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Abstract—We developed an analog pulse shape discrimination
(PSD) topology based on the well-established charge integration
(CI) method, featuring two novel functional blocks beneficial for
high event rate operation. The topology is designed for high-speed
scintillators. The demonstrated analog design is potentially better
suited than digital methods, when considering both processing
time and power consumption aspects. The topology was tested
using both experimental alpha and beta pulses from a plastic
scintillator with a layer of ZnS(Ag) coupled to a PMT, and a fast
digital emulator to simulate controlled high event rate scenarios.
The discrimination capabilities of the topology were optimized
and evaluated using a traditional figure of merit (FoM) approach.
The topology achieved over 99% correct classifications when
evaluated using the experimental pulses recorded. Additionally,
the dedicated blocks resulted in a fourfold reduction in miss-
classifications of slow pulses at an event rate of 100 kcps of fast
pulses, while also providing a dynamic deadtime proportional to
the pulse charge.

Keywords—pulse shape discrimination, high rate, charge inte-
gration, analog circuit, plastic scintillator.

I. INTRODUCTION

THE term PSD is a general name for techniques used to
discriminate between different types of radiation based

on differences between the nuclear pulse shapes. PSD can be 
applied to detectors of ionizing radiation with the ability to in-
teract with multiple kinds of radiation. It is often important to 
distinguish different types of radiation for homeland security, 
nuclear safeguard, and neutron scattering applications [1]–[4]. 
PSD can either be performed directly on the detector signal in 

the analog domain, or on the sampled detector signal in the 
digital domain. PSD methods realized in the analog and digital 
domain vary in their discrimination capabilities and power 
consumption. Traditional digital signal processing algorithms 
include slice-fitting, tail-sum, cosine similarity, histogram-
difference, and Fourier analysis based methods [3]–[10]. In 
addition, recent advancements in the field of artificial intelli-
gence have given rise to PSD techniques based on traditional 
machine learning [11]–[14] and neural networks [2], [15]–
[20]. Digital PSD methods require high-speed analog to digital 
converters (ADCs) which increases power consumption. In 
addition, some of these algorithms are complex and require 
long processing times, resulting in a limited count rate and 
increasing deadtime. Performing PSD in the analog domain

may be more suitable for applications with limited hardware 
that require low power consumption. This is particularly true 
when working with fast decay scintillators, especially for 
battery-based applications.

Discrimination capabilities of PSD techniques applied in the 
analog domain are limited to what is achievable with integrated 
circuits (ICs). Pulse height discrimination (PHD) techniques 
discriminate the pulses based on amplitude or charge [21], 
while pulse width discrimination (PWD) techniques such as 
time over threshold (ToT) discriminate the pulses based on 
their duration [22]. Such techniques are often simple to realize 
and suffer from a considerable number of miss-classifications 
in low signal-to-noise ratio (SNR). In addition, operation 
within high event rates may cause an additional number of 
miss-classifications due t o pileup.

In this work, a novel analog PSD topology for fast scin-
tillators is presented. Discrimination is based on the well-
established digital CI method, providing superior discrimina-
tion capabilities compared to analog methods based on PHD 
and PWD. The topology introduces two dedicated blocks 
designed to improve neutron count rate when operating within 
high event rates. The double+ counting rejection (D+CR) 
block was designed to reject gammas arriving consecutively, 
resulting in fewer neutron miss-classifications in high gamma 
fluxes. M oreover, t he d ynamic d eadtime ( DDT) b lock was 
designed to produce a deadtime proportional to the energy of 
the pulse, lowering the total deadtime and improving detection 
efficiency.

Alpha and beta pulses interacting with a plastic and 
ZnS(Ag) scintillator coupled to a photomultiplier tube (PMT) 
were recorded and analyzed in order to design the analog 
topology. The topology was implemented on an FR-4 printed 
circuit board (PCB) designed for high frequency operation. 
Experiments with both radioactive sources and a fast digital 
emulator were carried out in order to assess the discrimination 
capabilities of the method. Results show excellent discrimi-
nation capabilities and successfully validate the contribution 
of the D+CR block and the DDT block in high event rate 
scenarios.

