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Abstract
For neutrons
35, 30 and 65 MeV, the response functions and detection efficiencies of an NE213 liquid scintillator were
measured. Quasi-monoenergetic
neutrons produced by the ‘Li(p,n,,,) reaction were employed for the measurement and
the absolute flux of incident neutrons was determined within 4% accuracy using a proton recoil telescope. Response
functions and detection efficiencies calculated with the Monte Carlo codes, CECIL and SCINFUL. were compared with
the measured data. It was found that response functions calculated with SCINFUL agreed better with experimental ones
than those with CECIL, however, the deuteron light output used in SCINFUL
was too low. The response functions
calculated with a revised SCINFUL agreed with the experimental ones quite well even for the deuteron bump and peak
due to the C(n,d,) reaction. It was confirmed that the detection efficiencies calculated with the original and the revised
SCINFULs agreed with the experimental data within the experimental error, while those with CECIL were about 20%
higher in the energy region above 30 MeV.

PACS: 29.40.M~: 29.30.H~; 25.40.Dn: 25.40.Fq
Keywords: NE213: Detection efficiency: Response

functions:

1. Introduction
Applications

of high-energy

particle

accelerators

are rapidly growing in many fields. For examples,
Japan Atomic Energy Research Institute (JAERI)
[l] and Los Alamos National Laboratory
(LANL)
[2] have proposed actinide-transmutation
systems
based on high-energy
proton accelerators.
Intensive neutron sources based on the spallation reac-
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SCINFUL:

C(n,z) reactions;

Proton

recoil telescope

tion are being newly developed at National Laboratory for High Energy Physics of Japan (KEK) [3]
and the European institutes (European
Spallation
Source, ESS) [4]. In such fields, the energy of neutrons produced in targets and structural materials
extend up to 100 MeV or higher. For the design of
these facilities, therefore, detailed data are required
on neutron reaction cross sections and the neutron
transport in bulk materials. In the measurements
of
those quantities
by the time-of-flight
(TOF) technique, an organic scintillator is widely used [5-91.
In Ref. [S,9], NE213 scintillators
(12.7 cm in diameter and 12.7 cm long) were employed to measure
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neutron spectra. These measurements
require the
detection efficiency which is the integral value of
the response function over the light output of the
scintillator.
The detection efficiency and response functions
for neutrons
are usually calculated
with Monte
Carlo codes. The code 05s [lo] has been used
widely for neutronics
studies up to 20 MeV. In
1986, SCINFUL
[ 1 l] was developed by Dickens to
extend the neutron-energy
range up to 80 MeV by
improving 05s. For wide energy range, above several hundred MeV, the code STANTON
[la] was
developed by Stanton and the code CECIL [13] by
Cecil et al., as its improvement.
These codes reproduce
the response functions
fairly well for neutrons below 20 MeV. In the energy region above 20 MeV. however, the calculated
response functions and efficiencies show discrepancies. For example, the efficiencies calculated
by
CECIL are systematically
higher by 15% than
those by 05s [14]. It is necessary to measure the
response functions and detection efficiency of scintillators for validating
and improving
the calculation codes.
In the present work, the response function and
neutron detection efficiency of an organic scintillator, NE213, were measured
using 25, 30 and
65 MeV quasi-monoenergetic
neutrons
produced
via the 7Li(p,n,,,1) reaction. The absolute neutron
flux was measured
by a proton recoil telescope
(PRT) with high accuracy. The response functions
and detection efficiencies calculated with CECIL
and SCINFUL
were compared
with the experimental results.

