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Abstract

Four types of pulse shape analysis (PSA) algorithms were examined with the
objective of identifying the light charged particles utilizing a CsI(T1) detector.
These included the fall time comparison method, the charge comparison method,
the Reconstructive Particle IDentification (RPID) method, and the Quick Par-
ticle IDentification (QPID) method. The beam test with the CsI(Tl) detector
demonstrates that the charge comparison method, the RPID method, and the
QPID method exhibit satisfactory capacities in identifying the incident parti-
cles of hydrogen and helium isotopes. Conversely, the fall time comparison
method exhibits suboptimal performance in particle identification. A crystal
array and a silicon detector array, which can compose a telescope system, are
under construction at the experimental terminals of the HIAF-HIRIBL facility.
The present study demonstrates that the CsI(Tl) detector alone can achieve a
better result in identifying the incident particles with a charge number Z less
than 3. This capability enables the restriction of silicon detectors utilization to
the forward polar angle region, with the larger polar angle region covered by
CsI(T1) detectors during some specific experimental studies. CsI(T1) detectors
have been demonstrated to exhibit sufficient performance in identifying light
charged particles.

Full Text

Preamble

The identification methods of light charged particles with a CsI(Tl) detector
based on the pulse shape analysis techniquex Guo-Li Zhang,1, 2 Duo Yan,1,
Yu-Hong Yu,1, 2, 3 Zhi-Yu Sun,1, 2, 3 Shu-Wen Tang,1, 2 Xue-Heng Zhang,1, 2,
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3 Shi-Tao Wang,1, 2 Fang Fang,1, 3 Yong-Jie Zhang,1, 2 Ya-Zhou Sun,1, 2 and
Shu-Ya Jinl 1State Key Laboratory of Heavy Ion Science and Technology, Insti-
tute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
2School of Nuclear Science and Technology, University of Chinese Academy
of Sciences, Beijing 100049, China 3Advanced Energy Science and Technology
Guangdong Laboratory, Huizhou 516000, China Four types of pulse shape anal-
ysis (PSA) algorithms were examined with the objective of identifying the light
charged particles utilizing a CsI(T1) detector. These included the fall time com-
parison method, the charge com- parison method, the Reconstructive Particle
IDentification (RPID) method, and the Quick Particle IDentification (QPID)
method. The beam test with the CsI(T1) detector demonstrates that the charge
comparison method, the RPID method, and the QPID method exhibit satisfac-
tory capacities in identifying the incident particles of hy- drogen and helium
isotopes. Conversely, the fall time comparison method exhibits suboptimal per-
formance in particle identification. A crystal array and a silicon detector array,
which can compose a telescope system, are under construction at the experimen-
tal terminals of the HIAF-HIRIBL facility. The present study demonstrates
that the CsI(T1) detector alone can achieve a better result in identifying the
incident particles with a charge number Z less than 3. This capability enables
the restriction of silicon detectors utilization to the forward polar angle region,
with the larger polar angle region covered by CsI(T1) detectors during some spe-
cific experimental studies. CsI(T1) detectors have been demonstrated to exhibit
sufficient performance in identifying light charged particles.
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INTRODUCTION

The exotic nuclei, particularly those situated near drip- lines, represent a subject
of profound fascination within the realm of nuclear physics [1]. Its significant
applications in- clude the examination of various nuclear models [2, 3], the de-
duction of the stellar evolution [4, 5], and even the guaran- tee of human health,
such as with radio-pharmaceuticals [6, 7]. The experimental study of exotic nu-
clei is predominantly conducted through the analysis of nuclear reactions. Due
to the typical unavailability of the radioactive target, the experi- ments are con-
ducted in inverse-kinematic mode. The identifi- cation of beam-like fragments
is paramount for experimental studies.

Direct nuclear reactions have emerged as a highly effective experimental probe,
providing crucial insights into the struc- ture of exotic nuclei within the inter-
mediate and high energy range. In the context of sophisticated experiments
involving specific reaction channels, such as the knockout reaction [8], it is
common to observe the presence of one or more light fragments alongside the
beam-like heavy residue among the nuclear reaction products. The experimen-
tal measurements of the heavy residue, in conjunction with the emitted ~-rays,
were frequently utilized to ascertain the total cross-section, * We would like
to express our gratitude to the CEE Collaboration for their authorization to
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position our detectors adjacent to theirs and utilize their beam time to study
our research topic. This work was supported by the project of top-notch lead-
ing talents in Gansu Province, the National Nat- ural Science Foundations of
China (No. 12375186), and the Research Program of Heavy Ion Science and
Technology Key Laboratory, Institute of Modern Physics, Chinese Academy of
Sciences (HIST2025KS01). T Corresponding author, yanduo@impcas.ac.cn irre-
spective of the distinct reaction channels [9, 10]. The ad- ditional measurement
of the light fragments on an event-by- event basis can facilitate the distinction
between elastic and inelastic reaction channels and provide an assessment of the
influence of each reaction mechanism on the result [8]. In the context of the
quasi-free proton scattering reaction in inverse- kinematics mode, the measure-
ment of nucleon pairs consti- tutes the element approach to impose constraints
on the ob- servable energy and momentum space of the single-particle state [11,
12]. The objective of this study is to examine the identification methods for light
charged particles, with a particular focus on the isotopes of Hydrogen: proton
(p), deuteron (d), and triton (t).

The High-Intensity heavy-ion Accelerator Facility (HIAF) in Huizhou, China, is
scheduled to commence operations in 2026 [13, 14]. The HIgh-rigidity Radioac-
tive Ton Beam Line (HIRIBL), formerly designated as the High-energy FRag-
ment Separator (HFRS), is an in-flight beam separator operated in relativistic
energies region at the HIAF [15, 16]. Two experi- mental terminals, designated
as MF4 and MF6, are currently under construction at HIAF-HIRIBL. The pur-
pose of these terminals is to explore the nuclear landscape, with a particu- lar
focus on exotic nuclei at the limits of nuclear stability [17].

