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In this paper, we report investigations of the detector characteristics for boron-loaded plastic
scintillators for neutron measurements. The detectors were tested with fast neutrons emitted from
fission decays of a 5-µCi 252 Cf source and with slow neutrons provided by the MC50 cyclotron
at the Korea Institute of Radiological and Medical Science. The energy spectrum of the fast
neutrons was obtained by applying a time-of-flight method to the coincident measurement of
neutrons and gamma rays emitted from fission decays. The detectors were also tested to perform
a pulse-timing analysis for fast neutrons, slow neutrons, and gammas to understand the scope of
the discrimination for gamma rays when the detector is applied to practical measurements.
PACS numbers: 42.30.R, 42.40.Ht, 42.30.Kq
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I. INTRODUCTION
In the present R&D, we study the detector characteristics of boron-loaded plastic scintillators for potential applications to various medical and industrial purposes, for which precise measurements of neutrons are
required. One of primary applications of the neutron
sources for industrial purposes is nondestructive examination to detect weapons or explosives [1]. Inspections
of complete aircrafts by using both neutron and X-ray
sources can detect potential structural defects of aircrafts (for example corrosion or failure of bonding) [2]. In
many cases, 252 Cf radioisotopes are widely adopted for
the neutron-irradiation sources. The primary medical
application of fast neutrons is brachytherapy for various
cancer treatments [2]. In addition, for the past decades
well-modulated neutron beams of higher energies driven
by proton beams have been provided for the purpose of
the neutron therapies [3].
The current research addresses the detector characteristics and the advantages of boron-loaded scintillators when they are applied to neutron measurements.
The boron-loaded plastic scintillators are sensitive both
to fast and low energy neutrons. For the fast neutron
measurements, signals can be produced via scatterings
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of incident neutrons with the protons contained in the
polyvinyltoluene-base detector material [4]. The fastproton signals allow us to apply a time-of-flight (TOF)
method when direct measurements of neutron energies
are required. In this study, the operational characteristics for the energy measurement was tested by using
a 5-µCi 252 Cf source, whose energy distribution of the
neutrons is relatively well understood [5].
The boron-loaded plastic scintillators are sensitive to
low-energy neutrons in virtue of the large cross sections
for the neutron-capture reaction for the 10 B (3880 barns
for thermal neutrons [6]):
n +10 B → 4 He + 7 Li + 2.78 MeV (6 %),
n +10 B → 4 He + 7 Li
+γ (478 keV) + 2.31 MeV (94 %).
In addtion, boron-loaded plastic scintillators with
PMT-base sensors have a great advantage of higher
detection-rate capability, compared to many gaseous
ionization chambers currently in use. Furthermore,
the plastic scintillators provide us better operational
stability and are more convenient to use when applied to many practical measurements of low-energy
neutrons induced inside experimental sites or near
proton accelerators in operation. The construction
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Fig. 1. Schematic diagram of the electronics set-up for the fast neutron measurement with the time-of-flight method.

and the characteristic details of boron-loaded plastic
scintillators are described in Section II. In Section III,
the experimental set-up and the test results for the
neutron energy spectrum of 252 Cf are discussed. The
pulse analysis for low-energy neutrons is discussed in
Section IV. Finally, the conclusions for the operational
characteristics and the potential applications of the
current neutron detectors are made in Section V.

II. GENERAL DESCRIPTION OF THE
10
B-LOADED PLASTIC SCINTILLATORS
Two cylindrical boron-loaded plastic scintillators
(model BC454) were purchased from Bicron for this research. The thickness and the diameter of the scintillators are 2.5 and 5.0 cm, respectively. The wavelength of
the light output, centered at 425 nm, ranged from 370 to
500 nm. The decay time of the fast-neutron pulses was
2.2 ns.
The relative ratio of the 10 B concentrations was 0.059.
The expected probability of a neutron-capture reaction
for 10 B in a 2.5 cm thick detector is 0.95 for neutrons
of thermal energy (0.025 eV). For the fast neutrons, the
probabilities of producing charged particles inside the
detector volume were evaluated as a function of the neutron energy by performing GEANT-based simulations.
The simulation results were applied to the measured energy spectrum of the 252 Cf source for the efficiency corrections.
Each scintillator was attached to a photomultiplier
(Hamamatsu 2431) with optical grease. The scintillators
were properly wrapped by light-reflection films, whose
efficiency for light reflection was larger than 0.98. Finally, black tape was applied to ensure protection from
light leaks.

