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a b s t r a c t

The selection and effective utilization of peak-fitting software for conventional gamma-ray spectrum
analysis is significant for accurate determination of the mass fraction of elements, particularly in complex
peak regions. Majority of the peak-fitting programs can derive similar peak characteristics for singlet
peaks, but very few programs can deconvolute multi-peaks in a complex region. The deconvolution of
multi-peaks requires special peak-fitting functions, such as left and right-skew distributions. In the this
study, 843.76 keV (27Mg) peak area from the complex region (840 keVe850 keV) determined and
compared using four different peak-fitting programs, namely, GammaVision, Genie2000, HyperLab, and
HyperGam. The 843.76 keV peak interfered with 841.63 keV (152mEu) and 846.81 keV (56Mn). The total
Mg concentration was determined through k0-instrumental neutron activation analysis by applying the
isotopic interference correction factor 27Al(n,p)27Mg through the simultaneous determination of Al
concentration. HyperLab and HyperGam peak-fitting programs reported consistent peak areas, and
resultant concentrations agreed with the certified values of matrix-certified reference materials.
© 2021 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

Magnesium (Mg) is an essential nutrient element in human and
plant biological systems. It helps in maintaining normal human
body functions, such as the muscular, nervous, and immune sys-
tems, along with healthy plant growth [1]. Mg deficiency is linked
to numerous diseases in the human body, such as hypertension [2].
Thus, the characterization of Mg-rich diets and the total mass
fraction of Mg in various biological and environmental samples is
important. Among the dry andwet chemistry analytical techniques,
non-destructive methods are preferred in the analysis of aerosol
particles and biological samples to avoid chemical contamination
during the rigorous process of sample preparation.

Neutron activation analysis (NAA) is an outstanding technique
that is non-destructive, highly sensitivity, and has a lower detection
limit. The comparator INAA method is a unique primary calibration
method with dry chemical analysis [3]. Apart from the comparator
by Elsevier Korea LLC. This is an
INAA method, the k0-based single comparator INAA (k0-INAA)
method has considerable characteristics for the determination of
mass fraction of elements in various matrix samples and reference
material development [4e6]. The k0-INAA method also competes
with other primary ratio methods for inorganic trace element
quantification [4]. However, some elements (Mg, Sm, and Sr)
cannot be determined accurate mass faction because of issues such
as short half-life of activation products, gamma-ray, and isotopic
interferences [7]. In INAA, total Mg content is determined using
26Mg(n,g)27Mg (843.76 keV and 1014.44 keV) reaction that is
interfered with by gamma-rays of 841.63 keV (152mEu) and
846.81 keV (56Mn) to 843.76 keV gamma-line, and nuclear reaction
interference from 27Al(n,p)27Mg. Most of the environmental and
biological samples contain Mg and interference elements such as
Mn, Eu, and Al with high concentration. The complete avoidance of
possible spectral and isotopic interference in the INAA method is
impossible. The k0-INAA method is preferred over the comparator
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INAA method for Mg quantification because the isotopic correc-
tions can be calculated easily when both the analyte and interfer-
ence elements are determined simultaneously [6].