2. Experimental

(Hamamatsu
Photonics)
which was designed to
expand the dynamic
range of output pulses for
high-energy
neutron
measurements.
In
the
measurements.
the photomultiplier
was supplied
with - 1700 V. In order to confirm the linearity of
pulse heights of the photomultiplier,
it was tested at
- 1300 V. The results for - 1300 and - 1700 V
were consistent with the calibration
using gammaray sources.
2.2. Experiment

setup

The experiments
were carried out at Takasaki
Ion Accelerators for Advanced Radiation Application (TIARA) and at the tandem accelerator facility
of Japan
Atomic
Energy
Research
Institute
(JAERI). Schematic
views of the experimental
arrangements
at TIARA and the tandem facilities
are shown in Figs. 1 and 2, respectively.
In
the measurements,
quasi-monoenergetic
neutrons
produced via the 7Li(p,n0,1)7Be reaction were employed. The no and n, stands for the neutrons
produced from the reaction in which the residual

Chamber

Beam Dump

I I

procedure
Fig. 1. Experimental

setup in TIARA

facility

2.1. NE213
‘Li Target

An NE213 scintillator (NT Technology Inc.) was
used. It was of cylindrical shape of 12.7 cm in diameter and 12.7 cm long. The density and the hydrogen-to-carbon
ratio
of the scintillator
were
0.874 g/cm3 and 1.213, respectively. It was encapsulated in a 1 mm thick bubble-free aluminum container. The scintillator was optically coupled to an
R4144 photomultiplier
with
an El458
base

\
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w

Fig. 2. Experimental

8,0m

setup in tandem

4

facility

S. Meigo/Nwl.

instr. md Meth. in Pips

nuclide 7Be is produced (Q = - 1.64, - 2.07 MeV)
in the ground and the first excited state, respectively. For the selection of the detection
events by
monoenergetic
neutrons, a time-of-flight technique
was employed. The ‘Li targets (99%, ‘Li) were 5.2
and 1.2 mm thick (2 MeV loss) for the measurements at TIARA and the tandem facilities, respectively.
At TIARA, the measurements
were carried out in
the Light-Ion Room 3, using incident protons accelerated to 68 MeV by a K-l 10 AVF cyclotron.
The interval between and duration of incident proton pulses were I.1 us and 1.5 ns (FWHM), respectively. Protons penetrated the ‘Li target and were
bent down into a shielded Faraday cup by a clearing magnet. The target was mounted on a watercooled holder. Neutrons emitted in the 0’ direction
were guided to the experimental
room through
a 3 m long iron and concrete collimator. The intensity of the neutron
source was monitored
by
a 238U fission chamber located near the target.
In the tandem facility, the energies of the incident
protons were 27.5 and 32 MeV and, therefore, the
peak energies of the neutrons were 25 and 30 MeV,
respectively. The interval between and duration of
the incident
proton beam pulses were 250 and
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2.0 ns (FWHM),
respectively.
The target
was
cooled by water circulated by a pump through an
aluminum
backing (0.1 mm). The target assembly
was electrically isolated and equipped with a secondary electron suppressor by a repeller electrode
biased to - 300 V. Protons penetrated
the target
and stopped in water. In the tandem facility, the
neutron intensity was monitored by the integrated
charge of the incident protons.
2.3. Electronics
In Fig. 3, the circuit diagram for the NE213
detector is shown. A pulse-shape
discrimination
module of 2160A (Fast Comtec) was employed to
eliminate gamma-ray
counting.
The pulse-height
spectra were calibrated
using gamma rays from
137Cs, 6oCo and 241Am-Be. The energies and the
light output
for the Compton-edges
of these
gamma rays are shown in Table 1. The unit of
MeVee stands for the light output equivalent
to
1 MeV electron. The light output was deduced
from the semi-empirical
formula of Dietze and
Klein [lS]. The data for pulse height, pulse shape
and flight time were recorded event by event on
a hard disk.

NE213

Photo
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Rise Time

Pulse Height
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Pre-Amplifier

DLA

.Delay
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HVPS

Line Amplifier

Fig. 3. Block diagram

of the NE213 circuit
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2.4. Proton recoil telescope
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(PRT)

The intensity of the peak neutrons produced by
the 7Li(p,n,,,) reaction was measured by proton

Table I
Light output of a NE213
Compton edge
Gamma

ray source

137Q

60co
Am-Be

Energy

detector

(MeV)

0.661
1.173, 1.333
4.439

for the half-height

Light output

of the

(MeVee)”

0.493
I .074b
4.33 1

’ 1 MeVee corresponds
to the light output given by 1 MeV
electron.
b Only one Compton
edge is observed. because NE213 has
too poor resolution
to distinguish
two Compton
edges. This
light output is calculated with the average energy of two gamma
rays.

