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Abstract

Neutron response functions of 12.7 cm diameter by 12.7 cm long BC501A organic liquid scintillator have been measured
for energy range up to 135 MeV continuously with the TOF method. The measured response functions were compared with
Monte Carlo calculations using some codes which are widely used. The comparison showed good agreement below 20 MeV,
but some discrepancy above 20 MeV, owing to the inaccurate cross sections of carbon reactions and light yields of produced
charged particles. Finally, the new response matrix which covered from 0 to 120 MeV based on the measured data was

constructed by the help of calculation data.

1. Introduction

Accelerators have recently been used not only for
nuclear physics and material science but also for industrial
and medical uses. The number of more intense and higher
energy accelerators is therefore increasing, which increases
the importance of studies on shielding design and experi-
ments of high energy neutron shielding. Organic liquid
scintillators such as NE213 and BC501A are widely used
for spectroscopy of high energy neutrons because of high
detection efficiency, good n—y discrimination capability,
comparably good resolution and fast decay time of the
scintillation.

The scintillation light outputs measured with the scintil-
lator are converted into neutron energy spectra using the
time of flight (TOF) method or unfolding method, which
requires the response functions of the scintillator. Espe-
cially, for unfolding method the response functions have to
be given with good accuracy to avoid the nonphysical
oscillation or distortion of the unfolded spectra.

Lots of experimental studies on neutron detection effi-
ciencies and charged particle light yields in the hydrocar-
bon scintillators have been done for a long time, and the
reproductions for the distributions of differential light out-
puts from the scintillators have been calculated using the
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Monte Carlo method. A couple of Monte Carlo codes,
such as O5S [1] and SCINFUL (2] which were developed
in ORNL, and CECIL revised by Cecil et al. [3] from the
Stanton code [4], and RESU by Uwamino et al. [5], are
widely used to calculate the neutron response functions.
These codes indicated that all of them pretty well repro-
duce the light distributions, that is response functions, for
less than about 20 MeV neutrons, however, for higher
neutron energy have large discrepancies from the mea-
sured distributions owing to the complexity of carbon
reactions and inaccurate light yields of charged particles in
the scintillator. It is then necessary to get experimental
response functions in good accuracy for spectrum unfold-
ing.

Several experimental results of neutron response func-
tions above 20 MeV for organic liquid scintillators have
been reported [5-8), but in this study we have measured
the response functions of BC501A to neutrons of 5 to 135
MeV energies in good accuracy by using the TOF method
in three cyclotron facilities. The response functions were
given in a matrix form for general use.

2. Measurement
2.1. Detector

The detector calibrated in this work is cylindrical or-
ganic liquid scintillator of 12.7 cm diam by 12.7 cm long
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Fig. 1. Circuit of the R4144 photomultiplier base connected to BC501A scintillator.

BC501A (BICRON Co. Ltd.). The density and the compo-
sition of the scintillator are 0.874 g/cm® and CH, ,,,
respectively.

This scintiiiator is coupied to a R4144 photomuitiplier
connected to E1458 base (Hamamatsu Photonics. Co. Ltd.)
which is designed to expand the dynamic range of output
pulses for high energy neutron measurements, as shown in
Fig. 1.

The detector size which stops the recoil proton up to
about 120 MeV was selected in order to be able to detect

as hmhpr energy neutrons as nossible with keenino a good

IEEACT CRCIEY HNLUIONS as POSSIDIC 11 XeepIing a4 good

n—vy pulse- shape dlscrlmlnatlon capability.

2.2. Neutron sources

The neutron response functions of the scintillator were
measured in three cyclotron facilities, Cyclotron and Ra-

dioisotope Center (CYRIC) in Tohoku University, Takasaki
Ion Accelerator for Advanced Radiation Application Facil-
ity (TTARA) in Japan Atomic Energy Research Institute,
and Institute of Physical and Chemical Research (RIKEN),
under the six projectile—target combinations, which are
listed in Table 1.

For the top five experiments, white spectral neutrons
were generated from these targets which were thick enough
to stop accelerated particles, and the last experiment used
quasi-monoenergetic neutrons produced from thin Li tar-
get. The light output distributions of the scintillator to

neutrons in wide energy range were measured by grouping
white spectral neutrons into monoenergetic interval with
the TOF method. The neutrons generated at 0° were used
in all measurements. These neutron spectra are shown in
Tiog 2 A Tha datantinn afficianniac far tha TNLD
1 lso. ~ W, 111V UvivLLIULL VildviGVIGALD 1V uiv AL
measurements were obtained from the response matrix of
the final results in this work.

