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INTRODUCTION

ABSTRACT

Background: During the analysis of certain natural radionuclides in plant samples
using gamma spectroscopy, the presence of “°K in the sample causes the overlap of its
Compton region with the full energy peaks of 22U, ?**Th, and their daughter.
Therefore, it is necessary to remove potassium before the measurement to enhance
analytical accuracy. Materials and Methods: Five different plant samples were used to
validate the method. For each sample, the analysis was performed using two
separation methods (original and K-separation), and both were measured with the
gamma detector. Comparison of the results achieved using the two methods with
regard to spectrum, peak-to-total ratio, obtained activity, and minimum detectable
activity (MDA) indicated that the proposed method yielded improved results. Results:
The separation procedure removed most of potassium present in the samples. The
peak-to-total of energy peaks < 1000 keV increased significantly. The spectrum after K-
separation exhibited a lower continuum under the peaks, and the shapes of the peaks
were more identifiable. Comparison of MDA values derived before and after the
application of K-separation showed an improvement in analytical accuracy.
Conclusion: The removal of potassium from plant samples is effective in decreasing
the MDA of the spectroscopy by reducing the Compton continuum of the 40K isotope
under the energy peaks of interest. Therefore, the application of this method can
augment the measurement possibilities for samples with low radioactivity.

following techniques can be employed to optimize
the measurement conditions and improve the

Plants naturally contain radioactive isotopes,
including 49K, 238U series, 232Th series, and 235U series,
which emit gamma rays during alpha or beta decay.
Gamma spectroscopy using high-purity germanium
(HPGe) detectors or scintillation detectors (e.g., Nal
(T)) are commonly employed to analyze the
radioactivity of plants (1. The method includes
several continuous stages, such as sample
preparation, measurement, and spectrum analysis.
For this purpose, gamma spectroscopy is preferred
because of the low background, appropriate energy
resolution, and low minimum detectable activity
(MDA) @. During gamma spectrum analysis of
low-activity samples, such as plant samples,
differentiating between signals from the energy of the
peak of interest and those from the background can
be challenging 3). The low activity concentration of
the radioisotope is related to a low radiation level,
and it is difficult to distinguish between the signals
from the considered energy and those from
background radiation in the environment. The

detection sensitivity and accuracy of measuring low-
activity plant samples using gamma spectrometry:
(1) Shielding: The use of appropriate shielding
materials, such as lead or copper, can reduce
background radiation and minimize interference. (2)
Background subtraction: By measuring and
characterizing the background radiation separately, it
can be subtracted from the sample measurements to
isolate the specific signals of interest (4). (3) Extension
of the counting time: The long counting time applied
for the analysis allows the accumulation of more data,
which can improve the signal-to-noise ratio and help
differentiate the sample signal from the background.
(4) Energy window selection: Setting specific energy
windows for the gamma spectrometer can aid in
focusing on the desired energy range emitted by the
radioactive isotopes, effectively reducing the impact
of unrelated background radiation ). (6) Quality
control: Regular calibration and monitoring of the
gamma spectrometer and performing blank
measurements can help identify and address any
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instrumental noise or background contamination
issues (6,

Enhancing the accuracy and sensitivity of the
measurements of radioisotopes in low-level
radioactive samples is a research topic that has
attracted immense attention (7-9. In analyses using
the gamma spectrometer, distinguishing the energy
peaks of radioisotopes from background radiation
emanating from environmental radionuclides and
unconsidered radionuclides in the sample is difficult
(35), As discussed above, one of the methods to solve
this problem is increasing the mass of the sample.
Normally, a large volume of the plant sample is
collected and burned in the furnace to reduce its
sample size so that it is suitable for analysis (10),
In  environmental studies, popular natural
radionuclides, such as 232Th, 226Ra, 238U, and 4°K, have
been focused on. Generally, the radioisotope present
at the highest concentration in natural soil and plant
samples is 40K (11-13), Thus, the Compton continuum of
40K contributes majorly to the gamma spectrum of
the sample. The 238U activity is determined using the
gamma energy peaks at 63.3 keV and 92.6 keV of
234Th, 232Th activity with the peaks at 338.3 keV and
911.1 keV of 228Ac, and 40K with its energy peak at
1,461 keV. When the activity of the 40K isotope is
much higher than that of others, the Compton region
of the 49K spectrum can cause an increase in the
counts of the energy between 50 keV and 1220 keV.
This increase affects the accuracy of the analytical
results, especially for 238U whose peaks are at 63.3
keV and 92.6 keV. Therefore, to improve the
accuracy of the radioactivity analysis of plant
samples, 40K was removed using chemical methods.
Furthermore, the influence of the Compton region of
40K on the energy peaks of the other isotopes was
evaluated.

