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Digital discrimination of neutrons and γ rays with

organic scintillation detectors in an 8-bit sampling

system using frequency gradient analysis *
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Abstract: The feasibility of using frequency gradient analysis (FGA), a digital method based on Fourier

transform, to discriminate neutrons and γ rays in the environment of an 8-bit sampling system has been

investigated. The performances of most pulse shape discrimination methods in a scintillation detection system

using the time-domain features of the photomultiplier tube anode signal will be lower or non-effective in this

low resolution sampling system. However, the FGA method using the frequency-domain features of the anode

signal exhibits a strong insensitivity to noise and can be used to discriminate neutrons and γ rays in the above

sampling system. A detailed study of the quality of the FGA method in BC501A liquid scintillators is presented

using a 5 G samples/s 8-bit oscilloscope and a 14.1 MeV neutron generator. A comparison of the discrimination

results of the time-of-flight and conventional charge comparison (CC) methods proves the applicability of this

technique. Moreover, FGA has the potential to be implemented in current embedded electronics systems to

provide real-time discrimination in standalone instruments.
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1 Introduction

Organic scintillation detectors have often been

used for the detection and spectroscopy of a wide as-

sortment of radiations. When they are used as neu-

tron detectors, pulse shape discrimination (PSD) is

an essential requirement because all neutron fields co-

exist with an associated γ-ray component, arising as a

result of scattering reactions of the neutrons with ma-

terials in the environment and as direct by-products

of the primary reaction producing neutron field [1].

A number of techniques for PSD have been inves-

tigated with varying degrees of success. The most

popular ones of these are the charge comparison

method [2, 3] and the zero crossing method [4, 5].

Both of these methods were originally implemented in

analogue electronics, often in dedicated instrumenta-

tion modules or nuclear instrument modules (NIMs).

More recently, both of these methods have been im-

plemented in the digital domain as digital electronic

platforms have become available with the requisite

speed and cost to make this possible [6–8]. These

methods have become the industrial standards used

for comparisons with other new proposed discrimina-

tion methods, such as the correlation method [9], the

curve-fitting method [10], the pulse gradient analysis

(PGA) method [11–13], the artificial neural networks

method [14], the fuzzy c-means algorithm [15], the

wavelet algorithm [16, 17], the FGA method [18], and

so on. Additionally, some discrimination approaches,

such as PGA and FGA, can provide real-time, digital

characterization of environments where neutrons and

γ rays coexist.

However, in order to obtain a satisfactory discrim-

ination quality, most of the above-mentioned algo-

rithms require high performance digital electronic
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platforms. Generally speaking, the bit resolution of

the ADC in the sampling system should be at least

12-bit [19]. As the 8-bit ADC is cheaper and easier

to use than the 12-bit ADC, for example, the price of

the 500 M samples/s 8-bit AD9284 is less than half

that of the 500 M samples/s 12-bit AD9434 [20], it

is valuable to study the feasibility and the applica-

bility of the algorithms mentioned above in an 8-bit

sampling platform.

Most of the above pulse shape discrimination

methods use the time-domain features of the signal,

e.g., the implementation of the PGA method is based

on a comparison of the relative heights of samples

in the trailing edge of the pulse. Since the scintil-

lation process and the photomultiplier tube (PMT)

anode signal are often very noisy and time-domain

features are naturally highly dependent on the signal

amplitude at a specific time, these pulse shape dis-

crimination methods can have a great dependency on

the de-noising algorithm. In contrast, the discrimina-

tion methods developed in frequency-domain, such as

the wavelet method and FGA method, are more ro-

bust to noise and abrupt changes in the pulse wave-

form. But the calculation overhead of the wavelet-

based PSD method is heavier than that of the FGA

algorithm and thus it is not suitable for real-time dis-

crimination. The FGA method exploits the difference

between the zero-frequency component and the first

frequency component of the Fourier transform of the

acquired signal and combines the advantage of insen-

sitivity to noise associated with spectral analysis with

that of the real-time implementation of the PGA al-

gorithm.