Table 1

Projectile—target combinations which generated source neutrons

Facility Praisctile annn{ (ﬂ“r‘ltnpac rmm“ Renetition rate Elioht nath [l
Facility Projectile Target (thickness [mm Repetiti light path [m]
CYRIC 35 MeV-p* ®Be (10) 4252 ns 11.56

CYRIC 50 MeV-"He2* °Be (10) 404.6 ns 11.47

CYRIC 65 MeV-"He?* °Be (10) 400.8 ns 10.57

TIARA 67 MeV-p* Cu (7.6) 317.1ns 13.47

RIKEN 135 MeV-p* SRe (70 + € (20) 40 us 13.17

RIKEN 135 MeV-p* "Li (5) 40 ps 13.17
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Fig. 2. Source neutron spectra at 0° used for response function
measurements in CYRIC.

In order to measure the response functions down to a
few MeV neutron energy, the repetition rate of the projec-
tile beam in these measurements was reduced to be longer
than a few hundreds ns by chopper. These repeated experi-
ments were used to check the reproducibility and the
accuracy of the obtained results.

2.3. Experimental setup

These measurements were done under the geometry
that the detector was located on the neutron beam line
downstream from the target. The flight paths in each
measurement are also shown in Table 1.

Fig. 5 shows the experimental arrangement at the TOF
facility of CYRIC. Protons accelerated to 35 MeV and
He2* ions accelerated to 50 and 65 MeV were injected
into a 10 mm thick °Be target. Although the accelerated
ions were fully stopped in the target, the charged particles
generated in the target, for example, protons from °Be(*He,
p) teaction, passed through the target and the 10 mm thick
aluminium Faraday cup placed behind the target. Only in
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Fig. 3. Source neutron spectra at 0° used for response function
measurements in TIARA.

10° T T
[ ]
—_ F memer e <4
= [ e T ]
2 b e e ]
= 135MeV-p on "Be(70mm)+C(20mm) A |
b 3
=2
Tl-
w
&
g 10 i
§ ; 135MeV-p on ™Li(5mm) i 3
E | H
107 1 1 1 I J | P | n 1 { J S ll
0 20 40 60 80 100 120 140

Neutron energy [MeV]

Fig. 4. Source neutron spectra at 0° used for response function
measurements in RIKEN.

the 65 MeV *He2* beam run, another 5 mm thick Al plate
to absorb these charged particles was attached just behind
the Faraday cup. The neutrons generated at 0° were trans-
ported into the TOF room through first and second colli-
mators shown in Fig. S, and were detected by the scintilla-
tor.

Fig. 6 shows the experimental arrangement at the AVF
cyclotron facility of TIARA. In TIARA, 67 MeV proton
beam was injected into the 7.6 mm thick copper target to
produce white spectral neutrons. The charged particles
produced in the target were bent down to the beam dump
by the clearing magnet. The neutrons emitted in the for-
ward direction were extracted into the experimental room
through the cylindrical iron collimator of 10.9 cm diameter
and 220 cm length.

Fig. 7 shows the experimental arrangement at the ring
cyclotron of RIKEN. In RIKEN, HY ion beam of 135
MeV /nucleon energy was injected into the Be (70 mm
thick) + C (20 mm thick) target to produce white spectral
neutrons and the 5 mm thick natural Li target to produce

5th target room TOF
room
first second
collimator collimator
concrete 100cm-wide
faraday cup S0cm-gh
(10mm thick Al) H .
9Be B 20cm-wide i 30cm-wide
; 8 em-high i 20cmhigh detector
LN \\ ;
\ f’“‘r \\ iron m polyethylene
| i i
B neutron 3 * .
accelerated (0 deg.) 30em 30em
particle;
(p*or *He™)
1.62m |1.0m | 5.25m 2.83m
o\

N

flight path

Fig. 5. Experimental setup in CYRIC.
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Fig. 6. Experimental setup in TIARA.

quasi-monoenergetic neutrons. The charged particles which
penetrated the thin target or produced in the target were
transported to the beam dump by the dipole bending
magnet. The neutrons emitted in the forward direction
were measured with the detector through the collimator of
20 cm X 20 cm aperture and 120 cm length.