limator
adow Bar #.5cm
r/ /

W
AE Detector
sYD(p’ps)

8x9 cm with $6cm hole
Fig. 4. Schematx

view of the PRT used in TIARA

facility.

recoil telescopes (PRTs) [16] which were the most
reliable for neutron-flux
measurement.
PRT consists of a thin polyethylene foil, called radiator, and
a telescope for charged-particle
detection. PRT observes recoil protons produced through the neutron
interaction
with the radiator. The neutron detection efficiency of the PRT could be determined
precisely from the well-known differential cross section of the H(n,p) reaction in the radiator and the
solid angle subtended
by the charged-particle
detector at the radiator.
Two types of PRT, as shown in Figs. 4 and 5,
were employed in TIARA and tandem facilities,
respectively. Protons from a radiator were detected
by a AE-E telescope that consisted of a AE-detector of 900 mm2 PIPS (Canberra) and an E-detector. NaI(T1) and BaFz scintillators
were used as
E-detectors in TIARA and tandem facility, respectively. In TIARA facility, the PRT was shielded
from the neutron
beam by a 50 cm long brass
shadow bar to suppress background
[16]. The
radiator
was a polyethylene
plate, 0.12~1.0 mm
thick and 8 x 9 cm wide, with a 6 cm diameter hole
at the center. It was placed in the air and supported
by thin nylon strings. In the tandem facility. a circular polyethylene
foil, 0.5 mm thick and 47 mm in
diameter, was employed as the radiator.
In order to subtract protons produced in structural materials of PRT, background
measurements
were performed without the radiator. The background in tandem facility is lower than 5% of the
foreground. therefore the shadow bar was not employed. In addition, measurements
using a carbon

E-Detector

Fig. 5. Schematic

view of the PRT used in tandem

facility.

foil instead of a radiator were carried out to eliminate the events by the C(n,xp) reaction. The background due to the C(n,?cp) reaction was about 5%
at 65 MeV, and negligibly small for the lower incident energies.

3. Data reduction
The experimental
data were analyzed
by the
following procedure
to deduce response function
and detection eficiency of the NE21 3 scintillator.
3.1. Selection

of tleutvon etrerrts

First, the pulse shape was analyzed using the
two-dimensional
contour plot for the rise time and
pulse height. A typical contour plot is shown in
Fig. 6. Pulses having long fluorescence tail appear
in higher rise-time channels, and thereby, neutron
events appear in higher channels than photons. The
events for the neutron detection were obtained by
using the neutron region shown in Fig. 6. In the
neutron region, three ridges are observed corres-
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3.2. Time-of-flight

in the

spectrum

3.3. Flux of peak tleutrom
The flux of the peak neutrons was obtained from
the counts of the PRT. The energy spectra of recoil
protons were deduced from AE- E spectra free from
the gamma and the deuteron contributions.
The
energy scale was calibrated by the light-output
response of a NaI(TI) or a BaFz scintillator, and the
peak energy was determined by the TOF measurement. The neutron flux at PRT is given by

qf@,) =

a

produced

After the selection of neutron events, the flight
time of the neutrons were analyzed. The TOF spectrum in TIARA is shown in Fig. 7. The spectrum
consists of peak due to the ‘Li(p.n,,,,) reaction and
a continuous
component due to breakup reactions.
The energy and the width of the peak are summarized in Table 2. Since the target is thicker than
the thickness corresponding
to level spacing, the
peak includes both no and ni neutrons. The detection efficiency and response function of the NE213
detector were derived from the sum counts of the
peak area hatched in Fig. 7.

Region

1
dE,Y(E,),
L%(E,) dE,

where L is the distance between the target and the
center of radiator. t: the detection efficiency of PRT,
E, the observed proton energy, E, the incident
neutron energy and Y the yield of recoil protons.
The detection
efficiency E is obtained
using the
following equation:

80-

(2)

60’

ponding to p, d and u particles
scintillator.