At these terminals, a crystal array will be constructed around the reaction target
to measure the emitted ~-rays as well as the light charged particles [18-20].
Additionally, the con- struction of an array of double-sided silicon strip detectors
is planned between the reaction target and the crystal array to obtain the tracks
of the light charged particles. Figure 1 [Figure 1: see original paper] is the
schematic view of the detectors layout. The identifica- tion of light charged
particles is achieved through the integra- tion of these two arrays, employing
the conventional AE-E method [21, 22]. Given that the high-beam energies
result in the kinematic forward focusing of the produced light-charged particles,
the silicon strip detector array will be positioned to cover only the forward polar-
angle region. Furthermore, it is economically advantageous to utilize a reduced
number of sil- icon strip detectors, given the sensitivity of their performance
to radiation damage. This sensitivity often necessitates the replacement of the
detectors for each experimental iteration.

Consequently, within the specified region of the larger polar angle, the employ-
ment of CsI(T1) detectors is exclusively des- ignated for the measurement of light
charged particles. The Pulse Shape Analysis (PSA) method will be employed
to per- form Particle IDentification (PID) with these CsI(T1) detec- tors.

Fig. 1. Schematic view of the detectors layout at the experimental terminals of
HIRIBL.
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The PSA method for CsI(Tl) scintillator is predicated on the phenomenon that
the proportion of fluorescence with dif- ferent decay time varies with the ion-
ization density of the incident particle [23]. This phenomenon facilitates the at-
tainment of PID through the analysis of the output digitized waveform of the
CsI(T1) crystal, which is obtained by means of waveform digitization technique.
Presently, PSA is widely employed in the identification of particles exhibiting
differ- ent interaction mechanisms with scintillation materials, in- cluding the
discrimination of charged particles, neutrons, and ~-rays [24, 25]. In the con-
text of identifying charged parti- cles, the PSA method has been utilized on a
limited number of occasions [26-28]. The FAZIA array serves as a perti- nent
illustration [28-30]. The module of the FAZIA array is composed of two silicon
detectors and a CsI(T1) crystal, which collectively form three-stage telescopes
based on the AE-E method. The use of PSA method has been demon- strated
in both the first silicon detector and the CsI(T1) crys- tal, with the objective of
enhancing the performance of PID.

A number of studies have been conducted on the performance of the CsI(T1)
crystal using the PSA method [26, 27, 31-34].

The findings of the aforementioned studies indicate that the CsI(T1) crystal can
achieve isotope discrimination through the PSA method for Z 3, and facilitate
adequate charge separa- tion for Z up to 19. This provides the necessary con-
fidence for the efficacy of our proposed scheme. However, the per- formance
of the detector must be verified, and this constitutes the primary focus of the
present study.

This paper is organized as follows: Section II contains the experimental details
of the present study. Section III presents the results and discussions of the
performance of the PID for hydrogen and helium isotopes with the CsI(Tl)
detector. The present study’ s conclusion is outlined in Section IV.

I1I. EXPERIMENTAL DETAILS The experiment was conducted at the Ex-
ternal Target Facil- ity (ETF) [35] of the Heavy Ion Research Facility in
Lanzhou (HIRFL). A 56Fe beam with an energy of 350 MeV /u was trans-
mitted to the ETF and bombarded a Fe target. The de- tectors, composed
of a silicon detector and a CsI(T1) detector, were configured into a AE-E
telescope. This telescope was situated at a distance of approximate 6 m
downstream from the target and at a polar angle of approximately 300
with re- spect to the beam direction. The silicon detector exhibited an
active area of 50$x$50 mm?2 and a thickness of 500 pm. The CsI(T1) crys-
tal was one of the modules designed for the crys- tal array at a backward
polar angle for the purpose of develop- ing a benchmark test [19]. It ex-
hibited a frustum shape, and its geometric dimensions are delineated in
Figure 2 [Figure 2: see original paper]. A Hama- matsu R7724 Photo-
Multiplier Tube (PMT) [36] was coupled to the larger trapezoidal end
surface of the crystal. This con- figuration was advantageous for the col-
lection of scintilla- tion light due to the ” focusing effect” of the tapered
crystal shape [37, 38]. The EJ550 silicone grease, a product of Eljen Tech-
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nology Company, was utilized for the purpose of opti- cally coupling the
CsI(T1) crystal and the PMT [39]. The re- maining surfaces of the CsI(T1)
crystal were initially wrapped with ESR film from 3M Company [40], fol-
lowed by a layer of Teflon, and subsequently covered with black tape for
light screen. A heat-shrink tube was utilized to secure the PMT with the
CsI(T1) crystal. It is important to acknowledge that the silicon detector
had previously been utilized in a formal experiment, resulting in a signifi-
cant deterioration in perfor- mance. The energy resolution for o particles
emitted from 244Cm was measured to be 7.2 % (FWHM) when the mea-
surement was performed in an air circumstance (energy de- position in the
silicon detector was approximately 3 MeV).

Nevertheless, the AE-E method was still sufficiently precise to identify the
charged particles with charge number 7Z < 3.

In consideration of the CsI(T1) detector, the energy resolution was determined
to be 9.6 % (FWHM) for the photo peak of the y-rays emitted from the 137Cs
radioactive source.