III. MEASUREMENT OF THE NEUTRON
ENERGY SPECTRUM FOR 252 CF
The neutron-energy spectrum of 252 Cf was measured
by using two boron-loaded plastic scintillators. The energy of each neutron was obtained from the flight time
over a distance of 1.25 m from the source to one scintillator (the optimal distance for the coincidence mesurement
when a 5-µCi 252 Cf is used for the test). The other scintillator, placed 1.0 cm away from the source, was used
to trigger each fission decay event.
Figure 1 shows a schematic diagram of the electronics
set-up for the fast neutron measurement with the TOF
method. The fission decay can be triggered by either a
neutron or a gamma ray. The threshold values for digitizations of the pulses occurred in the trigger scintillator
and the scintillator for the flight-time measurement were
50 mV and 20 mV, respectively. The flight times and the
pulse heights for the fast neutrons and the gamma rays
were measured by using a LeCroy 2228 single-hit TDC
and a 2249 ADC, respectively. The maximum range of
the time measurement for the neutrons in flight was 400
ns. However, flight times larger than 150 ns were excluded due to the dominating contribution of the scattered neutrons to the data. Since the timing gate width
for the ADC measurement was restricted to 450 ns and
the neutron-capture cross section for 10 B is very small
for the fast neutrons (∼2 barn for 0.1 MeV neutrons),
the dominant process for producing the neutron signals
was obviously n-p elastic scattering.
Figure 2 shows a typical pulse of a fast neutron
at a high voltage of 2.0 kV. The pulse-height spectra
(ADC) for the fast neutrons (solid) and the gamma rays
(dashed) emitted from fission decays of the 252 Cf source
are shown in Figure 3. The pulse distribution for the
fast neutrons (solid) results from the energy distribution of the recoil protons. The pulse distribution for the

-1484-

Journal of the Korean Physical Society, Vol. 50, No. 5, May 2007

Fig. 2. Typical pulse of a fast neutron displayed on an
oscilloscope.
Fig. 4. Time accuracy for the coincidence measurement
measured by placing both scintillators 1.0 cm away from the
252
Cf source. The estimated time resolution affecting the
energy resolution of neutrons was 1.6 ns.

Fig. 3. Pulse height spectra for the fast neutrons (solid)
and the gamma rays (dashed) emitted from fission decays of
the 252 Cf source.

gammas is accidentally similar to the one for the fast
neutrons. The similarity would merely result from the
energy distribution of the gamma rays emitted from the
fission fragments of 252 Cf [7]. Therefore, the ADC information is incapable of discriminating the gammas from
the fast-neutron events.
The time accuracy for the coincidence measurement
was measured by placing both scintillators 1.0 cm away
from the 252 Cf source. As Figure 4 shows, the time distribution is asymmetric because it includes four different
cases of tagging the fission events, i.e., the coincidences
of n-γ, of γ-γ, of n-n, and of γ-n. The n-γ case contributes the fastest part of the distribution while the γ-n
case is slowest and produces a relatively long tail due
to the delay of the neutron interaction. The estimated

Fig. 5. TOF spectrum measured for a flight distance of
1.25 m. The left peak of the spectrum indicates the contribution of the gamma rays. The reference time-zero for the
flight times of the particles was measured by replacing the
detector pulses by the fast-logic pulses of a pulse generator.

time resolution affecting the energy resolutions of neutrons was 1.6 ns.
Figure 5 shows the TOF spectrum measured for a
flight distance of 1.25 m. The left peak of the spectrum
indicates the contribution of the gamma rays. The reference time-zero for the flight times of the particles was
measured by replacing the detector pulses by the fast
logic-pulses of a pulse generator. The neutron energy
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Fig. 6. Two-dimensional histogram visualizing both pulse
heights of the particles (x-axis) and their flight times (y-axis).

was calibrated by using the following calibration:
E(M eV ) = A{

L
}2 ,
tscale (T − T0 ) + Tdelay
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Fig. 7. Neutron-energy spectra obtained for the 252 Cf
source. The full and the open circles represent the neutron
energy spectra before and after the efficiency correction, respectively. The full squares represent the simulated detection
efficiencies as a function of energy.