The rest of this article is organized as follows. The experi-
mental setup, data analysis, and the challenges associated with
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performing analog PSD for fast scintillators under high event 
rates are described in section II. section III provides a detailed 
description of the proposed PSD method. Discrimination ca-
pabilities of the proposed method under various conditions are 
displayed in section IV. Finally, we provide a summary and 
discuss some future possibilities in section V.

II. DATA

A. Experimental Setup and Data Analysis

The experimental setup used is described as follows. Alpha 
and beta sources were placed in front of a plastic scin-
tillator with a ZnS(Ag) layer. The alpha particles interact 
with the ZnS(Ag) layer, while the beta particles interact with 
the plastic. The scintillator was coupled to a PMT. 20,000 
alpha and 20,000 beta pulse shapes were recorded using a 
fast digital oscilloscope. The amplitudes and decay constants 
of the recorded pulses were digitally fit using non-linear 
optimization and are scattered in Fig. 1. The amplitudes of 
both the alpha and beta pulses fall within a similar range; 
therefore, they cannot be discriminated using PHD methods. 
The fitted decay constants of beta pulses extend up to around 
10 ns, while the fitted d ecay c onstants o f a lpha p ulses range 
between approximately 10 ns and 70 ns, establishing a distinct 
separation of alpha and beta pulses within the decay constant 
domain. The variance of the fitted decay constants h igher for 
low energy pulses due to SNR, which results in noisy fitting. 
Considering these pulse characteristics, the selection of the 
discrimination method employed in the topology is grounded 
in the well-established CI method, commonly utilized in the 
digital domain. Discrimination using the CI method relies 
significantly o n t he d ecay c onstant p arameter, r endering i t a 
suitable choice for our data set.

Fig. 1. The distribution of the alpha and beta pulses over the amplitude-decay
constant span.

B. Challenges

Although the CI method is based on simple principles
and has been shown to possess excellent PSD capabilities 
[23], implementing the method in an analog fashion for fast

scintillators while operating in high event rates poses several 
challenges.

Challenge I: Fast scintillation responses. As can be seen 
in Fig. 1, scintillation responses of beta or gamma particles 
in plastic scintillators decay within several ns. Processing 
and discrimination of these responses demand high-speed 
components and careful analog design. Small timing jitters 
within the order of ns, and other timing uncertainties like walk 
or drift, highly affect the processing of these pulses.

Challenge II: Miss-classifications i n h igh e vent rates. 
Discrimination based on the CI method is based on a ratio 
between two integral values referred to as the PSD ratio. In 
the case of two beta pulses arrive consecutively, the resulting 
PSD ratio is prone to resemble the PSD ratio of an alpha 
pulse, resulting in a miss-classification. T his e vent i s more 
likely to occur in high beta event rates. Applications such as 
neutron scattering demand accurate neutron counting, while 
the accuracy constraint for gamma counting is less strict [2]. 
Therefor, accurately counting neutron arrivals in high gamma 
fluxes i s challenging.

Challenge III: deadtime in high event rates. A constant 
deadtime introduces a trade-off between counting accuracy 
and detection efficiency. F or s hort d eadtimes, long-lasting 
alpha scintillation responses will re-trigger the system multiple 
times, resulting in the classification o f a  s ingle a lpha pulse 
as multiple alpha pulses. For long deadtimes proportional to 
the length of the longest lasting alpha pulses, which are in 
the order of µs, events arriving during the deadtime will be 
rejected and missed [24].

III. PROPOSED METHOD

In this section, we introduce our analog PSD topology for 
fast scintillation responses which is based on the CI method. 
Discrimination relies on pulse energy, delineating three distinct 
regions where the most suitable method is applied for discrim-
ination within each. Discrimination features are extracted in 
the block referred to as the discrimination block. The block 
where the output decision pulses are produced, based on the 
discrimination features, is referred to as the decision block.