40:

yL

zoIIIII~IIIII~““““““’
0
20 40 60

80 100120140160180200220240

Rise Time (Channel)
Fig. 6. Scatter plot of the spectrum rise time versus pulse height.
Events in the neutron region were taken to eliminate gamma
rays.

where N is the number density of hydrogen in the
radiator.
T the thickness
of the radiator,
D the
distance between centres of the radiator and the
detector, dS, and dS, differential surface areas of
the radiator and the detector. respectively,
1 the
distance between the target and the n-p collision
point. tl the distance between the n-p collision
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1600

1620

1640 0

1000

2000

Neutron Time-of-flight (Channel)
Fig. 7. Time-of-Flight
spectrum for the 7Li(p.rn) neutrons in TIARA by NE213 detector (left: peak region, right: the whole region). The
hatched area is used to obtain the response function and detection efficiency of the NE21 3.

Table 2
Detection
ment

efficiency

and error

obtained

32
30
3.7

68
65
2.4

23.7
13.2

72.9
13.5

13.7
11.9

Monitor

1.5

1.5

4.5

Statistical
Solid angle
Number density
AD?.’ for H(n.p)
Inelastic”
Peak yieldh
Subtotal

1.5
1.o
0.5
1.1
0.2
1.0
2.5

1.5
1.O
0.5
I.5
03
1.0
2.6

1.7
0.6
0.5
2.6
0.9
0.2
3.3

Statistical
Solid angle
PSD’
Subtotal

0.3
0.5
1.5
1.6

0.2
0.5
1.5
1.6

0.2
0.5
1.5
1.6

Systematic

3.0

3.0

2.0

Total

4.0

4.1

6.3

‘“Co Bias
Am-Be Bias

(“‘0)

Neutron
flUX

Error

obtained
by PRT

Counts
NE313

of

experi-

27.5
25
2.2

Incident energy of proton (MeV)
Peak energy of neutron (MeV)
FWHM (MeV)
Detection
efficiency

in the present

A Uncertainty
for the inelastic scattering
h Peak-yield uncei-tainty
’ Error of the pulse-shape discrimination.

of recoil protons.

corrected for background,
energy loss, efficiency
and for the inelastic scattering in the detectors [lS].
The neutron
spectrum
obtained
by PRT is described in Section 5.3 in comparison
with that by
the NE213 detector.
3.4. Neutron detection e@cienq
The detection efficiency of the NE213 detector
for the peak neutrons
was determined
from the
counts of NE213 divided by the neutron
flux
obtained by PRT. Corrections were made for deadtime losses and neutron absorption
in the air between the NE213 detector and PRT. The detection
efficiencies by the present experiment
are summarized in Table 2, together with the errors for
‘j°Co and Am-Be biases. In the error estimation,
the statistical and systematic errors of the monitor
counts, the neutron flux by PRT and the NE213
counts were taken into account. The overall error
was 4-6%. It should be noted that the overall
error is much smaller than the error analyzed from
the ‘Li(p.nO.i) cross section and the target thickness.

4. Comparison between experiment and calculation
reaction point on the radiator and the recoil proton
injection
point on the detector, and dojdS2 the
angular differential cross section of n-p scattering
by Shen and Zhang [ 171. The proton spectrum was

Using the experimental
data, the calculations
with CECIL and SCINFUL
are examined. The
causes of deviations of calculation
results from the

S. Meigo,‘Nucl.
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experimental
ones are traced and eliminated
to
improve the codes. The differential n-p scattering
and C(n,z) cross sections used in the codes are
compared with experimental
and evaluated ones.

In calculations
collision histories

with both codes,
were accumulated.

4.2. Comparisons

of t-esponse_fimctions

4.1. CECIL and SCINFUL

The experimental
response functions are shown
in Fig. 8. together with CECIL and SCINFUL
results for the same neutron
energies and peak
widths. In this figure, the abscissa and vertical axis
represent, respectively. the electron equivalent light
output (MeVee) and the number of counts per
incident neutron and MeVee. In the response functions for 2530 and 65 MeV neutrons. recoil proton
edges are observed to be 17, 20 and 48 MeVee.
respectively, as expected. In the responses for 30
and 65 MeV, bump and peak are apparent around
7 and 32 MeVee, respectively.
These are due to
deuterons
produced
by the pick-up reaction
of
C(n,dO) (Q = - 13.73 MeV) and are found at the
higher light-output
channel in the deuteron ridge
shown in Fig. 6.
The calculation
with CECIL agreed with the
experimental
data for 25 and 30 MeV neutrons,
except at the recoil proton
edges and below
1.5 MeVee. The larger values at proton edges occur
because CECIL does not take account of the light

