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This study focuses on the performance evaluation of a large cylindrical CeBrs
detector (76 mm x 76 mm) for detecting nickel concentration in contaminated
water samples. Using prompt gamma neutron activation analysis, water samples
contaminated with different concentrations of nickel (2.7, 5.0, and 6.5 wt.%)
were investigated. By analyzing gamma rays emitted at 8993 and 9498 keV,
originating from nickel, the net nickel counts were derived by comparing the
sample spectrum with the background spectrum. These net counts exhibited a
proportional relationship with the concentration of nickel in water. Additionally,
it was assumed that the cohesive yield of the peak with nickel in the difference
with a Cutting-Edge Portable Neutron spectrum of each sample corresponds to its respective nickel concentration.
Generator. Materials Innovations 3 (4), By employing linear regression analysis, a robust correlation (R®> = 0.997) was
41-51. established between the cohesive yield of the net peak related to nickel and the
corresponding nickel concentration in the analyzed water samples. The minimum
detectable concentration (MDC) was determined by calculating the two peaks entire
counts. It was determined that this MDC was 0.0815+0.0250 wt.%, or 815250
ppm. These results demonstrate the remarkable evaluation of the CeBrs detector in
accurately identifying the presence of nickel in water samples, as evidenced by its
ability to detect even very low concentrations based on the total counts of the two
peaks.
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IEslchtronic: 2790-1963 INTRODUCTION

these substances can disrupt aquatic life
and ruin ecosystems. Additionally, using

armful water materials must be  water for agriculture, industrial activities,

detected and appropriately man-

aged to guarantee the health
and safety of people and the envi-
ronment. When hazardous substances
like lead, arsenic, nickel, and mer-
cury are consumed, it can have detri-
mental consequences on one’s health,
including damage to the brain, kid-
neys, and other organs. 1°2* Additionally,

and other reasons might be made dif-
ficult or impossible by the presence of
harmful compounds in the water. Toxic
substances in water must be found to
preserve public health and the environ-
ment and ensure everyone can access
clean, safe water. *Prompt gamma neu-
tron activation analysis (PGNAA) is a
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analytical technique that enables the
determination for the materials ele-
mental compositions.éPGNAA is a
non-destructive method specifically
designed for detecting trace amounts
of elements within a given sample.
PGNAA finds applications across var-
ious scientific disciplines, including
physics, materials science, chemistry,
geology, archaeology, and pharmaceu-
ticals. The persistent improvements
in gamma-ray detection technology,
for instance energy resolution and
increased detection efficiency, have
broadened the applicability of PGNAA
in a variety of sectors, including indus-
trial operations, environmental studies,
medical research, and homeland secu-
rity. 117 Measuring a sample’s com-
position, specifically, the proportion
of each element present, holds signifi-
cant importance in many scenarios. For
instance, conducting analyses of sam-
ples for potentially hazardous radioac-
tive or poisonous pollutants in soil,
food, water, or even construction mate-
rials necessitate correct composition
determination. These contaminants can
be found in any of these environments.
PGNAA excels in such situations,
offering a highly efficient technique
capable of analyzing samples ranging
from micrograms to kilograms. More-
over, its user-friendly nature makes it
easily manageable for researchers and
analysts alike. !

When a sample is exposed to neu-
tron beams, the resulting interaction
causes the emission of gamma rays
by the elements present within the
sample. The specific energies of these
gamma rays correspond to the concen-
trations of the elements.>**A detector
is used to collect these gamma rays
that have been released, and the detec-
tor then transforms them into electri-
cal pulses. The pulses are then dis-
played as peaks in a distinctive distri-
bution pattern on a computer screen.
PGNAA is a widely utilized technique
to identify and address water contami-
nation across industries including agri-
culture, pharmacy, petroleum, and oth-

ers. This particular study focused on the
application of the PGNAA technique to
detect the presence of nickel in water
samples. Nickel is predominantly uti-
lized in producing stainless steel prod-
ucts and holds significant roles in other
sectors, including catalysis, metalwork
products, and rechargeable batteries.

