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Pulse-shape discrimination (PSD) is usually achieved using the different fast and slow decay compo-
nents of inorganic scintillators, such as BaF,, CsI:Tl, etc. However, LaBr;:Ce is considered to not possess
different components at room temperature, but has been proved to have the capability of discriminating y
and o events using fast digitizers. In this paper, ionization-density-dependent transport and rate equations
are used to quantitatively model the competing processes in a particle track. With one parameter set, the
model reproduces the nonproportionality response of electrons or « particles, and explains the measured
o and y pulse-shape difference well. In particular, the nonlinear quenching of excited dopant ions, Ce**,
is confirmed herein to mainly contribute observable ionization o and y pulse-shape differences. Further
study of the luminescence quenching can also help to better understand the fundamental physics of non-
linear quenching and thus improve the crystal engineering. Moreover, based on the mechanism of dopant
quenching, the ionization-density-dependent pulse-shape differences in other fast single-decay-component
inorganic scintillators, such as lutetium yttrium oxyorthosilicate, Luy(j_x) Y2¢SiOs:Ce (LYSO) and CeBrs3,

are also predicted and verified with experiments.
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I. INTRODUCTION

Inorganic scintillators have been widely used to monitor
y and x rays or particle beams in applications of medi-
cal imaging and dosimetry, security checks, high-energy
physics, and the high-tech industry. One may hope to dis-
cover and/or engineer a scintillator with both a high light
yield, high-energy resolution, small nonproportionality,
and fast rise and decay times. Nonproportionality is depar-
ture from proportional response of the number of scin-
tillation photons produced versus energy of the primary
particle, which has long been considered as a fundamental
limitation of the intrinsic energy resolution of scintillators
[1-6]. Great efforts in both experimental measurements [7—
10] and theoretical models [2,11-18] have been made to
study the nonproportionality of inorganic scintillators. It
is generally considered that nonproportionality arises from
the variation in excitation densities depending partly on the
particle energy. It is thought that high excitation densities
lead to strong particle-particle interactions and nonlinear
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quenching and that, at low excitation densities, slow ther-
malization can lead to extensive charge separation [12,13,
18]. Moreover, the ionization-density-dependent scintilla-
tion processes can not lead only to the nonproportionality
of the scintillation yield to incident particle energy, but
also the differences of pulse shapes to incident particle
energy, e.g., Cs: T1[19], or different types of particles, e.g.,
n and y discrimination. It looks like the nonproportional-
ity and pulse-shape differences are connected at the level of
nonlinear interactions and details of transport, which may
provide a basis for using the underlying extra information
in pulse shape to correct the nonproportionality and thus
improve the energy resolution [20].

The best scintillation performance in terms of light yield
(70 000 photons/MeV), decay time (approximately 16 ns),
and energy resolution (approximately 2.6% at 662 keV)
has been achieved for LaBr;:Ce. In recent years, many
research groups, including us, have studied the o and y
pulse-shape discrimination (PSD) in LaBr3:Ce crystals, but
contradictory results were achieved [21-28]. It is usually
considered that scintillators with multicomponent decay
curves can have the ability of PSD between y rays and
massive (for example, proton and «) particles. However,
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LaBr;:Ce is considered to possess only a single-decay
component, but has been proved to have the capability
of discriminating ¢ and « events using fast digitizers at
room temperature, which can be used to reduce the intrin-
sic o background from 2?7 Ac contamination and improve
its application for low-activity y-ray spectroscopy. The
physical mechanism of such a PSD capability of LaBr;:Ce
has remained unclear. Such pulse-shape difference, as well
as strong quenching of « particles, in LaBr;:Ce was gen-
erally explained to be the exciton-exciton annihilation
(bimolecular decay) [29,30]. However, the precisely mea-
sured rise time, associated with self-trapped excitons, of
LaBr3;:5%Ce pulse shape is as fast as approximately 1ns
[31], which seems not enough to cause such a small but
significant difference. A complete and quantitative model
illustrating the scintillation mechanism of LaBr;:Ce is still
needed.

The model in this paper is based on the coupled rate
and transfer equations proposed by Lu et al. [13,14], which
include most of the already known scintillation processes
and has been applied to CsI: Tl crystals to explain the non-
proportionality and energy-dependent pulse shapes of y
rays. Regarding the classification of inorganic scintillators,
LaBrj3:Ce belongs to the multivalent halide [32] and shows
different characters from alkali halide, such as CsI, Nal.
Coupled rate and transport equations describing the main
physical processes of LaBr;:Ce crystal, at room temper-
ature, are established. The model computes the evolution
of excitations (including electrons, holes, excitons, and
excited dopant ions) over time and space in electron tracks
by solving coupled rate and transport equations describing
both the movement and the linear and nonlinear interac-
tions of the excitations along the ionization track. The
tracks are initially very narrow before hot and thermal-
ized carrier diffusion takes effect. A cylindrical Gaussian
radial profile with a track radius of ro(~3 nm) is gener-
ally adopted to describe the distributions of excitations
on a series of small cells along the ionization track as
reviewed in Ref. [33]. The initial ionization density val-
ues vary from cell to cell along the track with the variation
in linear energy deposition rate dE/dx and the model cal-
culate the local light yield, of which the weighted average
is the light yield, for each local value of dE/dx. Besides
the light yield output, the evolution of excitations (emis-
sion intensity) over time is also responsible for the pulse
shapes, which allows us to validate the model more thor-
oughly. Furthermore, « particle is also an alternative way
to reach even higher density of excitation than that of
electrons, which can be used to study and validate the
ionization-density-dependent physical processes even fur-
ther. The study of the scintillation mechanism of inorganic
scintillators will not only help to understand the charac-
teristics of scintillators, but also guide the optimization of
alternative scintillator materials and the development of
other radiation detection methods.