Several methods have been applied to reduce
background radiation in gamma spectroscopy for
enhancing the accuracy of radioactivity analysis. The
most popular method is shielding strengthening to
reduce background radiation, such as those from
environmental radionuclides, radon gas, and cosmic
rays (1415), The Monte Carlo method is also applied to
minimize the impact of this effect on sample gamma
spectrums (16-19). The removal of potassium from the
measurement samples to improve the efficiency of
gamma spectrum analysis is not popular. Biota
samples normally have high radioactivity of 49K but
very low radioactivity of uranium and thorium series.
Therefore, it is necessary to apply this method for
radiation measurements in this sample type.

MATERIALS AND METHODS

Sample collection and preparation
Plant samples were collected from the suburban
region of Ho Chi Minh City, Vietnam (coordinates: 10°

52'33.3" N and 106°47'26.4" E) in December 2021.
Leaf samples from aloe vera (Aloe vera var.
chinensis), spruce (Picea abies), vetiver grass
(Chrysopogon  zizanioides L), red amaranth
(Amaranthus cruentus L), and water spinach
(Ipomoea aquatica) were assigned the names VERA,
PINE, VERT, AMAR, and SPIN, respectively. The map
of the sample location is shown in figure 1.

BINH DUONG

LONG AN

Figure 1. Map of Ho Chi Minh City showing the sample
location in the insert.

The procedure for sample preparation and
analysis using gamma spectroscopy followed the
standard procedure (19. At the laboratory, the
samples were desiccated in a drying cabinet to
remove the water content. The samples were then
ashed in a furnace (Memmert GmbH) at 450°C for 1
day to reduce the volume and remove the organic
matter. The ash was ground into a powder form and
sieved to collect particles with a diameter of < 200
um. Each sample was packed, sealed, and labeled in a
cylindrical container made from nonradioactive
material and was subsequently stored for 30 days at
room temperature before the measurement. As the
plant samples exhibited low radioactivity, they had to
be measured for a long time (approximately 86,400
s) to reduce statistical uncertainty.

Radioactivity analysis

To analyze the activity concentrations of natural
radionuclides, the procedure used in several previous
studies was adopted (20-22), The gamma spectrometer
manufactured by ORTEC was employed to determine
the anthropogenic and natural radioactivity in the
samples. The instrument was equipped with a n-type
HPGe detector (GMX35P4-70) cooled using X-Cooler
III. The relative detector efficiency was 35%, and the
gamma-ray energy resolution was 1.8 keV at 1.33
MeV, which was calibrated with a standard point
source. The detector was placed inside a 10 - cm thick
lead shield.
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Energy window analysis (EWA) is a technique
routinely employed for gamma spectrum analysis
using gamma spectroscopy (3). This method
enhances the detection limit for the analysis of
specific radionuclides or energy regions of interest
while minimizing the influence of background
radiation. EWA involves setting specific energy
windows or regions within the gamma-ray spectrum
to isolate and analyze the desired radionuclides or
gamma-ray emissions. Activity concentrations of
radioisotopes derived at their gamma-ray energies
were calculated using Eq (1).

S
A= (1)
e(E)xmx fxtxK xK,

Where, A is the activity concentration of the
sample (Bq kg-1), S is the net peak area (count), €(E)
is the attenuation detection efficiency at the peak
energy, m is the mass of the sample (kg), f is the
branching ratio of the gamma energy E under
consideration, t is the counting live time (s), Kcis the
correction factor for the nuclide decay during the
counting, and Kw is the correction factor for
radioactive decay from the time of sample collection
to the point of spectroscopic measurement (5).