Liquid forms of manufactur-
ing waste are frequently encoun-
tered. Improper treatment of such
waste can contaminate water, lead-
ing to various detrimental health
effects. 13243337High c’ncentrations of
nickel in water pose particular health
risks, including an increased likeli-
hood of developing larynx cancer, lung
embolism, prostate cancer, nose can-
cer, chronic bronchitis, lung cancer,
congenital disabilities, respiratory fail-
ure, asthma, and heart disorders. +20-28
Environmental concerns must moni-
tor nickel concentration levels in such
industrial disposal. To detect harmful
substances in water, electrodes made of
carbon are frequently utilized. Numer-
ous characteristics of carbon-based
electrodes, including carbon fiber,
graphene, activated carbon, and car-
bon nanotubes, make them ideal for
this use.2%1015303139 Dye to their
high conductivity, harmful substances
can be quickly detected and efficiently
transferred. They also have a lot of
surface area, which enhances detec-
tion sensitivity and selectivity. Carbon-
based electrodes are a practical choice
because they are inexpensive and sim-
ple to make. Additionally, they have
strong chemical stability, which lessens
corrosion. 2%%° Electrodes made of car-
bon can be employed in several detec-
tion techniques, including electrochem-
ical impedance spectroscopy, voltam-
metry, and amperometry, 22233336
These techniques are accurate and
focused; electrodes made of carbon are
frequently employed to find harmful
substances in water. However, prompt
gamma-ray analysis is recognized as a
suitable technique for detecting toxic
elements in water samples.

The nuclear process, known as the
neutron capture (n, ) reaction, is uti-
lized in the rapid gamma-ray acti-
vation analysis method. The bind-
ing energy of the captured neutron
is transferred to the excited state of
the target nucleus. The excited com-
pound nucleus rapidly undergoes de-
excitation, typically within a timescale
of less than 10~ !4 seconds, by emitting
characteristic prompt gamma rays. A
radioactive nucleus can arise as a result
of this de-excitation, and it can even-
tually de-excite or decay by generat-
ing various delayed gamma rays.® Dur-
ing neutron irradiation, the target mate-
rial emits gamma rays, and these rays
may be detected using PGNAA. How-
ever, the overdue gamma rays released
by the descendant nucleus radioactive
responses are used in neutron activa-
tion studies. To produce beta parti-
cles, delayed gamma rays, and prompt
gamma rays, as shown in Figure 1, a
neutron must be captured by the target
nucleus.

Comprehending the distinction
between PGNAA and its stringently
associated counterpart, neutron activa-
tion analysis, is crucial. As depicted
in Figure 1, neutron activation analy-
sis analyzes the delayed gamma rays,
whereas PGNAA examines the prompt
gamma rays.> Before any radioac-
tive decay, PGNAA uses the quick
gamma rays released by the excited
metastable product.® Such mechanism
allows the ultimate nucleus to release
the acquired energy for excitation, typ-
ically within a time frame of approxi-
mately 10~15 seconds. Consequently,
in situations where rapid outcomes
are prioritized, PGNAA proves to be
a favorable method. In the PGNAA
setup, neutrons are generated using
nuclear fusion involving two deuterium
atoms, as expressed by equation (1):

D+ D —3HeEn+ n = 2.5MeV

Through deuteron acceleration towards
an energy level of a few hundred keV
and colliding it with a target of deu-
terium, the deuterium atoms (D + D)
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Figure 1. The illustrated process involves the capture of a neutron by the target nucleus, resulting in the subsequent emission
of beta particles, delayed gamma rays, and prompt gamma rays.

fusion occurs, leading to the feedback
described above. The neutron created
during this fusion reaction has an esti-
mated kinetic energy of 2.5 MeV. %

Nonetheless, at first these neutrons
are rapid and have a small capture cross
section. To transform them into slow-
moving thermal neutrons, a polyethy-
lene moderator is employed. This mod-
erator, which contains a high atomic
hydrogen density, effectively slows
down the neutrons. Since hydrogen has
a mass similar to that of neutrons, the
conservation of linear momentum guar-
antees the extreme energy loss and
deceleration of the generated neutrons,
resulting in a maximum rate of ther-
mally induced neutrons. Energy loss
from the moving mass in a collision
with a stationary mass, as indicated by
the energy loss equation (2), is great-
est when the two masses are identical,
according to the fundamental theory of
collisions.

