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Abstract

The processing of nuclear pulse signals based on deep learning (DL) requires
a well-labeled data set. However, the current energy spectrometers can only
give users the final results, and do not allow manual labeling during the
pulse signal collection process. The presented gamma_simulator (GaSim) is
a Python-based gamma pulse simulator of the raw detector electrical output
signal with excellent customization capabilities. It allows customization of
gamma pulse signal parameters from various aspects, making it versatile and
useful for a wide range of detectors. Additionally, it provides the required
labels for each generated electrical pulse at specified positions, enabling the
creation of datasets for DL development.
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1. Motivation and significance

Gamma spectroscopy utilizes the energy spectrum derived from pulse signal
energies for qualitative and quantitative analysis of radioactive sources. This
technique is critical in fields such as medicine, chemical analysis, and environ-
mental protection [1, 2, 3]. Recently, the rapid development of deep learning
(DL) has shown potential for enhancing spectroscopic analyses by enabling
corrections and identifications directly on energy spectra [4, 5]. However,
emerging research suggests that raw time-domain signals, until now often
overlooked, may provide richer information than energy spectra [6].
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Code Code metadata descrip- | Please fill in this column
metadata | tion
descrip-
tion
C1 Current code version vl.1
C2 Permanent link to code/repos- | https://github.com/bykho
itory used for this code version | v/gamma-simulator
C3 Permanent link to Repro- | None
ducible Capsule
C4 Legal Code License The 3-Clause BSD License
Ch Code versioning system used | git
C6 Software  code  languages, | Python
tools, and services used
C7 Compilation requirements, op- | numpy,scipy,matplotlib,urllib
erating environments & depen-
dencies
C8 If available Link to developer
documentation /manual
C9 Support email for questions chenzk@sari.ac.cn

Table 1: Code metadata (mandatory)

In this context, developing modern DL techniques that process raw time-
domain signals is crucial, but the lack of annotated datasets specific to this
domain hampers progress. Data acquisition is prohibitively costly and labor-
intensive, often resulting in data that lacks essential labels and characteristics
for effective DL training. A feasible solution is to generate simulated time-
domain signal databases, where data annotation, including metrics such as
arrival times, pulse durations, and energy metrics, is integrated into the
simulation process.

In gamma spectroscopy, simulation techniques and supervised learning meth-
ods are commonly used to address specific issues. For instance, Monte Carlo
methods have been used to simulate samples and generate energy spectra to
reduce undesired physical artifacts [7]. This method has been validated and
proven to be a practical tool. Moreover, simulation methods offer a wide
range of adjustable parameters, allowing users to customize the simulated
spectra, as demonstrated in [8]. It is worth also noting that existing simu-
lators, such as [9], can generate pulse pile-up clusters while accounting for
both paralyzable and non-paralyzable dead times.

Compared to existing simulators that generate individual pulse pile-up clus-
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ters [9], our simulator offers certain improvements. With the advancement
of computational capabilities, memory constraints are no longer a concern
to simulate large signals instead of simulating pile-ups within a limited time
frame. Our simulator generates the starting times of all pulses according
to a Poisson process, which can simulate pulses and pulse clusters as one
across the entire time series. This capability is important for constructing
large datasets required for deep learning applications, particularly for pile-up
correction. Our method preserves the flexibility to allow users to define sim-
ulation pulse parameters based on their specific requirements while adhering
to physical principles. Additionally, the Python-based implementation sig-
nificantly enhances the portability of the simulator, making it accessible for
broader use.

In this framework, a robust simulator must not only meet the needs of DL,
but also maintain physical authenticity. The presented gamma_simulator
(GaSim) is a Python class that provides users with an interface through
which they can modify the characteristics of radioactive sources and test en-
vironments, offering great flexibility. This includes, but is not limited to, the
type of signal source, the energy output of a single pulse, the emission count
rate of the signal source, and the ability to accurately time-label the incom-
ing pulse signal. This flexibility can greatly contribute to the study of pulse
signals, and can serve as a user guide for constructing DL datasets, as well
as a signal generator for validating machine learning algorithms developed
in the field. Furthermore, having been developed in Python, the simulator
offers enhanced portability and facilitates collaborative improvements.