II. THE MODEL AND ITS PARAMETERS IN
PARTICLE TRACKS

A. The scintillation mechanism in LaBr;:Ce

Many studies about the properties of LaBr;:Ce have
been carried out and form the basis of the scintillation
mechanism. X-ray excited-emission spectra of LaBr;:Ce
at 125 K shows that both self-trapped-exciton (STE)
broad-band and double-peaked 5d—4f cerium emission
are observed. The contribution of the STE broad band
decreases from 70% to 37% to 8% for a Ce concentra-
tion of 0.2%, 0.5%, and 5%, respectively, which shows
an antirelation between the STE emission and Ce concen-
tration. Moreover, the emission spectra for LaBr;:5%Ce,
at room temperature, only arises from the double-peaked
5d—4f cerium emission [34]. The scintillation time pro-
files measured with a delayed coincidence method or a
time-correlated single-photon counting (TCSPC) method
reveal more information about the scintillation mecha-
nism of LaBr;:Ce. Although STEs do not contribute the
emission directly, at room temperature, according to the
emission spectra of LaBr3;:Ce, Glodo et al. [35] suggested a
diffusion and energy transfer model of STEs to Ce based on
the linear relation between the logarithms of Ce concentra-
tion and rise time of scintillation time profiles [35]. Later
on, Bizarri and Dorenbos proposed a STE-transport-based
model to account for y-excited luminescence in LaBr;
with different Ce concentrations and at different tempera-
tures [36]. In that model, three processes are proposed, i.e.,
(i) process I, the prompt sequential capture of electron and
holes by Ce; (ii) fast process II, thermally activated energy
transfer from self-trapped excitons situated in the close
surrounding of a cerium ion to that cerium ion; (iii) slow
process II, thermally activated migration of STEs over a
distance to encounter a Ce dopant followed by energy
transfer from STE to Ce. However, in terms of the fitting of
the scintillation pulse shape, we argue that the decay time,
which arises only from 5d—4f cerium emission and is
insensitive to temperature [37], should be fixed as approxi-
mately 16 ns to fit the decay curves and then to discuss the
model. Recently, the study of picosecond absorption spec-
troscopy by Li et al. [38] shows that Ce** in lanthanum
bromide is apparently not a good electron or hole trapper.
At least self-trapped holes in LaBr; appear to be better at
capturing electrons than Ce®" jons are at capturing holes.
The energy transport from host to activator is responsi-
ble for the scintillation of LaBr;:Ce*" proceeds by STE
creation within 1 ps and then energy transfer more than
by the sequential trapping of holes and electrons on Ce**
ions [38]. Detailed scintillation rise-time measurements in
LaBr;:Ce with fast coincidence methods by Glodo et al.
[35] and Seifert et al. [31] have identified a fast stage
and a slower stage of scintillation rise for LaBr;:5%Ce
given as 380 ps [35] or 270 ps [31], and 2.2ns [35] or
2.0ns [31], respectively. Furthermore, the approximately
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300-ps process is further suggested by Li et al. [38] as
the dipole-dipole transfer to Ce from STEs created in the
close neighborhood, and the approximately 2.1-ns process
is the thermally activated migration and energy transfer
at room temperature in 5%Ce-doped LaBr;. For LaBr;:Ce
with higher concentration, it is possible that Ce ions can be
excited directly. For example, the extreme case with 100%
Ce concentration, CeBr; should be the direct excitation and
radiative emission of Ce** ions. To conclude, the scintilla-
tion mechanism in LaBr;:Ce with lower concentration, for
example less than 5%, at room temperature is mainly first
the creation of host STEs, then the migration and/or energy
transfer from STEs to Ce®>" ions and finally the radiation
emission of excited Ce*>*" ions:

e+h+Ce* — STE + C*t — Cet" — Cet + hv.
A model of excitation transport and interaction in a particle
track is established to fully explore the scintillation mecha-
nism of LaBr;:Ce, shown as Fig. 1. In detail, the model can
be separated into two main stages. The first stage includes
the hot and thermalized free charge-carrier diffusion, elec-
tric field transport, and the form of STEs. The second stage
includes the migration and energy transfer from STEs
to Ce>* ions, second-order nonlinear quenching between
STEs or between excited Ce** ions, and radiative recom-
bination. In particular, apart from the direct excitation of
Ce* ions, only STEs formed in the first stage can have
access to the second stage and transfer their energy to Ce
and account for scintillation.

B. Diffusion-limited rate and transport equations for
local light yield and decay curve versus on-axis initial
excitation densities in particle tracks

The diffusion-limited rate and transport equation illus-
trating the local light yield (LY) and scintillation decay
curve for LaBr;:Ce in our model are calculated using Eqgs.

(1)—(5).

dn, ) —
o =G.+ D, Vn,+ u.vV-n. E —Ki.n, — Bn.ny,
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FIG. 1. Tllustration of scintillation processes of physical mech-
anism in LaBr;:Ce**t crystals, including the conversion of free
electrons and hole, the thermalization of hot electrons and instant
self-trapping of holes, the charge-carrier diffusion and the forma-
tion of STE, the migration and energy transfer from STE to Ce
ions, and finally luminescence of excited Ce*** ions.

Neex
Sy =89 nCeTC )

Ace

Equations (1) and (2) describe the first stage of free elec-
trons and holes. The first stage also consists of two pro-
cesses. The hot charge carriers, especially hot electrons,
first diffuse outward and get thermalized. After thermaliza-
tion, the distinct hot diffusion of electrons and holes creates
an inner electric filed. Out-diffused electrons is then driven
back to form STEs. Equations (3)~(5) describe the second
stage of STEs and Ce** ions. We now describe each of the
terms in these equations from the view of scintillation pro-
cesses and their significant influences on the light yield and
scintillation time profiles.

During the thermalization process of the first stage,
which lasts for several picoseconds, the electrons and
holes are excited with high excitation density and there-
fore diffuse outward and lose their excess kinetic energy
(approximately eV) by impacting with the crystal lattice.
Meanwhile, the outward free electrons and holes may suf-
fer from linear trapping of defects or the third Auger
quenching process, which may have a significant effect on
the light yield of the scintillators and is ionization den-
sity dependent. During the thermalization, part of the free
electrons and holes pair together and form STEs within
several picoseconds, known as instant STEs, while the
others remain free. For simplification, the formation pro-
cess of STEs within the thermalization process, which is
approximately 1 ps for LaBr; [10,31,38], is regarded as
the instant generation term.

The first terms of Eqs. (1)+4), Ges, Gste, and Gce,
are, respectively, the generation terms of free electrons
and holes, instant STEs, and directly excited Ce** ions
immediately after thermalization. Generally, a cylindrical
Gaussian radial profile with a track radius of 7o(~ 3 nm) is
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adopted to describe the distributions of excitations (includ-
ing electrons, holes, excitons, and excited dopant ions)
as reviewed in Ref. [33]. The radial distribution and its
magnitude, the on-axis excitation density ng, is shown as
follows:

nr,t=0) = noexp(—rz/r%), (6)
. dE /dx
ny = j'[}"(z)ﬂEgap’ (7)

where dE/dx is the energy-dependent linear energy trans-
fer of a particle (electron/cr). BE,,, is the average energy
invested per electron hole pair. 7y is the initial track radius,
which is determined by the diffusion of hot holes during the
thermalization process. In particular, the ionization densi-
ties produced on the end of an electron track can be as high
as approximately 10?° cm™3 and range out in a very short
distance.