According to the above considerations, we will

compare the feasibility and the performance between

the CC method and the FGA method in an 8-bit sam-

pling platform in this paper. The comparison will

proceed in two aspects as follows.

(1) Verification of the CC and FGA by the time-

of-flight (TOF) method. Since the TOF is a high-

accuracy method of n-γ discrimination in most cir-

cumstances, the result of the TOF will be used as the

basic criterion for comparing the feasibility of CC and

FGA in the environment of an 8-bit sampling system.

If either of these two methods’ results differs strongly

from the TOF, then this method is deemed to be no

longer feasible under this low bit resolution condition.

(2) Performance comparison of CC and FGA. The

FOM of each method will be obtained and compared.

A larger value of FOM indicates better performance

of the n-γ discrimination method.

An experimental environment has been con-

structed mainly with an associated particle neutron

generator, a TOF measurement system and a 5 G

samples/s 8-bit digital capture oscilloscope. The de-

tailed description of this experimental environment

is given in Section 2; the experimental results and

the discussion are given in Section 3; the conclusions

arising from this research are given in Section 4.

2 The experiment

The experimental data analyzed in this work were

acquired using the TOF measurement system at the

Institute of Nuclear Physics and Chemistry, the Chi-

nese Academy of Engineering Physics, Mianyang,

China. As shown in Fig. 1, through deuterium-

tritium fusion reaction, which is accomplished by us-

ing a 1 µA deuterium beam whose average energy is

110 keV to bombard the tritium target in this ex-

periment, an associated particle neutron generator

(APNG) produces neutrons and alpha particles that

are correlated in time and travel in opposite direc-

tions to conserve momentum. The energies of neu-

trons and alpha particles are 14.1 MeV and 3.5 MeV,

respectively.

For TOF research, one plastic scintillation detec-

tor detects the arrival of the alpha particle beam

pulse and provides a timing reference point for the

arrival of each pulse and is referred to as the beam-

pickup signal, and the other liquid scintillation de-

tector placed at an adjustable distance from the tri-

tiated target detects the corresponding neutrons or

γ rays. The plastic scintillation detector consisted

of a Φ25.4 mm×0.1 mm cylindrical cell scintillation

detector, optically coupled to an EMI 9807B PMT,

which was operated with a negative supply voltage

of −1600 V DC. The output signal from the plastic

scintillator was connected to Channel 1 of a Tektronic

digital phosphor oscilloscope, via approximately 25 m

of high bandwidth cable. The liquid scintillation de-

tector consisted of a Φ50.8 mm×50.8 mm cylindrical

cell scintillation detector filled with BC501A organic

liquid, optically coupled to another EMI 9807B PMT,

which was operated with a negative supply voltage of

−1400 V DC. The output signal from the liquid scin-

tillator was connected to another input of the digital

oscilloscope and used to trigger acquisition.

The liquid scintillator pulse and the correspond-

ing beam-pickup pulse data were captured digitally

with a sampling rate of 5 G samples/s and 8-bit am-

plitude resolution. This enabled all detected events,

i.e. both γ rays and neutrons, to be sorted in terms
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Fig. 1. A schematic of the experimental set-up used for the associated particle neutron generator at the

Institute of Nuclear Physics and Chemistry, the Chinese Academy of Engineering Physics, Mianyang, China.

of their time-of-arrival relative to the initial beam-

pick up.

3 Results and discussion

3.1 Verification of FGA and CC by TOF

3.1.1 The TOF measurement

TOF measurement, based on the difference in

flight time for neutrons and γ rays across a known

flight path length, is a reliable means of discriminat-

ing neutron and γ-ray events. Hence it offers an effec-

tive way to verify different n-γ discrimination meth-

ods and to measure the degree of discrimination qual-

ity on a quantitative basis [21].

In our research, the distance between the liquid

scintillation detector and the tritiated target, i.e., the

flight path length, was set as 1500 mm. A total of

1411 events were recorded and analyzed. The results

of the TOF method are given in Table 1. Nn-TOF and

Nγ-TOF represent the number of neutron and γ-ray

events discriminated by TOF, respectively.