2. Software description

2.1. Software architecture

For continuous time, the output signal in gamma spectroscopy experiments
can be expressed by a sample path of a shot-noise process, that is

y(t) = Enha(t = T,) +£(t), (1)

where the sequence {T,,, n > 0} represents the arrival times of particles
and is a sample path of a homogeneous Poisson process with intensity A,
hn(-) represents the shape of the electrical pulse associated with the n-th
impinging particle, E, represents its energy, and £(t) indicates the additive
noise. This signal is sampled every At, which denotes the sampling period to
produce the discrete-time signal y[n]. The GaSim class is organized as shown
in Fig 1. Based on the parameters set by the user, the program randomly



draws the energies, arrival times, and shapes of individual electrical pulses,
and organizes them so that the observed signal is a sample path of a shot-
noise process, commonly used in the field [10]. The energies are drawn based
on real energy spectra freely accessible online.
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Figure 1: Flow Chart.

Table 2 enumerates the main function names present in the entire code along
with their respective functionalities. A more detailed description of these
functions can be found in Subsection 2.2.

2.2. Software functionalities

2.2.1. Pulse arrival time

The arrival time series is represented by the events T, of the Poisson process
in Eq. 1. The arrival time series conforming to a specific Poisson distribution
is the most plausible model of the physical principles and count rates of a
real signal, and is a crucial factor in determining whether the analog signal
resembles the real signal. The mathematical expression of the Poisson process
is as follows:

Pr(N(t) =n) = ();Lﬁ exp(—At), (2)
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Function name Inputs Output Short description
seed,
N _ ts, .
generate_energy_distribution jevents energies Generates n_event
hist_energy, ulse  ener se-
hist_counts P &y
quences  conforming
to the probability
density  distribution
of the target energy
spectrum
. . seed, . .
generate_arrival times ' times Generates a Poisson
lambda_value .
process event arrival
time series with a
specified count rate
(lambda_value)
dic_type,
generate_all_dict_shapes dict_shape_params, shapes Produces a shape dic-
dict _size tionary of the speci-
fied shapes generated
by the specified pa-
rameters as a selec-
tion library of energy
shapes
times,
generate_signal_without_noise CICTLes, signal Generates analog data
shapes_len, . . .
without without noise
shapes .
noise
signal without noise,
generate_signal_with_noise noise_unit, signal The noiseless signal is

noise

superimposed on the
specified unit and size
of noise to obtain a
real analog signal

Table 2: Functions definition.

where N (t) denotes the number of events until time ¢ and A is the average
rate of arrivals per time unit. It is known that the time interval between
arrivals in a Poisson process follows an exponential distribution through a
simple mathematical derivation:

Pr(Thy — T, <t)=1—Pr(N(t) =0) =1 — exp(—At),

(3)

so that the inter-arrival times are independent and identically distributed ex-
ponential random variables. Well-developed standard methods can be used to
generate sequences that fit a particular exponential distribution [11]. When
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the function receives the input lambda_value, it can output a time series
called times with a specified counting rate.

2.2.2. Pulse energy sequence

Different radioisotopes have different and specific energy spectra, and the
energy sequences conforming to these spectra are unique identifiers that can
distinguish between different radioisotopes. Once the arrival times have been
generated, the energies associated with each particle can be obtained. In
this paper, we used energy spectra stemming from the Gamma-Spectrum-
Database [12]; however, that input can also be user-defined, e.g. obtained
from simulators such as MCNP [13] or PHITS [14]. The time series of the
generated energies, denoted by E,, in Eq. (1), are drawn based on the provided
energy spectra using an accept-reject procedure [11].

2.2.3. Pulse shape dictionary

Once the energy series and time series have been determined, the shapes
of the pulses represented by h,(-) in Eq. 1 are generated in this function.
The root cause of pulse stacking is the superposition of the electrical pulses’
shapes. Therefore, a library of simulated shapes that match real pulse shapes
and lengths can be very helpful for achieving robust stacked pulse correction
methods on real signals in the future. For shape estimation, dictionary-
learning algorithms such as [15] can be used to create a dictionary of shapes
for signal characterization.

Although other models can also be applied [16, 17], the most widely used
physical models for this type of fast rise and slow fall are the double expo-
nential model and the gamma model. The double exponential model is given

by [18]
h(t) = a (exp (-%) —exp (_Til)) , (@)

where a is the normalization factor and 7 < 7 are characteristic decay
times. The gamma-function model can be expressed as

h(t) = at®e™"", (5)

where a is a normalization factor, « is the shape parameter, and 3 is the
scale parameter.