The second terms D, ;, and Dstg of Egs. (1)+3) denote
the diffusion of free electrons and holes and STEs. As
described in Ref. [13], holes in alkali halides are self-
trapped very quickly, which is 50 fs for Nal from quantum
molecular-dynamics calculations. Due to such rapid self-
trapping, the hole Eq. (2) is simply written in terms of
the density of the self-trapped holes (STHs), ny, diffusing
with the hopping diffusion coefficient of the self-trapped
holes. However, the thermalization of electrons is some-
what complicated, and the cooling of the hot electrons in
LaBrj;:Ce is rather slow due to its low longitudinal optical
phonon frequency (wro) [10]. A mean thermalization time
of 1 ps is characterized for LaBr; due to its very similar
wLo to Nal crystal [10,39], of which the mean thermaliza-
tion time calculated by Wang et al. [40] is approximately
1 ps using the NWEGRIM Monte Carlo code at PNNL
[40]. The longitudinal optical phonon frequency is 3.6 x
1013 s7! and 3.47 x 103 s~! for LaBr; and Nal, respec-
tively. The thermalization time is further supported by the
picosecond-absorption-spectroscopy experiment to be less
than 1 ps under two-photon excitation of the host produc-
ing carriers near the band edges [38]. According to Wang
et al. [40], hot electrons run outward to a radial peak of
approximately 30 nm for fluorides (CaF, and BaF;) and
50 nm for iodides (Nal and Csl), with a tail extending as
far as 100 to 200 nm. Since D, is a function of the elec-
tron temperature T, it is difficult to precisely model the
hot diffusion process. A similar step-wise time-dependent
electron diffusion coefficient proposed by Lu et al. [13,14]
is adopted such that D,(f < t,,t) has a constant value
to reproduce the distribution of electrons with peaks 7yt
at several tens of nanometers. However, based on first-
principles calculations [18,39] and the “decision tree” of
inorganic scintillators proposed by Li ez al. [32], LaBr3:Ce,
unlike alkali halide, is a multivalent compound with a
dense and flat set of 4/ conduction bands approximately
3.5 eV above the conduction-band minimum (CBM) and

thus smaller electron group velocities for a smaller elec-
tron distribution range. The fourth terms, K|, and Kj;, of
Egs. (1) and (2) are the trapping from deep traps or defects
of the crystal. The sixth and seventh terms, K3, of Egs. (1)
and (2) are the third-order Auger recombination rates of
free carriers. Since the hot diffusion term of free electrons
greatly reduces the ionization density, the Auger quench-
ing process in LaBr;:Ce is trivial based on the parameters
measured by a laser Z scan of similar materials, which is
discussed in Sec. II C.

After thermalization, the excitations diffuse with the
thermalized diffusion rate, which is described by the
Einstein equation, D = ukT. In particular, the diffusion
rate of electrons after thermalization is calculated by
D.(t > thet) = mekT. Due to the significant differences in
the diffusion rates of hot electrons and self-trapped holes
(STHs or Vj center), a distinct spatial distribution of the
electrons and holes creates an electric field. The migration
of the free thermalized electrons and holes proceed due to
the electrostatic forces. The direction of the electron cur-
rent reverses from outward to inward as the thermalized
conduction electrons are collected back toward the line
charge STHs where recombination can occur. The third
terms, . and w;, of Egs. (1) and (2) represent the elec-
tric field driven currents. The fourth term, Bn.n;, in Egs.
(1) and (2) is the bimolecular exciton formation character-
ized by rate constant B and proportional to the product of
the electron and hole densities at a given location and time.
The exciton formation term, —Bn,ny, is a loss term in Egs.
(1) and (2) but the extra source term in Eq. (3)’s exciton
density of the STEs apart from the initial creation of the
instant STEs during the thermalization process of the first
stage.

As illustrated before, the processes of the sequential cap-
ture of free electrons or holes by dopant ions are almost
absent, since Ce’" is not a good trapper for both elec-
trons and holes in LaBr3:Ce. The main part of the transport
process is the migration and energy transfer from the
STEs to the Ce®" centers. In the third term of Eq. (3),
Rste and Qgte are the rates of the radiative decay and
thermal quenching of the STEs. Sy is the energy trans-
fer rate of the STEs to Ce’". Since the energy transfer
rate is proportional to the density of the unexcited Ce>"
ions, Eq. (5) denoting such a relationship is also intro-
duced. Compared with the model proposed by Bizarri
and Dorenbos [36], a second-order dipole-dipole quench-
ing process, Kyr(f), between the excited STEs is intro-
duced, which plays a role in situations of high excitation
densities and accounts for a lower light yield and pos-
sibly different decay curves. Dipole-dipole annihilation
is a case of Forster transfer from one excited dipole to
another excited dipole rather than to a ground-state dipole,
resulting in the annihilation of the first dipole and possi-
bly ionization of the doubly excited second dipole. The
second-order rate constant can be expressed for immobile
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species as

2
Ky (1) = gn”RZd(nR)—m, (8)

where 13 is the radiative lifetime of the excited state and
R, 1s the Forster transfer radius depending on the overlap
of the emission and absorption bands.

The first term, Gee+, of Eq. (4) is the direct creation of
the excited Ce*" states. Only electrons with enough excess
kinetic energy to excite the Ce** jons can create such
initial excited Ce** states, which is especially significant
for crystals with high dopant concentrations. The second
term, S7Nste, of Eq. (4) is the main source of the excited
Ce*™" states from the energy transfer of the STEs. The
third term,—Rce+Ncex, of Eq. (4) is the radiative recom-
bination of the excited Ce**" states and is the dominant
source of luminescence. In particular, the second dipole-
dipole quenching between excited Ce*t" ions, Kocer (1), is
proposed and verified to account for the nonproportional-
ity and pulse-shape difference for high excitations, which
is discussed later in Sec. 11 C.

C. The material input parameters

This section details the parameters, listed in Table I,
used in our model. Most of the parameters are found

TABLE 1.

proportionality, and scintillation time profile of LaBr3:Ce at 295 K.

directly in the literature when possible, or scaled by quan-
titative physical arguments from parameters known in
similar materials.

The initial Gaussian ionization radius of the track, r, is
normally considered as 3 nm, which is evaluated by Z scan
[10] and kinetic Monto Carlo simulations in Nal and CsI
[16,18,40]. LaBr; is also a heavier halide and the holes are
self-trapped [46] as in the case of Nal and CsI according to
the simulation, thus the same parameter ro =3 nm is used
for LaBrs;.

The value of BE 4., = 13 €V, average energy invested per
electron-hole pair, is adopted from the best-known light
yield, 77000 photons/MeV, of LaBrj3:Ce, Sr. The codop-
ing of 100 ppm Sr enhances the shallow trapping of the free
electrons from the capture of the defects and thus increases
the light yield. Such small codoped Sr should not change
the number of ionized electron-hole pairs, which is deter-
mined by the host LaBr; and heavy-dopant Ce ions. § is
calculated as 2.2 based on the band gap of 5.9 eV. LaBrj is
an outstanding inorganic scintillator with high light yield,
a value of 2.2 is reasonable compared with a value of 2.5
in most materials.

The thermalized electron mobility w. in LaBr;:Ce is
dependent on the dopant Ce concentration and can be cal-
culated based on the ionized impurity scattering [41]. The
thermalized conduction electron diffusion coefficient D, is
given in terms of p, by the Einstein relation, D = ukT/e.

