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The newly developed cerium tribromide (CeBr;) detector has reduced intrinsic gamma-ray activity with gamma energy restricted
to 1400-2200 keV energy range. This narrower region of background gamma rays allows the CeBr; detector to detect more than
one gamma ray to analyze the gamma-ray spectrum. Use of multiple gamma-ray intensities in elemental analysis instead of a
single one improves the accuracy of the estimated results. Multigamma-ray detection capability of a cylindrical 75 mm x 75 mm
(diameter x height) CeBr; detector has been tested by analyzing the chlorine concentration in water samples using eight chlorine
prompt gamma rays over 517 to 8578keV energies utilizing a D-D portable neutron generator-based PGNAA setup and
measuring the corresponding minimum detection limit (MDC) of chlorine. The measured MDC of chlorine for gamma rays
with 517-8578keV energies varies from 0.07 +0.02wt% to 0.80+0.24. The best value of MDC was measured to be 0.07
+0.02wt% for 788 keV gamma rays. The experimental results are in good agreement with Monte Carlo calculations. The study
has shown excellent detection capabilities of the CeBr; detector for eight prompt gamma rays over 517-8578 keV energy range

without significant background interference.

1. Introduction

Gamma-ray spectroscopy techniques are continuously
progressing due to rapid advances in the development and
fabrication of fast and higher light output scintillation mate-
rials [1-3]. The development of the cerium tribromide
(CeBr;) gamma-ray detector among the lanthanum halide
detector series (LaBr;:Ce and LaCl,:Ce detectors) is one such
example [4-11]. The CeBr; detector, which has an energy
resolution comparable with that of a LaCl,:Ce detector, has
an order of magnitude reduced intrinsic activity as compared
to the LaBr;:Ce and LaCl,:Ce detector [9]. Furthermore, the
reduced intrinsic activity of the CeBr3 detector has a nar-
rower energy range of 1400-2200keV [9, 12], as compared
to 780-2200keV energy range reported for the intrinsic
activity of the LaBr,:Ce and LaCl,;:Ce ([1, 3, 7]). These fea-
tures enable the CeBr; detector to provide a larger
interference-free energy range for the gamma-ray detection

in prompt gamma-ray analysis of bulk samples as compared
to the LaBr;:Ce and LaCl;:Ce detectors.

In the present study, the multiple gamma-ray detec-
tion capabilities of a cylindrical 76 mm x 76 mm (diame-
ter x height) CeBr; detector were studied through chlorine
concentration measurements in saline water samples
utilizing eight chlorine prompt gamma rays [13] in conjunc-
tion with a portable neutron generator-based PGNAA setup
[8, 12]. The saline water samples were chosen due to their
significance as secondary calibration standards. The prompt
gammas emitted from chlorine are considered as secondary
standards for detector calibrations because of the high-
thermal neutron capture cross section of chlorine and also
because of the wide range of high-intensity gamma emissions
up to 8.5MeV [14].

Furthermore, the chlorine analysis in saline water sam-
ples is also very important for the assessment of groundwater
and surface water pollution program of the Environmental
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FIGURE 1: Schematic representation of the MP320 portable neutron generator-based PGNAA setup used to measure the prompt

gamma-ray yields.

Studies [15, 16]. Chloride in water has adverse effects on the
environment and industry. The U.S. Environmental Protec-
tion Agency (USEPA) has imposed an upper limit of
250 mg/L for maximum contaminant level (SMCL) of chlo-
ride in drinking water [16].

In the present study, the multiple gamma-ray detection
capabilities of a cylindrical 76 mm x76 mm (height x dia-
meter) Ce:Br; detector has been tested through analysis of
saline water samples containing 0.0-8.0 wt% chlorine con-
centrations. The experimental data was acquired for eight
chlorine prompt gamma rays and minimum detectable con-
centration (MDC) for each gamma-ray line was estimated.
For comparison, the intensities of chlorine prompt gamma
rays from the saline water samples were also calculated using
the MCNP4B2 code [17].

For comparison with the CeBr; detector, the prompt
gamma-ray spectrum from a cylindrical 76 mm x 76 mm
(diameter x height) LaCl,:Ce detector was acquired with the
saline water samples. Details of this study are reported in
the following sections of the paper.