Model parameters may be estimated directly using different fitting tech-
niques [19], as these signals are typically low-activity signals. However, in
practice, the detector shape has inherent randomness due to physical inho-
mogeneities, temperature fluctuations, and other factors related to detec-
tor physics. Therefore, a single precise parameter set cannot perfectly fit



the pulse shape, leading us to generate our parameter set randomly from a
Gaussian distribution with reasonable expectations and variances [20].

2.2.4. Additive noise

At this stage, an ideal noiseless signal can be generated by the function
generate_signal without noise. However, the simulation is not yet com-
plete, because any practical electrical measurement is affected by additive
noise, which can be modeled as £(t) in Eq. 1. This noise can originate from
various sources, including the thermal motion of electrons in an electrical
conductor (thermal noise), electromagnetically induced environmental noise,
quantization noise, and others. The addition of realistic noise signals will
make analog signals more realistic and are crucial for investigating noise
cancellation methods. When all these noises are combined, they are typi-
cally modeled as additive white Gaussian noise (AWGN), according to the
central limit theorem.

The simulator proposes two ways to quantify the amount of noise:

e Define the noise variance, o,,;

e Define the signal-to-noise ratio (SNR), which measures the ratio be-
tween the power of the signal and the power of the noise. Note that
the power of the AWGN is linearly proportional to the AWGN variance.

At each sampling point, the function generate_signal with noise gener-
ates a user-defined noise value, which is then added to the original pulse
signal. This process simulates the effect of noise on the pulse and reflects the
final output signal under the influence of noise.

3. Illustrative examples

In this section, we provide a simple example (the simulation of a ¥7Cs en-
ergy spectrum and time signal) to demonstrate the software’s capabilities.
Furthermore, we also compare the simulator results with energy spectra from
real-life experiments to validate the accuracy of the simulator. Energy spec-
tra collected from experiments at the Shanghai Synchrotron Radiation Fa-
cility (SSRF) were employed for this purpose.

3.1. 137Cs detector output generation

In this section we present a case study (}¥7Cs) to illustrate the simulator’s
output. First, we investigate is whether the obtained energy spectra at very
low activity look similar to those in the dataset. To do so, we simulate a



signal stemming from a 137Cs source with an activity of 1000 counts per sec-
ond (cps), sampled at 1 MHz, and compare the resulting histogram obtained
from the time signal by thresholding the electrical pulses and computing the
energies. Results are shown in Fig. 2, which demonstrate close similarity
between the two spectra.. The code used to generate the associated time
signals is displayed in Listing 1.
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Figure 2: Simulation of low-counting rate *7Cs from [12]: (a) signal, (b) energy distribu-
tion, comparing simulated spectrum with spectrum from database.

Additionally, we assessed the simulator’s performance under a relatively high
count rate for 37Cs. A signal of 100 seconds with a count rate of 40000
cps was generated, with all other parameters remaining the same. Figure
3 presents a part of the generated time signal, while Fig 3(b) displays the
energy spectrum of the pulse sequence derived from the obtained time signal.
We observe that the accumulated peak values predominantly cluster around
integer multiples of 662 keV, aligning with the theory of pulse accumulation
and observed pile-ups in practice.

3.2. Performance Validation

To validate the effectiveness of the simulator, energy spectra derived from the
simulated time signals based on spectra from [12] are compared with energy
spectra obtained from experiments performed at the Shanghai Synchrotron
Radiation Facility (SSRF) using '3"Cs and %°Co sources. The HPGe detector
used in the study is the GEM-70200-P located 0.1m from the source, while
the equipment responsible for converting electrical signals into digital signals
is the CAEN V1725S model. We compare the energy spectrum obtained from
the 1000 s of generated time signal with a counting rate of 1178 cps with that
of real data, as shown in Fig. 4. The results reveal good adequacy between
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Listing 1: 137Cs signal simulation.

from gamma_simulator import gamma_simulator

simulator = gamma_simulator(verbose=True,
verbose_plots={'shapes': True,

"signal': True},

source={'name': 'Cs—137', 'weights': 1},
signal_len =1000, # sec
fs=1eb, # Hz
lambda_value=1000, # counts—per—second
dict_type='gamma',
dict_shape_params={"meanl": 0.1,