For gamma analysis, the detection efficiency
varies for different gamma energy levels. Moreover,
the efficiency depends on the characteristics of the
detector used, background, and sample geometry and
matrix. Therefore, it must be corrected to assure the
accuracy of the measurement. In this study, the full
energy peak efficiency of the detector was calibrated
using the Angle 3.0 software supported by ORTEC.
The peak efficiency for a given sample geometry and
composition was based on the experimental
efficiencies for the geometry and composition of the
standard sample determined using effective solid
angle calculations.

For gamma spectrum analysis, the accuracy of the
analytical method was assessed using the minimum
radioactivity of the radioisotope that can be
spectroscopically detected. This is also known as the
MDA and is defined by the Currie MDA algorithm in
Egs (2) and (3) ®).

L
4= . (2)
g(E)xmx [xtxK xK,
rY, (1Y
L,=271+3.29,[2B+| = |I+| = | & 3
T, T, (3)

Where, Lp is the detection limit for the confidence
interval of 95%, I is the net peak area of the
background measurement, ol is the standard
deviation of I, B is the value of the continuum under
the peak, Ts is the live time of the sample
measurement, and Ty, is the live time of the
background measurement ().

The obtained activity value is acceptable only if it

is greater than the MDA value for a specific sample
type. An activity value that is lower than the MDA
value indicates that the measured concentration of
the isotope is near or below the sensitivity of the
instrument or the detection limit of the analytical
method. In such cases, it becomes challenging to
improve the accuracy of the measurements or draw
meaningful conclusions about the actual activity
levels of the isotopes in the samples.

Noting the activity value that is lower than the
MDA is important. This observation does not mean
that the activity is zero or that radioisotopes are not
present in the samples. It merely indicates that the
measurement technique or the instrument used may
not have sufficient sensitivity to detect the activity
that is below the reported MDA. Thus, to enhance the
accuracy of radioactivity analysis, MDA should be
reduced to the maximum possible extent. One way to
reduce the MDA is to decrease the background
radiation, which means lowering the continuum
under the energy peak.

Potassium extraction

To extract potassium from the samples, after the
measurement using gamma spectroscopy, the ash
samples were stirred at 300 rpm in 1000 mL of 1 M
amino acetate solution to dissolve the potassium.
After 1 h, the sample solution was filtered through a
paper filter to remove the potassium from the ash
samples. The analytical reagents were supplied by
Sigma-Aldrich. The obtained solid was then dried in
an oven at 80°C for 48 h until the sample was
completely dry. The samples VERA, PINE, VERT,
AMAR, and SPIN were again sieved, packed, sealed,
and labeled in containers denoted as TK-VERA,
TK-PINE, TK-VERT, TK-AMAR, and TK-SPIN,
respectively. These measurement and analysis
procedures were repeated to determine the activity
concentration of radioisotopes.

Statistical analysis

The experimental data were analyzed, and the
charts were drawn using Microsoft Excel. All data
were found to be normally distributed (p < 0.05) at a
confidence interval of 95%. The MAESTRO
Multichannel Analyzer Emulation Software of ORTEC
was used for gamma spectrum analysis.

RESULTS

The influence of 4°K on the energy peaks of other
isotopes in ashed plant samples was evaluated by
analyzing the obtained spectrums before and after
the separation of potassium. Spectrums of the
samples with an energy range of 0-1500 keV (the
energy peak of 40K is at 1460 keV) before and after
K-separation are presented in figure 2 To strictly
observe the 4K Compton continuum on the energy
peaks of other isotopes, the spectrums were
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categorized into three distinct regions of 0-500 keV, keV. This is the region containing the energy peaks
500-1000 keV, and 1000-1500 keV. For example, the used for the activity analysis of most natural
spectrums of the vetiver grass sample are shown in radionuclides.

