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Performance of Hybrid Plastic Scintillator Detectors
for Low-Energy Neutron Measurements
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We report the performance of hybrid plastic scintillator detectors for low-energy neutron measurements. Boron- and gadolinium-loaded hybrid scintillator detectors were manufactured and tested
with slow and fast neutrons. The low-energy slow neutrons were provided by moderated neutrons
from a 252 Cf source, whose energy ranged from 10 to 600 meV with a peak at 75 meV. To distinguish
slow neutrons from fast neutrons or gamma rays, we employed the pulse-shape analysis method.
For the boron-doped scintillators, the tail-to-total-charge ratio distributions for the low-energy neutrons were useful to estimate the fraction of gamma rays in the neutron signals. However, for the
gadolinium-layer-implanted detectors, the di erence between the low-energy neutrons and gamma
rays is insigni cant.
PACS numbers: 29.40.Cs
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I. INTRODUCTION

Neutrons are useful in many elds not only for basic nuclear reaction studies but also for many practical
areas. For example, one of the primary applications is
the nondestructive examination of weapons and explosives [1, 2]. In addition, it has been demonstrated that
the combination of neutrons and X-rays can identify potential defects, such as the corrosion or bonding failure,
of a whole aircraft [3]. Furthermore, brachytherapy with
neutrons is known to be very good means of cancer treatment [3]. Recently, modulated neutron beams driven by
the primary proton beams have been provided for therapy [4{6].
Several necessities require serious development of various kinds of detectors that are sensitive to neutrons.
The popular detectors for low-energy neutron detection
are presently liquid scintillators activated by boron (10 B)
or gadolinium compounds (Gd2 O3 ) and 3 He detectors [7,
8]. Recently, the gaseous resistive plate chamber (RPC),
combined with Gd2 O3 , has been developed successfully
[9{11]. In addition, solid plastic detectors, combined
 E-mail:

bhong@korea.ac.kr

-908-

with neutron sensitive LiF, have also been developed and
tested [12].
In order to develope neutron-sensitive solid detectors
further, we have designed, built, and tested hybrid plastic scintillator detectors with neutron sensitive elements
other than LiF, like 10 B and Gd2 O3 , and the results will
be presented in this paper. In practice, the solid detectors have many advantages in construction and operation, compared with liquid and gaseous detectors. The
current research addresses the detector characteristics of
10 B-doped and Gd O -layered plastic scintillators when
2 3
they are exposed to neutrons, especially, at low energies.
(Hereafter, we will call them B-doped and Gd-layered
scintillator detectors.)
The B-doped plastic scintillators are sensitive to lowenergy neutrons by virtue of the large neutron-capture
cross sections for thermal neutrons (3880 barns) [13].
For the B-doped plastic scintillators, 4 He and 7 Li nuclei
are produced via a neutron-capture reaction for 10 B:
4
+ 7 Li? (Q = 2.310 MeV)
10
n + B ! 4 He
(1)
He + 7 Li (Q = 2.792 MeV);
where the branching ratios for the rst and the second
processes are 94 and 6 %, respectively, for thermal neutrons at 25 meV. The excited 7 Li? nucleus in the rst
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Fig. 2. Schematic diagram of the electronics setup for the
data acquisition.

Fig. 1. Schematic diagram of the double-layered Gd scintillator with its dimension.

