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a b s t r a c t

The 3He proportional chamber is widely used for neutron measurement owing to its high neutron
detection efficiency and simplicity for gamma-ray rejection. In general, the neutron and gamma-ray
signals obtained from the 3He proportional chamber can be easily separated by the difference in the
pulse heights. However, for a high gamma-ray field, the gamma-ray signal cannot be precisely eliminated
by the pulse height due to gamma-ray pulse pileup which causes the pulse height of gamma-ray pulse to
increase and making the pulses due to neutrons and gamma rays indistinguishable. In this study, an
improved algorithm for n/g discrimination using a parameter, which is the ratio of the rise time to the
pulse height, is proposed. The n/g discrimination performance of the algorithm is evaluated by applying
it to 252Cf neutron signal separation from various gamma-ray exposure rate levels ranging 0.1e5 R/h. The
performance is compared to that of the conventional pulse-height analysis method in terms of the
gamma elimination ratio. The suggested algorithm shows better performance than the conventional one
by 1.7% (at 0.1 R/h) to 70% (at 5 R/h) for gamma elimination.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

There are many mixed neutronegamma radiation fields such as
those inside or outside nuclear power plants and accelerator fa-
cilities. For neutron measurements at these sites, it is important to
separate the gamma-ray signals from the neutron signals to obtain
only the neutron signal. The 3He proportional chamber has been
widely used for the neutron detectors in these fields owing to its
high efficiency for neutrons and low sensitivity for gamma rays [1].
Even if the gamma-ray signals are mixed with the neutron signals,
they can be easily eliminated by the pulse-height analysis method
(PHA method) because the pulse heights of the gamma-ray signals
are generally much lower than those of the neutrons in the 3He
detector [2]. However, at a high gamma-ray exposure rate, the
gamma-ray signals cannot be easily rejected. As the gamma-ray
exposure rate increases, the frequency of the gamma-ray signal
increases, and signal pile-up occurs. The individual gamma-ray
signals begin to overlap and grow. In a signal processing system,
pulse height of such signals are enough to exceed the pulse height
threshold for neutron events (cutoff energy) so that recognized as

neutron signals. As a result, gamma-ray events can superimpose on
the neutron spectra, and pulse height threshold for neutron events
does not function [3]. In order to eliminate the gamma-ray signals
precisely, even for high gamma-ray fields, an improved signal
processing algorithm for n/g discrimination is required. Until
recently, research has been carried out for precise signal separation
of 3He detector [4,5].

In this study, an algorithm for distinguishing neutron and
gamma-ray signals in high gamma-ray fields was developed. The
algorithm was applied to data from 3He proportional chamber for
various neutron-gamma mixed fields. The high gamma-ray field
was reproduced using a252Cf neutron source and intense 137Cs
gamma-ray sources at the gamma-ray irradiation facility at ORBI-
TECH Co. Ltd. The detector signals were stored and analyzed using a
flash analog-to-digital converter (FADC) to implement the algo-
rithm considering both the pulse height and rise time.

2. Experimental setup

Neutronegamma mixed spectra were obtained at the gamma-
ray irradiation facility in ORBITECH Co. Ltd. In order to carry out
tests in environments with various gamma exposure rates from
100 mR/h to 5 R/h, two different activity sources were used and the
irradiation distance which is the distance between source and
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detector was changed, as summarized in Table 1. The activity of the
source and the irradiation distance were controlled by a system
controller in the operating room located outside the facility. A 6.5-
mCi 252Cf source was used as a neutron source. The neutrons
emitted from 252Cf were moderated to thermal neutrons by a
polyethylene (PE) shield. The PE shield has dimensions of 22� 22�
40 cm3with a 2-in. Hole at the center andwas designed to place the
3He detector in the hole. The 252Cf source was attached to the
outside surface of the shield. The side of PE shield containing the
3He detector was positioned facing the gamma-ray source. Fig. 1
shows the setup of the 3He detector, PE shield, and sources.

The CANBERRA 133NH30/5 5-bar 3He proportional chamber
was used as the detector in the measurement systems. An oper-
ating voltage of 1400 V was applied using Ortec 556 high-voltage
power supply. The CANBERRA Model 2006 preamplifier was used
to convert the radiation-induced charges into a voltage pulse
whose height is proportional to the total charge collected for each
event. The Ortec 572A amplifier was used for pulse shaping. The
shaping time was set to 2 ms? The amplifier gain was set to 150 for
the spectrum measurements (Exp. 1), whereas a gain of 50 was
used for the storage of each pulse (Exp. 2), taking into account the
storable range of the FADC. In Exp. 1, the Ortec 919E multichannel
analyzer and Maestro software were used to record spectra. The
time for each measurement was 300 s. In Exp. 2, each pulse was
stored using the FADC (NOTICE FADC500) with 500-MHz sampling
rate for the algorithm configuration. For the measurement of only
gamma rays, 20,000 pulses were recorded, and 50,000 pulses were
recorded for the both neutrons and gamma rays. Fig. 2 shows the
experimental setup for Exp. 1 and Exp. 2.