In consideration of the objective of the present paper, the scintillation signal
of the CsI(T1) crystal extracted from the PMT was transmitted directly to the
CAEN DT5740, a 32- channel, 12-bit, 62.5 MS/s desktop waveform digitizer
[41], without undergoing additional processing. The silicon de- tector signal was
introduced into an ORTEC Model 142PC preamplifier [42], and subsequently
transmitted to an ORTEC Model 572A amplifier [43]. The shaping time was set
to 3 ps, and the coarse gain was set to 50. The unipolar output sig- rived from
the output of a spectroscopy amplifier, the ampli- tudes of the waveform were
directly extracted by searching the maximum values of the normal waveform.
These values were designated as the energy deposition values for the sili- con
detector. In the context of the CsI(Tl) detector, a digital charge integration
(dQDC) technique was utilized to extract the energy deposition information
[45].

Fig. 2. Schematic view of the dimensions of the CsI(Tl) crystal that was used
in the present study. The units in the picture are cm. nal from Model 572A
amplifier was finally transmitted to the CAEN DT5740 digitizer. The trigger of
the electronic sys- tem was the inner channel trigger of DT5742 digitizer, which
was generated by the silicon detector. Figure 3 [Figure 3: see original paper]
presents a schematic representation of the electronic system.

Fig. 4 [Figure 4: see original paper]. Flow diagrams of the data analysis meth-
ods for the silicon and the CsI(T1) detectors. The following list explains the
meanings of the acronyms used in the diagrams: MAF stands for Moving Av-
erage Filter. BL-R stands for Baseline Restoration. Amp-Ext stands for Ampli-
tude Extraction. dQDC stands for digital charge integra- tion.

Figure 5 [Figure 5: see original paper] represents the AE-E spectrum extracted
through the preceding procedures. Despite the suboptimal energy res- olution
of the silicon detector, a discernible distinction is ex- hibited among the isotopes
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of hydrogen, p,d and t. The 3He and 4He bands are also present in the top-right
region of the spectrum. However, the counts are minimal and thus could not be
adequately represented in the subsequent PSA spectra.

Fig. 3. Schematic view of the electronic system in the present study.

There is one more thing to mention here: Given that the majority of the light
charged particles produced were suffi- ciently energetic to penetrate the CsI(T1)
crystal, a 10 mm thick iron degrader was employed upstream the silicon detec-
tor to enhance the count of the full energy deposition event.

ITI. RESULTS AND DISCUSSIONS A. AE-E spectrum Fig. 5. AE-E spec-
trum obtained with the Si-CsI(T1) telescope.

The AE-E spectrum was initially extracted as the refer- ence for the PSA spectra.
As illustrated in Figure 4, the data analysis methods for the silicon detector
and the CsI(T1) de- tector are represented by the respective flow diagrams. The
recorded waveform for both silicon and CsI(T1) detectors was initially processed
with a moving average filter [44]. Sub- sequently, it was processed with a baseline
restoration algo- rithm on an event-by-event basis. The baselines were ob- tained
by averaging the amplitudes of the initial 200 sam- ple points of the acquisition
time windows for the digitizer.

At this juncture, the normal waveform with positive polarity and an approxi-
mate zero baseline had been obtained. Given that the recorded waveform of
the silicon detector was de- B. Pulse Shape Analysis CsI(Tl) crystal has been
found to exhibit varied responses depending on the type of incident particles [23,
46]. This serves as the foundation for particle identification using the PSA tech-
nique with CsI(T1) crystal. The signal of the CsI(T1) detector is, In principle,
expressible as the sum of a series of exponential components. Recent studies
have demonstrated the presence of three distinct components [46, 47]. Given
that the time window of DT5740 is 16 ps, the intensity of the tail component
is sufficiently small for neglect. Consequently, we hypothesize that the CsI(Tl)
crystal is composed of two components: a fast and a slow one. The signal of
CsI(T1) crystal is then given by:

L(t) = where Nf and Ns represent the integrated luminescence for the fast and
slow components, respectively. 7f and 7s rep- resent the corresponding decay
time constants with typical values of 0.7 and 3 ps, respectively, for the 662 keV
~-rays irradiation at room temperature [46, 47].

Fig. 6 [Figure 6: see original paper]. Illustration of waveform for different types
of incident par- ticles. The amplitudes were normalized to a value of 500, and
the reach times were made the same. To illustrate the minor differences between
the waveform, the graph was presented on a logarithmic scale with the y-axis.

The normal waveform of the CsI(Tl) detector obtained in Section IIT A is the
input of the present work. Figure 6 presents the normalized waveform for differ-
ent types of in- cident particles, as illustrated in Figure 5. A clear separa- tion
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between particles with different charge number Z is ev- ident. With respect to
isotopes, the differences are minor.

However, a more precipitous decline in the trailing edge of the waveform is still
observable for the isotope with a heav- ier mass. The underlying cause of these
discrepancies lies in that the ratios between Nf and Ns in Equation 1 are var-
ied with different kinds of incident particles, which results in different shapes
of waveform generated by the CsI(T1) de- tector. The primary objective of the
PSA technique is to uti- lize an algorithm to demonstrate these discrepancies
in order to identify the particles. A multitude of corresponding algo- rithms
have been developed. In this paper, we will examine four of these methods: the
rise-time (fall-time) comparison method [48, 49], the digital charge comparison
method [49-51], Reconstructive Particle IDentification (RPID) [52], and Quick
Particle IDentification (QPID) [53-55]. The last two algorithms were developed
for CALIFA [56], whose con- struction is similar to our crystal array.

1. Fall time comparison method at trailing edges

As demonstrated in Figure 6, the leading edges of the waveform for different
particles demonstrate minimal dis- crepancy, while the trailing edges exhibit
notable variation.

