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a b s t r a c t

The large-area Compton camera (LACC), featuring significantly high detection sensitivity, was developed
for high-speed localization of gamma-ray sources. Due to the high gamma-ray interaction event rate
induced by the high sensitivity, however, the multiplexer-based data acquisition system (DAQ) rapidly
saturated, leading to deteriorated energy and imaging resolution at event rates higher than 4.7 � 103 s�1.
In the present study, a new simultaneous multi-channel DAQ was developed to improve the energy and
imaging resolution of the LACC even under high event rate conditions (104e106 s�1). The performance of
the DAQ was evaluated with several point sources under different event rate conditions. The results
indicated that the new DAQ offers significantly better performance than the existing DAQ over the entire
energy and event rate ranges. Especially, the new DAQ showed high energy resolution under very high
event rate conditions, i.e., 6.9% and 8.6% (for 662 keV) at 1.3 � 105 and 1.2 � 106 s�1, respectively.
Furthermore, the new DAQ successfully acquired Compton images under those event rates, i.e., imaging
resolutions of 13.8� and 19.3� at 8.7 � 104 and 106 s�1, which correspond to 1.8 and 73 mSv/hr or about 18
and 730 times the background level, respectively.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Compton imaging, which locates gamma-ray sources using
Compton kinematics-based electronic collimation, has been stud-
ied for various applications in different fields including astrophysics
[1e6], medical imaging [7e16], and nuclear security [17e23] since
the principle was first proposed by Todd et al., in 1974 [24]. Since no
mechanical collimation is required, most existing Compton cam-
eras have been developed with small detectors in focusing on
hand-held portability. The small size of these detectors, however,
limits their imaging sensitivity (i.e., to 10�7e10�6 for a 137Cs source
at 1 m distance), thereby requiring a considerable amount of time
for localization of gamma-ray sources.

In our previous study [25], a high-sensitivity Compton camera,
named the large-area Compton camera (LACC), was developed
with large-size NaI(Tl) monolithic scintillators and
by Elsevier Korea LLC. This is an
photomultiplier tubes. The large size of the LACC made it possible
to achieve an absolute imaging sensitivity of 3.4 � 10�5 for a 137Cs
point source at 1 m distance, which is more than ten-times-higher
sensitivity than those of the existing Compton cameras. However,
this high sensitivity induced a very high gamma-ray interaction
event rate in the detectors, especially when imaging high-activity
sources, thereby saturating the multiplexer-based data acquisi-
tion system (DAQ) of the LACC. This existing DAQ therefore was
capable of handling only an event rate lower than 4.7 � 103 s�1,
which is equivalent to only two times of the natural background
radiation level. Above this rate, the energy and imaging resolution
deteriorated rapidly.

To remedy this defect, in the present study, we developed a new
simultaneous multi-channel DAQ to improve the energy and im-
aging resolution of the LACC even under high event rate conditions
(104e106 s�1). For this purpose, a signal processing algorithm along
with suitable operation parameters (i.e., trigger threshold and
baseline window) were designed and implemented in the DAQ. The
performance of the DAQ was evaluated in terms of energy and
imaging resolution with several point sources under a wide range
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of event rate conditions, whose results were then compared with
the corresponding values of the existing multiplexer-based DAQ.

2. Materials and methods

2.1. Large-area Compton camera (LACC)

Fig. 1 shows the LACC employed for evaluation of the newly
developed DAQ. The LACC consists of two quad-type detectors
called scatter and absorber and absorber detectors. Each detector
consists of four monolithic NaI(Tl) scintillators (Scintitech, MA,
USA) of large area (¼14.6 � 14.6 cm2) assembled in a 2 � 2 array.
The thicknesses of scintillators for the scatter and absorber de-
tectors are 2 and 3 cm, respectively, and the distance between the
two detectors is 25 cm. Behind each scintillator, nine square-type
photomultiplier tubes (PMTs) (R6764-01; Hamamatsu Photonics,
Japan) each with a charge-sensitive preamplifier (t ¼ 1.23 mS) are
placed in 3� 3 array, being optically coupled to the scintillator with
optical grease (BC-600, Saint-Gobain Crystals, OH, USA). The PMT
(with a preamplifier) outputs a tail pulse of 800 ns rise time (from 1
to 99%). Each detector is enclosed individually within a dedicated
shock-resistant housing of aluminum and stainless steel.

