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Effect of Detector Material and Size on Pile-Up Elimination
in Positron Burst Measurement
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We have developed a space distribution method for intense sub-nanosecond or even picosecond positron burst
detection using a detector array. In this method, piled signals will be generated when more than one photon of
the burst is captured by the same detector cell. The way of setting energy threshold of 511 keV could eliminate
most of piled signals, but the counts of piled signals that have lower energy than the threshold are not affected.
In this paper, a Geant4 model is built to investigate the dependence of these low-energy piled signals counts on
scintillator materials, as well as the size of the detector. The results can provide theoretical support for designing
suitable array detectors in practice.
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1. Introduction

Usually, positron annihilation lifetime spectroscopy
(PALS) is performed by collecting positron annihilation
events one by one, and the time taken to obtain a spec-
trum can be anywhere from tens of minutes to days,
depending on the source intensity and the apparatus
structure. Based on the positron trapping technique,
a single-shot positron annihilation lifetime spectroscopy
(SSPALS) method has been developed for completing
the positron lifetime spectrum using a single positron
shot [1–4]. In order to avoid saturation of the detector, a
fast Cherenkov radiator, coupled to a fast response pho-
tomultiplier, is used to detect the pulse of positrons in
this approach [1–4]. Recently, higher intensity positron
bursts have been produced with the developments of fem-
tosecond laser induced positron technique [5], and huge
number of gamma photons are released in several pi-
coseconds after positrons annihilation. Using such high-
brightness positron bursts, it is possible to characterize
the evolution of electronic structure and defect configu-
rations in materials, at nanosecond time scale [6, 7]. In
order to detect these bursts, a method of space distribu-
tion detection was proposed in Ref. [8], and a scintillator
detector array, composed of enough independent detec-
tor cells, is designed for measurement. In this method, all
detector cells are arranged in a sufficiently large spherical
surface, and each photon in the burst can be recognized
by the spatial solid angle of the detector cell.

In fact, because the launched direction of the photons
is random, it is probable that a detector unit captures
one more gamma ray and then generates a piled burst
signal during one burst. Preliminary results have shown
that the time duration of the gamma burst are underesti-
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mated, due to the pile-up effect, and the more serious the
pile-up is, the greater the deviation is. We find the to-
tal deposited energy is more than 511 keV for most piled
signals, and these signals could be eliminated by setting
an energy threshold of 511 keV. But because the energy
depleted in the detector by the photons is random, there
are still some piled signals whose total deposited energy is
lower than 511 keV, so that setting threshold has no effect
on these signals. It is known that differences in scintilla-
tion detector material and size will affect the deposited
energy distribution of photons [9–11], and thus influence
the counts of piled signal in energy zone of 0–511 keV.
Therefore, in present work, the detection probability of
piled burst signals in 0–511 keV energy region is studied
while setting different types of scintillators and sizes for
the detector.

2. Monte Carlo simulation method

In this study, the Geant4 Monte Carlo toolkit is ap-
plied to simulate the course of detecting the gamma
burst. Based on C++ language, Geant4 is developed
for simulating the interaction of particles through mat-
ter [12]. Since the relative independence of each detector
unit in the array, a single detector is used for the burst
measurement in our simulations. Instead of measuring
positron burst lifetimes, the main purpose of the simu-
lation is to study the effect of the detector configuration
on the piled signals counts after setting 511 keV thresh-
old. Therefore, only the gamma-ray interactions with
the detector are considered in simulations, neglecting the
annihilation process of positrons. In our model then the
burst, composed of 511 keV gamma photons, is set as the
source with an intensity of 2000 γ/burst, corresponding
to the actual burst intensity. In addition, the Livermore
low-energy physics model is used in simulations to
track the photons as well as other secondary particles
from interactions, and 150,000 bursts are emitted for
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each simulation to ensure enough statistics. During de-
tection every burst, we record the number of photons
detected by the detector and the total deposited energy
in the detector.