process will return to the ground state by emitting a
0.478-MeV gamma ray. Then, the signals due to 4 He
and 7 Li are delayed, and the tail charge fractions become
larger when the heavy particles are dominant. We expect
this to make the separation of low-energy neutron signals
from the fast neutron and the gamma signals possible.
The 157 Gd and the 155 Gd isotopes contained in the
Gd2 O3 compound are also sensitive to neutrons at low
energies due to the large neutron-capture cross sections
(300,000 barns for 157 Gd and 80,000 barns for 155 Gd),
which will eventially generate electrons with energies
ranging from 21 to a few hundreds keV via internal conversion. The possibility of utilizing these properties of
the Gd isotopes for the detection of low-energy neutrons
is also explored.
This paper is organized as follows: The construction
of the hybrid plastic scintillator detectors and the experimental setup for the test particularly with the energymoderated neutrons provided by a 252 Cf source are described in Sec. II. The sensitivities of the hybrid scintillator detectors to low-energy neutrons are summarized
in Sec. III. The results from the pulse-shape analysis for
the slow and the fast neutrons, as well as the gamma
rays, are also discussed in Sec. III. Finally, some conclusions and perspectives on present neutron detectors are
discussed in Sec. IV.
II. DETECTOR CONFIGURATIONS AND
EXPERIMENTAL SETUP

Two cylindrical B-doped scintillators were purchased
from Bicron (BC454). The length and the diameter
of each scintillator were 2.5 and 5.0 cm, respectively.
The wavelength of the emitted light from the scintillators ranged from 370 to 500 nm, centered at 425 nm,
and the decay time of the fast pulse caused by neutrons
was 2.2 ns. The concentration of 10 B was 5.9 %, and
the detection probability, based on the known neutron-

capture cross section, was 95 % for thermal neutrons
[14]. A photomultiplier tube (Hamamatsu 2431) was attached to each B-doped scintillator with optical grease
in between. We wrapped the scintillators by using lightre ection lm, whose re ectivity was larger than 98 %
and, then, by using opaque black tape. More details on
the B-doped scintillators can be found in Ref. 14.
In addition, we built two Gd-layered scintillator detectors and one plain scintillator detector as a reference.
One Gd-layer-implanted detector contained a single layer
of natural Gd and another contained double layers of
natural Gd. In order to make the Gd-layer uniformly,
we employed the silk-screening technique for a mixture
of Gd2 O3 powder and linseed oil on the plain plastic
scintillator. The thickness of each Gd-layer was 30  5
m, which is optimal for maximum detection eciency
[9]. The schematic diagram for the Gd-layered scintillator detector with double layers is shown in Figure 1 with
its dimension.
The response functions of the hybrid plastic scintillators were measured by using the energy-moderated neutrons provided by a 515 mCi 252 Cf source at the Korea Atomic Energy Research Institute (KAERI). The
detectors were positioned behind a thick concrete wall,
and most of the gamma rays were shielded by this wall.
The KAERI group has independently measured the energy spectrum of neutrons at the testing position for the
present study by using Bonner sphere detectors: the incident energy of the energy-moderated neutrons ranged
from 10 to 600 meV with a peak at 75 meV [15].
Figure 2 shows the schematic diagram of the electronics setup for the data acquisition (DAQ). As shown in
Figure 2, the detector signal was fanned out into three
pulses. The rst output was digitized for the event trigger, and the second and the third outputs were provided
for the total and the tail charges of the pulse, respectively. The time o set to select the tail charge was set
to 13 ns, and the threshold for the digitization of the
trigger was set to 30 mV.
III. RESULTS

The detector response function is de ned by the number of pulses recorded per second normalized by the given
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Table 1. Response functions to the low-energy neutrons
for ve detectors. Detectors 2 and 3 are single- and doublelayered Gd scintillator detectors, respectively. Detectors 4
and 5 are B-doped plastic scintillators with the same congurations. Detector 1 is a plain plastic scintillator for the
comparison.
Detector
1
2
3
4
5