Parameters (and their literature references or comments on methods) used for the calculation of the light yield,

Parameter Value Units Refs. and notes

70 3 nm Refs. [10,40] for Nal, Ref. [13] for Csl

BEgap 13(8=2.2) (eV/e - h)ayg n ="77000 ph/MeV for LaBr;3:Ce, Sr [5]

& 10 N/A Ref. [39,41]

Ne.h 0.18 N/A Payne-Onsager model, Ref. [11]

e 2 cm? V7ls Ref. [41]

D.(t > thot) 5.1 x 1072 cm? s~ D, = p.kT/e

Thot 1 ps Ref. [10,41] for Nal (with same wi o)

i 1 x10™* em? V7ls Ref. [13] for CsI

Dy, 2.6 x 107° cm? 57! Dy, = upkT/e

B(t > Thot) 2.5 %1077 cm? 57! Ref. [13,38]

K; 45x1072° cm® 57! Ref. [13] for Csl, not sensitive

Ky, 1 x 108 s ! Ref. [13]

Ky 0 s ! Ref. [13,42]

Thot 25 Nm LaBr3:5%Ce nPR curve, smaller than 50 nm. Ref. [43]
D, (t < thet) 3.1 cem? 57! to reproduceryoiat Thot

Rste 1 x 10° s7! 1 us decay time of STE at 80 K, Ref. [42]

OstE 0 s~ negligible at room temperature. Ref. [36]

Stast 1/(0.27 x 107°) s7! Ref. [31]

Sslow 1/(2.0 x 107°) s7! Ref. [31]

Afast 0.72 N/A Ref. [31]

Rece 1/(15.4 x 107°) s7! Ref. [31]

DstE 2.6 x 107° cm? s~ DstE &~ Dgrh, Ref. [44]

Koce 9.7 x 1077 t=12 cm? 5172 Calculated from quenching factor of « particles with CeBrs, Ref. [45]
Ko 5.1 x 107V t=12 ecm? 5172 Calculated from quenching factor of « particles with LaBrs:Ce, Ref. [45]
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The mobility of self-trapped holes can be estimated from
their thermal hopping rate [40,47]. Since there are no direct
measurements of this rate in LaBrs, the parameter from
Csl crystal is taken as a reference since they are all heav-
ier halides. Moreover, the mobility of self-trapped holes is
very small, which is not a sensitive parameter in the model,
and can be even set to 0 as an approximation. The diffusion
coefficient of STE, which can be calculated with the Ein-
stein relation, is considered the same as STH in our model,
since recent electronic structure calculations have provided
evidence that they are equally mobile in Nal [48,49].

The thermalization process is hypothesized, which
greatly affects the nonproportionality of the y or electron
response [13,32]. The fraction of free carriers, 7.4, and
the thermalization distance, ryo, are the two significant
parameters that affect the nonproportionality. Williams
and coworkers hypothesize that extensive charge separa-
tion, during the thermalization process, combined with the
following electrostatic attraction is the root cause for non-
proportionality at high incident energies [13,32]. Later on,
Prange et al. [18] simulated the electron thermalization
of six scintillating crystals using the microscopic kinetic
Monte Carlo model and further supported the hypothesis
proposed by Williams. They proposed that the thermaliza-
tion distances are positively correlated with measured non-
proportionality. Whereas, the model proposed by Payne
et al. [2,11,50] also showed that the fraction of the exci-
tations that are free carriers significantly influences the
nonproportionality. The Payne-Onsager model is based on
theories by Onsager, Birks, Bethe-Bloch, Landau and by
the appropriate choice of parameters and can reproduce
the experimental data well [2,11]. For a given dE/dx, the
Birks and Onsager mechanisms are the two main pro-
cesses that compete with each other. Actually, the Onsager
mechanism arises from Coulombic attraction of carriers,
which is similar to the process of charge separation pro-
posed by Williams. Based on the fitted parameters of the
Payne-Onsager model, 7., is one of the key parameters
to cluster the scintillators. Alkali halides tend to possess a
high fraction of free carriers and show more “hump” size in
electron- and y-response curves. The fitted 7, parameters
with the Payne-Onsager model are also in good accor-
dance with the kinetic Monto Carlo simulation results of
Wang et al. in CsI(Tl) and Nal(Tl) crystals [40]. Wang
et al. also calculated that the radial peak of thermaliza-
tion distance is approximately 30 nm for fluorides (CaF,
and BaF;) and 50 nm for iodides (Nal and Csl). Fur-
ther calculation from Prange et al. [18] showed that the
thermalization distance (74o) is larger and the fraction of
free carriers (1.5) is smaller compared with the results of
Wang et al. Both kinetic Monte Carlo simulation shows a
sophisticated behavior that 1, varies with the incident y -
ray energy. Because lower incident energy means a higher
ionization density and thus stronger electrostatic filed and
higher percentage of electron-hole pairs that recombine

100

90

Electron

80

70 -

Thot (10 nm.
Thot (25 nm.
Thot (50 nm,
60 o r//
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.2), The ‘(21 nm)
-2), 7 )
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FIG. 2. Simulations of the absolute local light yield with exci-
tation density under different thermalization parameters, along
with the measured experimental data.

during electron thermalization. Moreover, not only the
thermalization time, but also the thermalization distance
is dependent on the group velocity of hot electrons. Cal-
culations show that monovalent and simple alkali halides
(Nal and Csl) tend to have a longer thermalization dis-
tance than multivalent and complex systems (YAP, Srl2,
and BaBrl/Cl). For simplicity, the fraction of free carriers
is considered as a constant and the fitted value n., = 18%
from the Payne-Onsager model for LaBr;:5%Ce is taken
as a reference. A step-wise time-dependent electron dif-
fusion coefficient such as that proposed by Lu et al. is
adopted as well, so that D.(f<t) has a constant value
that reproduces the result of ryo(peak) (<50 nm) in the
solution of Eq. (1) at the end of 7y =~ 1 ps. Pairs of
(Mes> Thot)> With 1. from 0.1 to 0.2 to 0.5 and ryo from
10 to 25 nm to 50 nm, are simulated and compared with
the experimental data, shown in Fig. 2. With this small
Ness = 18%, the nonproportionality curve is not sensitive
to the thermalization distance, since most free carriers have
combined each during the thermalization process. A value
of 25 nm, smaller than the 50 nm for Csl, is chosen for the
multivalent LaBr;. To conclude, higher 7. and ryor show
more “halide hump,” which is in accordance with previous
researches. LaBr;:Ce belongs to multivalent and possesses
a flat electron response and very small “halide hump.”

The mean thermalization time T, = 1 ps, due to its
very similar wp o with Nal crystal, is further confirmed
by the picosecond-absorption-spectroscopy experiment to
be less than 1 ps under two-photon excitation of the host
producing carriers near the band edges.