Mg has three stable isotopes: Mg-24 (79%), Mg-25 (10%), and
Mg-26 (11%). 26Mg has a (n,g) cross-section (s0) of 0.0364 b, and
neutron-induced 27Mg has a short half-life of 9.46 m and emits
three gamma-rays, 170.69 keV (ga: 0.8%), 843.76 keV (ga: 71.8%),
and 1014.44 keV (ga: 28.0%) that, which are suitable for the calcu-
lation of the total Mg content through INAA. However, Mg quan-
tification using 843.76 keV peak has two primary issues: gamma-
ray interferences and isotopic interference. The Mg mass fraction
is more than 10 times the interference elements (Eu and Mn) in
most of the samples, although significant gamma-ray interference
was caused by the relatively high thermal neutron cross section and
abundance of gamma-rays of interference elements. Nuclear data
was obtained from the radionuclide decay database online library
for gamma and alpha emissions (http://www.nucleide.org/
Laraweb/index.php) and k0-database [8]. 27Mg emits another
interference free gamma-ray at 1014.44 keV with only 30% of the
843.76 keV peak intensity and is subject to large uncertainty
because of poor counting statistics. Thus, identifying suitable peak-
fitting software for two or more gamma-ray interference regions is
necessary to obtain more reliable peak areas with corresponding
uncertainties. In this study, both the peak areas of 27Mg (843.76 keV
and 1014.44 keV) were used to determine the total Mg mass frac-
tion. In addition to gamma-ray interference, isotopic interference
from the (n,p) threshold reaction in aluminum (Al) caused by the
fast neutrons was also considered. If the sample contains high
amounts of Al, Mg mass fraction likely bias because of isotopic
interference from the 27Al(n,p)27Mg reaction [5,7]. Another isotopic
threshold interference from 30Si(n,a)27Mg did not significant
contribute to the total Mg content because of the low abundance of
silicon isotope (3.1%) and low (n,a) cross-section (0.155 mb). These
isotopic issues can be solved by introducing an isotopic correction
factor such as the auto-correction option implemented in the
revised version of the KayWin® software [6,9,10].

In 1995, the International Atomic Energy Agency (IAEA) con-
ducted an inter-comparison study using synthetic gamma-ray
spectra to identify a suitable peak-fitting program for gamma-ray
spectrum analysis in terms of the number of peaks, peak position,
peak position error, full width at half maximum (FWHM), peak
area, peak-fitting error, and Chi-square [11]. Based on the findings,
most of the programs were suitable for single-peak characteriza-
tion and not recommended for complex peak region analysis,
where therewere two ormore gamma-ray interferences [11]. Some
programs such as Ganaas, Hypermet PC, GammaVision, Genie PC,
and Span have shown consistent peak characterization in the
complex region [11]. However, most of the peak-fitting programs
are not compatible with personal computer (PC) versions, such as
Windows 7 (issued in 2009) operating systems (OS) except
Fig. 1. Semi-empirical model functions of (a) Gaussian distribution,
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GammaVision and Genie PC (updated as Genie2000), because they
were not upgraded in a timely manner. Meanwhile, several pro-
grams have been developed, including HyperLab, HyperGam, and
Gammalab that compatible with the present Windows OS. Some of
these programs, such as HyperLab and HyperGam, were developed
based on the Hypermet code [12,13]. In most software, FWHM
calibration is used for deconvolution of the merged peaks. How-
ever, one peak may have high peak intensity while another closer
peak on the left or right-side has a low peak intensity that will be
considered as tails. To resolve this issue and identify the low peak
intensity gamma-ray on the left or right-side of the high-intensity
peak requires special peak-fitting functions such as left or right-
skew functions. In recently developed programs also did not find
satisfactory discussions on complex peak region analysis using
IAEA synthetic or experimental gamma-ray spectra [12,14,15].

The aim of the present study is to identify suitable deconvolu-
tion capability of peak fitting program for the complex region using
four software programs GammaVision, Genie2000, HyperLab, and
HyperGam. Subsequently, the peak area was used for mass fraction
determination in various matrix certified reference materials. Iso-
topic interference correction factor also calculated for the deter-
mination of Mg mass fraction accurately using k0-INAA method. In
the present study, four different matrix certified reference material
(CRM) samples, urban particulate matter (NIST SRM 1648a), infant
formula (KRISS CRM 108-02-004), peach leaves (NIST SRM 1547),
and channel sediment (BCR-320R), were analyzed for the deter-
mination of total Mg and Al mass fractions simultaneously.

2. Theory

The software identifies the peaks on the basis of various func-
tions such as peak type (Gaussian, FWHM, left-skew, and right-
skew) and background type (polynomial, step, and tail) functions
[16,17]. In this study, the peak typemodel functions required for the
deconvolution of complex region gamma-rays are briefly discussed.
The following peak functions are important for the analysis of
complex region gamma-rays.