CECIL

takes account

codes

of seven reaction

channels.

i.e. H(n,p),
C(n,n),
C(n,xy),
C(nnp),
C(n,W,
C(nn’3sl) and C(n,2n). In the original version of
CECIL, the gamma rays produced from C(n,sy)
reactions are taken into account in the response
functions and detection efficiencies, while they are
rejected in the experiment.
In order to compare
with the experiment, the contribution
of the C(n,.xy)
reaction was excluded in the calculations.
The code of SCINFUL
deals with 39 reaction
channels finally, starting from 11 initial reactions,
i.e. H(n,p), C(n,n), C(n,n’), C(n,Zn), C(n,p), C(n,np),
C(n,d), C(n3He),
C(n,a), C(n,n’3a), C(n,.uy). The
calculation
of the C(n,xy) reaction was omitted.
SCINFUL takes account of the light attenuation
in
the scintillator.
The light attenuation
coefficient
was determined as 8 x lo- 3 cm-‘, to reproduce the
proton edges of the experimental
response functions for neutrons below 20 MeV.

I
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attenuation.
For
65 MeV neutrons,
however.
CECIL overestimates
the experiment at the recoil
edge and in the light-output
region above 5 MeVee
(cf. Sections 4.4 and 4.5). Besides, CECIL does
not reproduce the deuteron peak, because it does
not take the C(n,.yd) reaction channel into account.
SCINFUL
shows better agreement with the experimental data than CECIL for the three neutron
energies. However, the calculated light output of
deuteron peak for 65 MeV is markedly lower than
the experimental
data. This is attributed
to the
inadequate
light output data for deuteron.
Improvement of this is described in Section 5.1. On the
contrary,
the light output
for proton
edge in
65 MeV data is higher than the experiment.
This
will not introduce
serious error for the detection
efficiency for bias lower than - 20 MeVee because
the light output of the recoil edge is very well
reproduced
for neutrons
up to 30 MeV. In addition, around 8 MeVee, SCINFUL gives a peak that
is not existing in the experimental
result. Concerning the above discrepancies,
the cross-section
data
used in the code were examined. in particular, for
n-p scattering and the C(n,z) reactions.
4.3. Cotnpm-isoir c_?f’detectioll e#icierlcies
By integrating
the response functions over the
light output, detection efficiencies were obtained.
These are compared with the experimental
data for
“‘Co and Am-Be biases in Fig. 9. In this figure, the
experimental
data for lower-energy
neutrons
by
Verbinski et al. [19] are also shown. The results
calculated
with the original
SCINFUL
(SCINFUL-0)
reproduce the experimental
data within
experimental
errors. The efficiencies
calculated
with CECIL agree well with the experimental
data
for neutrons below - 15 MeV, but for the neutrons
above -20 MeV, are higher than the experiment
and SCINFUL
by about 20%.
In order to trace the origin of this overestimation
of CECIL, the contribution
of n-p and C(n,z) cross
sections for the detection efficiency was examined
by removing hydrogen or carbon atoms from the
scintillator. The results for “‘Co bias are shown in
ig. 10. From the comparison,
it is proved that the
C(n,z) contribution
is significant
above 30 MeV
and the overestimation
of CECIL is due to a large
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C(n,z) contribution.
This overestimation
is also
found in the result for Am-Be bias.
In the energy region below 15 MeV, the contribution of the n-p scattering is larger than the total
contribution.
It is caused by the fact that the escape
of neutrons from the scintillator
due to the C(n,n)
reaction is a significant process in the calculation of
the total contribution.