K. and Ky; are the electron and hole trapping rate of
deep defects. The capture of deep defects is the cause of
afterglow, and thus a large Kj, = 2.7 x 101% s7! is fitted
in the Csl crystal. Whereas K, is negligible compared
with K |, due to the much smaller velocity approaching the
trap in alkali halide [13]. However, the residual intensity
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induced by the x-ray exposure of LaBr;:Ce is measured to
be less than 0.01% after 200 s [42]. First-principles calcu-
lation from Aberg et al. shows that in the ground state of
LaBr;:Ce, Ce preferentially substitutes for La with small
distortions and adopts a neutral charge state correspond-
ing to a Ce**-4f 154" configuration. The intrinsic defects
of pure LaBr3 is several orders smaller than LaBr; doped
with 200 ppm Sr, which gives rise to a shallow acceptor
substituting on a lanthanum site and thus improves the lin-
earity of the photon light yield with respect to the energy
of incident electron or photon. Moreover, the efficiency of
light emission for LaBr;:Ce is sufficiently high, so that
free carriers are merely trapped by deep defects. A very
small number of Kj, = 1 x 10 s™!, not much difference
to the value K;, = 0 s~!, is used to kill the out-diffused
and stopped free electrons and is not driven back to form
STE with STH for low ionization density. We also esti-
mate the influence of K, by changing its value from
0~ 1x 10" s7!, the light yield of low excitation den-
sity changes less than 6%, while it has little influence on
the high excitation density due to the competition process
of recombination. K is neglected as 0, due to the small
intrinsic deep defect and much lower velocity compared
with the electron.

K3 is the third-order Auger recombination rate of free
carriers. We evaluate K3 from 0 t0 6.6 x 107%? cm®s~! and
nothing changes. We find that K3 does not affect the non-
linear quenching, since the hot diffusion of free electrons
rapidly reduces the ionization density.

The energy transfer rate S, from STEs to Ce** ions, and
the decay rate R+, of the excited Ce®*” can be measured
precisely from the decay time profile of the y rays with
the TCSPC method. The thermalization process, which
lasts several picoseconds, rarely influences the decay pro-
file with the time scale of nanoseconds. Moreover, the
higher-order quenching terms can also be neglected for
low-ionization density y rays, and thus does not influence
the decay profiles. Detailed scintillation rise-time mea-
surements in LaBr;:Ce with fast coincidence methods by
Glodo et al. [35] and Seifert et al. [31] identify a fast
stage (Stst) and a slower stage (Sgow) Of scintillation rise
reported as approximately 300 ps and 2.1 ns, respectively.
The percentage of the fast process (Agg) 1S approximately
72%. The 300-ps process is further suggested by Li et al.
[38] as the dipole-dipole transfer to Ce from STEs cre-
ated in the neighborhood, and the 2.1-ns process is the
thermally activated migration and energy transfer at room
temperature in 5%Ce-doped LaBrs;.

The dipole-dipole quenching parameters of Kjce, and
K>, mainly decrease the light yield for particles with high
ionization densities, are calculated from the «/8 ratio of
internal radioactive « particles of CeBr; and LaBr;:5%,
respectively.

The conservation and thermalization stage normally
takes place in the first several picoseconds, during which

the nonlinear quenching is already completed or predeter-
mined. For halides, the competition between the outrun of
hot electrons, thus captured by defects, and the formation
of STEs within the inner static electric field strongly influ-
ence the quantity of carriers effective for further evolution.
For « particles, of which the linear energy transfer (LET)
is higher than 300 MeV c¢cm? g~', the independent frac-
tion of free electrons and holes is near zero and STEs are
formed effectively under a strong electrostatic force [51].
The model for o particles can be simplified as the one
proposed by Bizarri and Dorenbos [36] but with the dipole-
dipole quenching terms added for high ionization, in which
STEs are formed instantly:

dNstE )
7 Gste — (Rste + Oste + S7)Nste — Kop ())Ngrp,
©)

dNcer
d(; = S7Nste — ReesNeer — Kacer (DNZors (10)
0
— New

Sr =59 ”CGTC" (11)

Ace

The energy transfer rate of STEs and the decay rate of
excited Ce** ions have already been measured with y exci-
tation and previously discussed. What remains unknown
are the two second-order rate constants for the quenching
terms of the STEs and the excited Ce*>" ions. Fortunately,
the second-order rate constants K,ce.» can be calculated
using CeBr; crystals. The very fast transport process,
165-ps rise time #1099, 9gv, for x-ray excitation, from free
electrons and holes to the Ce*" ions is neglected, which
may have limited variation of the calculated parameter
Kyce+. The excitation of CeBr; can be considered as the
direct excitation of Ce** ions and the kinetic equation for
CeBrj; is then

dN, Ce*
dt

= Geex — ReerNeer — Kocer (ONGe. (12)

The generation term Gcex can be calculated using Eq.
(6) with BEg,=16.7 eV calculated from the light yield
of 60000 Ph/MeV. The decay rate is the inverse of
the measured decay time 17 ns. Using the local light
yield for the « particles, the calculated Kpcex is 0.097 x
10~ cm? s71/2. After the determination of Kjces, the
second-order rate constants K, can be similarly ascer-
tained using the local light yield for the o particles in
LaBr;:Ce by solving Eqgs. (9)~(11). The calculated K, is
then 0.051 x 1015 cm? s=1/2,
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III. PROPORTIONALITY AND ITS IONIZATION
DENSITY DEPENDENCE

A. Experimental data

The intrinsic response of a scintillator is usually not pro-
portional to the incident particle energy, which is normally
considered caused by the nonlinear quenching of high
ionization density as the electrons slow along the track.
The light yield produced by internally generated electrons
over a wide range of energies can be measured by the
Compton coincidence [7,8,52,53] and Kdip [9,54] meth-
ods. Figure 3(a). shows the measured electron responses
of the LaBr3:5%Ce>" crystal using the SLYNCI [46] and
Kdip [33] methods at room temperature.

The initial ionization density values vary from cell to
cell along the length of the track with the variation in dE/dx
and we calculate the local light yield for each local dE/dx
value. The Penelope model from the Geant4 simulation is
chosen to describe the variation in dE/dx with the elec-
tron energy. Although the modified Bethe equation is used
by many previous researches [2,11,55-57], the Penelope
model, shown in Fig. 3(b), can more properly describe the
scintillation response of low-energy electrons, which tends
to be constant between 0.1 and 0.4 keV.