figure 2 in the figure, the legend “VERT” denotes the To better understand the differences between the
gamma spectrum of the vetiver grass sample before spectrums before and after K-separation in the
the K-separation and “TK-VERT” signifies the gamma energy range of 0-100 keV, the comparison is shown
spectrum of the sample after the application of in figure 3 the graphs suggested that the application
K-separation. The graphs demonstrated that the of K-separation significantly reduced the Compton
Compton continuums of TK-VERT spectrums were continuum. Similar results were obtained for the

lower than the corresponding continuums of VERT spectrums of VERA, VERT, AMAR, and SPIN samples.
spectrums, especially for the energy range of 0-500

a. Energy from 0 keV to 1500 keV. b. Energy from 0 keV to 500 keV. c. Energy from 500 keV to 1000 keV. d. Energy from 1000 keV to 1500 keV
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Figure 2. Gamma spectrums of the vetiver grass sample before and after K-separation: (a) energy range 0-1500 keV, (b) energy
range 0-500 keV, (c) energy range 500-1000 keV, and (d) energy range 1000—1500 keV.
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Figure 3. Spectrums of the different samples before (sample IDs: VERA, VERT, AMAR, SPIN) and after (sample IDs: TK-VERA, TK-
VERT, TK-AMAR, TK-SPIN) K-separation at the energy of < 100 keV.

Figure 3 demonstrated a significant reduction in spectrum before and after K-separation was
the Compton continuum of spectrums in the calculated, which is presented in figure 4 as
low-energy range. However, it was not clear whether illustrated in the graphs, the peak-to-the total ratio of
the accuracy of the analysis had improved. This was the sample with K-separation was greater than that of
determined by investigating the peak-to-total ratios the sample without K-separation. This finding proves
of the energy before and after the application of that K-separation enhances the accuracy of the
K-separation. The results are depicted in figure 4. activity analysis of 210Pb and 232Th (both sensitivity
The peak-to-total ratio of the energy peaks (46.5 keV, and statistical uncertainty).

63.3 keV, and 92.6 keV) of 210Pb and 234Th in the
(a) 46.5 keV (b) 63.3 keV (c) 92.6 keV
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Figure 4. Comparison of the peak-to-total ratios of the low-energy peaks before and after K-separation: (a) 46.5 keV of 2*%b, (b)
63,3 keV of *Th, and (c) 92.6 keV of #*?Th.

At energy < 1000 keV, the energy peaks of the and SPIN before and after K-separation. Some

isotopes of interest included 46.5 keV of 210Pb, 63.3 differences were observed in the values; for instance,
and 92.6 keV of 234Th, 186.2 keV of 226Ra, 238.6 keV the activity concentrations of 238U in the PINE sample.
of 212Pb, and 338.3 and 911.1 keV of 228Ac. Figure 5 To establish the reliability of the method of
shows the results of activity concentrations of 210Pb, K-separation, the MDA values obtained using the

238]J, 226Ra, and 212Pb in AMAR, VERA, PINE, VERT, technique were compared with the original values.
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The results are presented in figure 6, which indicate
that the MDA values were reduced after the 40K-
separation. The MDA values before K-separation for
63.3 keV were in the range of 17.1-24.6 Bq/kg,
whereas those after the separation were in the range
of 7.0-16.4 Bq/kg. However, the deviations in MDA

values before and after the separation were different
for each sample and each energy peak. Table 1 lists
the deviations (%) in MDA values before and after
the separation for each sample and each energy peak,
thereby providing an idea of the differences in the
values before and after K-separation.
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Figure 6. Comparison of the MDA values before and after K-separation for different gamma energies impacted by the “°K Compton
region: (a) 46.5 keV, (b) 63.3 keV, (c) 92.6 keV, (d) 186.2 keV, (e) 238.6 keV, and (f) 338.3 keV.
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Table 1. Deviations in MDA values before and after K-
separation for each sample and each energy peak (%)
E (keV) Activity concentration of “°K (Bq kg™)