When a 4 mm×4 mm×10 mm (thick) LYSO crystal is
set as the detector, with the 4 × 4 mm2 side facing the
source, Fig. 1 shows the counts distributions of different
burst signals detected. It can be seen that the detector
could detect different types of burst signals at the same
place, including 1γ, 2γ, 3γ, and above 3γ signals which
respectively means that the detector simultaneously cap-
tures one photon, two photons, three photons, and more
than three photons in the burst. In Fig. 1, as the detector
distance increases, the counts of 1γ, 2γ, and 3γ signals
rise to the maximum and then fall gradually, with the
maximum values corresponding to different positions but
the number of above 3γ signals are decreasing to zero.
Additionally we can also find that the relative propor-
tions of different burst signals change with the distance,
indicating the different pile-up level at different locations.

By setting an energy threshold of 511 keV, Fig. 2 shows
that most of piled burst signals could be “deleted”. It
can be also seen in Fig. 2 that because the total energy
deposited by all photons detected in the burst may be
lower than threshold, there are still a small number of
piled signals which could not be excluded. Only when
the gamma ray depletes more energy in the detector, the
total deposited energy of the piled signal can possibly ex-
ceed 511 keV, and more piled signals can be eliminated by
setting threshold. Moreover, the energy distribution of
gamma rays detected is related to the materials and sizes
of scintillation detector. Therefore, in our Geant4 model,
different scintillators and multiple size are set for the de-
tector to detect bursts, and the counts of piled burst
signals in the energy region of 0–511 keV are recorded
accordingly.

3. Results and discussion

In every simulation, the distance from the detector to
the source varies as the detector changes and is always set
to the position where the probability of 1γ burst signals
is maximum (as seen in Fig. 1), in order to ensure the
same pile-up level for different detectors. In other words,
the high-efficiency detector should be placed further away
to detect as many piled signals as the low-efficiency one.
In addition, it is noted that the simulated values of the
probability are calculated as the ratio of particular signal
counts to the total burst events generated.

For scintillator materials trials, the detector size is
fixed to 4× 4× 10 mm3 with the 4× 4 mm2 cross profile
facing the source, and a series of commonly used crys-
tal (including NaI, BaF2, GSO, LYSO, LSO, and PWO)
with different densities are set as the scintillator of the
detector. Figure 3a shows the detection probabilities of
different piled burst signals whose deposited energy is
less than 511 keV. It can be seen that the probabilities
of 2γ, 3γ, and above 3γ piled signals decrease as the

Fig. 1. Counts distribution of burst signals as a func-
tion of distance from detector to the source.

Fig. 2. Detection probabilities of piled signals with
and without setting threshold.

scintillator density increases, and the 2γ piled burst sig-
nals is dominant in the piled signals of 0–511 keV. Addi-
tionally, we find the probability of all piled signals could
be reduced by ≈ 10% in the energy range of 0–511 keV
and this reduction will be larger for higher density of the
detector crystal.

The reduction of piled signals could be interpreted by
the different absorption coefficient for gamma photons in
different types of scintillators. Table I shows the physical
properties of these commonly available scintillator mate-
rials, listed in order of increasing density. In general,
high density scintillator has a high atomic number which
results in big absorption coefficient for gamma rays, and
then the photons will deplete more energy in the detec-
tor. It could also be demonstrated in Fig. 3b that the
ratio of the Compton counts to all counts detected falls
as the density of the detector material increases, when
detecting the single 511 keV gamma rays.

Additionally, we also calculate the ratio of the piled
signals and the single gamma (1γ) signals after setting
511 keV threshold, which is necessary to evaluate the ef-
fect of the method on removing piled events from the final
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Fig. 3. With changing the scintillator materials, (a)
the detection probabilities of different piled burst sig-
nals in 0–511 keV energy region, (b) and the ratio of
the Compton counts to all counts detected for single
511 keV photon.

TABLE I

Physical properties of some common scintillator crystals.