Unlike the clustered track of Csl [13], the track of LaBr;
is linear [58] so the intermediate local light yield can be
calculated from experimental data. For an electron with an
initial energy E(, the measured light yield, n(£y), is the
average of the integration of the local light yield along
the electron track. We then calculate the local light yield,
dL/dE(e), for one cell with electron energy e using the

(a)
105 . e — e -
1001 ---dealresponse  _ __________________________ kK|
o ;‘M
. “‘
95 o*
*t
*
90 -
;\? 85
o 80+
2
27
<
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— 70 ﬂ
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55
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. .
107" 10° 10° 10?
Kinetic energy (keV)

FIG. 3.

following equations:

£o gy,
n(Eo) = /0 o e)de o, (13)
L dle ()]
T = 11O (14)

Similarly, the quenching of the «a particles, which causes
the nonlinear quenching in the high-density part of the
ionization tracks, is also discussed [55]. The «/B ratio
(or quenching factor) of the « particle and the corre-
sponding calculated local light yield in the LaBr;:Ce’"
detector are shown in Table II. Assuming an « particle
with an initial energy of 7386.1 keV and decreasing its
energy to 6819.2 keV, the stopping power from the ASTAR
databases [55] of the particle changes little and can be
considered a constant and represented by the mean values
301 MeV cm? g~'. The mean local light yield, dL/dE, for
an « particle with dE/dx of 1514MeV em™! (=301 MeV
cm? g7 x 5.03 gem™?) is 0.483.

To conclude, the relationship between the local light
yield and dE/dx for both the electron and « particles are
shown in Fig. 4. They can be used to compare our model
directly with the change from dE/dx to the excitation
density with Eq. (6).

B. Model results

Figure 4 shows the calculated normalized local light
yield (normalized with excitation density of 2.7 x
10'® cm™3, corresponding to the LET of 10 MeV cm™!)

104 Frree T
*¢ o4, 7.4 MeV(Po-215
R wdsd ( )
oot *
. o (N
0% " ot *,
- 00"’ "‘0
cc'..... ““.00 0”‘
*
B e
k3 102 F *e
> [ ]
Q . L ]
2 e []
e t, 662keV(Cs-137)
3 101 b : °.
[_g " ®eeee
.
100 F . .
= Electron-modified bethe eqution ¢ = 1.4
¢ Electron-Geant4 Penelope model
¢ 0-ASTAR data
1071 L L L L
107" 10° 10’ 10? 10° 10* 10°

Kinetic energy (keV)

(a) Combined plot of the two experiments for LaBrs:5%Ce** (300 K). The kinetic energy (keV) axis represents the electron

energy. The light-yield (%) axis represents the normalized light yield. The black dotted points are measured with the Kdip method and
are available in Ref/ [33], while the red hexagonal points are measured with the Compton coincidence method and are available in Ref.

[46]. (b) dE/dx of the electrons with electron energy in LaBr3:Ce.
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TABLE II.

The «/f ratio measured in different materials using time-amplitude analysis to separate the Po-215 and Rn-219 « peaks

from the « internal background [45] and the calculated mean dL/dE of « particles with energy from 7386.1 to 6819.2 keV. The density
[5] of LaBr3:Ce is 5.03 gcm ™ and CeBr; is 5.18 gem™3, which is used to convert the stopping power of the materials to dE/dx.

Initial stopping power Mean dE/dx
Material Isotope True « energy (keV) «/B ratio (MeV cm? g7 1) (MeV ecm™}) Mean dL/dE
LaBr;:5%Ce Po-215 7386.1 0.363 294 1514 0.483
LaBr3:5%Ce Rn-219 6819.2 0.353 308
CeBr; Po-215 7386.1 0.266 294 1559 0.374
CeBr; Rn-219 6819.2 0.257 308

with the on-axis excitation density using the parameters of
Table I in Egs. (1)H5) for LaBr;:5%Ce at room temper-
ature. The red dots of our model fit the local light yield
of both the electron and « particles very well. The simu-
lated absolute light yield of 69.3 photons/keV for the low
excitation density of the high-energy y rays is approxi-
mately 90% of the ideal light yield, which corresponds to
the measured light yield of 70 photons/keV. The ideal light
yield of 77 photons/keV for LaBr;:Ce is assumed as the
best-known value of LaBr;:Ce, Sr. The increase in the light
yield for the co-doped LaBr;:Ce, Sr is attributed to the effi-
cient shallow trapper of the Sr defects and reduced the loss
of the free electrons and holes by diffusing outward and
being captured by the defects [59].

Since LaBr;:Ce has linear track, the measured light
yield, n(Ey), is the average of the integration of the local
light yield along the electron tracks using Eq. (13). The
comparison between integrated light yield of the model
and the experimentally measured light yield of the elec-
trons with the Kdip method is shown in Fig. 5, which

100 Wiy %V VB8 Fo@R0 oon i
O

90 ‘g Electron

%D

80 - |
70 o Electron-Kdip " .

v Electron-SLYNCI

Normalized local light yield (%)

60 - . 1
4 Alpha(6.8-7.4 MeV) .
50 « Model simulation N
40+ et ]
a

30

20 1
1oL R s A

10'° 1020

Excitation density (cm™)

FIG. 4. Calculated normalized local light yield with the exci-
tation density of LaBr;:Ce from different experiments. The
black open inverted triangles are the results measured with the
SLYNCI method, the black open squares are the results mea-
sured with the Kdip method, the blue solid triangle is the data
measured with 6.9—7.4 MeV « particles. The red dots are the
simulation results of the model.

shows good accordance for electrons with energy of
0.1-100 ke V.

IV. PULSE SHAPE AND ITS IONIZATION
DENSITY DEPENDENCE

The model includes the processes of linear energy
transfer and radiative recombination, as well as nonlin-
ear quenching, which influences the excitation-density-
dependent pulse shapes. In this part, the decay curve of
a and y can be calculated with the model and is verified
with experiments in the following sections.

A. Experimental setup and experimental data

A 910 x 5 - mm cylindrical LaBr;:5%Ce*" crystal is
used. Since LaBrs;:Ce** is hygroscopic, the sample is
packaged in a metal can with a quartz window to pre-
vent long-term exposure to moisture. The scintillation time
profiles under excitation of both « particles from intrin-
sic 22’ Ac contamination and y rays from a 2*Na source
are measured using the delayed coincidence method [60],
shown in Fig. 6.

LaBr3:5%Ce

105 - : -
100k - - Jdealresponse ...
95 -
%+
S 8
= 80
2
Z 75
) .
3 70
650 { Kdip
60 ¢ Model
55
50 ‘ s ‘
107" 10° 10" 102
Kinetic energy (keV)
FIG. 5. Comparison between integrated light yield of the

model and the measured light yield of the electrons.
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FIG. 6. Setup of time-correlated single-photon counting mea-

surement.

Two R2083 PMTs are used as the start and stop detec-
tors. A LeCroy HDO6104 oscilloscope (2.5 Gsps, 12 bit)
is used to digitize the pulse shape of the start detector and
a single photon signal of the stop detector to extract the
time difference between the start and stop signal. The high-
voltage (HV) supply of the start detector is 1800 V due to
the saturation of the start detector, while the HV for the
stop detector is 3000 V to achieve better timing resolution.