According to Table 1, 774 events are identified as

20 γ-ray events and 754 neutron events, but the other

637 events can not be discriminated and can only be

classified as scatter events, which arise as a result of

scatter in the environment and within the detector.

These scatter events can be either γ-ray events or

neutron events. However, the TOF method failed to

classify them in terms of their radiation types. The

reason for this invalidation of the TOF method is that

a reference point in time which is usually required in

the TOF method is unavailable for scatter events.

The total 774 pulses induced by these events were

also applied to the FGA and CC methods to ver-

ify the feasibility of each method respectively. The

discrimination results of the CC and FGA methods

are also shown in Table 1. Nn-(TOF+FGA) is the num-

ber of neutron events correctly discriminated by FGA

out of the 754 neutrons pre-identified by TOF and

Nγ-(TOF+FGA) is the number of γ-ray events correctly

discriminated by FGA out of the 20 γ-ray pulses

pre-identified by using the TOF method. For the

CC method, Nn-(TOF+CC) and Nγ-(TOF+CC) are defined

correspondingly. The corresponding calculation pro-

cess will be given in the following para-graphs.

3.1.2 Frequency gradient analysis

Having discovered that there are distinct differ-

ences between the frequency spectrum of the γ-ray

signal and the neutron signal, which can be used as

prominent features to discriminate them, G. Liu et al.

presented a novel n-γ discrimination method called

FGA in paper [10]. It is demonstrated that the value

of the Fourier transform of a neutron or γ-ray signal

at zero frequency, |X(0)|, which is the average value

of the signal, is the most distinct part between them.

This can be explained by the fact that the falling

portion of neutron pulse decreases more slowly than

that of γ-ray events, which results in a greater aver-

age value of neutrons, |Xn(0)|, than that of γ-ray
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Table 1. The discrimination results of TOF, FGA and CC.

result TOF FGA CC

number of neutrons 754 (Nn-TOF) 743 (Nn-(TOF+FGA)) 735 (Nn-(TOF+CC))

error — 0.015 0.025

number of γ-rays 20 (Nγ-TOF) 19 (Nγ-(TOF+FGA)) 17 (Nγ-(TOF+CC))

error — 0.050 0.150

events, |Xγ(0)|, in the same time interval as expected

intuitively. In order to decrease the noise and take full

advantage of the information provided by the Fourier

transform, the gradient analysis method is used to

optimize the single parameter |X(0)|. The discrimi-

nation parameter is for this purpose defined as:

k(f) =
|X(0)|−|X(f)|

f
, (1)

where |X(f)| is the magnitude spectrum of the neu-

tron or γ-ray signal at frequency f .

Traditionally, the quality of an n-γ discrimination

method is often assessed qualitatively by plotting the

amplitude of a given pulse against a parameter that is

proportional to its decay rate. The resulting scatter

plot exhibits two separate components if the discrim-

ination of events in a field comprising both neutrons

and γ rays is successful. In the context of the FGA

method in this research, we selected the difference

between the zero-frequency component and the first

frequency component of the Fourier transform of the

acquired signal, i.e. |X(0)|− |X(1)|, as the discrim-

ination parameter to differentiate the neutron event

from the γ-ray event.

The 754 neutron pulses and 20 γ-ray pulses pre-

identified by the TOF method were applied to the

FGA method and the scatter plot of the FGA method

is shown in Fig. 2. As can be seen in Fig. 2, each γ-ray

or neutron event has been denoted by a symbol cor-

responding to its TOF assignment, and two distinct

groups of events were observed, each of which corre-

sponds to the γ-ray and neutron events. According

to the principle of FGA method, it is understand-

able that neutron events have a larger discrimination

parameters. Therefore, the right group of events is

identified as neutrons and the left group of events

is regarded as γ rays by the FGA method. As ex-

pected, most of the γ-ray events are located in the

left region of the scatter plot, while only one γ-ray

event mistakenly classified by the FGA method is lo-

cated in the right region. It was in this way that

the number of γ-ray events derived from the FGA

method, Nγ-(TOF+FGA), was obtained as 19. Similarly,

the number of neutron events derived from the FGA

method, Nn-(TOF+FGA), was gained. Thus the error of

FGA in discriminating neutrons can be defined as:

Error=
|Nn-(TOF+FGA)−Nn-TOF|

Nn-TOF

. (2)

Likewise, the error of FGA in discriminating γ rays

and the error of CC in discriminating neutrons or γ

rays can be calculated in this way. The discrimination

results of FGA are shown in Table 1.

Fig. 2. A scatter plot of peak amplitude against

the discrimination parameter of the FGA

method applied to 774 neutron and γ-ray

pulses.

3.1.3 The CC method

Different energy states are filled according to the

particle interacting in the scintillator, resulting in

varying de-excitation signal lifetimes. In general, a

light pulse is composed of fast and slow components.

The CC method used to accomplish PSD implies es-

sentially the determination of the relative weight of

the amounts of light emitted respectively in the fast

and slow component of the light pulse. The imple-

mentation of the method generally relies upon the

integration of the pulse over two different time inter-

vals (∆tS and ∆tF) corresponding to the slow and fast

components, whose choice depends on the actual ex-

perimental setup. The value of the ratio R = QS/QF

(QS and QF are the charges in the two intervals ∆tS
and ∆tF) indicates whether a neutron or a γ-ray event

has taken place. If two equal amplitude neutron and

γ-ray pulses are considered, the neutron pulse has a

larger slow component which results in a larger R [22].

In this research, the same 774 pulses pre-identified
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by using the TOF technique were applied to the CC

method to test its feasibility under the 8-bit sampling

condition. The integration was performed starting at

the time of the peak value of each pulse and the two

integrating time intervals selected were ∆tS=100 ns

and ∆tF=20 ns.

Like the FGA method, two regions are observed

in Fig. 3 by plotting the peak amplitude versus the

ratio of 100 ns: 20 ns integration values of the CC

method. It is clear that the right region corresponds

to neutrons and the left region corresponds to γ rays

in the CC method. The discrimination results of the

CC method are presented in Table 1 together with

TOF and FGA.

Fig. 3. A scatter plot of the peak amplitude

against the ratio of 100 ns: 20 ns integration

values of CC method are applied to 774 neu-

tron and γ-ray pulses.

As shown in Table 1, the discrimination results

of FGA and CC are basically consistent with those of

TOF, while the results of FGA show a higher similar-

ity to those of TOF. For instance, the total number of

neutron events arising from TOF, FGA and CC are

754, 743 and 735, respectively. There are 19 neutron

events mistakenly classified as γ-ray events by CC,

whereas there are only 11 neutron events mistakenly

classified as neutron events by FGA. It has been veri-

fied that both the FGA and CC methods are feasible

under an 8-bit sampling condition while FGA has a

higher degree of accuracy than CC.

3.2 Performance comparison between FGA

and CC

In Section 3.1, we have certified the feasibility of

CC and FGA in the environment of an 8-bit sam-

pling system. However, there are some scatter events

whose radiation type can not be identified by TOF.

Because both FGA and CC are essentially PSD meth-

ods which only require the differences of the pulse

shape to accomplish n-γ discrimination, they can be

used to distinguish the scatter events into two classes,

i.e. neutrons and γ rays. In order to further evalu-

ate the overall n-γ separation performance of CC and

FGA, two groups of pulses including some pulses in-

duced by scatter events are applied to CC and FGA

respectively to obtain FOM in this section.