Consequently, the fall time comparison method was em- ployed to extract this
variation. The fall time was defined as the time required for the signal to
diminish from 90 % to 10 % of its peak value. To extract the relatively accurate
time for the point at which the trailing edge of the wave- form crosses the
threshold, a linear interpolation algorithm was employed [57]. Figure 7 [Figure 7:
see original paper] represents the plot of the ex- tracted fall time against the light
output of the CsI(T1) detec- tor. The performance for the isotopes identification
is subop- timal. In accordance with the Reference [57], we also exam- ined the
PID performance of the fall time comparison method in conjunction with the
parabolic and cubic polynomial inter- polation methods, which are based on the
Lagrange interpo- lation algorithm. The results indicated that there were no im-
provements in the PID performance. This phenomenon can be attributed to the
long decay time of the CsI(T1) crystal, which results in a prolonged trailing edge
of the waveform generated by the CsI(T1) detector. As demonstrated in Fig- ure
3 of Reference [57], the time resolutions of the signals tend to be consistency
between the results extracted by lin- ear and cubic interpolation algorithms
when the rise time of the waveform increases. Furthermore, a substantial number
of ” NaN” and ” Inf” events were obtained through the appli- cation of parabolic
and cubic interpolation algorithms, a con- sequence of the division operation
inherent in these interpo- lation algorithms.

Fig. 7. PID spectrum under the fall time comparison method. The fall time
was derived through the implementation of a linear inter- polation algorithm.

chinarxiv.org/items/chinaxiv-202602.00212 Machine Translation


https://chinarxiv.org/items/chinaxiv-202602.00212

ChinaRxiv [$X]

2. Charge comparison method

The charge comparison method, alternatively referred to as the double-gate in-
tegration method, involves the integra- tion of the waveform within two distinct
time windows. This process is employed to extract the cumulative discrepancies
in the waveform of various incident particles. The sample point exhibiting the
maximum amplitude of the waveform was designated as the reference point for
the time windows.

As demonstrated in Figure 6, the observed discrepancies for the various incident
particles were primarily attributable to the different fast decay components of
the waveform, which manifested as the distinct shapes at the trailing end of
the waveform. Therefore, two short time windows, as illus- trated in Figure 6,
were employed at these two locations for the purpose of comparison. The other
time window, desig- nated as the long time window, incorporated nearly the
entire waveform. The integration values were designated Qshort 1, Qshort 2
and Qlong, respectively. The lengths of two short time windows were optimized
through the implementation of repeated trials.

Figures 8(a) and (c) illustrate the PID spectra for Qshort against Qlong. The
separation of the different incident parti- cles is evident. However, due to the
differing scales on the y- axis, direct comparison of these two plots is not imme-
diately apparent. Accordingly, the PID function was implemented, defined as
follow: f pid = Qshort i Qshort i + Qlong ,i =1, 2.

In accordance with the data presented in Figures 8(a) and (c), the corresponding
plots for fpid versus the light output of the CsI(T1) detector are shown in Figures
8(b) and (d), present- ing a more clear illustration for PID performance. It can
be demonstrated that the two settings of the short time windows shown in
Figure 6 can achieve a similar performance level in terms of PID.

3. RPID method

As previously outlined, the foundation of PSA technique is that the ratio be-
tween Nf and Ns in Equation 1 depends on the different categories of incident
particles, thereby yielding output waveform of different shapes. The RPID
method was designed to extract the values of Nf and Ns from the recorded
waveform directly [52]. The underlying principle is rooted in the Moving Win-
dow Deconvolution (MWD) algorithm, a sophisticated mathematical technique
that has the capability to eliminate an exponential component with the specified
de- cay time from the raw waveform [58, 59].

In the original version of the RPID method, two MWD procedures are pro-
cessed successively to eliminate the exponential components of the Charge-
Sensitive Amplifier (CSA) and the scintillation decay of the CsI(T1) crystal
[52]. In the context of the present case, the CSA was not utilized, and only the
latter MWD pro- cedure was required.

It is important to note that the 7f and 7s are the input pa- rameters in the
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RPID method and are assumed to be constants for different incident particles.
To obtain the values of 7f and 7s of the CsI(T1) crystal that we used, the PID
spectrum in Figure 8 Figure 8: see original paper was employed to separate the
incident particles, and a double-exponential function fitting was performed for
each waveform on an event-by-event basis. As illustrated in Figure 9 [Figure 9:
see original paper], the histograms represent the extracted 7f and 7s val- ues for
different categories of incident particles. It has been observed that the values of
extracted 7f and 7s depend on the types of incident particles, which contradicts
the hypothesis.

It is not possible to ascertain the types of incident particles prior to the data
analysis procedure. For the trade-off, we would utilized the mean values of 7f
= 48.6 (777.6 ns) and 7s = 248.6 (3977.6 ns) of the isotope p, obtained by
Gaussian fitting of the corresponding histograms, to perform the RPID method
in our case.

Figure 10 [Figure 10: see original paper] is the final digitized pulse shapes
modified by the RPID algorithm. The primary steps can be found in Ref-
erence [52]. Given that the decay time of the waveform for p was designated as
the input parameters in the algorithm, the resulting waveform for p, d, t, and
punch-through events was deemed to be in satisfactory form. Conversely, the
waveform for the isotopes of helium demonstrated a certain degree of distortion.
The observed distortions can be attributed to the relatively large differences in
the values of the decay time, 7f and 7s, from the designated input parameters in
the algo- rithm. When extracting the values of Nf and Ns, we carefully avoided
the distortion parts, resulting in the PID spectrum shown in Figure 11 Figure 11:
see original paper. In accordance with the Equation 2, we have also defined the
pid function: f pid = Ns 4+ Nf Figure 11(b) shows the PID spectrum of fpid as a
function of the light output of the CsI(T1) detector. Both the spec- tra depicted
in Figures 11(a) and (b) manifest distinct sepa- rations between the isotopes of
hydrogen and punch-through events. With respect to the isotopes of helium, the
perfor- mance in PID remains satisfactory, suggesting that the RPID method
can still demonstrate adequate performance in PID when the input parameters
contain several deviations. How- ever, it should be noted that the available
data set does not include charge number z greater than 2. The capability of the
RPID method to identify lithium isotopes with the input parameters setting of
hydrogen remains uncertain.