In our experiment, the start channel collected approxi-
mately one-third of the total light output. The peak-over-
charge ratio (V,/Qota1, Which is the area normalized ampli-
tude, also known as A/E) [23] with the charge are shown in
Fig. 7(a). The PSD feature 4/E is used to choose o events
from an environmental y background, which is similar to
the charge comparison method (CCM) PSD feature used in
our previous work [25]. The averaged pulse shapes, each
with 2000 events, of the two colored rectangle regions are
aligned by the 20% fraction of the peak amplitude and
shown in Fig. 7(b). The averaged pulse shape of the «

(@)
5010
48- % a events
46+
44+
42+
# 4.0
381
36
34F
- y events
3.0- ' ! ! : ' :

800 1000 1200 1400 1600 1800 2000
Charge (pC)

0 200 400 600

FIG. 7.
regions.

At (ns)

FIG. 8. Normalized time profiles of 511-keV y rays and «
particles in the LaBr;:Ce** detector, measured with the TCSPC
method.

events is faster than the y events both in the rising part
and the decay part.

The measured time profile of both the & and y particles
(using a #?Na source) with the TCSPC method is shown in
Fig. 8. Due to the relatively small volume (approximately
0.393 cm?) of crystals and the low o background count rate
(0.082 cps cm™?), the 30-day experimental data and 34 382
effective o events (single photon signal) are collected for
the TCSPC measurement.

B. System response of TCSPC experimental setup

Before the verification of the model, the impulse
response function (IRF) of the measured time profiles,
which mainly consists of two factors, need to be deter-
mined. First, the timing resolution of the start and stop
detectors convolute approximately a Gaussian response.

%107

N w &~

—_
T

Amplitude (arb. units)

Time (ns)

(a) Distribution of the PSD feature A/E with energy. (b) Averaged pulse shapes of the events within the two colored rectangle
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FIG. 9. Setup of calibration of TCPSC system time resolution.

Second, the photon transportation and bulk reabsorption
following with the reemission due to the finite volume
of the scintillation crystal also influence the scintillating
time profiles characterized by the arrival times of collected
photons.

1. Characterization of the timing resolution for TCSPC
measurement

Two identical 5 x 5 x 5 mm lutetium yttrium oxy-
orthosilicate, Luy(_x) Y2xSiO5:Ce (LYSO) crystals and a
22Na source are used to calibrate the time resolution of the
start detector (LaBr3:Ce*"), shown in Fig. 9.

The overall Gaussian IRF function of the system is then
described by the convolution of the two Gaussian functions
with a total FWHM of

\/ (214 ps)? + (370 ps)? = 427 ps.

2. Characterization of photon transportation and bulk
reabsorption with Monto Carlo simulation

A Monto Carlo simulation of the photon collection
of scintillator, including photon transportation and bulk
reabsorption, based on Geant4 is carried out. For the
simulation, photons are generated uniformly within the
scintillator and collected by the optical coupling shown
in Fig. 10(a). The parameters of the energy distribution,
scattering length, and absorption length of the generated
photons are taken from the experiment carried out by Her-
man et al. [61]. The re-emission of absorbed photons is not
considered in the simulation. One million photons are gen-
erated uniformly and 85.3% of the photons are collected
without absorption. The distribution of the photons’ arrival
times, which is not negligible with the mean transportation
time of 372 ps compared with the fast rising component of
300 ps, is shown in Fig. 10(b).

A modified reabsorption model from the one in Srl,:Eu
[62] is used,

- exp(—t/1)

I(n = Zpili(f) = %ZP:(%) g

- i— N’ (15)
where /(2) is the intensity of the emission in time ¢ and p; is
the probability of the collected photons with (i-1) reabsorp-
tions. However, Eq. (15) neglects the photon transportation
response and only convolutes the time delay caused by the
reabsorption. Multiple transportations caused by multiple
reabsorptions are also considered in our model, which is
especially not negligible for large crystals. The probability
of the reabsorption of the ith remitted photon is considered
the same, which is (1%—85.3%) in our case, and neglected
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Time (ns)

(a) IMustration of the Monto Carlo simulation. (b) Distribution of the photons’ arrival times within a #10x5-mm crystal.
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FIG. 11. Calculated response of photon collection, including

multiple photon transportations and bulk reabsorptions.

the possible change caused by a small shift in the emission
that reduces the overlap between the emission and absorp-
tion [63]. The calculated response of photon collection,
named as PHC, of LaBr;:5%Ce is shown in Fig. 11.

C. Model results
1. Verification of y pulse shape

The experimental data and model calculation, which
convolut the IRF of the system and the transportation and
reabsorption of the crystal, are compared in Fig. 12. Super-
imposed is the original decay profile of the 511-keV y rays
fitted by Seifert ef al. [31] on which the energy transfer
rates from the STE to Ce*" in our model are based. We
test our model results with the experimental data using the
x2/ndf statistic:

1 N (M, — E,)?
2 n n
1 /ndf = ; - (16)
where N is the total number bins and M, is the mea-
sured number of entries in the nth histogram bin. E, is
the expected number of counts in the nth bin based on our
model.

The calculated x2/ndf between the experimental data
and our model is 1.223 for y rays, which shows a good
correspondence between our model and the experiment. It
also suggests that the rate parameters describing the pulse
shape of the y rays in our LaBrs:Ce*" crystal is similar to
those used in Ref. [31].

2. Verification of a pulse shape

With the determination of all of the parameters from the
y-ray pulse shape and the quenching of the « particles, the
calculated time response of the « particles can be assessed,

Y-TCSPC
— Y-Model (x) IRF

10°
x2Indf (V) =1.223

Residual (o)

At (ns)

FIG. 12. The light blue is the measured decay profile of the
511-keV y rays. The dotted black line is the model results with
the convolution of the system IRF, photon transportation, and
reabsorption. The red line is the original decay profile of the 511-
keV y rays fitted by Seifert et al. [31] measured with a small
crystal.

with a mean stopping power of 440 MeV cm? g~! along the
track. The comparison between the experimental data and
model calculation after considering the system IRF and
reabsorption is shown in Fig. 13(a), with x?/ndf = 1.011,
which demonstrates a good prediction of the scintillation
time profile for « particles with high ionization density.
The detailed rising part between the measured time profiles
and the model results is shown in Fig. 13(b).

A summary of o and y pulse shapes from experiment
and model calculation is shown in Fig. 14.

V. DISCUSSON OF THE GENERALITY OF THE
MODEL

A. The «/p ratio with the Ce3* concentration

According to research [55], the o/ ratio of LaBr3:Ce**
changes with the Ce concentration and shows a parabolic
shape with a maximum at 5% Ce dopant. A better /8
ratio means less quenching and better nonproportionality
and thus good energy resolution. Herein we discuss the
underlying cause of this phenomenon. As discussed in our
previous model, two quenching processes of both STEs
and Ce’*" can happen. Meanwhile, the rise time of the
decay profile decreases with higher Ce concentrations due
to the more efficient energy transfer process from STEs to
Ce** ions.