2.4. Measuring circuit

Fig. 8 illustrates the block diagram of the measuring
circuits in the CYRIC experiment as an example. At
TIARA and RIKEN, the similar circuits were used for
neutron TOF measurements. The output pulses from the
dynode were amplified through a delay-line amplifier and
divided into two; one was fed to a delay amplifier to
supply light output (energy proportional) pulses and the

TOP VIEW

dipale magnet

beam stopper
iﬁ'“’"ﬁ - Q::ﬁl:
detector dipole magnet

Be + C target

SIDE VIEW

acry} window (3cm-thick)

2zem-wide colhmator

quadmpolc magnet
| } Be + C target

deteclor

150cm

-

i chamber
700cm :

BC501A

chopper
trigger

busy

signal  START
L_GG VETO

STOP |
x| o e o | %

£ 2 % sjit LIGHT RISE

Ty ° 2 Sya OUTPUT | TIME

ADC
CAMAC
. magnetic
PDP data taking system tape

Fig. 8. Block diagram of measuring circuits. PA: preamplifier,
DLA: delay line amplifier, DA: delay amplifier, RHC: rise time-
to-height converter, CFD: constant fraction discriminator, GG:
gate generator, TDC: time-to-digital converter, ADC: analog-to-
digital converter.

other fed to a rise time-to-height converter to supply rise
time pulses which were used for n—y pulse shape discrimi-
nation. The fast output pulses from the anode were used as
the start signal to get the TOF outputs by combining the
chopped trigger signal from the cyclotron as the stop
signal. These three pulses were recorded in the list mode
of the CAMAC system.

3. Analysis
3.1. Time resolution

The TOF spectrum was converted to the energy spec-
trum. Time resolutions of the TOF measurements were
determined from the FWHM of y-ray peak (AT,) flashed
from the target and are shown as 1.22 to 1.78 ns in Table
2.

Table 2
Time resolution estimated from FWHM of vy-ray peak flashed
from the target in the TOF measurements

flight path 13.17 m

Fig. 7. Experimental setup in RIKEN.

Measurement Time resolution AT, [ns]
CYRIC 35 MeV g) 1.22
CYRIC 50 MeV He 1.25
CYRIC 65MeV  ‘He 122
TIARA 67 MeV ] 1.78
RIKEN 135MeV  p 1.55
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Fig. 9. Neutron energy resolution estimated from the time resolu-
tion.

Neutron energy resolutions A E, shown in Fig. 9, were
estimated by using the following formula as a function of
neutron energy E,

AE(E)
B(E)

=(E 0c2 S E—
(E+ M) 5k

Light output [ch]

S(EREC

L T(E)
=(E+MOCZ)M—.,
1-B(E)
AT, \* (AT(E)\’
) +( 7(E) ) | M

where M, is the neutron rest mass, ¢ the light velocity,
B(E) the ratio of neutron velocity to light velocity, L the
flight path and T(E) the neutron flight time. AT(E) is the
correction of time resolution difference between neutrons
and vy-rays coming from the detector thickness D, which is
given by,

AT, =3D/(c—v(E)), @)

where v(E) is the neutron velocity of energy E. The
energy resolution increases with neutron energy to be 5.6
MeV for 132.5 MeV neutrons.

Fig. 10 shows the two-dimensional distribution of light
output and rise time for 29-30 MeV neutrons, as an
example. The components of charged particles, that is
electrons, protons, deuterons and alpha particles, produced
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Fig. 10. Two-dimensional view of rise time versus light output in response function measurement gated for 29-30 MeV neutron. The right
hand of the figure is the cross-sectional view of rise time distribution at several light output channels.
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in the scintillator can be roughly distinguished in the order
of rise time. In the right-hand side of Fig. 10, the cross-
sectional view of rise time distribution at several light
output channels (indicated in Fig. 10) are shown for clear
identification of charged particles.