As our design is geared towards high rates, two dedicated 
blocks for Challenge II and Challenge III are introduced. 
The D+CR block is designed to improve classification ac-
curacy in high rates by detecting and rejecting the event of 
two beta pulses arriving consecutively, which is prone to 
be miss-classified a s a n a lpha. T he D DT b lock i s designed 
to improve detection efficiency b y i ntroducing a  dynamic 
deadtime, proportional to the charge of the arriving pulses. 
Moreover, a varying constant deadtime is introduced in the 
discrimination block to further improve detection efficiency in 
high rates. A block diagram of the topology can be viewed 
in Fig. 2. The nuclear pulse arriving from the PMT is fed 
into the discrimination block, the D+CR block, the DDT 
block, and the block referred to as the control signals block. 
The design of the control signals block aims to detect the 
incoming nuclear pulse and generate digital signals. These 
digital signals are instrumental in controlling the timing of 
various processes that take place within the other blocks, and

2

EPJ Web of Conferences 288, 10005 (2023)   https://doi.org/10.1051/epjconf/202328810005
ANIMMA 2023



are therefore fed into the other blocks. The outputs from both
the discrimination block and the D+CR block are channeled
into the decision block due to their direct relevance to the
discrimination decision-making process. Next, we elaborate on
the discrimination method and the blocks dedicated to improve
operation in high rates.

Fig. 2. Block diagram of the proposed method.

A. Discrimination Method

A scheme of the proposed PSD topology based on the CI 
method is shown in Fig. 3. The nuclear pulse is amplified 
and shaped. Then, the pulse is fed into two parallel channels 
referred to as the partial channel and the full channel, where 
the partial channel performs integration to compute Vpartial 
and the full channel performs integration to compute Vfull. 
Vpartial and Vfull are then fed into three comparators, which 
combined with logic gates discriminate the nuclear pulse as 
either an alpha or a beta. Two examples of signal shape at 
different nodes of the electronic topology for an alpha pulse 
and a beta pulse can be seen in Fig. 4. The digital signals 
produced by the control signals block which time the different 
components can be seen in Fig. 5.

Fig. 3. Illustration of the Discrimination block and alongside the Decision
block.

The nuclear pulse is fed from the detector to a high
bandwidth amplifier. It is important for the pre-amplifier to
have high amplification, the ability to recover from saturation,
and large bandwidth. A sufficiently large bandwidth ensures
the shape of the pulses is preserved and discrimination ca-
pabilities are not harmed. Therefore, the pre-amplifier should

Fig. 4. Signal shape at different nodes of the discrimination block (a) for a
beta pulse, (b) for an alpha pulse.

Fig. 5. Signal shape at different nodes of the control signals block. When
Tpic is high the pulse is injected into the partial integration channel. When
Tfic is high the pulse is injected into the full integration channel. When Tid
is low both integrators are discharged. When Tvo is high the decision block
is enabled to produce the output pulse.

be carefully selected, by referring to its bandwidth and noise
level, compared to the detector’s pulse shape and internal noise
level. The amplifier output is fed into a detection channel and
a classification channel.

The detection channel is responsible for both detection of
the pulses and monitoring of various processes within the
circuit. Pulse detection is carried out by feeding the amplifier
output into a comparator level that generates a digital pulse.
The threshold level is set as low as possible such that the
detector noise does not cause false alarms. Monitoring of the
various processes within the circuit is carried out by feeding
the comparator digital signal into a chain of monostable
multivibrators, which produce digital signals. Examples of
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these signals and their associated roles are depicted in X.Fig. 5. 
It can be seen that Tpic lasts 25 ns. Due to the lack of 
monostable multivibrators able to produce such short signals, 
a custom made topology mimicking the behavior of a monos-
table multivibrator utilizing a RC network, a comparator, and 
an AND logic gate was realized.

The classification c hannel i s r esponsible f or classification. 
First, the amplified p ulse i s f urther p rocessed a nd shaped. 
Then, it is fed into two channels, a partial integration channel 
and a full integration channel. Each channel consists of a 
single pole double throw (SPDT) analog switch responsible 
for feeding the pulse into the integrator during its respective 
integration period, and ground otherwise, an integrator, and a 
single pole single throw (SPST) analog switch responsible for 
discharging the integrator. There is a time delay introduced 
from the moment of detection up until the integrators begin 
integrating the pulse. The time delay is dictated by the 
propagation delay of the following components:

Tdetection comparator + Tmonostable multivibrator + TSPDT switch (1)

Due to Challenge I, by the time the pulse is fed into 
the integrator, fast scintillation responses that decay within 
several ns diminish and relevant information for discrimination 
is lost. To address this issue, the amplified pulse undergoes an 
additional delay and shaping process, ensuring the preservation 
of its information. This results in attenuation of the high 
frequency components, causing beta pulses to look more 
similar to alpha pulses, which increases the probability of 
miss-classification. A  t rade-off b etween p reserving relevant 
information for discrimination and making alpha and beta 
pulses more similar is introduced.