(1)

where L, tscale , T , T0 , and Tdelay are the flight distance,
the time-scale factor, the TDC time, the reference timezero, and the mean time-delay of the triggers. The calibration factor A in Eq. (1). is 5.227 × 10−15 MeV·s2 /m2 .
Figure 6 shows a two-dimensional histogram visualizing both pulse heights of the particles (x-axis) and
their flight times (y-axis). A clean separation between
the gamma rays and the high-energy neutrons in the
time distribution (Figure 5) was not made in the overlapped region due to the finite size of the time resolution
(∼1.6 ns). Instead, proper extrapolations were made for
the two distributions to remove the gamma contribution
from the histogram. An exponetial curve was chosen to
fit the tail region of the gammas and was applied to the
overlapped region. Due to the systematic error caused
by the event selection, a relatively large error was introduced in the data at the highest energy.
In Figure 7, the neutron energy spectrum represented
by the full circles was obtained by using the conversion
described in Eq. (1). Then, the neutron-energy spectrum was corrected for detection efficiencies by performing GEANT-based simulations, where the probabilities
of producing charged particles inside the detector volume were estimated as a function of the neutron energy.
The energy cutoff to simulate the ‘sensitive’ charged particles was 50 keV, which is approximately equivalent to
the digitization threshold of 20 mV. The choice of the
energy cutoff did not sensitively affect the detection efficiencies, except for the lowest neutron energy (300 keV).
In Figure 7. the simulated efficiencies and the corrected
spectrum are represented by the squares and open circles, respectively.

Since the activity of the 252 Cf source was comparably
small to achieve larger statistics, the measurement was
not extended to the energy region larger than 10 MeV.
The current measurement is, however, in good agreement with the previous measurements of the neutron
energy spectrum [8]. Therefore, we can conclude that
from this test, the plastic scintillators have provided us
the proper detection properties for high-energy neutron
measurements with the TOF method. The primary application of the boron-loaded plastic scintillators is in
the category of low-energy neutron measurements. Nevertheless, we conclude that they can also be a relevant instrument for energy measurements for the fast neutrons.
Furthermore, the current TOF method is also often applied to measure the direct energy spectra for low-energy
neutrons. Recent technical research on modified resistive plate chambers with neutron sensitive materials for
the low-energy neutron detections has been addressed in
Ref. 9.

IV. PULSE ANALYSIS FOR LOW-ENERGY
NEUTRONS
In this section, pulses of fast and slow neutrons are analyzed and compared with gamma signals to address discrimination among the different radiations. 5-µCi 252 Cf
and 10-µCi 60 Co (Eγ = 1.17 and 1.33 MeV) sources were
used for the fast neutrons and the gamma rays, respectively. In order to obtain the slow neutrons, we used
the neutron beam provided by the MC50 cyclotron at
KIRAMS (Korea Institute of Radiological and Medical
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Fig. 8. Schematic diagram for the electronics set-up to examine the time characteristics of the detector pulses.

Sciences). A 1.0 cm-thick Be target and proton beam of
45 MeV were used to produce fast neutrons. The slow
neutrons were obtained by an energy moderation of the
fast neutrons by a large number of rescatterings from the
walls of the experimental hall.
A new technical method was applied to the pulse spectra to differentiate the time characterstics for the neutrons and gammas. As the schematic diagram for the
electronics set-up (Figure 8) shows, a detector pulse was
fanned out into four pulses: the first one to be digitized
for the event trigger, the second one to measure the TDC
time of the differential pulse, the third one to measure
the total charge of the pulse, and the last one to measure the tail charge. The time constant to produce the
differential pulse though the high-pass filter was 2.7 ns.
The time off-set to select the tail charge was set to 12 ns.
The threshold values for digitization of the trigger and
the differential pulses (amplified by a factor 10) were 30
mV and 70 mV, respectively. The applied high voltage
was set to the same value as the one for the fast neutron
case (2.0 kV).
The time for the trigger pulse was corrected to compensate for the effect caused by the size of pulse. The
time-walk correction was carried out by using a gamma
spectrum because the gamma signals were induced by a
single process, i.e., the Compton scattering. Figure 9
shows 2-dimensional histograms of the total charge (xaxis) versus the time difference between the differential
and the trigger pulses (y-axis) for the gamma rays. The
data obtained before and after the time-walk correction
are shown in the top and the bottom histograms, respectively. As the top histogram shows, the time walk
for the amplified differential pulse diminishes faster than
the trigger pulse as the pulse size increases. For pulses
whose total charge is larger than 30 pC, the time walk
for the differential pulse becomes negligible; i.e., the stop
time of the differential pulse approaches its zero-crossing
time [10]. The data with total charges larger than 30 pC
were used to obtain the proper time-walk correction for