After eliminating electron pulses generated from y-rays
in the two-dimensional light output versus rise time distri-
butions, we selected neutron event data by summing up all
other charged particle pulses, and sampled into neutron
energy interval which was determined from the neutron
TOF measurement. The energy interval widths were fixed
to be 1, 2, 4, 5 MeV for neutron energy range from 0 to
44, 44 to0 70, 70 to 90, 90 to 130 MeV, respectively, so as
to be wider than that of energy resolution shown in Fig. 9.
We finally obtained the neutron response functions of the
scintillator in the neutron energy range up to 120 MeV.

3.2. Energy calibration

The energy calibration was made in all measurements
to convert light outputs into MeV electron equivalent
(MeVee) by using the Compton edges of the respective
1.25 and 4.43 MeV vy-rays from %0Co and 241Am—Be, and
a pulser was used to define the pulse height channel for the
zero-point of light output.

Since the calibration using only <y-ray sources intro-
duced a large error of the calibration for high energy
neutron pulses, the recoil proton edges of the response
functions obtained above were used for the calibration of
proton energy up to 40 MeV. In this process, the proton
light yield data by Shin et al. [9] were used, because below
40 MeV proton energy, proton light output curve ex-
pressed by Birks’ formula [10} well represents the experi-
mental data [5,6].

4. Monte Carlo calculation

In order to compare with the experimental results,
calculations of response functions were carried out with
three Monte Carlo codes which are widely used. One is the
SCINFUL code [2] developed by Dickens. The upper limit
of neutron energy which can be calculated in this code is
80 MeV. Second is the RESU code [5] developed by
Uwamino et al., which can calculate the response functions
for neutron energy range up to 100 MeV. Those upper
energy limits depend on the available and reliable limits of
the cross section and light yield data. The third code,
CECIL is of Cecil et al. [3], which was modified from
Stanton code [4]. This code which can calculate the re-
sponse function up to several GeV neutrons is especially
used for calculation of high energy neutron detection
efficiency in TOF measurements.

The results of these three codes are expressed as differ-
ent light output unit. Since MeV electron equivalent
(MeVee) is widely used as the unit of scintillator light

output, Na unit and Co unit which are used in SCINFUL
and RESU codes were converted to 1.25 [6] and 1.27
MeVee [9], respectively.

As the absolute values of light outputs, that is response
functions, could not be obtained with the measurements,
the measured data were normalized to the corresponding
calculated values around the upper plateau edge of the
response function, where the neutron reaction in the detec-
tor is dominantly the H(n, n) reaction. This normalization
can be justified, since the calculated response functions in
this high energy end are considered to have good accuracy
due to well evaluated H(n, n) cross section values.

In the neutron energy higher than 100 MeV, however,
the calculation of response function becomes complicated
from the lack of cross section and light yield data, from the
difficulty of modeling for various reactions, and from the
increasing leakage of the produced charged particles and
so on. We therefore developed a simple Monte Carlo code
which can estimate the response functions around upper
proton edges by considering only the light output from
protons recoiled by H(n, n) reaction. The response func-
tion values around the upper recoil proton edge can accu-
rately estimate only from total cross section of hydrogen,
total and elastic cross sections of carbon determining the
reaction probability because all nonelastic reactions of
carbon have negative Q-values and the maximum light
yield corresponding to the nonelastic reaction is 4.43 MeV
less than that of recoil proton.

The cross section data used in our Monte Carlo calcula-
tion are shown in Table 3. The ENDF/B-VI [11] and
Guerra’s compiled data [12] were used for neutron energy
range up to 100 MeV, and the eye guides of the cross
section curve in Ref. [13] were used for 100 to 200 MeV.
The elastic cross sections of carbon in this energy range
were obtained by subtracting nonelastic cross sections
from the total ones.

The angular distribution of elastic scattering in our
code was expressed by the Legendre expansion using
coefficients of 16 order from ENDF /B-VI [11] which was
compiled up to 100 and 32 MeV in the center-of-mass

Table 3
Microscopic cross section data used for our Monte Carlo code
Cross section Energy range [MeV] Reference
H total ~ 100 ENDF/B-VI[11]
100~ 200 Ref. [13]
~32 ENDF/B-VI{11]
2¢ total 32~ 100 Guerra’s data [12]
100~ 200 Ref. [13]
~32 ENDF/B-VI{11]
12 elastic 32~100 Guerra’s data [12]
100 ~ 200 Ref. [13]*