ER\max . 4A
E,  (1+A)?

2

In the given equation, Ega, A,
E,, represents the extreme conceivable
energy loss due to the flinching of
the nucleus moderator, nucleus mod-

erator mass, and the induced neutron
energy, respectively. To enlarge the
ratio E’%%, that corresponds to mini-
mizing the energy (and speed) of the
emergent neutron to produce thermal
neutrons; calculus shows that the con-
dition for % (E'j‘g"'l’”x> = 0 is satisfied
when A = 1. Therefore, hydrogen, with
a mass number of 1, is an excellent neu-
tron moderator since it has the lowest

mass number.

One of the greatest difficulties in the
detection of gamma rays is the iden-
tification of weak gamma ray emis-
sions.'® Count rates in these situa-
tions are often very low, calling for
a highly sensitive detector. In com-
parison to further detectors such as
BGO, LaBrj3:Ce, Nal(Tl), and HPGe,
the CeBrs detector offers numerous
advantages, including user-friendliness
and high energy resolution. According
to F. Quarati et al.3 |, CeBr;3 represents
an optimal compromise for detecting
low-intensity gamma rays. This advan-
tage stems from the fact that both bro-
mide and cerium are not unsurpris-
ingly radioactive, making their appli-
cations well-suited to low and high-
energy gamma rays. Therefore, a large

cylindrical CeBrs detector measuring
76 mm (height) by 76 mm (diameter)
was used for this investigation. Using
a PGNAA detector based on a portable
neutron generator, nickel concentra-
tions in polluted water samples were
determined.?’ Nickel in water samples
may now be detected since the mini-
mum detectable concentration (MDC)
has been established.

EXPERIMENTAL SETUP

Figure 2 depicts the experimental
arrangements employed for PGNAA,
comprising a CeBr; detector, a
polyethylene cylindrical moderator
with high density, and an MP320 neu-
tron generator (portable). The PGNAA
system utilizing such a portable neu-
tron generator includes a cylindri-
cal moderator made of polyethylene
((CoHy),) with high density. This
mediator encompasses an essential
cylindrical cavity capable of accommo-
dating a sample having a 9 cm and 14
cm diameter and length, respectively.
A cylindrical CeBr; gamma rays detec-
tor thru dimensions of 76 mm (height)
and 76 mm (diameter) aligns its hor-
izontal axis with the moderator and
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the main axis of the sample when it
is positioned at a right angle to the
axis of the neutron generator. Around
the gamma-ray detector, a shielding
system consisting of lead and paraffin
materials has been installed to prevent
the undesired passage of gamma rays
and neutrons to the detector. The neu-
tron generator portable MP320 oper-
ates by producing rivulet neutrons of
an energy of 2.5 MeV through fusion
of deuterium ions (D + D) reactions.
The corresponding D(d, n) reactions
use a deuteron beam of 70 A with a 70
keV energy to produce a pulsed neu-
trons beam of 2.5 MeV. These profli-
gate neutrons with trivial neutron cap-
ture cross-sections are subsequently
moderated by a polyethylene moder-
ator (characterized by a high density
of atomic hydrogen) to produce ther-
mally generated neutrons, which pos-
sess a large cross section for neutron
capture. To facilitate PGNAA testing
of cylindrical samples, a cylindrical
cavity with a radius of 100 mm has
been drilled through the moderator.
The detector is protected from neutrons
and stray gamma rays by a lead shield 3
mm thick and a paraffin shield 50 mm
wide. Scionix Holland BV provided
the CeBr; gamma-ray spectrometer
with high sensitivity employed in this
experiment.