3. Results and discussion

3.1. 3He neutron spectrum at a high gamma field

The gamma ray exposure rate was varied from 100 mR/h to 5 R/
h. The spectrum of the gamma ray fields is shown in Fig. 3. As the
gamma-ray exposure rate increases, gamma ray signals increase
and are overlapped on the wall effect region of neutron spectrum.
In this case, n/g discrimination using the difference in the pulse
heights is no longer acceptable. At more than 100 mR/h, a large
number of gamma-ray signals are not rejected by the general 3He
detector’s cutoff energy (150 keV) because most piled-up gamma-
ray signals exceed the cutoff energy. Additionally, it was observed
that the Q-value peak broadened slightly to a high-energy channel
in the neutron spectrum. This is because the pulse height of
neutronegamma pileup events increased. However, it does not
have a significant influence in terms of signal separation.

The energy spectrum obtained by the Exp. 1 setup without
a252Cf neutron source at identical gamma-ray exposure rates to
those of Fig. 3 was shown in Fig. 4. From the results, the energy (End
energy) where the gamma-ray spectra end was found at each
gamma-ray exposure rate in order to evaluate the effect of the
piled-up gamma rays quantitatively and is listed in Table 2. If the
neutron and gamma-ray signals were discriminated by the End
energy as the cutoff energy, it caused a considerable loss of the
neutron signal because the End energy was close to 191 keV or
exceeded 191 keV, which is the minimum energy of the wall effect

Table 1
Information about the gamma-ray source and exposure rate corresponding to the
irradiation distance.

Source Activity Irradiation distance Exposure rate

137Cs 4.90 Ci 4062 mm 100 mR/h
19.59 Ci 4941 mm 250 mR/h

3506 mm 500 mR/h
2488 mm 1 R/h
1765 mm 2 R/h
1122 mm 5 R/h

Fig. 1. Setup of the 3He detector, PE shield, and sources.

Fig. 2. Schematic of the experimental setup for (a) Exp. 1 and (b) Exp. 2.
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continuum in the neutron energy spectrum [2].

3.2. Improved n/gdiscrimination algorithm

The typical neutron and gamma-ray signals from the experi-
ment are shown in Fig. 5. Most of the neutron signals showed a
higher height and shorter rise time than those of the gamma rays
because the energy deposited by a gamma ray is much lower than
that of a neutron, which originated from a reaction with a high Q
value. In terms of the rise time, neutron pulses generally have a
shorter rise time than that of the gamma-ray signals and have a
specific distribution determined by the reaction positions in the

detector geometry [2]. These characteristics of neutron and
gamma-ray signals were also reported in Ref. [6].

Owing to the wide distribution of the neutron rise time, there
were many overlapping regions with the gamma rays; therefore, it
was difficult to clearly separate the neutron and gamma-ray signals
by the rise time only for thermal neutron measurement. On the
other hand, separationmethod using the rise time has been applied
to neutron spectroscopy since the signals from the 3He (n,p)T re-
action always have greater rise time than the signals from the 3He
recoils [7]. It was also used for n/g discrimination from fast neutron
measurement using hydrogen proportional chamber [8]. However,
it is expected that there is a greater difference between the neutron
and gamma-ray signals if both characteristics (the pulse height and
rise time) are taken into account with the rise-time-to-pulse-
height ratio (R/H) even in thermal neutron measurement. One
study confirmed that separation performance at low gamma-ray
background using this method in practice [4]. Further, at a high
gamma-ray exposure rate, it is expected that the R/H still forms a
similar distribution at a low gamma-ray fields and n/g discrimi-
nation can be performed on the same basis. It is because the rise
time and pulse height of neutronegamma pile-up events remain
nearly unchanged compared to those of the original neutron signal,
and those of the gammaegamma pile-up events increase by a
similar rate. Therefore, the deterioration in the separation perfor-
mance due to gamma-ray pile-up can be compensated.