4. QPID method

The QPID method is basically the charge comparison method. The QPID
method is analogous to the RPID method in that both aim to extract Nf and
Ns values to identify the incident particles. The distinguishing aspect of the
QPID method is its utilization of integrated charge values within two prede-
fined time windows to extract these values. The integra- tion time windows
have been meticulously selected to ensure that the two integrated charge values,
Qf and Qs, are predom- inantly determined by each component of the CsI(T1)
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crystal with different decay time, 7f and s, respectively. The pri- mary version
of the QPID algorithm is initiated from the mod- ified waveform generated by
the MWD algorithm [53, 54], which aims to eliminate the influence of CSA. In
the absence of a CSA, it is necessary to employ the QPID algorithm with the
modified input waveform of the CsI(T1) crystal, as delin- eated by Equation 1.
The zero time was set to the sample point with the maximum amplitude of the
waveform.

The accumulative charges Q(t) of the CsI detector at the time t can be expressed
as:

Fig. 8. PID spectra under the charge comparison method. (a) and (c) are
the spectra of two different defined Qshort as the functions of Qlong, while (b)
and (d) are the correspond spectra of fpid against light output of the CsI(Tl)
detector.

Q(t) = (cid:90) t (cid:90) t I(t") dt” (cid:90) t L(t") dt’ e— t" 7s ) dt’ = Nf
(1 —e7f)+ Ns(1 —e—t 7s), where I(t) and L(t) are the output current and
luminous light of the CsI(T1) detector respectively. Following the procedures in
the references [53, 54], the transfer matrix can be obtained as follow: (cid:19)
(cid:18)A B (cid:32) 7f —e7f —erfe—tl 7fe— t3 7s — e— t2 78 — e— t4
(cid:33) where A, B, C, and D are the elements of the transfer matrix, and (t1,
t2) and (3, t4) are the two integration time intervals.

Then, the Nf and Ns can be obtained with Equation 6: (cid:19) (cid:18)Nf AD —
BC (cid:19) (cid:18) D —B (cid:18)Qf (cid:19) It can be seen that the algorithm
depends on the values of 7f and 7s. We would still use the values for isotope p
in the following procedures.

References [53, 54] suggest A,D $—31 and B,C $—$0 for the purpose that Qf
and Qs are mainly depended on Nf and Ns, respectively. This results in t1 = 0
and t4 —oo. Consider- ing the time window in the data analysis process, t4 was
set to be 400 (6.4 ps). The functions B/A and C/D need to take the minimum
value. However, this results in t2 —t1 and t3 —t4, which is of no practical use.
The graph in Figure 12 [Figure 12: see original paper| shows the values for each
element of the transfer matrix with the parameters t1 = 0 and t4 = 400. We
found that the func- tions A-B and D-C could take the maximum values when
the parameters t2 and t3 took the value: t2 = t3 = 7f 7s 7f — 7s which was
around 100 (1.6 ps). At this point, A is close to 1 and B is less than half of
A. Also, C is close to 0 and D is more than twice the value of C, as shown in
Figure 12. This configuration could be served as the optimal condition for the
aforementioned suggestion. Subsequently, the value would be incorporated into
the algorithm, with the integration time intervals set at (0, 100) and (100, 400),
respectively.

Figure 13 [Figure 13: see original paper]| is the PID spectra with the modified
QPID method. The spectra of Qs versus Qf and Ns versus Nf are illustrated in
Figures 13(a) and (c), respectively. The PID functions are defined in accordance
with Equations 2 and 3.
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Fig. 9. The histograms of the extracted values of decay time of the CsI(TIl)
crystal for different incident particles. (a) is the histogram of 7f , while (b) is
the histogram of 7s.

Fig. 11. PID spectra under the RPID method. (a) is the spectrum of Ns against
Nf, while (b) is the spectrum of fpid as a function the light output of the CsI(T1)
detector.

Fig. 10. Plot of the final modified waveform for the RPID algo- rithm. The
lines with different color are the schematic view of the waveform shapes for the
different incident particles.

Fig. 12. The graph for the element values of the transfer matrix versus the time
(t2 for A and B, and t3 for C and D) in the unit of sample points (16 ns). The
parameters t1 and t4 are set to be 0 and 400, respectively. The decay time of
CsI(T1) crystal is adjusted to be the values of proton, which can be found in
the text.

The corresponding PID spectra are illustrated in Figures 13(b) and (d). It is
evident that clear separations between the dif- ferent incident particles can be
discerned in either of the PID spectra. Since the isotopes of helium can be clearly
identi- fied, the QPID algorithm, which is equivalent to the RPID algorithm,
demonstrates tolerance with the input parameters of decay time of the CsI(Tl)
detector.

IV. CONCLUSION We examined the four PSA methods for identifying the in-
cident particles with a CsI(T1) detector. These PSA methods include the
fall time comparison method at trailing edges, the Fig. 13. PID spectra
under the modified QPID method. charge comparison method, the RPID,
and the QPID. With the exception of the first method, the subsequent
three meth- ods demonstrate notable efficacy in identifying particles with
a charge number Z less than 3. Both RPID and QPID methods exhibit
a high degree of tolerance with the input parameters of the decay time
of the CsI(T1) detector, thereby substantiat- ing the robust of these PSA
methods in the identification of hydrogen and helium isotopes.