Neutron
Rate (Hz)
190.2
146.5
259.2
279.1
330.4

Noise
Rate (Hz)
51.0
33.3
47.8
29.7
53.5

Response
Function (cm2 )
4.2
3.4
6.4
7.5
8.4

incident neutron ux. The neutron ux provided by the
252 Cf source at KAERI was known to be 33.1 Hz/cm2
at the time of data taking. For each detector, the intrinsic noise rate was measured without exposure to neutrons and was subtracted from the measured neutron
rate. Then, the net neutron rates were normalized by
the given incident neutron ux for estimating the response functions of the detectors to the low-energy neutrons. The determined response functions to the lowenergy neutrons for ve detectors are summarized in Table 1.
We can compare the performances of the the plain and
the double-layered Gd scintillator detectors, as they have
almost the same dimensions. Compared to the plain scintillator (detector 1), the double-layered Gd scintillator
detector (detector 3) shows a clear enhancement in the
response function to the low-energy neutrons by about
50 %.
Figure 3 shows the total charge (Qtotal ) spectra of the
B-doped and the double-layered Gd scintillator detectors
obtained by using an analog-to-digital converter (ADC).
We rst measured the Qtotal spectra by using the gamma
rays emitted by the 137 Cs and 60 Co sources, shown in the
upper panels of Figure 3. For the B-doped scintillators,
the Compton edges for the 137 Cs and the 60 Co sources
are clearly visible, but the photopeaks are missing because of the low Z values for the detector components.
However, for the Gd-layered scintillators, the position of
the Compton edges are not clearly determined because
the signals were smeared during the propagation through
the light guide (Figure 1). Since we understood the response of the B-doped and the Gd-layered scintillators
to gamma rays well, we continued to study the characteristics of detectors by exposing them to low-energy
neutrons. The resulting Qtotal spectra are presented in
the bottom panels of Figure 3. The low-energy neutrons
make a long tail at high Qtotal values, especially, for
the B-doped scintillators. The hump, which is visible
at Qtotal . 30 pC for the B-doped scintillators, is generated by 4 He and 7 Li, and gamma rays (see Eq. (1)).
In order to discriminate the signals by the low-energy

Fig. 3. Total charge spectra of the B-doped (left) and the
double-layered Gd (right) scintillator detectors. The detector responses were obtained using gamma rays emitted from
137
Cs and 60 Co sources (top) and low-energy neutrons (bottom). The hump visible at low Qtotal values in the lower left
panel is due to 4 He and 7 Li and gamma rays.

Fig. 4. Correlations between the tail and the total charge
of the B-doped scintillators for low-energy neutrons, fast neutrons directly from the 252 Cf source, and gamma rays. The
signals induced by 4 He and 7 Li nuclei can be identi ed for
low-energy neutrons only.

neutrons from those by the fast neutrons or the gam-
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Fig. 5. Tail-to-total charge ratio distributions of the Bdoped scintillators for gamma rays (top two panels), fast neutrons directly from the 252 Cf source, and low-energy neutrons.
A long tail exists only for low-energy neutrons. The arrow in
the bottom panel indicates the region in which mostly lowenergy neutrons give signals.

mas alone, we fanned out two ADC signals as mentioned
before: one for the total charge (Qtotal ) and the other
for the tail charge (Qtail ). The correlations between
Qtail and Qtotal of the B-doped scintillators are shown
in Figure 4 for low-energy neutrons, fast neutrons directly emitted from the 252 Cf source, and gamma rays.
The particular interest in this study lies in the di erent
correlation shapes between the low-energy neutrons and
the other particles. For low-energy neutrons, the signals
from pure heavy particles can be identi ed with a relatively large fraction of Qtail . The diagonal component
for the low-energy neutrons arises from a mixture of the
4 He, 7 Li, and gamma signals. In contrast, only diagonal
components exist for the fast neutrons and the gamma
rays. The responses of the Gd-layered scintillator were
very similar to those of the B-doped scintillators, except
that the signals due to 4 He and 7 Li were absent for the
low-energy neutrons, which could be understood as the
low-energy neutron signals of the Gd-layered scintillators
not being from heavy particles, but from electrons.
Figures 5 and 6 show the tail-to-total charge ratio (Qtail =Qtotal ) distributions of the B-doped and the
double-layered Gd scintillators, respectively. For the Gdlayered scintillator, the shapes of the Qtail =Qtotal distributions are almost independent of the incident particle
species, and we cannot distinguish the low-energy neu-

al.
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Fig. 6. Same as Figure 5, but for the double-layered Gd
scintillator. A long tail does not exist for any particles, and
the Qtail =Qtotal distributions are all alike.