The samples consisted of three
nickel-contaminated water samples
with varying concentrations of nickel
as 2.7 wt.%, 5.0 wt.%, and 6.5 wt.%.
These water samples were specifically
chosen for analysis to evaluate the
PGNAA technique’s performance in
detecting and quantifying nickel con-
tamination.

In order to ensure personnel safety,
strict measures were taken before initi-
ating the experiment. Before activating
the neutron beam, the primary exper-
imental room containing the neutron
generator was properly secured with a
lock. During the investigation, a bias
voltage of +700 V was delivered to the
detector. The detector was hooked up
to a pre-amplifier to reduce the amount

of noise produced by the experiment
and transform gamma rays into elec-
trical signals. After that, these signals
were guided to an amplifier circuit that
was placed in the controller chamber.
Output in the form of intensity plot-
ted against channel number was pro-
duced by the CeBrj3 detector. This out-
put was displayed and stored on a com-
puter. In the experimental design that
we used, the distinctive gamma rays
produced by the samples after they had
been irradiated served as one-of-a-kind
identifiers, making it possible to deter-
mine which chemical components were
present in the sample. To make this pro-
cedure easier, several electrical compo-
nents were linked together and attached
to the detector. ! 1632 Thedetector was
linked with a photomultiplier and a
pre-amplifier so that it could transform
incoming photons into electrical sig-
nals and eliminate noise interference
at the same time. Additional compo-
nents included an amplifier to enhance
the signal amplitude and an analog-to-
digital converter to digitize the input
pulse height and assign it to certain
channels. Both of these components
were added to the system. In addition
to this, a linear gate stretcher was added
so that signals may be selectively gated
for pulses height analysis as essential.
The quick gamma rays data that the pre-
pared samples emitted were captured
and recorded on a personal computer
once they were released. The coarse
and fine gains on the amplifier of the
electronic setup were modified to 5 and
11, respectively, so that it could accom-
modate an energy range with a maxi-
mum energy peak of 10 MeV. This was
done so that the electronic setup could
support 512 channels. These adjust-
ments allowed for precise signal ampli-
fication and channel allocation within
the energy range of interest.

Detector Energy Adjustments
with Cobalt-60 and Cesium-137
Sources

Without a sample in the cavity and with
the neutron beam turned off, the CeBr;

detector’s intrinsic spectrum may be
determined. This enabled the detection
of gamma rays generated by radioiso-
topes that occurred naturally in the
detector material. This sprint lasted
for around 2998 seconds. The detector
spectrum exhibited an intensity profile
that followed an exponential decay pat-
tern, with modulations caused by impu-
rity radioisotope peaks. This observa-
tion aligned with theoretical predic-
tions, as higher energy ranges typi-
cally experience lower levels of ran-
dom background radiation compared
to lower energy ranges. However, the
smooth decay profile was interval-
lic by distinct intrinsic peaks cor-
responding to the energy decay of
numerous expected radioisotopes exist-
ing in the detector. According to the
literature, ] the presence of cerium (Ce)
and bromine (Br) in the detector mate-
rial contributes to its intrinsic activity.
This may be explained by the fact that
the raw materials used in the detector
production included radioactive impu-
rities composed of actinium-227. The
homologous nature of actinium and
cerium makes their separation chal-
lenging, resulting in actinium contam-
ination with a trace amount in the
cerium. The essential spectrum of the
CeBr3 detector displayed three project-
ing peaks at 1479, 1746, and 1995 keV,
corresponding to the 227 Ac contamina-
tion, as described in Figure 3(a).