The good PID performance obtained by means of the charge comparison method,
RPID method and QPID method with the CsI(T1) detector serves to demon-
strate the feasibil- ity of our scheme. That is to say, the utilization of CsI(Tl)
detectors alone for identification of light incident particles within the large
polar angle region. In our previous research, we planned to implement the
PSA algorithms within the on- [1] Yanlin Ye, Xiaofei Yang, Hiroyoshi Saku-
rai et al., Physics of exotic nuclei. Nat. Rev. Phys. 7, 21 (2025). doi:
10.1038/s42254-024-00782-5 [2] Kang Wei, Yan-Lin Ye, and Zai-Hong Yang,
Clustering in nuclei: progress and perspectives. Nucl. Sci. Tech. 35, 216 (2024).
doi: 10.1007/s41365-024-01588-x [3] Liu-Yuan Shen, Qi Yuan, Hong-Hui Li et
al., Study of shell board FPGA chips at a forward polar angle region. This ap-
proach was intended to reduce the pressure of data transmis- sion in the DAQ
system and to enable the real-time PID func- tion [18]. The algorithms that are

chinarxiv.org/items/chinaxiv-202602.00212 Machine Translation


https://chinarxiv.org/items/chinaxiv-202602.00212

ChinaRxiv [$X]

written to the FPGA must not be overly complex. With regard to these three
PSA meth- ods, the most concise algorithm is the charge comparison method,
followed by the QPID method, and finally the RPID method. It is evident that
both QPID and RPID algorithms necessitate a substantial amount of multipli-
cation and divi- sion operations, which are not FPGA friendly. However, with
respect to the CsI(T1) detectors at the large polar angle re- gion, a significant
decrease in event count is observed in each detector. This could facilitate the ac-
quisition of raw wave- form information within the DAQ system. Consequently,
the utilization of any one of these three PSA methods is deemed appropriate in
the context of offline data analysis. evolution in neutron-rich boron, carbon, and
nitrogen isotopes with in-medium similarity renormalization group calculations.

Nucl. Sei. Tech. 36, 220 (2025). doi: 10.1007/s41365-025- 01796-z [4] Toshitaka
Kajino, Underground laboratory JUNA shedding light on stellar nucleosynthesis.
Nucl. Sci. Tech. 34, 42 (2023). doi: 10.1007/s41365-023-01196-1 [5] Wei-
Ping Liu, Bing Guo, Zhu An et al., Recent progress in nuclear astrophysics
research and its astrophysical implications at the China Institute of Atomic
Energy. Nucl. Sci. Tech. 35, 217 (2024). doi: 10.1007/s41365-024-01590-3
[6] Qing-qing Huang and Gang Huang, Advances in radio- pharmaceuticals for
precision medicine: A global and Chi- nese perspective. LabMed Discovery 1,
100031 (2024). doi: 10.1016/j.1md.2024.100031 [7] Siqi Zhang, Xingkai Wang,
Xin Gao et al., Radiopharmaceuti- cals and their applications in medicine. Sig.
Transduct. Target.

Ther. 10, 1 (2025). doi: 10.1038/s41392-024-02041-6 [8] D. Bazin, R.J. Charity,
R.T. de Souza et al., Mechanisms in Knockout Reactions. Phys. Rev. Lett. 102,
232501 (2009). doi: 10.1103/PhysRevLett.102.232501 [9] Y.Z. Sun, S.T. Wang,
Z.Y. Sun et al., Two-neutron removal cross sections from 15,16C at around 240
MeV /nucleon. Phys.

Rev. C 99, 024605 (2019). doi: 10.1103/PhysRevC.99.024605 [10] Y.Z. Sun,
S.T. Wang, Z.Y. Sun et al., Single-neutron removal from 14,15,16C near
240 MeV/nucleon. Phys. Rev. C 104, 014310 (2021). doi: 10.1103/Phys-
RevC.104.014310 [11] V. Panin, J.T. Taylor, S. Paschalis et al., Exclusive
measure- ments of quasi-free proton scattering reactions in inverse and complete
kinematics. Phys. Lett. B 753, 204 (2016). doi: 10.1016/j.physletb.2015.11.082
[12] V. Panin, T. Aumann, and C.A. Bertulani, Quasi-free scattering in inverse
kinematics as a tool to unveil the structure of nuclei.

Eur. Phys. J. A 57, 103 (2021). doi: 10.1140/epja/s10050-021- [13] J.C. Yang,
J.W. Xia, G.Q. Xiao et al., High Intensity heavy ion Accelerator Facility (HIAF)
in China. Nucl.

Instrum. Methods Phys. Res. B 317, 263 (2013). doi: 10.1016/j.nimb.2013.08.046
[14] Xiaohong Zhou, Jiancheng Yang and the HIAF project team, Status of
the high-intensity heavy-ion accelerator facility in China. AAPPS Bull. 32, 35
(2022). doi: 10.1007/s43673-022- [15] L.N. Sheng, X.H. Zhang, J.Q. Zhang et
al., Ton-optical de- sign of High energy FRagment Separator (HFRS) at HIAF.

chinarxiv.org/items/chinaxiv-202602.00212 Machine Translation


https://chinarxiv.org/items/chinaxiv-202602.00212

ChinaRxiv [$X]