2. Prompt Gamma Spectrum of LaCl;:Ce
Detector with Water Sample

The prompt gamma-ray spectrum from a LaCl;:Ce detector
was measured using the portable neutron generator-based
PGNAA set up described earlier [8] and shown in Figure 1.
It will be described briefly. The setup contains a high-
density polyethylene cylindrical moderator with a concentric
central cylindrical cavity for a cylindrical sample container
with 106 mm x 1.5mm (diameter x length). Moreover, a
cylindrical 76 mm x 76 mm (diameter x length) LaCl,:Ce or
CeBr, gamma-ray detector views the sample through the cav-
ity hole at a right angle to the neutron generator axis. The
empty polyethylene plastic sample container has a mass of
96g and a density of 0.92g/cm’. The paraffin and lithium
carbonate mixed neutron shield is used to protect the detec-
tor against neutrons while lead shielding provides detector
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FIGURE 2: Prompt gamma-ray spectrum due to activation of the
LaCl3:Ce detector caused by the capture of thermal neutrons in
La, Ce and Cl in LaCl3:Ce detector material over 0.69-3.51 MeV
range.

protection against gamma rays. For the tests of the LaCl,:Ce
detector, the plastic sample bottle was filled with pure water.

MeV neutrons were produced using the D(d,n) reaction
using a 70 yA pulsed deuteron beam of 70keV energy, a
width of 800 microseconds and a frequency of 250 Hz. The
prompt gamma-ray spectrum of the LaCl,:Ce detector from
the pure water samples was counted for 25 min. The neutron
flux was monitored using a beam current monitor from the
neutron generator. Any fluctuation in the beam current was
taken into account while normalizing the data.

Figures 2 and 3 show the gamma-ray spectra of the
LaCl,:Ce detector for the water sample. Figure 2 shows the
gamma-ray background spectrum over 0.69-3.51 MeV
energy range. The spectrum shows background gamma-ray
peaks from detector material as well as shielding material
used in the PGNAA setup. Noticeable capture peaks from
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FIGURE 3: Prompt gamma-ray spectrum due to activation of the
LaCl3:Ce detector caused by the capture of thermal neutrons in
La, Ce, and Cl in LaCl3:Ce detector material over 3.53-9.23 MeV
range.

detector material are La(920), La(926), and La(2521) peaks
along with La(1468) intrinsic peak. Also shown are capture
peaks CI(1165), CI(1602), and CI(1951, 1959) due to chlorine
in the detector, along with Pb(810), Pb(1060) and Pb(2620)
peaks from shielding material. Also, Si(1274) and Al(1766)
prompt gamma rays are shown along with hydrogen
H(2223) capture peak.

Figure 3 shows the background gamma-ray spectrum
from the water sample over 3.53-9.23 MeV energy range
taken with the LaCl,:Ce detector. Noticeable capture peaks
from chlorine in the detector material are CI(5718),
Cl(6111), Cl(6620, 6628), Cl(6978), Cl(7414), Cl(7790),
and C(8579).

This study has shown that multiple energy chlorine back-
ground gamma-ray peaks from LaCl;:Ce makes its use in the
detection of chlorine quite difficult and inaccurate. A CeBr,
detector can be a good substitute for the LaCl,:Ce detector
in the chlorine measurements and this study was undertaken
to verify this fact.

3. Prompt Gamma-Ray Intensity Calculations
from Saline Water Samples

Prior to the gamma-ray measurements with a CeBr, detector,
the intensities of chlorine prompt gamma rays from water
samples were calculated using the general purpose
MCNP4B2 code [17]. The intensities of eight chlorine
gamma rays, namely, 517, 788, 1165, 1951, 2863, 6110,
6619, and 8578 keV were calculated for saline water samples
containing 0.0-8.0 wt% chlorine. The calculations were car-
ried out for the 2.5 MeV neutron-based PGNAA setup using
the procedure described earlier [8]. For calculation, the sam-
ple was divided into subcells of 1 cm thickness, which allowed
the transport of the neutrons and gamma rays of appropriate
statistical weight to the next adjacent cell, without any loss.
The F4 tally was used to calculate gamma-ray intensity in
the detector volume. Saline water samples were prepared by
thoroughly mixing water with 0.0-8.0wt% chlorine.
Gamma-ray yields were calculated for 517, 788, 1165, 1951,
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FIGURE 4: Integrated yield of 517, 788, 1165, and 1951 keV prompt
gamma-ray spectra of the CeBr; detector from chlorine
contaminated water samples plotted as a function of chlorine
concentration. The lines show normalized-calculated yields of the
gamma rays obtained through Monte Carlo calculations.
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FIGURE 5: Integrated yield of 2863, 6110, 6619, and 8578keV
prompt gamma-ray spectra of the CeBr, detector from chlorine-
contaminated water samples plotted as a function of chlorine
concentration. The lines show normalized-calculated yields of the
gamma rays obtained through Monte Carlo calculations.