The tuples of Vpartial, Vfull measured for alpha and beta 
pulses obtained during the experiment described in section II 
are scattered in Fig. 6. The PSD ratio is computed via (2) and 
is used for discrimination in the CI region visualized in Fig. 6 
as the region where 0.3 V < Vfull < 1.7 VV .

PSD ratio =
Vfull

Vpartial
(2)

Implementing analog division, which is needed in order to 
calcualte the PSD ratio in (2), often relies on the exponential 
characteristics of PN-junctions and requires several compo-
nents. Fortunately, our task doesn’t involve calculating the 
PSD ratio, but rather entails comparing it to a threshold to 
discriminate between alpha and beta pulses. This comparison 
can be effectively executed using the CI comparator. In this 
setup, the (-) input is supplied with Vpartial, while the (+) 
input receives Vfull after undergoing voltage division to yield 
Vfull / THR.

However, not all pulses require the CI method. The cgharge 
of the pulse is directly proportional to Vfull. As depicted in 
Fig. 6, it becomes evident that only beta pulses fall within the 
range of Vfull < 0.3 V (to the left of the blue dotted line), 
and thus, they are automatically discriminated by the Beta 
comparator without the necessity of the CI method. Similarly, 
only alpha pulses fall within the range of Vfull > 1.7 V (to the 
right to the red dotted line) and thus, they are automatically

Fig. 6. Scattered Vfull and Vpartial measured from alpha and beta pulses.
The three regions where pulses are classified as either alphas, betas, or based
on the CI method are illustrated.

TABLE I
FOR EVERY POSSIBLE OUTPUT COMBINATION OF THE THREE

COMPARATORS ”ALPHA COMP”,”BETA COMP”, AND ”CI COMP”, THE
DEADTIME PRODUCED BY THE CIRCUIT IS INTRODUCED ALONG WITH THE

CLASSIFICATION DECISION OF THE CIRCUIT AND THE CASE THAT IS
CONSIDERED.

Case Beta
Comp

Alpha
Comp

CI
Comp

Deadtime
[ns]

Beta 0 0 0/1 300
Beta 1 0 0 300

Small Alpha 1 0 1 500
Medium Alpha 1 1 0/1 700
Not Possible 0 1 0/1 -

discriminated by the Alpha comparator. In addition, it can be 
seen that Vfull of high energy pulses saturate at the power 
supply of the intergrator, which is about 4.5 V. If the pulses in 
this region would have been discriminated based on their PSD 
ratio, they would eventually be miss-classified, but s ince they 
are automatically classified a s a lpha p ulses, s aturation does 
not pose any difficulties. M oreover, m aking u se o f t he Beta 
comparator and the Alpha comparator extends the dynamic 
range of the circuit making it suitable for a wider range of 
incident particles in contrast to solely using the CI comparator. 
Discrimination of the input pulse is performed by the 3 
comparators combined with logic gates and is described in 
Table I.

B. Double+ Counting Rejection

The dedicated D+CR block was designed to cope with 
Challenge II and improve neutron counting within high 
gamma fluxes. More specifically, the D+CR block is designed 
to detect the specific c ase o f t wo g amma p ulses arriving 
consecutively. This event is both prone to be classified a s a 
neutron and is more likely to occur the higher the gamma flux 
is.
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Fig. 7. Illustration of the D+CR block.

An illustration of the D+CR block can be seen in Fig. 7. 
The block is fed with the output of the comparator used for 
detection, which is then fed into two separate channels. The 
first channel is composed of a D flip-flop (D-FF) which outputs 
a ”high” level whenever two or more pulses are detected. Note 
that low energy neutrons may produce a pulse that crosses the 
discrimination level several times, unintentionally triggering a 
”high” output in this channel. The second channel is composed 
of an RC network, a SPST switch, and a comparator, which 
implements a ToT method. The detection comparator output 
charges the (-) input of the ToT comparator via the RC 
network. Two consecutive low energy gamma pulses are likely 
to charge the RC network to a low level, while low energy 
neutrons are not. A ”high” output in both channels causes 
the D+CR block to reject the event. Two examples of signal 
shapes at different nodes of the D+CR block for a low energy 
alpha pulse and two beta pulses arriving consecutively can be 
seen in Fig. 8. While the low energy alpha pulse does trigger 
the D-FF due to the tail re-triggering the detection comparator, 
the ToT is long enough so that the pulse is not rejected. The 
two consecutive beta pulses on the other hand both trigger the 
D-FF and have a low ToT, therefor the output of the D+CR 
goes high and the event is successfully rejected instead of 
being classified as an alpha.