- 50 MeV become lower with increasing neutron
energy.
In Fig. 11, the angular differential cross sections
(ADXs) used in CECIL and SCINFUL
are compared with the experimental
data [23-251 and the
phase-shift
analysis data. In CECIL, the ADX
(do/dQ) is isotropic below 29.9 MeV, and is presented by the following formula above 30 MeV:

4.4. H(n,p) reaction cross section data in the code

da
z ‘K 90/(-E + 90) + 3E/(E + 90)

The total and differential n-p scattering cross
sections used in CECIL and SCINFUL
are compared with the results of phase-shift analysis by
Arndt [20]. The numerical data of phase-shift analysis are derived from Ref. [21], which gives the
differential cross section as the Legendre expansion
coefficient. The total cross section used in CECIL
agreed with the phase-shift
analysis data within
3%. except an overestimation
by around 5% in the
energy region between 50 and 60 MeV.
SCINFUL
calculates the total n-p cross section
using the formula of Gammel [22]. The calculated
values
agreed
with
the phase-shift
analysis
data within 2% below
- 50 MeV, but above

where E is the neutron energy in the laboratory
system (MeV) and p the direction cosine for recoil
proton in the center-of-mass
system. Fig. 11 shows
that the ADXs in CECIL are too large at both
forward and backward angles above 30 MeV. The
overestimation
in the forward angles gives large
sensitivity at the recoil edge in the response functions calculated with CECIL as observed in Fig. 8.
The ADXs used in SCINFUL,
on the contrary,
agree better with the experimental
ones, and thereby, the recoil edges calculated with SCINFUL
are
closer to the experiment. Nevertheless, in comparison with the phase-shift analysis data, both the
total and angular differential cross sections differ

/12.

(3)

Fig. 11. The angular differential cross sections for n-p scattering in CECIL and SCINFUL compared with th experimental data in Ref.
[23%25] and the phase-shift analysis given by Arndt 120, 211. The cross sections are shown in the center-of-mass
system.
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appreciably.
Therefore, SCINFUL
was revised by
changing n-p cross sections as described in Section
5.1.
In the analysis of neutron-flux
measurement
by
PRT, the ADXs given by Shen and Zhang [17]
were employed. For the peak energy of the incident
neutrons, these ADXs agreed with those by Arndt
within 3 “/o.

Lawrence Livermore National Laboratory (LLNL)
[28] for 27.4 and 60.7 MeV neutrons in Fig. 12. The
EDXs were extracted from CECIL and SCINFUL
codes. Sums of the EDXs for C(n,.up) and C(n,.xd)
are also shown, because CECIL does not deal with
the C(n,d) reaction separately. The sum of EDXs
for C(n.sp) and C(n,xd) reactions in CECIL reasonably agrees with the experimental
data, except
for the high outgoing energy. The EDXs for C(n,ra)
reaction in CECIL are, however, remarkably much
larger than the experimental
data for the high-energy alpha particles. This fact interprets the overestimation of the responses in Fig. 8.
In the case of SCINFUL,
on the other hand, the
sum of EDXs for C(n,.\-p) and C(n,xd) reactions

4.5. Ener-gv differential cross sections for C(n,xp),
Cfn,xd) and C(rt, x01) reactions
The energy differential cross sections (EDXs) for
C(n,z) in the codes are compared with the experimental data [26,27] and with those evaluated at
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agree with the experimental
and LLNL evaluation
data better than the case of CECIL. The EDXs for
C(n,xa) reaction in SCINFUL
are in much better
agreement with the experimental
data in particular
for 60.7 MeV neutrons. The underestimation
below
_ 8 MeV of the spectrum will not introduce serious error in the detection efficiency for higher bias
than 6oCo bias, because the light output for 8 MeV
alpha particles is smaller than 1 MeVee.