2863, 6110, 6619, and 8578 keV chlorine prompt gamma rays
produced due to capture of thermal neutrons in chlorine.
Thermal neutrons were produced through moderation
of 2.5MeV neutrons in the moderator as well as in the
water samples.

The calculated intensities of 517, 788, 1165, 1951, 2863,
6110, 6619, 8578keV gamma rays increase with chlorine
concentration but each line has a different slope. Among
the low energy 517, 788, 1165, and 1951 keV chlorine gamma
rays, the 788keV line has maximum slope while for the
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FIGURE 7: Low-energy pulse height spectrum of the CeBr; detector for a saline water sample over 0.45-2.29 MeV range from a 4% chlorine-
contaminated water sample superimposed upon background spectrum.

high energy 2863, 6110, 6619, and 8578keV chlorine
gamma rays, the maximum slope has been observed for
the 2863keV gamma rays. The calculated yield curves of
517,788, 1165, 1951, 2863, 6110, 6619, and 8578 keV prompt
gamma rays are plotted along with the experimental data in
Figures 4 and 5.

4. Prompt Gamma Measurements Using
the Cebr; Detector

Prompt gamma-ray measurements from saline water sam-
ples were carried out using the CeBr, detector in conjunction
with the portable neutron generator and following the proce-
dure given in Section 2.

Prompt gamma rays from chlorine have several intense
lines with energies varying from 0.5MeV to 8.6 MeV. In

order to obtain optimum resolution of these gamma rays,
the measurements were carried out with two different pulse
height amplifier gain settings. One amplifier setting, with
larger gain, was used to acquire gamma-ray pulse height
spectrum over 0.00-2.22 MeV while the other amplifier set-
ting, with smaller gain, was used to acquire gamma-ray pulse
height spectrum over 1.45-9.98 MeV.

The larger gain setting of the amplifier was used to record
low energy gamma rays with energies below 2.22 MeV by
adjusting the hydrogen peak location near the end channel
of the spectrum, as shown in Figure 6 which shows the low
energy activation spectrum of the CeBr, detector due to the
capture of thermal neutrons in the CeBr, detector material.
The prompt gamma peaks due to the capture of thermal neu-
trons in Ce, Br, and H (from moderator material) are quite
prominent. Figure 7 shows the low energy prompt gamma-
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FIGURE 9: Enlarged high-energy pulse height spectrum of the CeBr,
detector for a saline water sample over 2.57-8.75 MeV range from a
4% chlorine-contaminated water sample superimposed upon
background spectrum.

ray spectrum from saline water samples containing 4.0 wt%
chlorine superimposed upon the background spectrum over
0.41-2.29 MeV energy range. Chlorine peaks at 517, 788,
1165, and 1951-1959 keV along with the 2223 keV hydrogen
peak from the moderator are quite prominent.

The smaller gain setting of the amplifier was used to
record high energy gamma rays with 1.45-9.98 MeV energies
by adjusting the location of the hydrogen peak near the
beginning channels of the spectrum, as shown in Figure 8
which shows the high energy prompt gamma-ray spectrum
from saline water samples containing 4 wt% chlorine along
with the background spectrum over 1.75-9.98 MeV energy
range. Chlorine peaks at 6111 and 8578 keV along with the
2223 keV hydrogen peak are quite prominent. Figure 9 shows
the enlarged part of Figure 8 over 2.57-8.75MeV range
showing 2864, 3062, 4980, 5715, 6111, 6620, and 8578 keV
chlorine peaks.