'stdl': 0.001,
'mean2': 1eb,
'std2': le3},

noise_unit="'std',
noise=1e—3,
dict_size =10,
seed=42)

s = simulator. generate_signal ()
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Figure 3: Simulation of high-counting rate 137Cs: (a) signal, (b) obtained histogram.
The differences observed here compared to Figure 2 are due to the significant difference
in counting rates.

the simulator-generated spectrum and the experimental spectrum. Discrep-
ancies below 200 keV stem from different detection thresholds used in our
simulator and the actual detector at the SSRF. At 600 keV, the experimen-
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Figure 4: Comparison between a 37Cs energy spectrum derived from the time signal
obtained by GaSim (blue) and an energy spectrum obtained from experimental measure-
ments at SSRF (green), for a counting rate of 1178 cps.

tal data represents the energy spectrum obtained without any algorithmic
correction applied to the digital signals for the Compton effect attenuation,
leading to a higher Compton edge in the real energy spectrum. More gen-
erally, differences between the detector’s type, size and geometry, as well
as the use or not of Compton correction algorithms, can likely explain the
observed discrepancies in the Compton continuum between simulation and
experimental results. The height difference in the full-energy peak can be
attributed to the influence of the detector size. However, this does not affect
the position of the full-energy peak, which is our primary focus. Overall, the
simulated energy spectrum aligns well with that derived from actual data,
despite its having been derived from a different sensor.

Another example is related to ®®Co. We conducted a comparison between
the simulated energy spectrum of the %°Co radioisotope and the correspond-
ing experimental result. The simulation duration was set to 1800 s, and
the count rate was 1267 cps. The code is displayed in Listing 2. Results
of the energy spectrum, shown in Fig 5, revealed a clear alignment of the
peaks of interest.Discrepancies at high energies between experimental and
simulated results stem from differences in experimental setups. Indeed, the
flatness observed above 1400 keV in the experimental spectrum arises from
the proximity of the %°Co source to the detector. This phenomenon is further
evidenced by the distinct ®°Co sum peak at 2505 keV (1332 + 1173 keV),
highlighted within the red box.
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Listing 2: 9°Co signal generation.

from gamma_simulator import gamma_simulator

simulator = gamma_simulator(verbose=True,
source={'name': 'Co—60', 'weights': 1},
signal_len =1800,  # sec
fs=1e0, # Hz
lambda_value=1267, # counts—per—second
dict_type='gamma',
dict_shape_params={'meanl': 0.1,

'std1': 0.001,
'mean2': 1eb,
'std2': le3},

noise_unit="'std',
noise=1e—3,
dict_size =10,
seed=42)

s = simulator. generate_signal ()
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Figure 5: Comparison between a %°Co energy spectrum derived from the time signal
obtained by GaSim (blue) and an energy spectrum obtained from experimental measure-
ments at SSRF (green), for a counting rate of 1267 cps.

4. Impact

GaSim is capable of tailoring pulse signals to meet user specifications. The
recent successes of DL in various domains show the significant potential of
its application to nuclear pulse signal processing. Regardless of the signal
processing methods used, the ultimate goal is to obtain an accurate energy
spectrum. However, existing instruments provide final results without allow-
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ing any modifications or customization, resembling a sealed black box. The
current limitations in obtaining a dataset with specific annotations hinder
gamma pulse analysis, deterring many who wish to employ DL methods in
this area.

GaSim displays two notable advantages:

e Highly customizable datasets enhance the feasibility of DL in the do-
main of nuclear pulse signal analysis.

e The arduous and expensive process of collecting gamma pulse signals
is circumvented.

In conclusion, GaSim Pulse Simulator can be a valuable tool in future nu-
clear pulse processing. With the integration of DL methods, the focus on
nuclear pulse signal processing may shift from improving instruments and
existing analytic algorithms to optimizing the impact of DL, with predictable
advancements in its development.

5. Conclusions

We have completed the development of a simulator that customizes gamma
pulse signals based on various factors, such as the type of radioactive source,
count rate, sampling rate, noise, etc. This allows developers to obtain a
desired dataset. Additionally, through open source availability, future re-
searchers can customize arbitrary labels for the signals, which is beneficial
for research work.
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