Crystal NaI BaF2 GSO LYSO LSO PWO
density [g/cm3] 3.69 4.89 6.71 7.10 7.35 8.28
eff. at. number 51 53 59 60 65 76

Fig. 4. The ratio of piled signals to 1γ signals after
setting 511 keV energy threshold as a function of the
scintillator materials density.

Fig. 5. The detection probabilities of different piled
burst signals in 0–511 keV energy region, (a) by chang-
ing the cross profile length of the detector with 10 mm
thickness, (b) and changing the detector thickness with
a fixed cross profile of 4× 4 mm2.

positron lifetime spectrum. As shown by the results in
Fig. 4, the piled signals to 1γ signals ratio drops quickly
with increasing the density of the crystal material, indi-
cating positron burst lifetimes could be measured more
correctly using high-density scintillators neglecting the
time performance.

Besides the scintillator material, the size of the detec-
tor is another factor we considered in simulation, and
NaI is used as the detector crystal. As seen the results
in Fig. 5, enlarging the detector size could also lessen
the detection probabilities of piled burst signals whose
deposited energy is less than 511 keV. It is because with
a big-sized detector, the chances of photons interacting
with the detector material increase, and more energy will
be lost in the detector. Furthermore, the probability of
all piled signals in the energy range of 0–511 keV could be
reduced by 6.5% by changing the cross-section length in
Fig. 5a, compared to that of the original 4× 4× 10 mm3

size. Although, by changing the detector thickness, the
reduction of all piled signals probability in Fig. 5b is only
3.3%, indicating that the detector length is more effec-
tive than thickness on the energy distribution of the piled
burst signals.
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Fig. 6. The ratio of piled signals to 1γ signals after set-
ting 511 keV energy threshold, by changing the length
(black line) and changing the thickness (red line) of
the detector. The other settings are the same as those
in Fig. 5.

Figure 6 shows that the ratio of piled signals to 1γ sig-
nals varies as a function of the size of the detector. With
enlarging the detector size, the ratio is decreasing. Fur-
ther after setting 511 keV threshold, the ratio is smaller
in the case of changing the detector length compared to
changing the thickness, and this is beneficial for the ac-
curate measurement of positron lifetimes in the burst.

It can be concluded from the overall analysis that the
counts of piled signals in the energy range of 0–511 keV
depend on the detector material and size, and the most
influential factor is the scintillator material. Compared
with the initial 4×4×10 mm3 NaI detector, the counts of
piled signals that have energy lower than 511 keV could
be reduced by at least 10% for different types of scintilla-
tor. The reduction of these piled signals is at most 6.5%
and at most 3.3% by changing the cross profile length and
the thickness of the detector, respectively. Moreover, it
should be pointed out that light yield, time decay con-
stant, and other time properties of scintillators are not
considered in simulation, and are assumed to be accept-
able when focusing on the energy properties. In fact, ow-
ing to the improvement of the detector efficiency when
the detector is set as high-density materials or have a
big size, more piled signals could be eliminated after set-
ting threshold. Further, the energy resolution is under
another consideration when we actually design the piled
signals removal circuit, so our next work is to determine
detector parameters by balancing the resolution and ef-
ficiency performances of the detector.

4. Conclusion

In this study, we simulate the effect of the scintillator
detector material and size on the detection probabili-
ties of piled burst signal with energy less than 511 keV

in gamma burst detection using Geant4 code. The re-
sults show the counts of piled signals in 0–511 keV energy
region could be reduced by using high density scintilla-
tor material with a high atomic number or enlarging the
detector size, and the crystal material has the greatest
effect, reducing the counts by at least 10%. From the
results, we can find that when the detectors in the array
used high density and atomic number scintillators with
a big size, there will be more piled burst signals whose
deposited energy exceeds 511 keV, and these piled sig-
nals could be eliminated by setting energy threshold of
511 keV. Furthermore, the calculated results will provide
a quantitative theoretical basis for potentially develop-
ing a better detector array system to eliminate pile-up in
positron burst measurement.
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