TabLE 1: Energies and partial elemental cross section o,(E,)
barns of prominent capture gamma rays of bromine, cerium, and
chlorine [13].

Gamma-ray energy

Element (keV) GYZ(EY) barns
196 0.43
271 0.46
275 0.16
315 0.46
Br 367 0.23
513 0.21
661 0.08
828 0.28
1248 0.053
7577 0.10
475 0.082
Ce 662 0.241
1107 0.040
Ni 8533 0.721
8998 1.49
517 7.58
786 3.42
788 5.42
1165 8.91
1601 1.21
1951 6.33
1959 4.10
a 2864 1.82
3062 1.13
4980 1.23
5715 1.82
6111 6.59
6619 2.53
7414 3.29
7790 2.66
8578 0.88

In order to calibrate the detector for the higher energy
gamma rays, the detector spectrum was acquired from a
NiNO; sample and the spectrum was calibrated using high
energy Ni (8533) and Ni(8998) keV gamma rays along with
the Br(7577) gamma-ray peak from the detector material.

For each amplifier setting, the detector background spec-
trum was recorded with an empty plastic container inserted
into the moderator cavity. The background spectrum of the
CeBr; detector contains capture gamma-ray peaks of Br
and Ce elements present in the CeBr; detector material.
The energies and intensities of prominent capture prompt
gamma ray in cerium and bromine are listed in Table 1
[13]. The background spectrum is subtracted from the sam-
ple spectrum to obtain the difference gamma-ray spectrum
of the sample. The prompt gamma-ray data from the
chloride-contaminated water samples were acquired for a
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preset time of 20-30 min. Low and high energy gamma-ray
spectra from saline water samples containing 2, 4, 6, and
8wt% chlorine were analyzed using pulse height windows
corresponding to 517, 788, 1165, 1951, 2863, 6110, 6619,
and 8578 keV chlorine prompt gamma rays.

5. Results and Discussion

For each gamma ray, the energy difference spectrum was
generated for 2%, 4%, 6%, and 8% chlorine by subtracting
the background spectrum from the sample spectrum and
normalizing to the same neutron flux. Finally, the area under
each difference peak was integrated to generate the gamma
yield as a function of chlorine concentration. Then, the
gamma-ray yield versus concentration curve was plotted.
This process was repeated for each of the eight chlorine
gamma rays with 517, 786-788, 1165, 1951-1959, 2863,
6110, 6620, and 8578keV and eight difference spectra were
analyzed. In the following, only three representative
gamma-ray difference spectra are shown for which we
obtained the best value of MDC.

Figures 10, 11, and 12 show gamma-ray difference spec-
tra of 517, 786-788keV, and 1951-1959keV gamma rays.
For these three gamma rays, we have found the best values
of MDC for chlorine detection in water samples. Figure 10
shows the 517keV peak over 0.42-0.66 MeV energy range
while Figure 11 shows 786-788keV chlorine peak over
0.66-0.91 MeV energy range. Figure 12 shows the 1951-
1959 keV chlorine peak over 1.78-2.13 MeV energy range.

The integrated gamma ray yields of chlorine for the eight
gamma rays as a function of chlorine concentration in the
saline water samples are shown in Figures 4 and 5 where
the experimental data points for each gamma ray are super-
imposed on the Monte Carlo calculated yield of the respec-
tive gamma ray. The experimental results are in agreement
with the calculated values.
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superimposed upon each other.

Figure 4 shows the integrated yield of 517, 788, 1165, and
1951 keV gamma rays as a function of chlorine concentration.
Among this group of chlorine gamma-ray lines, the maximum
slope has been observed for 788keV gamma rays while the
minimum slope was for 1951 keV gamma rays. Figure 5 shows
the integrated yield of 2863, 6110, 6619, and 8578 keV chlo-
rine gamma for various chlorine concentrations. Among this
group of chlorine gamma-ray lines, the maximum slope has
been observed for 2863 keV gamma rays while the minimum
slope has been observed for 6619 keV gamma rays.