* Obtained by subtracting nonelastic cross sections from the total
ones.
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Fig. 11. Measured response functions of BC501A for 19-20 MeV
neutron, compared with the calculated results.

system for hydrogen and carbon, respectively. The data for
higher energy neutrons were approximated to be the same
as those obtained for maximum energy of compiled data.
The light yield data of the BC501A scintillator for proton
was estimated from the measured light yield described
later. The proton range in the BC501A scintillator calcu-
lated with the SPAR code [14] was used in the Monte
Carlo calculation. In the program, reaction processes were
determined by the relativistic kinematics, and the history
was terminated when neutrons escaped the detector, neu-
irons had an energy less than cut-off energy, or the
nonelastic scattering occurred.

5. Results and discussion

5.1, Comparison of measured and calculated response
functions

Figs. 11 to 18 show the measured response functions
for 19-20, 29-30, 48-50, 68-70, 95-100, 115-120,

T T
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Fig. 12. Measured response functions of BC501A for 29-30 MeV
neutron, compared with the calculated results.
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Fig. 13. Measured response functions of BC501A for 48-50 MeV

neutron, compared with the calculated results.
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Fig. 14. Measured response functions of BC501A for 68-70 MeV
neutron, compared with the calculated results.
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Fig. 15. Measured response functions of BCS01A for 95-100
MeV neutron, compared with the calculated results.

120-125 and 132.5 MeV neutrons, respectively, compar-
ing with the calculated response functions. As seen in the
figures, the measured results for each neutron energy
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Fig. 18. Measured response functions of BC501A for 132.5 MeV
neutron, compared with the calculated results.

90

interval which were obtained by the five kinds of white
enectral nantrons at CYRIC. TIARA and RIKEN listed in

DPUUUHI HOULIUID at O 1 ANy LI G ANIEs 2 Y 1igiwis
Table 1, show extremely good agreement. The absolute
values of measured results are obtained by normalization
as described in Section 6.

Below 20 MeV, calculated results with three Monte
Carlo codes are all in good agreement with the measured
results, except a small difference in the upper recoil proton
edge.

In the response function for 29-30 MeV neutron shown
in Fig. 12, a small discrepancy between measurement and
calculation is also found in the middle of the light output
distribution. This discrepancy becomes larger for 48-50
and 68-70 MeV neutrons in Figs. 13 and 14, and this
middle part tends to have a sharp peak in both calculation
and measurement. The results calculated with the CECIL
code have a higher efficiency around the upper recoil
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Fig. 19. Summation and components of the light output distributions of charged particles produced from several neutron reactions in the
scintillator for 29-30 MeV neutron. Left: total and deuteron component of measured data. Right: calculated with SCINFIL.
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proton edge than with the other two codes. Only the
SCINFUL calculation gives the middle peak, but the peak
position is different from that of the measured results. This
middle peak is clearly due to the deuteron component
produced in the detector as seen in Fig. 10. The light
output distribution due to deuterons was obtained by se-
lecting this deuteron component region from Fig. 10, and
is shown in Figs. 19 and 20, comparing with the light
output distributions of charged particle components pro-
duced from several neutron reactions in the scintillator
calculated with the SCINFUL code which can treat the
"2C(n, d) reaction. These figures reveal that the middle
peaks are due to deuterons, and that the estimation of
deuteron light yield is inaccurate in the SCINFUL code.
The other two codes cannot treat the 12C(n, d) reaction,
therefore the middle peak could not be represented in this
calculation.

On the other hand, at the upper recoil proton edge in
Figs. 13 to 18, the measured results are considerably lower
than the calculated results, which also indicates the inaccu-
rate estimation of proton light yield for higher proton
energy.

Fig. 15 shows the response function for 95-100 MeV
neutron. The measured light output distribution is much
different from two calculated results. The results calculated
using the CECIL code has a sharp peak around the upper
recoil proton edge while the measured result and the
RESU calculation have a flat edge. The proton light output
distribution calculated with our developed code showed
good agreement around the upper recoil proton edge.