2.2. Simultaneous multi-channel data acquisition system (DAQ)

Fig. 2(a) shows the hardware of the simultaneous multi-channel
DAQ developed in the present study, which consists of eight slave
boards and one master board. The slave board comprises (1) nine
high-speed (100 mega samples per second, ¼ 10 ns/sample) 12-bit
analog-to-digital converters (ADCs; ADS-4129, Texas Instruments,
TX, USA) for digitizing individual PMToutput signals and (2) a field-
programmable gate array (FPGA; Arria V 5AGXMA5G4F31I5G, Intel,
CA, USA), hereafter called a slave FPGA, for calculating the height
and timing of a digitized pulse signal. The master board is
composed of (1) an FPGA (Cyclone V 5CEBA7F31C7N, Intel, CA,
USA), hereafter called a master FPGA, for collecting and analyzing
the pulse data from slave boards and (2) a USB 3.0 module (EZ-USB,
Infineon Technologies, Germany) for transferring the data to a
personal computer. High-speed coaxial cables (HHSC-1-07-300-
SU-SU, Samtec, IN, USA) are used for data communication be-
tween the slave and master boards. The power consumption of the
developed DAQ system during operation is approximately 72 W
(with an input voltage of 12 V and current of 6 A), which is com-
parable to that of a typical laptop computer and can be supplied by
a small switching mode power supply.
Fig. 1. (a) Picture and (b) 3D drawing of large-area Co
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Fig. 2(b) shows a schematic diagram of digital signal processing
in the developed DAQ. During the operation of the LACC, the nine
ADCs on each slave board individually digitize the nine PMT signals
(corresponding to a single scintillator) with the speed of 100 mega
samples per second. Simultaneously, the slave FPGA processes the
digitized signals, determining the height and timing of incoming
pulses, according to the following three algorithmic steps (see
Fig. 3).

i) Smoothing: To reduce high-frequency noise, the incoming
PMT signals are continuously smoothed by using a moving
average method as shown in Fig. 3(a). The moving average
windowwas set to 80 ns (8 samples), which is the maximum
width that can be achieved with the finite operational re-
sources of the slave FPGA. Note that the window is only 10%
of the pulse rise time (800 ns), thus limiting the loss of en-
ergy (pulse height) resolution by over-smoothing.

ii) Triggering: To detect energy deposition by gamma-ray
interaction events in a scintillator, the variation in the sum
of the nine PMT signals (from a single scintillator) is moni-
tored at each ADC sampling point by means of the difference
between the sum signals at the current point and those at the
800 ns-earlier point (¼ rise time), as shown in Fig. 3(b).
When the difference exceeds a predefined threshold level (¼
trigger threshold), the sampling point is determined as the
pulse timing (tp) for the event assuming that an energy
deposition event occurred in the corresponding scintillator,
and pulse height measurement for the nine input signals is
triggered. Determination of the trigger threshold value will
be discussed in Section 2.3.

iii) Measuring of pulse height: When triggered, the slave FPGA
calculates the pulse heights for the nine PMT signals, as
shown in Fig. 3(c). The pulse height measurement method-
ology implemented in this step facilitates the management
of pile-up events. To manage the pile-up events, the pulse
height is defined as the difference between the maximum
and baseline level of the pulse signal, where the maximum
level is the highest signal value within 800 ns after the pulse
timing. Note that the baseline level is the average value of
signals within a time window, named the baseline window
(Tbw), which ranges from Tbw before the earlier point (tp -
800 ns - Tbw) to the earlier point (tp - 800 ns). Determination
of the baseline window value also will be discussed in Sec-
tion 2.3.
mpton camera (LACC) employed in present study.



Fig. 2. (a) Simultaneous multi-channel data acquisition system (DAQ) and (b) schematic diagram of digital signal processing in DAQ.
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The event data (i.e., pulse timing and height) obtained in the
slave board are then immediately transmitted to the master board.
In the master board, the master FPGA classifies the collected events
into two categories: coincidence event (for Compton imaging) or
single event (for nuclide identification) with a coincidence window
(200 ns) which was calculated based on the time resolution
3824
(15.08 ns) of the quad-type detector evaluated in a previous
research [26]. If another event is collected in the slave board that
belongs to the other detector within a coincidencewindow (200 ns)
from the pre-existing event (i.e., pulse timing), those two events are
classified as coincidence events. Otherwise, the event is classified
as a single event. The event classification and pulse height data are



Fig. 3. Signal processing algorithm for determination of event timing and pulse height.