3.2.1 An introduction to FOM

FOM is a current measure of the separation that

can be achieved between different types of event dis-

tributions and is defined as,

FOM =
S

FWHMγ +FWHMn

, (3)

where S is the separation between the centroids of

the neutron peak and the γ-ray peak in the spec-

trum, FWHMγ is the full width at half maximum

(FWHM) of the spread of events classified as γ-ray

events and FWHMn is the FWHM of the spread in

the neutron peak [23]. If the probability distribution

function of each event is consistent with the Gaussian

distribution, Eq. (3) becomes:

FOM=
|µn−µγ|

2.35(σγ +σn)
, (4)

where µγ and µn are the means of the γ-ray and neu-

tron Gaussians, respectively. The standard deviation,

σ, is given as σγ and σn for the γ-ray and neutron

Gaussians [18].

3.2.2 The comparison results

Group 1 comprises 679 pulses whose peak ampli-

tudes are under 3, including 18 γ-ray pulses, 336 neu-

tron pulses pre-identified by the TOF technique and

325 pulses induced by scatter events. Group 2 con-

sists of 785 pulses whose peak amplitudes are above

3, including 5 γ-ray pulses, 428 neutron pulses pre-

identified by using the TOF technique and 352 pulses

induced by scatter events. By applying the FGA and

CC methods to the pulses in Group 1 and Group 2

respectively, the scatter plots of the FGA and CC

methods shown in Fig. 4(a, c) and Fig. 5(a, c) can be

obtained in the same way as Fig. 2 and Fig. 3.

Based on the discrimination rules described in

Section 3.1, the results of FGA and CC are derived

from Fig. 4(a, c) and Fig. 5(a, c) and presented in

Table 2.
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Fig. 4. (a) Scatter plot of the peak amplitude against the discrimination parameter of FGA method applied

to pulses in Group 1; (b) the corresponding probability distribution histogram for the FGA data with fitted

Gaussian distributions; (c) Scatter plot of the peak amplitude against the ratio of 100 ns: 20 ns integration

values of CC method applied to pulses in Group 1; (d) the corresponding probability distribution histogram

for the CC data with fitted Gaussian distributions.

Table 2. The neutron and γ-ray counts and es-

timated neutron/γ ratio derived from the scat-

ter plots shown in Fig. 4(a, c) and Fig. 5(a, c).

data method Nn Nγ Rn/γ ∆Rn/γ

Group 1 FGA 365 314 1.162 0.089

CC 386 293 1.317 0.102

Group 2 FGA 598 187 3.198 0.268

CC 609 176 3.460 0.296

Nn and Nγ represent the neutron and γ-ray count,

respectively. Rn/γ is the ratio between the two counts

and ∆Rn/γ is the uncertainty of this ratio. It can

be seen in Table 2 that for FGA the uncertainty of

the ratio is smaller than that of CC. These data are

normalized to the total number of pulses in the data

set and are presented as probability distribution his-

tograms in Fig. 4(b, d) and Fig. 5(b, d). Two peaks

evidently correspond to the γ-ray and neutron events.

With the purpose of calculating FOM, Gaussian fits

have been applied to these probability distributions

with the curve fitting tool available in MATLAB
®

.

The sum of Gaussian distribution is expressed as:

f(x) = Aγ exp

[

−
(x−µγ)2

2σ2
γ

]

+An exp

[

−
(x−µn)

2

2σ2
n

]

, (5)

where µγ, µn, σγ and σn are the same as those in

Eq. (4). The Gaussian functions are scaled using Aγ

for the γ-ray Gaussian and An for the neutron Gaus-

sian. Table 3 presents the means, standard devia-

tions for the Gaussian fits to the experimental data

shown in Fig. 4(b, d) and Fig. 5(b, d). As can be

seen in these figures, there is a good fit between the

Gaussian distribution and the probability distribu-

tion function, so Eq. (4) is used to calculate the FOM

of each method. Substituting the variables in Eq. (4)

with the corresponding data shown in Table 3, the

FOMs of FGA and CC in Group 1 are calculated

as: FOMFGA=1.099, FOMCC=0.929. For Group 2,

the FOMs are: FOMFGA=1.146, FOMCC=1.161.