Figs. 16 and 17 show the response functions for 115-
120 and 120-125 MeV neutrons, respectively. The proton
energy corresponding to the range equal to the scintillator
length, 12.7 cm, is about 123 MeV from the calculation
with the SPAR code [14]. In this incident neutron energy
region, therefore a considerable amount of protons can
leak out from the scintillator. The result of the CECIL
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code is higher than the measured response functions
throughout the light output. The results calculated with our
developed code agree well with the measured results only
around the upper recoil proton edge since the events from
carbon reactions in the detector have almost no effect to
the upper edge in this neutron energy region.

Fig. 18 shows the response function for 132.5 MeV
neutron. The measured data was obtained by using quasi-
monoenergetic neutrons generated from 135 MeV/u H}
injected into a thin natural Li target. Beyond 123 MeV
energy, the protons recoiled in the forward direction can
penetrate the scintillator with depositing a part of their
energy, and the slope of the recoil proton edge in the
measured response function becomes gentler and the maxi-
mum light output is almost the same as that for 125 MeV
neutron. On the other hand, the results of the CECIL code
has higher recoil proton edge, because this code utilizes
the proton range data for PILOT-B scintillator which stops
protons of energy range up to about 133 MeV. The resuit
of our code deviated from the measured result even at the
upper edge, where charged particles from carbon reactions,
especially protons and deuterons from C(n, p) and C(n, d)
reactions, has non-negligible contribution to light outputs
in this high energy region.

After all, the discrepancy between experiment and cal-
culation comes mainly from that the light yields of pro-
duced charged particles are not so accurately estimated in
the Monte Carlo code for high energy neutrons. The cross
section data and modeling of the carbon reactions, (n, p),
(n, d), (n, pn), (n, n'3a) and so on, are also significantly
important for high energy neutrons. Furthermore, light
attenuation correction in the scintillator should also be
considered for a large volume scintitlator. Although the
SCINFUL code includes the light attenuation correction
cited from Kuijper et al. [15], this comparison found that
only one parameter for the attenuation calculation is not
satisfactory for wide energy range.
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Fig. 20. Summation and components of the light output distributions of charged particles produced from several neutron reactions in the
scintillator for 74—78 MeV neutron. Left: total and deuteron component of measured data. Right: calculated with SCINFUL.
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5.2. Light yield estimation

From our measurements, the light yield of proton was
estimated from the recoil proton edge of response func-
tions. The proton energy recoiled in the forward direction
is equal to the neutron energy, since the upper edge of the
response function is formed by that proton. The position of
the real proton edge was determined to be the position
having R-times count of the apparent recoil proton peak.
This ratio R was estimated for various neutron energy bins
by the help of SCINFUL calculation and exemplified in
Table 4. The errors of light outputs were estimated from
the width between the apparent recoil proton peak and the
real proton edge, and the errors of the proton energy thus
determined were also from the width of neutron energy
bins of the response functions.

Fig. 21 shows the measured proton light yields together
with the errors, comparing with the data compiled in
SCINFUL, RESU and CECIL. The light yield data used in
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Table 4
Ratio R of recoil proton peak to real proton edge
Neutron energy Recoiled proton R
interval energy
[MeV] [MeV]

9-10 9.5 0.30
19-20 19.5 0.34
29-30 295 0.40
39-40 39.5 0.43
48-50 49.0 0.46
higher than 60 - 0.50

SCINFUL and RESU codes are presented by Verbinski et
al. [6] and Shin et al. [9], respectively. Both data were
obtained up to 100 MeV by fitting their experimental
results up to 22 and 15 MeV, respectively, to the Birks’
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Fig. 21. Light yield of BC501A scintillator to proton. The plots are our measured data and the dotted line is the fitting curve to Eq. (3). The

other three lines are the data compiled in the three codes.
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Fig. 22. Light yield of BC501A scintillator to deuteron. The plots are our measured data and the dotted line is the fitting curve to Eq. (3).

The other line is the data compiled in SCINFUL.
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formula [10]. Our measured results are in good agreement
with these data below 40 MeV, but above 40 MeV, our
results become lower than those given by SCINFUL and
RESU, however, show rather good agreement with the
light data of Cecil et al. [3].

By using the following formula which milar to the
formula used in the CECIL code, our measured proton
light yields, L [MeVee] were fitted very well over the wide

energy range,
L=a1Ep—a2{1.0—exp(—a3EP)}, (3

where E, [MeV] is the proton energy and the coefficients
of a;, a,, a, are tabulated in Table 5. The light yield
curve of proton given by this formula is linearly propor-
tional to proton energy above 10 MeV and agrees well
with the measured data below 100 MeV.
measured data becomes lower than the fitted curve above
100 MeV owing to light attenuation effect.