Fig. 4. Experimental setup to evaluate performance of data acquisition system (DAQ)
with large-area Compton camera (LACC).
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then transferred to the personal PC through the USB module.

2.3. Determination of operation parameters

In the present study, two operation parameters, i.e., trigger
threshold and baseline window, were determined in the signal
processing algorithm to achieve the maximum performance of the
new DAQ. Considering the fact that the detection of the low energy
photon is critical for Compton imaging especially for the events
with small angle scattering at the scatter detector, the trigger
threshold, which is equivalent to minimum measurable energy,
should be lowered as far as possible; on the other hand, however,
the random electrical noise should not account for a significant
proportion of the total count. Therefore, in the present study, the
trigger threshold was determined by evaluating the noise fraction,
which is defined as the ratio between the number of counts caused
by noise and by both noise and signal ( ¼ radiation interaction), for
various trigger thresholds. Note that for conservative evaluation,
the number of counts by signal was evaluated without introducing
a gamma-ray source, thereby taking only the background radiation
(dose rate z 0.1 mSv/h) into account.

The baseline window is applied for reduction of statistical un-
certainty in determining the baseline level. Adoption of the base-
line window improves the energy resolution of the detector, but at
the same time, it increases the signal processing time for a single
pulse ( ¼ time required for triggering and measuring maximum
pulse level), i.e., from 1600 ns to 1600 ns þ Tbw, which may
3825
deteriorate detector throughput. Given those factors, the baseline
window was determined by evaluating the energy resolution and
signal processing time for five different windows (10, 20, 40, 80,
and 160 ns) using 662 keV gamma rays from a 137Cs source
(activity¼ 7.12 mCi) located in front of the LACC at a 50 cm distance.
2.4. Performance evaluation

The performance of the new DAQ with the LACC was evaluated
in terms of energy resolution, angular resolution measure (ARM),
and Compton imaging resolution for detection of 241Am, 22Na, or



Fig. 5. Total (signal þ noise) count rate, noise count rate, and noise fraction as eval-
uated for different trigger thresholds.
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137Cs point source located in front of the LACC (see Fig. 4). Note that
the ARM is the distribution of the angular difference between the
Compton scattering angle (qComp) and the angle (qGeom) defined by
the location of the gamma-ray source and interaction position [27].
The energy resolutionwas evaluated at (1) several energies (241Am:
59.5, 133Ba: 356, 137Cs: 662, and 22Na: 1275 keV) under a relatively
low gamma-ray interaction event rate (z7.2 � 103 s�1) and (2)
several event rates ranging from 4.7 � 103 to 1.2 � 106 s�1 for
662 keV gamma rays (137Cs point source). The ARM and the
Compton imaging resolutionwere evaluated by acquiring Compton
images at several different event rates ranging from 9.7 � 102 to
1.0� 106 s�1 for 662 keV gamma rays (137Cs point source) using the
simple back-projection algorithm [28]. For all of the evaluations,
the source activity and the distance from the source to the LACC
varied to produce different event rate conditions, and hence also
different dose rates. To observe the improvement of the new DAQ
from the existing one, the performance of the existing one was
evaluated under similar conditions. The experimental conditions
for the new and existing DAQ are tabulated in Table 1. Note that the
event rate and dose rate values in Table 1 are attributable only to
the source, i.e., excluding background radiation, which were esti-
mated using the Geant4 Monte Carlo simulation toolkit (ver. 10.06.
p02) [29] and RADPRO Calculator® [30], respectively. Note that the
event rate values were estimated as the sum of the counts from the
four NaI(Tl) scintillators in the scatter detector, which means the
event rate per NaI(Tl) scintillator is 1/4 of the value. The dose rate
values were estimated at the center of the front surface of the
scatter detector.
3. Results and discussion

3.1. Determination of operation parameters

Fig. 5 plots the results of the noise fraction evaluation to
determine the trigger threshold. When the trigger threshold was
set to 9 ADU (1 ADUz 0.274 keV), the noise fractionwas 80.4%. The
Table 1
Experimental conditions for evaluation of performance of data acquisition system (DAQ)