Fig. 7. Tail-to-total-charge ratio distribution of the Bdoped scintillators for a mixture of low-energy neutrons and
gamma rays. The vertical dashed line indicates the lower
limit for the region in which only low-energy neutrons are
expected to exist.

tron signals from those for fast neutrons or gamma rays
(Figure 6). However, the B-doped scintillator detectors
show a long tail for the low-energy neutrons only. Therefore, if we apply a cut, for example, at 0.3, the signals for
Qtail =Qtotal & 0.3 would include mostly the low-energy
neutrons without being contaminated much by fast neu-
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trons or gamma rays. In Figure 5, the fraction of lowenergy neutrons for Qtail =Qtotal  0.3, which we denote
as fn (0:3), is 43 %.
The pulse-shape analysis method, explained above in
details, is useful for estimating the fraction of gamma
rays in many practical usages in which neutrons and
gamma rays are admixed. In order to imitate the real
situation, we took data with both gamma rays and the
low-energy neutrons. The Qtail =Qtotal distribution is
displayed in Figure 7, where the fraction of counts for
Qtail =Qtotal  0.3, where mostly low-energy neutrons
contribute, is 20 %. Dividing this fraction by fn (0:3),
we establish that about 46 % of total counts in Figure 7
have come from the low-energy neutrons, and that the
remaining 54 % is due to the gamma rays.
IV. CONCLUSIONS

We have presented the performances of B-doped and
Gd-layered scintillator detectors for low-energy neutron
measurements. The detector performance was studied
by using low-energy neutrons, fast neutrons irradiated
directly by the 252 Cf source, and the gamma rays. The
low-energy slow neutrons were provided by moderating
the fast neutrons from the 252 Cf source, whose energy
ranged from 10 to 600 meV with a peak at 75 meV.
The response functions of all detectors to the low-energy
neutrons were determined.
The correlations between the tail and the total charges
and the tail-to-total-charge ratio distributions of the hybrid scintillator detectors were presented. In the Bdoped scintillator detectors, it was possible to identify
the signals from 4 He and 7 Li particles for low-energy
neutrons, which generated a long tail in the Qtail =Qtotal
distribution. As the long tail was absent for fast neutrons or gamma rays, a proper cut on the Qtail =Qtotal
distribution could help us to nd a domain where lowenergy neutrons are dominant. The fraction of the lowenergy neutrons above this cut, denoted as fn (0:3), may
also enable us to nd the contribution from gamma rays
when the detectors are exposed to low-energy neutrons
and gamma rays simultaneously. On the other hand, we
con rmed that the signals from the Gd-layered scintillator did not have the capability to distinguish low-energy
neutrons from fast neutrons and gamma rays, as the signals due to the slow neutrons originated from internally
converted electrons.
In this paper, we demonstrated that the pulse-timing
analysis method was quite useful for discriminating slow
neutron signals from gamma ray signatures. However,
there is ample room to improve the accuracy of the
results. For example, an immediate improvement can
be achieved by using a ADC with a higher resolution. The high-resolution ADC will provide more precise Qtail =Qtotal spectra, especially in the tail. In this
case, the di erence between the measured Qtail =Qtotal

spectra and the reference spectrum obtained by using
low-energy neutrons for Qtail =Qtotal < 0.3 will be the
contribution due to gamma rays or fast neutrons. Finally, the complete pulse shape as a function of time can
be reconstructed by using a ash ADC, and a detailed
comparison among signals generated by various particle
species will give the most accurate estimate for the fraction of gamma rays or fast neutrons.
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