The deuteron light yields were also estimated from the
upper edge of middle deuteron peak in the response func-
tion as shown in Figs. 19 and 20. Since the Q-value of the

C(n, d) reaction is —13.73 MeV, the deuteron energies are
obtained as

E,= En —13.73 MeV. (4)

Hawavar tha
nvwivel, the

rj
9
3

hows the measured deuteron licht vields com-

Fig. 22 shows the measured deuteron light yields com
pared Wlth the data compiled in the SCINFUL code up to
100 MeV. The measured results were also successfully
fitted by Eq. (3) and the coefficients are shown in Table 5.
Our results are much higher than the data compiled in

Qiomnn tha olonl.. wvaliza
D1ILe I.llC dUbUlu val

functions could not be obtained experimentally as de-
scribed above, the measured values were normalized to the
corresponding calculated values by integrating them from
upper recoil proton edge to the light output of a few MeV

_____ i R wagimmaman conla Ane wwoara

lower than the cugc The IESpotsc calculations were done
with the SCINFUL code for neutron energies below 78
MeV and with our code for neutron energies from 78 to
120 MeV, from the reason described before. The calcula-
tions with SCINFUL were done by changing the original

prUlUIl llglll ylclu Udld LU lllC ulcaamcu Udld, bllle th lls,lll.

yield in SCINFUL is largely different from the measured

Table 5
Coefficients in Eq. (3) for proton and deuteron
Particle Coefficient

{li ﬂ2 03
Proton 0.81 2.8 0.20
Deuteron 0.75 4.5 0.16
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Fig. 23. Response function calculated using the SCINFUL code
coupled with measured proton light yield data and normalized to
measured response function for neutron energy 68-70 MeV.
Dashed line is the result with our code which can calculate only
recoil proton event.

yield. Fig. 23 exemplifies the result of SCINFUL calcula-
tion with revised light yield data and normalized to mea-
sured data for 68—70 MeV neutron.

The response matrix in the neutron energy of 0 to 120

MeaV wag formed bv ucino the meacured resnonse func-
MeEV was Iormegc by using ing measured reésponse munc

tions from 5 to 120 MeV neutrons and the SCINFUL
calculations below 5 MeV neutron. The lower limits of the
measured light output data were 1.48, 2.63 and 4.59
MeVee for neutron energy range 5—33, 33—-60 and 60-120

MoV racnmactivaly The valuag hnlnuy these limitg were
VIOV, TCSPCCUvEly. i1inC Vdiuls OW 1CSC 1iMiS

obtained by smoothly connecting to the results calculated
with the SCINFUL and CECIL codes.

Finally, we made the response matrix of 68 neutron
bin X 70 light output bin from thus obtained response
functions for neutron energy range up to 120 MeV. By
using this matrix, we can obtain the neutron energy spec-
trum from the light output distributions with the unfolding
method. We can distribute this response matrix on request.

7. Conclusion

The neutron response functions of 12.7 cm diam by
12.7 cm long BC501A were measured in the neutron

g 1272 RMaly with tha TOE mathnad 1
Cllclsy lausc uuul ~ I.U 190 IVIUV YYIUL MV 1 VX nuvuxuu in

three cyclotron facilities, CYRIC, TIARA and RIKEN. By
the help of calculation, the response function matrix was
constructed for neutron energy up to 120 MeV. By using
this matrix, we can unfold the pulse height distribution to

nautran eneraov cnactrum and obtain the accurate detector
ncutron energy spectrum ana ootain ine accurale Gelecior

efficiency for energy range up to 120 MeV.

The calculated response functions were compared with
the measured data, and the discrepancies were found above
30 MeV mainly owing to inaccurate light yields of charged

particles. Especially, deuterons from C(n, d) reaction re-

panicies. Tspeclally, Ceulciolls 110 \I,
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markably contribute to the response function, and the
discrepancy between calculation and measurement become
larger in the higher neutron energy. We could give the
measured light yields of protons and deuterons for energy
range up to around 120 MeV and the equation to present
the light curves.
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