On the basis of the characteristics of the two types of pulses
mentioned above, a signal processing algorithm was developed
using the data analysis framework ROOT [9]. The flow diagram of
the algorithm is presented in Fig. 6. The procedure is as follows:

1. Signal identification using a noise threshold. In this step, the
noise and true pulse signal are distinguished.

2. Finding the baseline and pulse height. In this step, the baseline is
defined as the average signal height before and after a pulse is
generated. The point at which the highest height occurs is
determined as the peak point. Then, the height of the baseline to
the peak point is defined as the pulse height.

3. Finding the starting point of a pulse. The point where the signal
height from the baseline meets 10% of the pulse height is
considered as the starting point of a pulse. Then, the rise time is
calculated, yielding the time interval from the starting point to
the peak point. Finally, the pulse height and rise time of each
pulse are stored, and the neutron and gamma-ray signals are
distinguished by their R/H.

3.3. n/g discrimination using the improved algorithm

Fig. 7 shows the signal processing results for the measured data
of neutrons with various gamma-ray exposure rates. Fig. 7 (a) to (d)
correspond to the 2D plots of the pulse height versus rise time, and
(e) to (h) spectra of rise time to pulse height ratio (R/H). In Fig. 7 (a)
to (d), both pulse height and rise time of the gamma-ray signal
increased sharply as the exposure rate increased. The maximum
pulse height and rise time of the gamma-ray were changed from
about 500 to 1000 and from 10,000 to 30,000 ns, respectively. The
pulse height of neutron appeared from 400. Thus, several gamma-
ray signals could be classified as neutron signals with the existing

Fig. 3. 252Cf energy spectrum using the 3He detector for various gamma-ray exposure
rates of 0.1e5 R/h.
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Fig. 4. Gamma-ray energy spectrum from the 3He detector for various gamma-ray
exposure rates of 0.1e5 R/h.

Table 2
End energy (keV) at the various gamma-ray exposure rate ranging 100 mR/h to 5 R/h.

Exposure rate 100 mR/h 250 mR/h 500 mR/h 1 R/h 2 R/h 5 R/h

End energy (keV) 185.38 234.98 278.06 336.81 417.75 514.35
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PHA method. In Fig. 7 (e) to (h), on the other hand, it is shown that
neutron and gamma-ray signals can be separated by R/H value 10,
when the improved algorithm was applied.

For a quantitative comparison with the existing method, the
measured data for only the gamma rays with various exposure rates
were analyzed with the improved algorithm and PHA method.

After eliminating the gamma-ray signal using each method, the
performance was compared using the gamma elimination ratio (Rr)
[10], defined as follows:

Rr ¼ Gr

Gt
� 100ð%Þ (1)

where Gt is the total number of gamma-ray events before elimi-
nation, and Gr is the number of eliminated gamma-ray events. The
signals below a pulse height of 337 (150 keV) were removed as
gamma rays in the PHA method, and the signals above an R/H of 10
were eliminated as gamma rays. The R/H of 10 was set as the
discrimination criterion of the improved algorithm tominimize the
loss of neutron signals and the overestimation by gamma-ray sig-
nals. The true pulse, excluding the noise among the 20,000 pulses,
was Gt. Table 3 summarizes the results of the comparison, and Fig. 8
shows Rr for each exposure rate. It was confirmed that there was
little difference in the performance at 100 mR/h, but the difference
continuously increased with the gamma-ray exposure rate.

4. Conclusion

Experiments using the 3He proportional chamber were carried
out at high gamma-ray exposure rates from 100 mR/h to 5 R/h.
From the analysis of energy spectra, it was confirmed that it was
difficult to precisely discriminate the neutron and gamma-ray
signals using the existing PHA method in high gamma-ray fields.
In order to overcome this disadvantage, an improved algorithm for
n/g discrimination using the ratio of the rise time to the pulse
height was proposed and applied. The separation performance was
evaluated by the gamma elimination ratio. As a result, the perfor-
mance of the improved algorithm was enhanced compared to that
of the existing PHA method by 1.7% at 100 mR/h, 4.3% at 250 mR/h,
9.4% at 500 mR/h, 21.1% at 1 R/h, 60.8% at 2 R/h, and 70% at 5 R/h. In
the future, we have a plan to fabricate the system which the algo-
rithm is applied, and confirm the possibility of real-time signal
separationwithout loss of signals like the existing PHAmethod. It is
expected to be applied in a neutron dosimeter in nuclear power
plants where various gamma ray backgrounds exist, or a neutron
detector for spent-fuel analysis.

Fig. 5. Pulse shapes of (a) neutrons and (b) gamma rays.

Fig. 6. Flow diagram of the improved signal processing algorithm.
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Fig. 7. Results of the improved n/g discrimination algorithm for the measured data at various gamma-ray exposure rates with the decelerated 252Cf source.
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