Existing DAQ

Experimental conditions Event rate
(s�1)

Isotope Energy
(keV)

Activity
(mCi)

Distance
(cm)

Energy resolution (for low count
rate)

241Am 59.5 10.94 50 4.7 � 103
133Ba 356 4.63 3.8 � 103
137Cs 662 7.12 4.7 � 103
22Na 1275 4.27 7.2 � 103

Energy resolution (for different
count rate)

137Cs 662 7.12 50 4.7 � 103

40 6.2 � 103

30 6.9�103

20 1.1 � 104

10 2.5 � 104

e e -

e e -

Angular resolution measure
(ARM)

137Cs 662 7.12 300 9.7 � 102

100 2.9 � 103

50 4.7 � 103

20 1.1 � 104

10 2.5 � 104

e e -

e e -

Imaging resolution 137Cs 662 7.12 300 9.7 � 102

10 2.5 � 104

2334.54 30 1.0 � 106
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noise fraction rapidly decreased with the threshold and reached
down to 0.04% when the threshold was set to 108 ADU. This result
shows that a high trigger threshold is desirable for noise suppres-
sion. As mentioned in Section 2.3, however, lowering the threshold
is required for efficient Compton imaging in the context of low
energy deposition by small angle scattering. Considering both the
noise fraction and Compton imaging efficiency, the trigger
threshold was determined to be 36 ADU, where the noise fraction
(0.48%) was just below 1%. The determined threshold is equivalent
to 9.9 keV energy, which allows for detection of energy deposition
by Compton scattering with a small scattering angle (e.g., down to
8.8� for 662 keV). Note that the experimental condition was very
conservative (i.e., the signal event rate was only at the background
radiation level), and that the noise fraction will be much smaller in
higher radiation fields with sources.

Fig. 6 plots the energy resolution of the new DAQ with the LACC
for the 662 keV photopeak (137Cs) and five different baseline win-
dows (Tbw; 10, 20, 40, 80, and 160 ns). The energy resolution tended
to improve with baseline windows from 10 ns to 40 ns, and the
energy resolution improved from 7.5% to 6.9%. For larger baseline
with large-area Compton camera (LACC).

Developed DAQ

Dose rate
(mSv/hr)

Experimental conditions Event rate
(s�1)

Dose rate
(mSv/hr)

Isotope Energy
(keV)

Activity
(mCi)

Distance
(cm)

6.4 � 10�3 241Am 59.5 10.94 50 4.7 � 103 6.4 � 10�3

3.2 � 10�2 133Ba 356 4.63 3.8 � 103 3.2 � 10�2

8.0 � 10�2 137Cs 662 7.12 4.7 � 103 8.0 � 10�2

1.8 � 10�1 22Na 1275 4.27 7.2 � 103 1.8 � 10�2

8.0 � 10�2 137Cs 662 7.12 50 4.7 � 103 8.0 � 10�2

1.3 � 10�1 80.50 50 4.8 � 104 9.0 � 10�1

2.2 � 10�1 161.89 50 8.7 � 104 1.8 � 100

5.0 � 10�1 249.60 50 1.3 � 105 2.8 � 100

2.0 � 100 30 2.4 � 105 7.9 � 100

- 10 8.8 � 105 7.1 � 101

- 5 1.2 � 106 2.8 � 102

2.2�10�3 137Cs 662 7.12 300 9.7 � 102 2.2 � 10�3

2.0�10�2 50 4.7 � 103 8.0 � 10�2

8.0�10�2 80.50 20 4.8 � 104 9.0 � 10�1

5.0�10�1 161.89 50 8.7 � 104 1.8 � 100

2.0 � 100 249.60 50 1.3 � 105 2.8 � 100

- 30 2.4 � 105 7.9 � 100

- 2334.54 30 1.0 � 106 7.3 � 101

2.2 � 10�3 137Cs 662 7.12 300 9.7 � 102 2.2 � 10�3

2.0 � 100 161.89 50 8.7 � 104 1.8 � 100

7.3 � 101 2334.54 30 1.0 � 106 7.3 � 101



Fig. 6. Energy resolution of large-area Compton camera (LACC) with new data
acquisition system (DAQ) for 662 keV (137Cs) and five different baseline windows: 10,
20, 40, 80, and 160 ns.