For Group 1, the FOM of FGA is about 18.3 percent
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Fig. 5. (a) Scatter plot of the peak amplitude against the discrimination parameter of FGA method applied

to pulses in Group 2; (b) the corresponding probability distribution histogram for the FGA data with fitted

Gaussian distributions; (c) Scatter plot of the peak amplitude against the ratio of 100 ns : 20 ns integration

values of CC method applied to pulses in Group 2; (d) the corresponding probability distribution histogram

for the CC data with fitted Gaussian distributions.

Table 3. The values of parameters in Eq. (5) calculated from the experimental results of CC and FGA.

data method µγ σγ µn σn

Group 1 FGA 23.080±0.140 1.499±0.189 30.730±0.190 2.690±0.210

CC 1.227±0.001 0.016±0.001 1.298±0.001 0.030±0.002

Group 2 FGA 23.130±0.130 1.514±0.199 30.670±0.140 2.418±0.192

CC 1.224±0.001 0.016±0.002 1.278±0.001 0.012±0.001

larger than that of CC, which indicates an improve-

ment of the performance over CC in discriminating

those neutrons and γ-rays with small pulse ampli-

tudes. However, the FOM of CC is only approxi-

mately 1.3 percent larger than that of FGA, which

shows that the performance of FGA and CC are com-

parable to each other when discriminating those neu-

trons and γ-rays with large pulse amplitudes.

4 Conclusion

The performance of the FGA method to discrim-

inate neutrons and γ rays in the system comprising

of a 14.1 MeV neutron generator, a BC501A liquid

scintillator and a 5 G sample/s 8-bit oscilloscope has

been investigated experimentally in detail. Firstly,

the FGA and CC method are applied to the events

pre-identified by TOF to accomplish n-γ discrimina-

tion. As shown in Table 1, both the FGA and CC

methods are feasible in discriminating the data ac-

quired with an 8-bit sampling system while the error

on the results of FGA is smaller than that of CC.

Secondly, the FOMs of FGA and CC are calculated

and compared with each other. The results indicate

that the performance of FGA is better than that

of CC in discriminating those neutrons and γ-rays

with small pulse amplitudes, which is verified by an
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improvement in FOM in Group 1. Since the pulses are

sampled with an 8-bit sampling system, the signal-to-

noise ratio (SNR) of the pulses is low. For pulses with

small amplitudes, the noise and variations of the pulse

shapes are more notable. It is because FGA only ex-

ploits the frequency-domain features of the acquired

pulses that it exhibits a strong insensitivity to noise

and can be used to discriminate neutrons from γ rays

with small pulse amplitudes.

For those n-γ discrimination methods which were

originally implemented in analogue electronics, such

as the CC method, their direct transpositions into

the digital domain fail to exploit the intrinsic ben-

efits of the digital domain and rarely result in pro-

gram flows that are optimized to ensure speed or

efficient use of memory. Besides, the main draw-

back of these methods is that they often require the

trial-and-error setting of a certain threshold; one of

the best examples is the integration time interval in

the CC method. With the rapid development of re-

lated digital devices such as digital signal processors

(DSP), field programmable gate arrays (FPGA) and

other processors, a wide variety of digital PSD meth-

ods have recently been developed. However, most of

these methods are time-domain PSD methods which

use sample amplitudes of the signal at a specific time

or ratio with respect to the peak amplitude. As a

result, their discrimination results are very sensitive

to noise and variations of the light intensity.

However, the FGA method can be used to discrim-

inate neutrons from γ rays even in an 8-bit sampling

system, which has been well proved by the research

carried out in this paper. It shows that the reduction

of the ADC bit resolution does not lead to the obvi-

ous deterioration of n-γ discrimination performance

of FGA. Moreover, the FGA method only exploits

the difference between the zero-frequency component

and the first frequency component of Fourier trans-

form of the acquired signal, which means that the

burden of calculation is not heavy for FGA compared

with the other digital-based discrimination methods.

Based on the theoretical analysis and experimental

results in this paper, it can be concluded that the

FGA method has the capacity to become a promis-

ing n-γ discrimination method to be implemented in

current embedded electronics systems at relatively

low cost to provide real-time discrimination in many

potential industrial applications.
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