C. Dynamic deadtime

In order to cope with Challenge III, a varying constant 
deadtime and a dynamic deadtime is employed. The varying 
constant deadtimes were introduced in Table I. The DDT 
block is designed to produce a dynamic deadtime that is 
proportional to the energy of the arriving pulse. Instead of 
deploying a simple ToT method which fails to produce a 
deadtime lasting during afterglow, a method based on peak-
detection is deployed. An illustration of the DDT block can be 
seen in Fig. 9. The pulse from the detector is fed into a high 
speed amplifier which acts both as an amplifier and as  a low-
pass filter, capturing the energy deposited. Next, the amplified 
pulse is fed into an envelope detector. Rising edges of the pulse 
are immediately passed forward while falling edges aren’t, and 
the output of the envelope detector is discharged using a slow 
RC network. This way, sharp peaks resulting from afterglow 
”re-trigger” the deadtime until the slow RC network discharges 
them.

Fig. 8. Signal shape at different nodes of the D+CR block (a) for two beta
pulses arriving consecutively, (b) for a low energy alpha pulse.

Fig. 9. Illustration of the DDT block.

The detector signal, the amplified signal, and the amplified 
signal after the envelope detector can be seen in Fig. 10. 
The detector signal produces an afterglow lasting up to 50 
µs. Using the ToT method on the detector signal or the 
amplified signal would unsuccessfully result in a 10 µs or 
a 30 µs deadtime, respectively. On the other hand, using the 
ToT method on the amplified signal after the envelope detector 
successfully results in a 50 µs deadtime, which is proportional 
to the afterglow produced by the detector signal.

IV. RESULTS

The topology parameters were adjusted based on the alpha 
and beta pulse characteristics displayed in section II so that 
pulses with a decay constant of under 11 ns would be classified 
as betas, and pulses with decay constants above 11 ns would 
be classified as alphas.

In order to evaluate the discrimination capabilities of the 
circuit solely based on the PSD ratio, the following experiment
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Fig. 10. (a) signal shape at different nodes of the DDT block. (b) Zoomed-in
view on the rising edge of the shaped signal, visualizing the envelope detector
successfully following the shaped signal. (c) Zoomed-in view on the decaying
part of the shaped signal, visualizing the envelope detector signal successfully
decaying based on a RC constant, instead of following the shaped signal.

Fig. 11. The decay time programmed in the emulator at which the circuit’s 
discrimination changes for different amplitudes. Error bars are also displayed.

was conducted. Exponential pulses from a fast digital emulator 
were injected into the circuit at amplitudes ranging between 
30 and 300 mV, in 10 mV increments. For each amplitude, 
The decay constant at which the output of the CI comparator 
changed its value was found. At least five d ecay constants 
near the flipping p oint w ere t ested i n o rder t o e valuate the 
uncertainty in the flipping region. The results are displayed in 
Fig. 11.

Firstly, it can be seen in the zoomed-in region highlighted 
in light purple that the uncertainty in the flipping r egion is 
relatively small for all regions, being under 1 ns for all ampli-

tudes above 100 mV. At high amplitudes, the discrimination 
line is relatively stable around the decay constant of 11 ns. As 
the amplitude of the pulses goes lower, the discrimination ca-
pabilities of the circuit deteriorate and the discrimination line 
shifts towards higher decay constants. This effect is likely due 
to a constant charge injection being injected into the integrator 
capacitor, which introduces the same additive constant to both 
Vpartial and Vfull. pulses with smaller amplitudes have smaller 
Vpartial and Vfull values, leading to a larger effect from this 
constant voltage.

A well-established and widely accepted method for quanti-
tative comparison of various PSD techniques is to evaluate the 
FoM [25]. The method is to fit a double-Gaussian function, in 
which, each one of the Gaussian functions has a corresponding 
centroid and a full width at height maximum (FWHM). The 
FoM is defined in (3).