Gaussian peak function: The peak area of the Gaussian peak is
calculated using Equation (1), which is a symmetry function
(Fig. 1(a)). All peak-fitting programs consider this function to be
important for singlet peak area calculations.

Gaussian peak function¼j$e
�
�

x�x0
d

�2

; (1)

where x and x0 represent the channel number and centroid of the
peak position, respectively, j represents the amplitude of the peak,
and d represents the peak width parameter (FWHM/1.66).

Left-skew function: Some peaks appear as asymmetric shapes
with an exponential decrease in the low-energy side from the
(b) Gaussian þ left-skew, and (c) Gaussian þ right-skew [17].
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centroid of the Gaussian peak. This slope may be due to weak
gamma peak energy (in terms of intensity) on the low-energy side
(left-skew þ Gaussian peak), as shown in Fig. 1(b). This low-energy
peak can be easily resolved using the left-skew function (Equation
(2)). In some cases, the asymmetric shape of the Gaussian peakmay
also be due to incomplete charge collection (tail background) in the
detector. These two functions can be separated by a slope term. The
tail background slope is 2.5e50, whereas the left-skew function
slope ranges 0.3e2. Few software programs (e.g., HyperLab and
Hypermet PC) consider this function for better deconvolution of
merged peaks [16,17].

Left skew function¼j$

ffiffiffiffi
p

p
2

$d$a$e

��
d

2$a1

�2

þx�x0
a1

�
: erfc

�
d

2$a1
þx�x0

d

�
;

(2)

where a denotes the left-skew amplitude relative to Gaussian, a1
denotes the left-skew slope (0.3e0.2), and erfc denotes the stan-

dard complementary error function (erfcðxÞ ¼ 1� 2ffiffiffi
p

p
Rx
0
e�t2dt).

Right-skew function: The right-skew function is similar to the
left-skew function form at the right side of the Gaussian peak,
where they mirror each other. Fig. 1(c) shows a right-skewed
function with at Gaussian peak. This high-energy peak with a low
peak area can be resolved using the right-skewed function (Equa-
tion (3)). The Gaussian peak appears as an asymmetric shape with
an exponential decrease in the right high-energy side from the
centroid of the Gaussian peak. Similar to the left-skew function, this
skewness function is also important for the deconvolution of
complex regions. In some cases, right-skewness feature appears
because of pile-up effect, particularly it is appearing in short-lived
Fig. 2. Deconvolution of the complex region containing 843.76 keV (27Mg) and 8
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radionuclide and high dead-time counting measurement. These
two functions can be separated using a slope term as mentioned in
the left-skew function. Based on the information given in the peak-
fitting software manuals, this function was included in the recently
developed peak-fitting programs such as HyperLab [17]. However,
it was not considered in the original Hypermet PC code [16]. These
three functions play an important role in the deconvolution of
merged peaks along with the background functions [17]. Another
suitable application of the right-skew function are 85Sr (514.0 keV),
it is right side of the annihilation peak (511.0 keV), and 65Zn
(1115.54 keV).

Right skew function¼j$

ffiffiffiffi
p

p
2

$d$b$e

��
d

2$b1

�2

�x�x0
b1

�
: erfc

�
d

2$b1
� x�x0

d

�
;

(3)

where b denotes the right-skewed amplitude relative to Gaussian,
b1 represents the right-skewed slope (0.3e0.2), and erfc denotes
the standard complementary error function.
3. Experimental details

The samples were pressed into standard geometry pellets (ø 13
and 1 mm thicknesses) using a Whatman® cellulose filter paper to
minimize the correction factors of neutron absorption, scattering,
and gamma-ray attenuation. IRMM-530R Al-0.1%Au alloy foil
(thickness: 0.1 mm) was used as the flux monitor and comparator.
The samples and flux monitors were heat-sealed with poly-
ethylene. Samples were irradiated with approximate thermal and
epithermal neutron flux of 1.1 � 1012 cm�2 s�1 and
3.6 � 1010 cm�2 s�1, respectively, at the TRIGA Mark II nuclear
46.81 keV (56Mn) with HyperGam program (BCR-320R channel sediment).