The channels were calibrated by
utilizing known peaks acquired from
samples of cobalt-60 and cesium-137,
which allowed the intrinsic spectra
received from the CeBr; detector to
be converted into energy values. The
whole spectrum of Cs-137 is shown
in Figure 3(b), focusing on the peak
at 661 keV that is distinctive of this
element. Similarly, Figure 3(c) pro-
vides a comprehensive representation
of the spectrum of Co-60, highlight-
ing the element’s two distinctive peaks
located at 1173 and 1333 keV. These
known peaks were used as reference
points to establish the energy calibra-
tion for the detector channels. In Fig-
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Figure 2. A simplified diagram of the PGNAA system that uses the MP320 portable neutron generator.

Table 1. A list of the nickel analytical samples using Ni(NO3)2 solution in water at different concentrations.

Sample Number Nickel Concentration (wt.%) Molarity (mole) Chemical Solution
1 2.7 0.5 Ni(NO3),
2 5.0 1.0 Ni(NO3),
3 6.5 1.4 Ni(NO3),
ure 3(b, c), the Co-60 two character- PROMPT GAMMA RAYS presence in the polyethylene (CyH»),

istic peaks and the Cs-137 one peak
were utilized to determine the energy
calibration ratio. By establishing a best-
fit line, the gradient of this line was
found to be 5.2759 keV/channel. This
conversion factor was then applied to
transform the detector (CeBr3) intrinsic
spectrum owing to the channel numbers
with suitable energy spectrum. Figure
3(d) depicts the CeBr3 detector intrin-
sic gamma ray activity spectrum, cov-
ering a broad energy range of 0 - 2500
keV. The spectrum was acquired using
higher gain settings on the amplifier
(fine gain of 8 and coarse gain of 20) to
ensure the recording of the entire spec-
trum, with particular attention to the
peaks of attention situated in the low
energy section. These peaks correspond
to 1479, 1746, and 1995 keV energies,
as illustrated in Figure 3(e).

STUDIES

While the previous measurements and
discussion focused on the calibration of
minimum energy for the CeBrs detec-
tor, equal attention was given to the
high-energy calibration. This was nec-
essary because the prominent peaks
of our nickel sample were located
in the high-energy range, specifically
between 8900 and 9500 keV. Conse-
quently, the calibration procedure was
required for establishing the correlation
between gamma rays energy and chan-
nel number within this extreme range.
Unfortunately, no standard samples
were available that spanned the high-
energy range necessary. As a result,
an alternative calibration approach was
employed by utilizing the peak of
gamma ray with a recognizable element
present in the mediator, namely H,. The
detection of Hy was attributed to its

moderator material.

Primitive Spectral Background

The energy of gamma rays emitted by
hydrogen is well-established at 2223
keV.2! To perform the high-energy cal-
ibration of the detector, the measure-
ment was conducted using a low coarse
gain and fine gain of 5 and 11 on
the amplifier, respectively. This adjust-
ment was made to shift the marker peak
of hydrogen to a lower energy region
while expanding the high-energy range
of interest. The initial data analy-
sis revealed that the hydrogen peak
appeared by the channel number 110, as
depicted by Figure 4. Subsequently, the
relationship between channel number
and gamma-ray energy was derived, as
described in equation (3).

2223 keV
Energy per channel = T()e (3)

Materials Innovations | 2023 | https://materialsinnovations.hexapb.com/

45


https://materialsinnovations.hexapb.com/

Environmental Materials 10.54738/M1.2023.3401

12 -
00 CeBr; Intrinsic Activity Spectrum 20000 Full Spectrum of Cesium (Cs)
.. [| (@)
S 1000 | 3
= =
3 3
E go0f £ 15000
E E
3 ]
% 600 &
w w 10000
g Ce (1479) g
“ 400} «
& § 5000
© 200} o
0
A L i L L A L A L L " L " L A Il A A o N m 1 - T r T
0 50 100 150 200 250 300 350 400 450 500 0 100 200 300 200 500
Channel Number Channel Number
— 1400
1200 b ( ) E Full Spectrum of Cobalt-60 | d [Co (235, 1333)]
2 C = 1300 | ( )
] <3 -
> o ® -
F1000 1 3 < 1200}
c o © L
o 2 x Co (204, 1173
E goo} © > 1100 F [Co( J
= > I Y = 5.2759x + 91.7
[
Y £ 1000 }
W 600 | > I
E‘ m
Y] f 900 |
1] E L
g 400
£ E goof
© i o L
= 200 U 700
I ] [Cs (110, 661)]
600 A L A 1 1 A 'l A L A
0 . 1 . L . L 100 125 150 175 200 225 250
0 100 200 300 400 500
Channel Number Channel Number
1200 CeBrj Intrinsic Activity Spectrum
- [(€)
1000 |
>
s
S 800}
£
5
3
X 600 |
>
b Ce (1479)
E el Ce (1746)
[
© 200} Ce (1995)
0 1 1 1 1
0 500 1000 1500 2000 2500