For lower Ce concentrations, less than 5% Ce>™, the life-
time of the STEs becomes longer. Therefore, the quench-
ing between the STEs plays a leading role and decreases
the «/B ratio. For Ce** concentrations higher than 5%,
with a Ce>™ ion density 1.05 x 10%° cm~3, the quenching
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(a). The light red data is the measured decay profile of the « particles. The dotted black line is the model results of the o

particles with the convolution of the system IRF, photon transportation, and reabsorption. (b) Detailed comparison of the rising part

between the model calculation and the experimental data.

between the excited Ce** " ions dominates and degrade the
a/B ratio. The trade-off between these two quenching pro-
cesses can qualitatively explain the shape of the «/8 ratio
and the best performance of 5% Ce concentration. To be
more quantitative, the o/ ratios are calculated using the
proposed model of Eqs. (1)+5) with only two parameter
adjustments. The energy transfer rate, S7, is measured to
be proportional to the Ce concentration. A linear extrapo-
lation of the energy transfer rate is applied based on the 5%
Ce situation. Moreover, with the increase of Ce concentra-
tion, the probability of the direct excitation of Ce dopant

108 _____ ,
: 1 Ol—TCSPC
: Y-TCSPC
[ S — o-Model (x) IRF
ol — 7-Model (%) IRF
x2Indf (Y) = 1.223
x2Indf (o) =1.011
8.6
2108t
10°
104+ '
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FIG. 14. Summary of « and y pulse shapes from experiments
and model calculations. The blue ones are for the y rays, while
the red ones are for the « particles. The dots are for the measured
decay curves with the TCPSC method, while the solid curves are
the calculated model results.

increases as well. The instant excited Ce*" ions, Geer, is
assumed the same as the Ce concentration.

The o/ ratio of LaBr;:Ce as a function of cerium con-
centration, measured with internal >'*Po contamination,
Ea =7386 keV is shown as the black square in Fig. 15.
The simulated /8 ratios of a particle with the ionization
density of (560 x 5.1) MeV cm™! are also shown as the red
triangles, which shows a reasonably good coincidence with
the measurement. A further improvement of the model and
the parameters can be carried out in the future with more
experimental measurements.
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FIG. 15. Comparison of the «/f ratio of LaBr;:Ce between

simulation and measurement. The black rectangle points are the
a/B ratio of LaBr;:Ce as a function of cerium concentration,
measured with internal 215Po contamination, Fo = 7386 keV.
The red triangles are the simulated «/8 ratios of a particle with
the ionization density of (560 x 5.1) MeV ecm™'.
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(a) The averaged pulse shapes of a 5-mm LYSO cube under the excitation of a >*! Am source. The blue line is the averaged

pulse of the 59.5-keV y rays, and the red line is the averaged pulse of the « particle. (b) The averaged pulse shapes of a ¢51x51-mm
CeBrs cylinder. The blue line is the averaged pulse of the 1500-2000 keV y rays, and the red line is the averaged pulse of the o

particle.

B. Dopant quenching and the pulse-shape difference of
LYSO and CeBr;

LYSO:Ce and CeBr; are both fast scintillators and
normally considered to possess only a single-decay com-
ponent. The 10%—90% rise time of decay profile is 180
ps and 165 ps for LYSO and CeBrs, respectively [64],
which is associated with a certain energy transfer time con-
stant of approximately 80 ps. The average pulse shapes
of LYSO, from the direct output of R2083 PMT at 50
Ohm, under excitations of external **' Am-« and ?*Na-y
sources are shown in Fig. 16(a). Similarly, the average
pulse shapes of CeBr; measured with internal low-activity
227 Ac-ar contamination and external ??Na-y source, are
shown in Fig. 16(b).

Due to the very fast rising time of pulse shapes of LYSO
and CeBr;3, the o and y pulse-shape difference can not
be from the very fast energy-transfer process. The faster
decay profiles of the « particles indicate that the quenching
between the luminescence centers, probably dopant Ce®*
ions, can lead to the pulse-shape differences of such fast
scintillators. A detailed and quantitative study of LYSO
and CeBr; on both nonproportionality and the pulse shape
will be carried out in the future.

VI. CONCLUSION

It is confirmed that inorganic scintillators with single-
decay components also possess the ability of pulse-
shape discrimination between « and y particles, such as
LaBrs:Ce*" and LYSO, while the reason for the pulse-
shape difference in such single-decay-component scintil-
lators remains unclear. In this paper, coupled rate and
transport equations are established, taking typical single-
decay-component scintillator LaBrs:Ce* as an example,
to model the whole scintillation processes based on the

previous studies on the scintillation mechanism of inor-
ganic scintillators. With one parameter set, most of which
can be measured with experiments and simulations, mul-
tiple observables of LaBr;:Ce scintillation responses can
be reproduced and further explained by the model, includ-
ing the ionization-density-dependent pulse-shape differ-
ences for o or y particles, the proportionality response of
electrons and quenching factor of « particles.
The following conclusions are drawn.

(1) With the quantitative discussion of the parameters
and thus their influences on nonproportionality and pulse
shape, the quenching process between the excited states
of doped ions (Ce*™) is confirmed to mainly contribute
observable ionization-density-dependent «/y pulse-shape
differences of single-decay-component inorganic scintilla-
tor LaBr;3:Ce.

(2) The model reveals the relation between o quenching
factor and Ce concentration in the LaBr;:Ce scintillator,
which is in good accordance with previous experiments
[55]. It is known that the less quenching of the light yield,
the better proportionality and energy resolution the scintil-
lators have. Based on the model simulation, the quenching
factor of LaBr;:Ce achieves its maximum with 5% Ce
concentration, which provides insight on the best energy
resolution of 5% Ce concentration LaBr3:Ce.

(3) Based on the study of the quenching process of
excited excitation, the generality of ionization density-
dependent pulse-shape differences in other fast single-
decay-component inorganic scintillators are predicted, and
are observed in LYSO and CeBr; during our preliminary
experiments.

Moreover, this model reveals the ionization-density-
dependent correlations between nonproportionality of light
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yield and scintillation pulse shape, which could provide
a theoretical basis for the potential possibility of pulse-
by-pulse correction of nonlinear quenching with pulse
shapes to achieve a better energy resolution, not only for
LaBr;:Ce. And we notice such kinds of corrections are
preliminarily explored in CsI:TI [20,65] and Nal:T1 [65]
scintillators recently. The establishment of a more quan-
titative and accurate model of physical processes will not
only help to understand the physical principles of scintilla-
tors, improve the crystal engineering, but may also reveal
potential alternative methods of particle detection.
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