4700 5600 6200 7800 9600
(VERA) | (PINE) | (VERT) | (AMAR) | (SPIN)
465 | 46(11) | 42(10) | 23(12) | 53(11) | 65 (10)
63.3 | 33(11) | 37(10) | 27(13) | 55(10) | 59 (11)
92.6 | 36(11) | 29(10) | 18(13) | 11(11) | 58(11)
186.2 | 27(11) | 21(11) | 14(7) | 12(12) | 47 (12)
238.6 | 22(11) | 22(11) | 20(15) | 12(12) | 57(12)
338.3 | 33(12) | 26(11) | 22(15) | 12(13) | 61(12)
911.1 | 35(13) | 43(13) | 28(16) | 22 (14) | 58(12)

DISCUSSION

The average efficiency of 4°K extraction obtained
from measurements of the five samples was > 90%,
which is sufficient to significantly reduce the
Compton continuum of 49K in the measured
spectrum. The complex procedure proposed by Inoue
et al. (2003) could extract 98% of 49K from seaweed
samples (24). The researchers found that the
high efficiency of 49K extraction can improve
the spectroscopic detection limit. Moreover,
measurement of the leachate after the separation did
not result in the detection of any other natural
radionuclides. The graphs in figure 2 show that the
separation process did not remove all potassium
from the sample as a 49K energy peak appeared in the
spectrum. However, after K-separation, the counts at
the energy peak of 4%K in the spectrum were
significantly reduced (approximately 50%). In
addition, the energy region of < 100 keV had a clear
distinction between the spectrums (figure 2b). The
area of energy below 100 keV, including the peak
46.5 keV of 210Pbh and 63.3 keV and 92.6 keV of 234Th,
was most affected by the Compton region of K. In
this region, the spectrum after K-separation
displayed a lower continuum under the peaks, and
the shapes of the peaks were more identifiable. In the
energy range of 100-1220 keV, the background was
reduced but not as remarkably as that below 100
keV, as shown in figures 2c and 2d. Figure 3
demonstrates that the sample spectrums before and
after K-separation in the low-energy range of 5 - 100
keV were different. The figure further indicates that
the Compton continuum under the peaks decreased
and became flatter. According to the analytical
results, the method of K-separation can be useful in
identifying the energy peaks of radioisotopes and
determining the counts on the peaks. The finding also
proves that the effect of the Compton region of 4°K on
the spectrums of other isotopes was proportional to
the activity of 40K in the sample.

Furthermore, the results in figure 4 signify that
the peak-to-total ratio of the low-energy peaks before
and after K-separation varied for different isotopes
and samples. Noticeable differences were observed
between the samples and energy levels. For example,

at lower energies (46.5 keV and 63.3 keV), the
peak-to-total ratios differed significantly among the
samples. This finding suggests that the influence of
the Compton region of the 40K spectrum was high,
resulting in lower energy peaks and consequently
lower peak-to-total ratios. The values generally
showed an improvement in comparison with those
before K-separation. This can be attributed to the
effect of K-separation, which aids in reducing the
interference and background noise, leading to better
peak resolution and higher peak-to-total ratios. The
peak-to-total ratio provides information on the
relative strength of the specific peaks compared with
the total count rate in the spectrum. A higher ratio
indicates a stronger and more distinct peak relative
to the background noise. Therefore, higher peak-to-
total ratios imply better peak resolution and
improved measurement quality. To assess the
effectiveness of the method, the suppression factors
(SFs) were estimated. SF is the ratio of the peak-to-
total with K-separation and that without
K-separation. As plotted in figure 4, the SF at the en-
ergy peak 46.5 keV varied by 62.9%, 101%, 88.1%,
300%, and 150% for VERA, VERT, PINE, AMAR, and
SPIN, respectively. At 63.3 keV, the SF values were
43.2%, 118%, 118%, 450%, and 160% for VERA,
VERT, PINE, AMAR, and SPIN, respectively. At 92.6
keV, the values were 40% for VERA, VERT, PINE, and
AMAR and 120% for SPIN. The obtained SF values
were better when compared with those from other
methods of Compton suppression. The Compton
suppression  system employed for gamma
spectrometer using experimentally validated Monte
Carlo simulations significantly increased the peak-to-
total ratio to 70% in the energy range of 358-382
keV (5. A digital pulse shape analysis of Compton
suppression for a germanium detector could increase
the peak-to-total ratio of 137Cs (662 keV) from 0.206
to 0.509 (SF = 247%) (26),