Gamma Ray Energy (keV)

Figure 3. (a) A unique spectrum of the intrinsic activity of the CeBrs detector. (b) Cs-137 and (c) Co-60 spectra in their entirety
for calibrating a CeBrs detector. (d) CeBrs detector energy calibration curve with Cs-137 and Co-60 standards. (e) Intrinsic
activity spectrum for the intrinsic detector (CeBr3).
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The calibration process resulted in
determining a conversion factor of 1
channel = 20.2 keV. The entire spec-
trum was transformed from channel
number to energy using this conver-
sion factor. The spectrum now displays
the complete range of channel numbers,
including the prominent marker peak of
hydrogen at 2223 keV, corresponding
to channel number 110. Figure 7 pro-
vides a visual representation of the con-
verted spectrum.

Spectrum of Nickel in a Sample of
Toxic Water

The moderator cavity was filled with
the water bottle, and the neutron beam
was turned on to obtain the spectrum
of the water samples contaminated with
nickel. Because of this, the peaks typ-
ical of nickel ended up being overlaid
on the background spectrum, which led
to the creation of the net sample spec-
trum. It is of the utmost importance
that the investigational runs times of the
activation spectrum for the employed
detector and the entire sample spec-
trum agree. For instance, if the for-
mer had a run time of 2998 seconds,
the latter should also have a similar
duration. Otherwise, running the back-
ground for a significantly longer or
shorter period than the samples would
lead to a higher or lower background
level compared to the net nickel spec-
tra, resulting in a suppression rather
than the appearance of peaks. Figure
4 illustrates the 6.5 wt.% nickel spec-
trum overlaid on the background spec-
trum. The effect of the nickel sample
can be seen in the region of interest,
with two strong peaks found at 8993
and 9498 keV, which correlate to the
moderator peak at 2223 keV. Figure 4
displays the gamma-ray spectra of var-
ious elements, including those originat-
ing from the sample, detector, and mod-
erator. These additional peaks, arising
from sources other than the sample, are
categorized as background peaks. Fol-
lowing this, swift gamma rays spectra
were noted for the contaminated three
water samples nickel impurities hav-

ing concentrations of 6.5, 5.0, and 2.7
wt.%, respectively.

RESULTS AND DISCUSSION

Figure 5(a) illustrates the normalized
spectra obtained from each water sam-
ple containing varying concentrations
of nickel. A comparison of these spec-
tra reveals that all three nickel sam-
ples exhibit two distinct peaks at 9498
keV and 8993 keV. In contrast, the
background spectrum does not devi-
ate from its plane anywhere inside the
area of interest, which indicates that it
does not contribute to the peaks that
are required. To assess the performance
of the detector and eliminate the back-
ground effect, difference spectra were
examined. The transformation spectra
were obtained by deducting the back-
ground spectrum from the spectrum of
examined samples. These spectra with
the deducted background for the three
nickel samples, with concentrations of
6.5, 5.0, and 2.7 wt.%, remained over-
laid onto one another within the inter-
ested energy range of gamma rays
from 8600 to 9600 keV. The noticeable
spectral differences amongst the nickel
samples are seen in Figure 5(b).