Fig. 7. Summed energy spectrum with new data acquisition system for 137Cs. The
measured energy resolution of 662 keV is 6.98% (FWHM).
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windows, on the other hand, no significant improvement in the
energy resolution was observed. Because the increased signal
processing time with the baseline window may reduce the
throughput of signal processing (as mentioned in Section 2.3), the
baseline window was determined as 40 ns, and thus the signal
processing time for a single pulse as 1640 ns? The determined
baseline window was applied for both scatter and absorber
3827
detector, resulting in energy resolution (for 662 keV photopeak)
comparable to each other (6.9% and 6.8%, respectively). As shown in
Fig. 7, the energy resolution of the summed energy spectrum (i.e.,
acquired by the summation of scatter and absorber detector energy
in coincidence event), which is required for Compton imaging, was
evaluated as 6.98%, showing that the energy estimation perfor-
mance of LACC is as good as most commercial detectors.
3.2. Performance evaluation of data acquisition system (DAQ)

Fig. 8 plots the energy resolution of the LACC scatter detector
with the new and existing DAQs evaluated for 59.5, 356, 662, and
1275 keV peaks (241Am, 133Ba, 137Cs, 22Na) and relatively low
gamma-ray interaction event rates (3.8� 103e7.2� 103 s�1). For all
of the energies, the new DAQ showed higher energy resolution
(18.1, 8.5, 6.8, and 5.2%) than the existing DAQ (26.2, 9.6, 7.5, and
5.8%). This improvement may be attributed to two reasons: (a)
direct transfer of the output from the PMT to the ADC and (b)
improved algorithm for pulse height measurement. In the existing
DAQ, the output from the PMT passes through several components
including the shaping amplifier, sample and holder, and multi-
plexer before entering the ADC. In addition, the system records the
maximum voltage of the input pulse as the pulse height without
considering the baseline level. As a result, this method can lead to a
deterioration in precision when pulses are piled up. Unlike the
existing DAQ, the new DAQ directly collects PMT output signal by
ADC, thereby immunizing the signal against analog noises
promptly after digitization, and the developed DAQ precisely
measure the maximum voltage of input pulse by employing the
improved algorithm for pulse height measurement (e.g., smooth-
ing, triggering, measuring of pulse height). The result showed that
the energy resolution of the LACC scatter detector with the new
DAQ (6.8% for 662 keV) was even comparable to commercial NaI(Tl)
scintillation detectors (typically 6.5% for 662 keV) [31], even though
the geometry of the LACC scatter detector is less desirable for high
energy resolution (i.e., the light from a scintillator is converted to
electrons and amplified by the nine different PMTs, which are not
ideally cross-calibrated). The improved energy resolution of the
LACC will be favorable not only for nuclide identification by gamma
spectroscopy, but also for Compton imaging, by allowing for more
precise scattering angle calculation.

Fig. 9 plots the energy resolutions of the new and existing DAQs
evaluated for the 662 keV photopeak (137Cs) under different event
rate conditions ranging from 4.7 � 103 to 1.2 � 106 s�1. The energy
resolution with the existing DAQ was 7.5% at the lowest event rate,
and rapidly deteriorated as the event rate increased, ebbing to
15.7% at an event rate of only 2.5 � 104 s�1. Above this event rate
(2.5 � 104 s�1), the energy resolution of the existing DAQ could not
be evaluated due to the incapability of measuring the pile-up pul-
ses. The new DAQ, on the other hand, showed improved energy
resolution (¼ 6.9%) at even 1.3� 105 s�1 event rate. When the event
rate was higher than 1.3 � 105 s�1, the energy resolution started to
slightly deteriorate, reaching 8.6% at 1.2 � 106 s�1, due to the pile-
up effect at the high event rate. It should be noted that the baseline
calculation method employed for estimating the baseline exhibited
limitations at high count rates, resulting in an incomplete
discrimination of the pile-up pulses. Nevertheless, it is noteworthy
that despite the slight degradation in energy resolution, the LACC
with the new DAQ still operated at the 1.2 � 106 s�1 event rate,
which corresponds to dose rate of 283 mSv/h (i.e., 2830 times the
background dose rate (0.1 mSv/h)) [32].