For samples with K-separation, the results of the
activities of the isotopes and their MDA values are
presented in figure 5 and figure 6, respectively. The
figures illustrate that the activities of 49K were
higher than those of other radioisotopes in the
samples. These results agree with those from other
studies (27-30). Some activity results were not
acceptable because the values were lower than those
of the respective MDA, namely 219Pb in VERA; 226Ra in
VERA, PINE, and VERT; and 238U in PINE and AMAR.
The findings further indicate that the activity results
were acceptable because all values were higher than
those of the respective MDA. A comparison of the
activities of the isotopes before and after applying the
method showed the impact of K-separation on the
measured activities. In general, after K-separation,
the activities of most isotopes appeared to be lower
than those before K-separation. This finding indicates
that K-separation effectively reduces interference
and background noise, leading to more accurate and
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reliable activity measurements.

Additionally, the MDA values for the respective
isotopes before and after K-separation are provided
in figure 6. The MDA ratio (MR) is the ratio of MDA
with K-separation and that without K-separation. For
all samples and energies, the MR values were < 100%
(40%-83%). This proves that the MDA was improved
by the application of K-separation. Upon applying the
algorithms for background subtraction in a
gamma-ray spectrum, the MR values were 38% for
the energy 46.5 keV of 210Po and 12% for the energy
662 keV of 137Cs 30), Done and Loan (2016) used
three different MDA algorithms to reduce the
Compton continuum for gamma spectrometry
measurements. After applying the methods, the MDA
values decreased to 1.5 (MR value approximately
66.6%) (1. The MDA represents the minimum level
of activity that can be reliably detected above the
background noise. Lower MDA values indicate
better sensitivity and detection capabilities. The
comparison of the MDAs in figure 6 suggests that the
values generally improved after K-separation. This
implies that the separation method effectively
reduces background noise, resulting in enhanced
detection sensitivity.

In the analysis of environmental radioactivity
using the gamma spectrometer, low-energy peaks are
always difficult to determine and introduce
considerable errors owing to the influence of the
large background under the energy peak of interest.
In many cases, low-energy peaks are used in certain
analyses, and the results are forced to accept large
errors. Several previous studies have established that
the suppression of the Compton continuum can
increase the detection limit of the spectroscopy and
improve the accuracy of the radioactivity analysis
(3233). The 40K Compton continuum contributes
immensely to the Compton region of the spectrum.
Therefore, the separation of 4°K from the sample can
significantly improve the accuracy of the analysis of
these energy peaks. Based on the analysis of the
deviations in table 1, it could be inferred that the
deviations after separation were lower than those
before separation for some samples and energy
peaks. This result suggests that the separation
method successfully reduced background noise and
improved the accuracy of activity measurements.

For each sample, the deviation of MDA values was
significantly high for energy peaks in the energy
range of < 100 keV. This means that after 4K
removal, the energy peaks can be quickly identified
and calculated. Especially, the effects were clear for
the activity analysis of 21°Pb (via the energy peak
46.5 keV) and 238U (via the energy peaks 63.3 keV
and 92.6 keV of 234Th). According to the results,
maximum MDA deviation was observed for the water
spinach sample, whereas the minimum value was
noted for the vetiver grass sample. These
observations indicate that the 40K-separation is an

effective method to improve the analytical accuracy
of some natural radioisotopes.

CONCLUSION

During environmental radioactivity analysis using
a gamma spectrometer, the Compton continuum of
40K covers the energy peaks of some radionuclides,
especially the energy regions between 0 keV and 100
keV. Therefore, it is necessary to identify an effective
method to remove 4K from the samples. The simple
chemical procedure used in this study could extract >
90% potassium from the biota samples. Upon
applying this method, the peak-to-total ratio
increased approximately 1.5 times in the energy
range of 0-100 keV of the spectrum. In addition, the
MDA values of the measurements improved
significantly, decreasing from 24.6 Bq kg-! to 16.4 Bq
kg-1.
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