5.1. Minimum Detection Limits for 0.5-8.58 MeV Chlorine
Gamma Rays. The minimum detectable concentrations
(MDCs) of the CeBr, detector-based PGNAA setup were
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TABLE 2: Minimum detectable concentration (MDC) of chlorine in
water samples for various gamma rays using CeBr; detector along
with portable neutron generator-based PGNAA setup.

Cl-gamma ray energy CeBr; detector

(keV) MDC (wt%) Oape (Wt%)
517 0.08 0.02
786-788 0.07 0.02
1165 0.18 0.05
1951/1959 0.11 0.03
2863 0.17 0.05
6111 0.13 0.04
6619 0.18 0.05
8578 0.80 0.24

determined for 517, 786-788, 1165, 1951-1959, 2863, 6111,
6619, and 8578 keV Cl gamma rays using the method pub-
lished earlier [8]. Due to the limited neutron flux from the
2.5MeV portable neutron generator, all MDCs are in the
wt% range. For our cylindrical water samples, the MDCs
for the eight chlorine prompt gamma rays vary from
0.07 wt% to 0.80 wt%. The values (MDCs) for each gamma
ray along with its standard deviation oy,c are listed
in Table 2.

Most of the MDC values vary over 0.07 +0.02wt% to
0.18 +0.05wt% with an exceptionally large value of MDC
of 0.80 +0.24 for 8578 keV gamma. The larger MDCs have
been obtained for the less intense peaks and/or peaks having
a higher background underneath due to gamma rays
produced from the CeBr, detector material. The smaller
MDCs have been obtained for those gamma rays with higher
intensities and relatively smaller background under the
gamma-ray peak.

The optimum value of MDCs + 0y (Wt%) was mea-
sured to be 0.07 +£0.02 wt% and 0.08 +0.02 wt% for 517 keV
and 786-788 keV chlorine gamma rays, respectively.

Although thel165 keV gamma rays have a large produc-
tion cross section, yet a larger value of 0.18 +0.05wt% of
MDC has been measured for this gamma ray. This is due to
the 1165keV chlorine gamma-ray interference with of
Ce(1107) gamma rays from the CeBr, detector material.

The 1951-1959 keV and 6111 keV gamma rays have large
production cross sections but, within statistical uncertainty,
they have equal MDCs, that is, 0.11 +0.03wt% and
0.13 +0.04 wt%, respectively. For the remaining gamma rays,
the measured MDCs are larger because they have smaller
production cross sections. This study has shown the excellent
multiple gamma-ray detection capabilities of the CeBr,
detector for gamma-ray spectroscopy.

6. Conclusion

In this study, suitability of LaCl;:Ce and CeBr; detectors for
chlorine measurements was studied by comparing neutron
beam-associated gamma-ray background of LaCl;:Ce and
CeBr; detectors. The comparison revealed very low
gamma-ray background for the CeBr; detector while for the
LaCl,:Ce detector background showed additional chlorine

thermal neutron for CI(1165), Cl(1602), CI(1951, 1959),
Cl(5718), Cl(6111), Cl(6620, 6628), Cl(6978), Cl(7414),
Cl(7790), and C(8579) gamma rays. This made the LaCl,:Ce
detector not suitable for chlorine measurements while CeBr,
could be a good substitute of LaCl,:Ce detector for chlorine
measurements in bulk sample.

Then multigamma-ray detection capability of a cylindri-
cal 75mm x75mm (diameter x height) CeBr; detector has
been tested by analyzing the chlorine concentration in
water samples using eight chlorine prompt gamma rays
517, 786-788, 1165, 1951-1959, 2863, 6111, 6619, and
8578keV chlorine over 517 to 8578keV energies utilizing a
D-D portable neutron generator-based PGNAA setup and
measuring the corresponding minimum detection limit
(MDC) of chlorine.

The MDC values for these gamma rays have been deter-
mined to be 0.08+0.02, 0.07+0.02, 0.18 £0.05, 0.11 +£0.03,
0.17+£0.05, 0.13+0.04, 0.18£0.05, 0.80 +0.24 wt%, respec-
tively. The experimental results agree with Monte Carlo
results. The best MDC values of 0.07+0.02 and 0.08
+0.02 wt% have obtained for 786-788 and 517 keV gamma
rays, respectively. The CeBr; detector has proven to be an
excellent multiple gamma-ray detectors.
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