It is anticipated that the integrated
yield, which was calculated by calcu-
lating the area under the three differ-
ent spectra, would be inversely pro-
portional to the nickel content in the
water samples. The cohesive yield was
plotted in contradiction to the nickel
concentration to investigate this rela-
tionship, as shown in Figure 5(c). The
resulting plot indicates whether the
detector exhibits a linear response. The
least-squares regression line was fit-
ted to the data, resulting in a correla-
tion coefficient of R> = 0.9979 with a
regression equation of y = 204x + 915,
as depicted in Figure 5(c).

A closer look at Figure 5(c) reveals
that the three data points have a good
amount of dispersion around the regres-
sion line that best fits the data. When
the complete statistic is scrutinized,
this is readily apparent. This indicates

that the data is primarily affected by
inherent arbitrary errors that cannot
be ignored. Furthermore, the strong
positive association between the two
datasets is shown by the high correla-
tion value of 0.9979. The experimental
findings support the anticipated propor-
tionality relationship and show that the
CeBr3 detector operates consistently.
The CeBrs detector was used to calcu-
late the nickel MDC in water samples
using the PGNAA system. The calcu-
lation of MDC could be computed uti-
lizing the equation (4).”

MDC =4.653x (C/P)x VB (4

The MDC was calculated using equa-
tion (4), where C signifies the wt.%
concentrations, P indicates the overall
counts encountered by the peaks, and
B shows the allied background counts
underneath the peaks. Equation (5) was
used to find the inaccuracy in MDC.

Supe = (f,) <[VEXB)] )

The nickel in the samples released
gamma rays with energies of 8993
keV and 9498 keV, and the MDC
was independently computed for each.
Additionally, the MDC was combined
for both since both peaks come from
the identical isotopes. The conclud-
ing MDC of nickel concentration in
water samples was determined to be
0.081540.0250 wt.%, corresponding
to 8154250 ppm. Tabl e 2 tabulated the
detailed MDC values recorded in these
experiments.

CONCLUSIONS

In this study, the PGNAA technique
was utilized to establish the rela-
tionship between the concentration of
nickel in water solutions and the
gamma rays detected by the CeBr;
detector. Water samples with nickel
concentrations of 2.7, 5.0, and 6.5 wt.%
were analyzed. The results revealed
that higher nickel concentrations corre-
sponded to a greater number of detected
gamma rays. Using the principle that
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Figure 4. The spectrum of nickel (solid) superimposed over the spectrum of the background (dotted).

Table 2. MDC values of nickel in the prepared toxic water samples.

Peak No. B wt% P MDC (wt.%) mole MDC (PPM)

123 2.7 1473 0.0946 0.5 945.91
8993 keV 115 5.0 1513  0.1636 1 1635.78

94 6.5 1012 0.2915 1.4 2915.37

78 2.7 713 0.1556 0.5 1556.16
9498 keV 53 5.0 558  0.3011 1 3011.05

49 6.5 452 04713 1.4 4712.71
8993 201 2.7 2186 0.0815 0.5 814.79
keV+9498 168 5.0 2071 0.1445 1 1444 .41
keV 143 6.5 1464 0.2486 1.4 2485.64
(Combined)
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Figure 5. (a) The three water samples contaminated with nickel of various concentrations of 6.5, 5.0, and 2.7 weight percent
have their spectra normalized. (b) Spectra variations for three water samples contaminated with nickel of various concentra-

tions. (¢c) Gamma-ray intensity calibration curve vs. nickel concentrations (wt.%).

the integrated prompt gamma yields is
related to the sample concentrations;
we compared the experimental findings
from using the CeBrs detector to the

theoretical postulate. Linear regression

curve fitting of the test data demon-
strated that the CeBrs detector is con-
sistent with the aforementioned theory.
The measured MDC for nickel was
determined as 0.0815 4+ 0.0250 wt.%,
equivalent to 815 + 250 ppm. Further-
more, the technique employed in this
study can be extended to detect the
limits of other detectors and perform
elemental characterization of unknown
samples. This versatility is valuable for
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