Fig. 9. Two-dimensional histograms of the total charge
(x-axis) versus the time difference between differential and
trigger pulses (y-axis) for the gammas. The top and the bottom histograms were obtained before and after the time-walk
correction, respectively.

the trigger pulses.
The difference among gammas, fast neutrons, and slow
neutrons can be emphasized by measuring the tail-tototal charge ratios of the pulses. In Figure 10, the distributions of the ratios are shown for gammas (solid),
fast neutrons (dashed), and slow neutrons (dotted). The
numbers selected for the three cases are approximately
the same to ensure the relevant comparison of the spectra. The neutron and the gamma spectra were properly
subtracted for the detector noises. As Figure 10 shows,
the difference between the gammas and the fast neutrons
is less significant because the contribution of the 10 B elements of the detector, producing α signals, is relatively
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Fig. 10. Tail-to-total charge ratios for gammas (solid), fast
neutrons (dashed), and slow neutrons (dotted).

Fig. 11. TDC times for gammas (solid), fast neutrons
(dashed), and slow neutrons (dotted) obtained after performing the time-walk correction.

small due to the low cross section for high-energy neutrons. However, the distribution for the slow neutrons,
whose signals were produced dominantly by the neutroncapture reaction of the 10 B elements (the rightmost peak
in the dotted curve), can obviously be distinguished
from the gamma distribution. The first peak in the dotted curve is presumably due to the gamma rays emitted
from the various neutron-driven excited materials in the
experimental hall. The p(n,γ)d reaction accounts for the
second peak, whose peak position is expected to match
the one for the fast neutrons.
The TDC times of the differential pulses for the gammas (solid), the fast neutrons (dashed), and the slow
neutrons (dotted) obtained after the time-walk correction are shown in the Figure 11. For the slow neutrons, events whose tail-to-charge ratios were larger than
0.33 (whose signals are expected to be dominated by the
neutron-capture reaction of the 10 B elements) were selected. The major effect causing the difference in the
TDC time spectra is the difference in the pulse-height
spectra of the three cases. The effect is caused by the
difference in the rapidity of the pulse-leading edge being
relatively insignificant. As Figure 11 shows, the peak
positions for the gammas and the fast neutrons are not
separable because the dominant reaction for the fast neutrons to produce the signals is presumably n-p elastic
scattering (En > 0.1 MeV) or the p(n,γ)d reaction (En
< 0.1 MeV), whose zero-crossing time for the differential
pulse is actually similar to the gamma case.
In conclusion, the time method to differentiate the
pulse distributions (Figure 11) is less effective because
we could not obtain clear separation of the zero-crossing
times among the three cases. However, the method of
measuring the tail-to-total charge ratios (Figure 10) is
more conductive to being applied to estimating gammas

in slow-neutron measurements in virtue of the large difference in the distribution shapes.

V. CONCLUSIONS
Since the tests for the boron-loaded plastic scintillators were carried out with a relatively small 252 Cf source,
the measurement of the neutron-energy spectrum was
limited to 10 MeV due to the low statistics. However,
the detector characteristics required to perform the energy measurement for fast neutrons were satisfactory. As
we discussed in the previous section, the current TOF
method applied to the fast-neutron measurement is also
common for ‘direct measurements’ of energy spectra for
the low-energy neutron fields driven by proton accelerators. In virtue of the good time resolution and the large
sensitivity, the boron-loaded plastic scintillator is one of
the relevant instruments capable of measuring both fast
and slow neutrons.
In spite of the characteristic advantage and the operational convenience and stability, the boron-loaded plastic scintillators are inevitably sensitive to gamma rays,
whose scintillation light outputs are relatively large and
are widely distributed in the pulse spectrum due to the
nature of Compton scattering. As we discussed in the
previous section, the time method to differentiate pulses
for the neutrons and gammas would be less effective because the difference in the rapidity of the pulse-leading
edge is less significant among gammas, fast neutrons,
and slow neutrons. However, the method of measuring
the tail-to-total charge ratios is more successful in discriminating the pulse distributions for the gammas and
the slow neutrons.
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The current method presented in this paper may also
be a good technical candidate when applied to other organic scintillators. We expect the time method to become more effective for detectors whose time response is
relatively slower.
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