5. Revision of SCINFUL

code

5.1. SCINFUL-R
This section describes the improvement
of SCINFUL to eliminate problems described in Section 4.
The code was revised by changing the light output
for deuterons,
and the total and differential n-p
scattering cross sections. As described in Section
4.2, the light output of deuteron in SCINFUL
was
lower than the experiment. Hence, it was replaced
with new data modified from the proton light output in SCINFUL
on the basis of the empirical
formula of Murray and Meyer [29], which characterized the light output by the stopping power for
hydrogen
isotopes.
Fig. 13 shows the relation
between the differential light output and stopping
power [18] and shows that the differential light
output for deuterons is much smaller than that for
protons. The deuteron light output was, therefore,
rebuilt from the integration
of the differential light
output for protons given by the least-squares polynomial fit. By this modification,
the present light
output for deuterons is larger by about 25% than
that in the original SCINFUL.
In addition,
the total and angular differential
cross section data for n-p scattering were replaced
with the values by phase-shift
analysis [20,21].
Hereafter, the original SCINFUL
and the revised
one are referred to as SCINFUL-0
and SCINFUL-R, respectively.
5.2. Results calculated

102

dE/dX (MeVlglcm2)
Fig. 13. Relationship
between the stopping power and the differential light output used in SCINFUL.
The line shows the
results of the least-squares
fit.

are also shown. The deuteron bump and peak in
the response function with the SCINFUL-R
agreed
with the experimental
data quite well. There still
remains,
however,
an artificial
bump
around
10 MeVee for 65 MeV neutrons. The reason of the
bump is not clear. Further investigations
will be
necessary to understand
this bump, while it does
not affect the detection efficiency for the 6oCo and
Am-Be biases as described in below and Section
5.3.
The detection efficiencies calculated with SCINFUL-R are shown in Fig. 9. The results of SCINFUL-R as well as those of SCINFUL-0
agree with
the experimental
ones. In the energy region below
20 MeV, SCINFUL-R
for Am-Be bias reproduces
the experiment better than SCINFUL-0.
5.3. Detection ejficiency calculated with SCINFUL-R
.for 30-65 MeV neutrons

with SCINFUL-R

The calculated
response
functions
by SCINFUL-R are compared with the experimental
ones
in Fig. 14. The response functions with SCINFUL-0

In the present work, the detection efficiency was
not measured
for neutrons
between
30 and
65 MeV. In order to examine the calculated detection efficiency in this region, the neutron spectra
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resolution of PRT to fit to the PRT data. In the
energy region between 30 and 70 MeV, the spectra
obtained by the NE213 measurements
agree with
those by PRT within the experimental error, except
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the region between 55 and 60
ment would be attributed
to
solution of PRT. The NE213
with SCINFUL-R
will be good
energy region between 30 and

MeV. The disagreethe poor energy reefficiency calculated
enough even for the
55 MeV.
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with accuracy better than 4&6%, while slight differences remain for the response function between
SCINFUL-R
and the experiment.
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6. Conclusion
The response function and detection efficiency of
an NE21 3 detector of 12.7 cm diameter and 12.7 cm
thickness were measured for neutrons of 25,30 and
65 MeV. In the measurements,
and quasimonoenergetic neutrons produced via the 7Li(p,n,,,) reaction were used and the absolute neutron flux was
measured with accuracy better than 4% by a proton recoil telescope (PRT). The overall error of
detection
efficiency measured
in this work was
446%.
The experimental
results were compared
with
those calculated
with CECIL and SCINFUL.
It
was found that CECIL overestimates
the response
function at the proton edge, because of the overemphasis of the angular differential cross section of
np reaction at forward angle. The response functions calculated with SCINFUL
agreed better with
experimental
ones than those with CECIL. The
light output data of deuteron in SCINFUL
were
revised by the semi-empirical
rule of Murray and
Meyer, because SCINFUL underestimates
the light
output for the deuteron peak due to the C(n,dO)
reaction. In addition, the np scattering cross sections were replaced with the phase-shift analysis
data of Arndt. For the whole incident energies, the
responses calculated
with the revised SCINFUL
(SCINFUL-R)
agreed
with
the experimental
data.
The neutron detection efficiency calculated with
both SCINFUL-R
and -0 agreed with the experimental ones within the error of the measurement.
The calculated efficiency with CECIL is about 20%
higher than the experimental
results because of
overestimation
of C(n,.vr;l) spectra. In the energy
region between 3 and 65 MeV, the calculated results with SCINFUL-R
are in good agreement with
those of the experiment.
These facts will suggest
that the detection
efficiencies set at ‘“Co and
Am-Be bias can be predicted with SCINFUL-R
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