Nucl. Instrum. Methods Phys. Res. B 469, 1 (2020). doi: 10.1016/j.nimb.2020.02.026
[16] L.N. Sheng, X.H. Zhang, H. Ren et al., Ion-optical updates and performance
analysis of High energy FRagment Separator (HFRS) at HIAF. Nucl. Instrum.
Methods Phys. Res. B 547, 165214 (2024). doi: 10.1016/j.nimb.2023.165214
[17] Shao-Bo Ma, Li-Na Sheng, Xue-Heng Zhang et al., Oppor- tunities for pro-
duction and property research for neutron-rich nuclei around N=126 at HIAF.
Nucl. Sci. Tech. 35, 97 (2024). doi: 10.1007/s41365-024-01454-w [18] Tao Liu,
Hai-Sheng Song, Yu-Hong Yu et al.,, Toward real-time digital pulse process
algorithms for CsI(T1) detector array at external target facility in HIRFL-CSR.
Nucl. Sci. Tech. 34, 131 (2023). doi: 10.1007/s41365-023-01272-6 [19] Z.Y.
Li, D. Yan, S.T. Wang et al., Conceptual design and sim- ulated performance
of the Barrel part of gamma array for the experimental terminal at HFRS
of HIAF. JINST 19, T05019 (2024). doi: 10.1088/1748-0221/19/05/T05019
[20] Xian-Qin Li, Hai-Bo Yang, Xiao-Meng Ma et al., Readout electronics for
the gamma detector of the HIRFL-CSR ex- ternal target facility. Nucl. Sci.
Tech. 36, 33 (2025). doi: 10.1007/s41365-024-01603-1 [21] D. Yan, Z.Y. Sun,
K. Yue et al., Design and construction of a multi-layer CsI(T1) telescope for
high-energy reaction stud- ies. Nucl. Instrum. Methods Phys. Res. A 843, 5
(2017). doi: 10.1016/j.nima.2016.10.053 [22] R. Lozeva, J. Gerl, M. G “orska et
al., A novel Calorimeter Tele- scope for identification of relativistic heavy-ion
reaction chan- nels. Nucl. Instrum. Methods Phys. Res. A 562, 298 (2006).
doi: 10.1016/j.nima.2006.02.163 [23] R.S. Storey, W. Jack and A. Ward, The
fluorescent decay of CsI(T1) for particles of different ionization density. Proc.
Phys.

Soc. 72, 1 (1958). doi: 10.1088/0370-1328/72/1/302 [24] C.L. Lan, X.C. Ruan,
G. Liu et al., Particle identification using CsI(T1) crystal with three different
methods. Nucl. Sci. Tech. 19, 354 (2008). doi: 10.1016/S1001-8042(09)60018-
X [25] Song Wang, Peng Xu, Chang-Bing Lu et al., Improvement of algorithms
for digital real-time n-y discrimination. Chin. Phys.

C 40, 026202 (2016). doi: 10.1088/1674-1137/40/2/026202 [26] D.G. Saran-
tites, P.-F. Hua, M. Devlin et al., ” The Microball” Design, instrumentation and
response characteristics of a 4m-multidetector exit channel-selection device for
spectro- scopic and reaction mechanism studies with Gammasphere.

Nucl. Instrum. Methods Phys. Res. A 381, 418 (1996). doi: 10.1016/S0168-
9002(96)00785-1 [27] M. Alderighi, A. Anzalone, R. Basssini et al., Particle
iden- tification method in the CsI(T1) scintillator used for the CHIMERA 47
detector. Nucl. Instrum. Methods Phys. Res. A 489, 257 (2002). doi:
10.1016/S0168-9002(02)00800-8 [28] L. Bardelli, M. Bini, G. Casini et al., Pro-
gresses in the pulse shape identification with silicon detectors within the FAZIA
Collaboration. Nucl. Instrum. Methods Phys. Res. A 654, 272 (2011). doi:
10.1016/j.nima.2011.06.063 [29] G. Pastore, D. Gruyer, P. Ottanelli et al., Iso-
topic identifica- tion using Pulse Shape Analysis of current signals from sili- con
detectors: Recent results from the FAZIA collaboration.

Nucl. Instrum. Methods Phys. Res. A 860, 42 (2017). doi: 10.1016/j.nima.2017.01.048

chinarxiv.org/items/chinaxiv-202602.00212 Machine Translation


https://chinarxiv.org/items/chinaxiv-202602.00212

ChinaRxiv [$X]

[30] A. Camaiani, R. Alba, L. Baldesi et al., Reviewing the experimental achieve-
ments of the early years of FAZIA at INFN-LNS. Eur. Phys. J. Plus 139,
1134 (2024). doi: 10.1140/epjp/s13360-024-05932-3 [31] J. Alarja, A. Dauchy,
A. Giorni et al.,, Charged particles identification with a CsI(Tl) scintillator.
Nucl. Instrum. Meth- ods Phys. Res. A 242, 352 (1986). doi: 10.1016/0168-
9002(86)90232-9 [32] F. Benrachi, B. Chambon, B. Cheynis et al., Investigation
of the performance of CsI(T1) for charged particle identification by pulse-shape
analysis. Nucl. Instrum. Methods Phys. Res. A 281, 137 (1989). doi:
10.1016/0168-9002(89)91225-4 [33] D.V. Kamanin, W. Wagner and H.-G.
Ortlepp, A method for the intrinsic calibration of CsI(T1) detectors. Nucl.
Instrum.

Methods Phys. Res. A 413, 127 (1998). doi: 10.1016/S0168- 9002(98)00467-7
[34] V. Avdeichikov, R. Ghetti, P. Golubev et al., Energy calibration of CsI(T1)
scintillator in pulse-shape identification technique.

Nucl. Instrum. Methods Phys. Res. A 501, 505 (2003). doi: 10.1016/S0168-
9002(03)00625-9 [35] Y.Z. Sun, Z.Y. Sun, S.T. Wang et al., The charged frag-
ment detector system of the External Target Facility. Nucl.

Instrum. Methods Phys. Res. A 927, 390 (2019). doi: 10.1016/j.nima.2019.02.067
Photonics K.K.: [36] Hamamatsu R7724, sensors/pmt/pmt tube-alone/head-on-
type/R7724.html. cessed 08 Jan 2026 https://www.hamamatsu.com/jp/en/product/optical-
Photomultiplier [37] J. Bea, A. Gadea, L.M. Garcia-Raffi et al., Simulation of

light collection in scintillators with rough surfaces. Nucl. Instrum.

Methods Phys. Res. A 350, 184 (1994). doi: 10.1016/0168- 9002(94)91162-2
[38] E. Auffray, F. Cavallari, M. Lebeau et al., Crystal con- ditioning for high-
energy physics detectors. Nucl. Instrum.