Fig. 3. Deconvolution of the complex region containing 841.63 keV (152mEu), 843.76 keV (27Mg), and 846.81 keV (56Mn) with HyperLab program (BCR-320R channel sediment).
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reactor, Jo�zef Stefan Institute, Ljubljana, Slovenia, for 30 s for
determination of short-lived radionuclides. After an appropriate
cooling time (<10 min), the samples were transferred to a radio-
active laboratory for offline gamma-raymeasurement using a high-
resolution HPGe detector (45% relative efficiency and 1.8 keV
FWHM at 1332 keV) with <10% dead time. The short-lived radio-
nuclide gamma-ray spectra were obtained at a distance of 20 cm
from the detector and a 300 s time measurement using Maestro
software with the zero dead time (ZDT) counting mode. The ZDT
achieved a good performance for real-time correction in the peak
area up to 30% dead time, including variable dead time during the
short-lived radionuclide measurement [18]. Four different auto-
matic peak-fitting programs, namely, HyperLab ver2014.1 [17],
HyperGam ver1.3 [12,19], GammaVision ver6.01 [20], and
Genie2000 ver3.1 [21] were used to analyze and compare the peak
area of short-lived radionuclides (Mg and Al). The HyperLab peak
report was used for concentration determination using the k0-INAA
method with KayWin® software [10]. More details on the experi-
mental conditions, procedure, and calculations are provided in
previous articles [5,22,23].
4. Results and discussion

4.1. Determination of peak areas using different peak-fitting
software

The deconvolution of the merged peaks in the conventional
gamma-ray spectrum using commercially available software was
performed. All four software programs resolved the merged peak
465
areas along with uncertainties of the 843.76 keV (27Mg) and
846.81 keV (56Mn) gamma-rays except for GammaVision. Gam-
maVision could not identify the 843.76 keV peak and merged it the
846.81 keV peak. Although the 843.76 keV peak area was deter-
mined through collectively peak evaluation process using interac-
tive in viewed area mode instead of peak fitting. Screen shots of the
peak-fitting analysis of the HyperGam and HyperLab programs for
the BCR-320R channel sediment are presented in Figs. 2 and 3,
respectively. As shown in Fig. 2 and 843.76 keV fitted slightly off
with HyperGam to the original fitting because it cannot identify
low-energy peaks at 841.63 keV (152mEu). HyperLab can identify the
third peak at 841.63 keV with a small peak area (Fig. 3) in the
complex region, and this peak is not available in the HyperGam and
Genie2000 programs. Along with complex region peak area anal-
ysis, singlet peak areas at 1014.44 keV (27Mg) and 1778.97 keV (28Al,
half-life 2.24 m) were also determined for the quantification of Mg
and Al. The capability of peak area determination was tested using
statistical parameters, z-score, and percentage (%) deviation with
respect to the reference peak report. In this study, the HyperLab
peak report was considered as the reference spectra and peak areas
that were used for total element concentration determination using
k0-INAA. The % deviation and z-score values were determined using
Equations (4) and (5), respectively.

Dev: ð%Þ¼ xi � xj
xj

$100 % (4)
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z¼ xi � xjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2i þ s2j

q ; (5)

where xi and xj denote the peak areas reported by specific and
reference software (HyperLab), and si and sj represent peak-fitting
errors reported by specific and reference software, respectively.

