et al.

results of SCINFUL-QMD agree with the experimental
data very well at all incident-neutron energies, whereas
CECIL fails to reproduce the experimental results. This dis-
crepancy is attributable to the simplified treatment of nuclear
reactions and particle transport in CECIL. The data of
reaction cross sections employed in CECIL are constant
above a few hundred million electron volts. Furthermore,
protons and alpha particles are the only charged particles
considered in the transport and energy deposition processes.
The spallation reaction inside the scintillator triggered by the
incidence of high-energy neutron is very complex and
produces many types of charged particles, including pions.
SCINFUL-QMD is able to simulate these reactions more
realistically due to its incorporation of a more sophisticated
model >0

These results indicate that SCINFUL-QMD is the most
suitable code for calculating the response function at ener-
gies above several hundred million electron volts. Indeed,
the results calculated using SCINFUL-QMD are acceptable
for evaluating the G-function up to 1GeV. However, the
values from SCINFUL-QMD are generally larger than the
experimental data at the high-light-output region (above
130 MeVee) in Figs. 8 and 9, with the discrepancy increas-
ing with the incident-neutron energy (becoming twofold at
800 MeV). This problem is attributable to the ambiguity of
the light-output database installed in SCINFUL-QMD,
which could be solved by updating it.

VI. Conclusion

The response functions of a BC501A liquid organic scin-
tillator have been measured for incident neutrons up to
800 MeV at the Heavy-lon Medical Accelerator in Chiba
(HIMAC) of the National Institute of Radiological Science
(NIRS). The experimental data were used to validate the re-
sults of the Monte-Carlo-based simulation code SCINFUL-
QMD. SCINFUL-QMD generally reproduced the experi-
mental data very well at all incident-neutron energies. A
slight overestimation was evident in the high-light-output
region, although its contribution to the total response was
relatively small. To solve this discrepancy, we will improve
the code by obtaining the systematic light-output data for
various charged particles.

The present study has experimentally verified the accura-
cy of SCINFUL-QMD up to 800 MeV. Evaluating the G-
function on the basis of SCINFUL-QMD will extend the
neutron energies measurable using DARWIN.
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