Fig. 10(a) plots the ARM of LACCwith the new and existing DAQs



Fig. 8. Energy resolution of large-area Compton camera (LACC) (scatter detector) with new and existing data acquisition systems (DAQs) evaluated for 59.5, 356, 662, and 1275 keV
peaks under low event rate conditions (3.8 � 103e7.2 � 103 s�1).

Fig. 9. Energy resolutions of new and existing data acquisition systems (DAQs) eval-
uated for 662 keV photopeak (137Cs) under different event rate conditions ranging
from 4.7 � 103 to 1.2 � 106 s�1.
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evaluated for the 662 keV photopeak (137Cs) under different event
rate conditions ranging from 9.7 � 102 to 106 s�1. At event rates
lower than 4.7 � 103 s�1, the DAQs showed similar ARMs; the new
DAQ (13.7e14.0�) showed a slightly improved ARM relative to that
of the existing DAQ (14.2e14.3�). At event rates higher than 104 s�1,
however, the ARM of the existing DAQ sharply increased, reaching
24� at the 2.5 � 104 s�1 event rate, whereas that of the new DAQ
was maintained below 15� up to the 2.4 � 105 s�1 event rate. When
the event rate was higher than 2.4� 105 s�1, the ARMwith the new
DAQ also began to deteriorate but remained under 16.7� even up to
the highest event rate (106 s�1).

Fig. 10(b) shows Compton images acquired with the new and
existing DAQs for the 662 keV photopeak (137Cs) under different
event rate conditions, which are marked with parenthesized case
numbers referencing the event rates in Fig. 10(a). The acquisition
time was 60 s for each case. When the event rate was very low
(z9.7 � 102 s�1, cases 1 and 4), in which case the dose rate at the
location of the camera was only about 2% of the background dose
rate (¼ 0.002 mSv/h), the new and existing DAQs showed similar
Compton image qualities in terms of image resolution, i.e., 13.1� and
13.2�, respectively. Under the medium event rate conditions
(z2.5� 104 and 8.7� 104 s�1, cases 2 and 5), however, the imaging
resolution of the existing DAQ was significantly degraded to 24.9�
3828
at the 2.5 � 104 s�1 event rate (cases 2), while that of the new DAQ
was maintained at 13.8� at the 8.7 � 104 s�1, which corresponds to
dose rate of 1.8 mSv/h (~18 times the background dose rate). When
the event rate was very high (z106 s�1, cases 3 and 6), in which
case the dose rate at the location of the camera is 73 mSv/h (~730
times the background dose rate), the imaging resolution of the
existing DAQ could not be evaluated (the source was not localized),
whereas only small degradation of imaging resolution (i.e., to 19.3�)
was observed with the new DAQ.

4. Conclusion

In the present study, a simultaneous multi-channel data acqui-
sition system (DAQ) was newly developed to improve the energy
and imaging resolution of the large-area Compton camera (LACC),
especially under high gamma-ray interaction event rates. For this
purpose, a signal processing algorithm along with suitable opera-
tion parameters (i.e., trigger threshold and baseline window) were
designed and implemented in the DAQ. The optimized operation
parameters were empirically determined through experiments.
The performance of the new DAQ was then evaluated in terms of
energy and imaging resolution using several point sources under a
wide range of event rate conditions. Over the entire energy and
event rate ranges evaluated in the present study, the new DAQ
demonstrated better performance than the existing DAQ. Espe-
cially, the new DAQ showed high energy resolution (for 662 keV)
even under very high event rate conditions, i.e., 6.9% for 1.3 � 105

s�1 and 8.6% for 1.2 � 106 s�1, whereas the existing DAQ could not
even be evaluated due to its incapability of measuring pile-up
pulses. Furthermore, the new DAQ successfully acquired Compton
images under the same event rate conditions, i.e., imaging resolu-
tions of 13.8� and 19.3� for 8.7 � 104 and 106 s�1, respectively,
which correspond to 1.8 and 73 mSv/hr of the dose rates at the
camera location or about 18 and 730 times the background radia-
tion level.
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Fig. 10. (a) Angular resolution measure (ARM) and (b) Compton images acquired by large-area Compton camera (LACC) with new and existing data acquisition systems (DAQs) using
662 keV photopeak (137Cs) under different event rate conditions ranging from 9.7 � 102 to 106 s�1.
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