All selected programs yield the same fitting results of FWHM,
peak position, and peak position uncertainty with ±2% deviation,
except for peak areas. The peak areas reported by the HyperLab and
HyperGam programs are close values than those reported by the
Genie2000 and GammaVision programs. The 1778.97 keV peak
fitting error for infant formula is high because of the low peak area
or low concentration. The % deviation and z-score of the peak area
fitting calculated in HyperGam, Genie2000, and GammaVisionwith
regard to HyperLab are summarized in Table 1. The % deviation and
z-score values of HyperGam arewithin ±10% and�±2, respectively,
which are close to the HyperLab values. The HyperGam and
HyperLab programs were developed based on Hypermet-PC code.
Thus, the peak search functions of these two programs were
similar. Moreover, additional peak-fitting functions, such as the
right-skew function, were included in HyperLab, which are not in
the basic Hypermet-PC and HyperGam [16]. This right-skewed
function is significant for the deconvolution of two or more peaks
in the integrated region. The results from the other two programs,
namely, Genie2000 and GammaVision, were inconsistent with
HyperLab peak characteristics, and most of the peak area results
had more than ±10% deviation and were out of the ±2 z-score
range. In GammaVision, the z-score was not calculated for the
843.76 keV peak because fitting errors were not reported. The four
selected peak fitting programs were arranged according to their
deconvolution capability under the present experimental and
measurement conditions: HyperLab, HyperGam, Genie2000, and
GammaVision.

4.2. Determination of magnesium concentration through k0-based
INAA

The simultaneous determination of Mg using two major
gamma-ray peak areas (843.76 keV and 1014.44 keV) and Al in
different matrix CRM samples was performed through k0-INAA. In
KayWin® software, the weighted mean mass fraction (r) of the
analyte (a) along with the observed (obs) and expected (exp) un-
certainty are calculated using Equations (6)e(8) that provide more
reliable information about the quality of the results [6,10]. In this
software, the counting statistics of peak-fittingwere not considered
because the counting statistics of all peak areas were not reliable in
all cases. A typical analyte mass fraction determination, including
the isotopic interference correction factor calculation using Kay-
Win® software (k0-INAA), is shown in Fig. 4.

ra ¼
Pn

i¼1riwiPn
i¼1wi

; (6)

si;obs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1wiðr� riÞ2
ðn� 1ÞPn

i¼1wi

s
; (7)

si;exp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1ðwisiÞ2	Pn
i¼1wi


2
vuut ; (8)

where wi ¼ 1
s2
i
represents the weighting factor of a particular

gamma-line (i), and ri represents the weighted mean mass fraction



Fig. 4. Calculation of Mg concentration through auto correction of threshold reaction interferences using KayWin® software.
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of a particular gamma-line.
The combined standard uncertainty with a coverage factor at

k ¼ 1 and expanded uncertainty (U) at k ¼ 2 (95% confidence in-
terval) of the final result was calculated using Equations (9) and
(10).

uc;a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2AREA;corr þ u2a;method

q
; (9)

Ua ¼2$uc;a; (10)

where uAREA, corr denotes the uncertainty of the corrected net peak
area, and umethod represents the overall standard uncertainty of the
k0-INAA method (approximately 3.5%) that take into account the
contribution from k0-factors, f, a, Q0, εp, and true coincidence effects
[6,10].

The results, which show the expanded uncertainties with a
coverage factor of k ¼ 2, are summarized in Table 2. The expanded
uncertainty using a gamma-ray energy of 843.76 keV is within ±8%
that is lower than the expanded uncertainty using 1014.44 keV
(±12%). The Mg concentration with 843.76 keV is a more reliable
value with a lower uncertainty than with 1014.44 keV. However,
part of the Mg concentration was contributed by Al because of the
fast neutron nuclear reaction 27Al(n,p)27Mg. Approximately 11% Al
was converted into Mg during sample irradiation in the irradiation
channel (IC-40) of the 250 kW TRIGA Mark II reactor, where all
irradiations were performed. The conversion factor for isotope
interference nuclides depends on the fast neutron flux in the
467
irradiation position and it determined experimentally [24] using an
Al-0.1%Au alloy (IRMM-530R) with approximately 99.9% of Al. The
variation of the neutron flux in the sample irradiation position was
monitored using an Al-0.1%Au alloy and irradiated along with the
sample. Consequently, the determination of the accurate concen-
tration of isotopic interference of Mg through the standard
comparator INAA becomes difficult. This issue can be solved easily
by the k0-INAA method using KayWin® software that which in-
cludes an isotopic correction factor. However, it is possible only the
analyte and interference elements analyzed simultaneously. The
quality of laboratory values is compared with certified values
through En-score that is calculated using Equation (11) [23].