FoM =
|µn − µg|

FWHMn + FWHMg
(3)

In order to evaluate the discrimination capabilities of the 
circuit on the detector introduced in section II, the output of 
the partial integrator and the full integrator were recorded 
for 20,000 alpha pulses and 20,000 beta pulses from the 
experiment detailed in section II. The PSD ratio was then 
calculated using sampled Vpartial and Vfull values. Fig. 12 
displays a histogram of the PSD ratios obtained, with a 
calculated FoM of 2.35.

Fig. 12. Histogram of the PSD ratio measured for the 20,000 alpha pulses 
and 20,000 beta pulses discriminated by the circuit.

In order to evaluate the discrimination capabilities at differ-
ent amplitudes the FoM was calculated for several amplitude 
bins. The FoM calculated at 10 equally spaced points between 
20 mV and 200 mV are displayed in Fig. 13. At each of 
these points Ai, the FoM was calculated using pulses with 
amplitudes lying in the interval Ai ± 10 mV. As expected, it 
can be seen that the FoM improves as the amplitude of the 
pulses, which is proportional to the SNR, increases.

The goal of the D+CR block is to reject cases where two 
gamma pulses arrive consecutively in order to reduce neutron 
miss-classifications. The effectiveness of the D+CR was tested
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Fig. 13. The FoM calculated from the PSD ratios displayed in Fig. 12 
at several amplitude ranges. The amplitude range corresponding to each 
amplitude point Ai displayed is Ai± 10 mV.

using the fast digital emulator. The emulator was set to produce 
beta signals with the arrival process resembling a Poisson point 
process, and the number of pulses classified by the circuit as 
alphas were counted for beta fluxes ranging between 1 kcps 
and 100 kcps. Ideally, the desired output would be no alpha 
classifications for all event rates, but due to Challenge II 
as the beta flux increases so does the number of false alpha 
detections. The results obtained both when the D+CR block 
was connected and disconnected can be seen in Fig. 14.

It can be seen that for all beta fluxes the D+CR block 
successfully lowers the number of false alpha detections by 
a factor of up to 4. The remaining miss-classifications result 
from either the occurrence of three or more beta pulses within 
a single integration window, or the presence of two closely 
spaced beta pulses that cannot be rejected by the D+CR block.

Fig. 14. The percentage of false α detections for different beta fluxes with 
the D+CR block connected and disconnected.

The effectiveness of the DDT block can be seen in Fig. 10, 
where the produced signal successfully creates a deadtime pro-
portional to the length of the afterglow produced by the initial 
pulse. The fast digital emulator was used in order to validate 
the expected behavior of the block, where higher energy pulses 
are required to produce longer deadtimes. Pulses with varying 
total charge were injected into the circuit and the resulting 
deadtime was measured. The results can be seen in Fig. 15. 
Pulses with total charge which is not high enough to trigger

Fig. 15. The measured deadtime produced by the circuit as a function of 
both the charge of the arriving nuclear pulse and the discrimination made by 
the circuit.

the DDT block yield varying constant deadtimes which are 
detailed in Table I. For higher energy alpha pulses, the DDT 
block successfully produces a deadtime that is proportional to 
the energy of the alpha pulse. By successfully producing a 
deadtime proportional to the energy of the alpha pulses, the 
circuit is ensured to have a smaller overall deadtime, which 
yields more pulse detections in total.

V. CONCLUSION

A novel analog PSD topology based on the well-known 
CI method designed for fast scintillators has been developed 
and implemented on an FR-4 PCB. A FoM of 2.35 was 
calculated for alpha and beta pulses from a plastic scintillator 
with a ZnS(Ag) layer coupled to a PMT. The topology 
has a dedicated block designed to reject fast pulses arriving 
consecutively, resulting in up to four times less slow pulse 
miss-classifications in fast pulse event rates ranging up to 100 
kcps. Moreover, the dedicated block that yields a dynamic 
deadtime proportional to the energy of the pulse is proved 
to be beneficial for lowering the total deadtime and improving 
detection efficiency. The topology does not require fast ADCs, 
therefor it may be suitable for low power applications. The 
topology is versatile and can easily be adapted for different 
detectors with different pulse shapes by adjusting several 
passive electronic components.
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