Methods Phys. Res. A 486, 22 (2002). doi: 10.1016/S0168- 9002(02)00670-8
[39] Eljen Technology:

EJ-550 Silicone grease datasheet, https://eljentechnology.com/products/accessories/ej-
550- €j-552. Accessed 08 Jan 2026. [40] 3M Company: Enhanced Specular Re-

flector (ESR) datasheet, https://www.3m.com/3M/en US/p/d/b5005047091/.
Accessed

08 Jan 2026.

[41] CAEN S.p.A.: DT5740 Desktop Waveform Digitizer, https://www.caen.it/products/dt5740/.
Accessed 08 Jan 2026. [42] ORTEC (AMETEK): Model 142PC Preamplifier,
https://www.ortec-online.com/products/electronic- instruments/preamplifiers/142pc.

Accessed 08 Jan 2026. [43] ORTEC (AMETEK):

Model Amplifier, https://www.ortec-online.com/products/electronic-  in-
struments/amplifiers/572a.  Accessed 08 Jan 2026. [44] S.W. Smith, The
Scientist and Engineer’ s Guide to Digital Sig- nal Processing, 2nd edn.
(California Technical Publishing, San Diego, 1999), pp. 277-284 [45] G. Mini,

chinarxiv.org/items/chinaxiv-202602.00212 Machine Translation


https://chinarxiv.org/items/chinaxiv-202602.00212

ChinaRxiv [$X]

Charge Integration: Analog Vs. Digital. (CAEN Tech- nical Note, 2010),
https://www.caen.it/documents/WebObject/ attach/AN2503 Analog Digi-
tal.pdf. Accessed 08 Jan 2026. [46] X. Lu, S. Gridin, R.T. Williams et al.,
Energy-dependent scintillation pulse shape and proportionality of decay compo-
nents for CsI:T1 modeling with transport and rate equations.

Phys. Rev. Appl. 7, 014007 (2017). doi: 10.1103/PhysRevAp- plied.7.014007
[47] A. Syntfeld-Ka'zuch, M. Moszy “nski, .. “Swiderski et al., Light Pulse Shape
Dependence on y-Ray Energy in IEEE Trans. Nucl. Sci. 55, 1246 (2008). doi:

CsI(T1). 10.1109/TNS.2008.922805 [48] S.D. Jastaniah and P.J. Sellin. Dig-
ital techniques for n/vy pulse shape discrimination and capture-gated neutron
spectroscopy using liquid scintillators. Nucl. Instrum. Methods Phys. Res.
A 517, 202 (2004). doi: 10.1016/j.nima.2003.08.178 [49] W. Skulski and M.
Momayezi, Particle identification in CsI(T1) using digital pulse shape analysis.
Nucl. Instrum. Meth- ods Phys. Res. A 458, 759 (2001). doi: 10.1016/S0168-
9002(00)00938-4 [50] M. Moszy “nski, D. Wolski, T. Ludziejewski et al., Parti- cle
identification by digital charge comparison method ap- plied to CsI(T1) crystal
coupled to photodiode. Nucl. Instrum.

Methods Phys. Res. A 336, 587 (1993). doi: 10.1016/0168- 9002(93)91267-Q
[61] Y. Kaschuck and B. Esposito. Neutron/~-ray digital pulse shape discrimi-
nation with organic scintillators. Nucl. In- strum. Methods Phys. Res. A 551,
420 (2005). doi: 10.1016/j.nima.2005.05.071 [52] M. Bendel, R. Gernh~auser,
W.F. Henning, et al., RPID —A new digital particle identification algorithm for
CsI(T1) scintil- lators. Eur. Phys. J. A 49, 69 (2013). doi: 10.1140/epja/i2013-
[63] Max Winkel, Implementierung und Erprobung einer digitalen Pulsformanal-
yse zur Auslese von Kalorimetern. Diploma the- sis, Technischen Universit~at
M~unchen (2011). [54] Max Oliver Winkel, Komplexe Pulsformalgorithmen
und Teilchenidentifikation zur Echtzeit-Implementierung in CAL- IFA. PhD
thesis, Technischen Universitat M unchen (2016). [55] Benjamin Heiss, De-
velopment of a CALIFA demonstrator benchmark experiment using (p,2p) re-
actions in direct kine- matics. PhD thesis, Technischen Universit“at M unchen
(2018). [56] D. Cortina-Gil, H. Alvarez-Pol, T. Aumann et al., CALIFA, a
Dedicated Calorimeter for the R3B/FAIR. Nuclear Data Sheets 120, 99 (2014).
doi: 10.1016/j.nds.2014.07.017 [57] L. Bardelli, G. Poggi, M. Bini et al., Time
measurements by means of digital sampling techniques: a study case of 100 ps
FWHM time resolution with a 100 MSample/s, 12 bit digi- tizer. Nucl. Instrum.
Methods Phys. Res. A 521, 480 (2004). doi: 10.1016/j.nima.2003.10.106 [58]
A. Georgiev and W. Gast, Digital pulse processing in high reso- lution, high
throughput, gamma-ray spectroscopy. IEEE Trans.

Nucl. Sci. 40, 770 (1993). doi: 10.1109/23.256659 [59] J. Stein, F. Scheuer,
W. Gast et al., X-ray detectors with digi- tized preamplifiers. Nucl. Instrum.
Methods Phys. Res. B 113, 141 (1996). doi: 10.1016/0168-583X(95)01417-9

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202602.00212 Machine Translation


https://chinarxiv.org/items/chinaxiv-202602.00212

	The identification methods of light charged particles with a CsI(Tl) detector based on the pulse shape analysis technique
	Abstract
	Full Text
	Preamble
	INTRODUCTION
	1. Fall time comparison method at trailing edges
	2. Charge comparison method
	3. RPID method
	4. QPID method
	08 Jan 2026.