En ¼
Xlab � Xrefffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
lab þ U2

ref

q ; (11)

where Xlab and Xref denote the laboratory and reference values, and
Ulab and Uref represent the expanded uncertainties (k ¼ 2) of the
laboratory and reference values, respectively.

The experimental mass fraction values were consistent with the
certified values, and the % deviations and En-scores were 6% and�1
with satisfactory results, respectively, except for Al in the infant
formula sample. The concentration of Al in infant formula samples
is low (<1 mg/kg) and, may be easily in-homogenized owing to
contamination from the sample wrapping materials. The Mg mass
fraction value was determined by 843.76 keV gamma-rays that
were more consistent with the certified values compared with



Table 2
Results for Mg and Al mass fraction obtained through k0-INAA in different CRMs. Results are given in mg/kg (dry mass basis) with associated expanded uncertainties (k ¼ 2)
along with % deviation and En-score.

Sample Certified value
(Mg)

Mg: 27Mg, Eg(1) Mg: 27Mg, Eg(2) Mg: 27Mg, Eg(1) and Eg(2) Certified value Al: 28Al, Eg(1)

This work % dev. En (Al) % dev. En This work % dev. En This work % dev. En

Urban PMs 8130 ± 120 8436 ± 791 3.76 0.38 8314 ± 1217 2.26 0.15 8415 ± 750 3.51 0.38 34,300 ± 1300 33,966 ± 2433 �0.97 �0.12
Infant formula 582.7 ± 8.1 559 ± 49 �4.00 �0.47 676 ± 84 15.9 1.11 577 ± 92 �1.03 �0.07 0.79 ± 0.28 3.30 ± 0.82 318 2.91
Peach leaves 4320 ± 150 4546

± 326
5.23 0.63 4579 ± 347 5.99 0.68 4557 ± 304 5.49 0.70 248.9 ± 6.5 265 ± 20 6.36 0.77

Channel Sediment NA 6563 ± 862 NC NC 8182 ± 1545 NC NC 6869 ± 965 NC NC NA 32,110 ± 2259 NC NC

NC: not calculated; NA: not available; 27Mg, Eg(1) ¼ 843.76 keV, 27Mg, Eg(2) ¼ 1014.44 keV, 28Al, Eg(1) ¼ 1778.97 keV.
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1044.44 keV gamma-rays owing to the high weighted mean un-
certainty. If the Mg concentration is high (~1%), then we can use
both the gamma-ray peak areas. In contrast, in the case of low Mg
content, using the 843.76 keV gamma peak area determined by
HyperLab or HyperGamwas recommended instead of 1014.44 keV.
However, these findings depend on the intensity of the 846.81 keV
(56Mn) peak next to it. Based on the present observation, the Mg
peak area should bemore than 5%with regard to the strongest peak
at 846.81 keV.

5. Conclusions

In this study, the Mg mass fraction was determined accurately
using 843.76 keV gamma-ray through k0-INAA in different matrix
samples. In nonlinear peak fitting functions, the Gaussian peak,
left-skew, and right-skew functions are important for the decon-
volution of the merged peaks. The four peak-fitting programs,
namely, HyperLab, HyperGam, Genie2000, and GammaVisionwere
used for complex region analysis and compared. The best peak area
fitting program in the selected programs according to this study is
as follows: HyperLab, HyperGam, Genie2000, and GammaVision.
Among the programs, HyperLab and HyperGam exhibited better
fitting characteristics of closely integrated peaks with low re-
siduals. Moreover, the right-skew function included HyperLab
program can extend also in complex cases of 85Sr (514.00 keV) and
65Zn (1115.54 keV), where these gamma lines are affected by the
annihilation gamma-ray (511.0 keV) and 152Eu (1112.08 keV), 46Sc
(1120.54 keV), respectively. The nuclear interference factor caused
by 27Al(n,p)27Mg was considered to affect the total Mg content. The
combination of HyperLab and KayWin® programs for k0-INAA is
recommended for the accurate quantification of elements with
gamma-ray and isotopic interferences.
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