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Abstract

Phosphorous, sodium, and sulphur concentrations in soil mixed with sodium triphosphate, magnesium sulphate, and sodium
chloride were analyzed in neutron activation with 2.5 MeV neutron dc beams using BGO and CeBr; detectors. Also, sulphur
mixed with soil was analyzed using the BGO detector. The Minimum Detectable Concentrations were in the 0.31 +0.09-
0.79 £ 0.24 wt.% range. The MDC of sulphur in magnesium sulphate measured by the BGO detector agrees with the previ-
ously reported value using the CeBr; detector. This study has provided useful data on MDCs of phosphorus, sodium, and
sulphur in composite/compound bulk samples in fast neutron inelastic scattering.

Keywords Sodium triphosphate (STP), MgSO, (MgS) and NaCl samples - BGO and CeBr; detectors - 2.5 MeV neutrons
Portable neutron generator based activation setup - Minimum detectable concentration - Measurements of phosphorus
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Introduction

With advances in nuclear technology, the application of Fast
Neutron Activation is rapidly expanding in diverse areas;
such as health sciences, nuclear engineering, environmental
sciences, mining industries and biosciences [1-3]. Major
advances have been made in the development of portable 14
and 2.5 MeV neutron generators with higher fast neutron
fluxes. Typical examples are high flux neutron generators
from Sodern model Genie 35 and Adelphi technology model
DT110 for14 MeV neutrons [2]. Recently, a new D-D neu-
tron generator has been developed in collaboration with
Adelphi Technology for prompt gamma activation analy-
sis [3]. Prompt gammas can be excited in the nucleus via
thermal neutron capture and fast neutron inelastic scattering
[3, 4]. Particularly, 3 and 14 MeV neutron beams from DD
and DT neutron generators have been used successfully in
prompt gamma elemental analysis in fast neutron inelastic
studies [1-4]. Some of the elements have been analyzed with
3 MeV neutron beams via (n, y), (n, p) and (n, n’y) fast
neutron reactions [5-9]. Recently, Naqvi et al. [7] have used
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2.5 MeV fast neutron beams from a DD neutron generator
to carry out elemental analysis of sulfur in bulk samples.
Nuclear detection and measurement of elemental con-
centrations of elements of interest in soil can be done using
passive methods for radioactive elements using gamma-ray
spectrometry, as reported in the recent work of Kavetsky
et al. [13]. On the other hand, elemental analysis of other
elements (not naturally radioactive) in soil samples can be
achieved using neutron activation analysis. This nuclear
technique complements those based on chemical or other
physical methods and enjoys some advantages when com-
pared to them. These can be summarized in the bulk nature
of the samples, the simple and limited nature of sample
preparation, as well as the nondestructive nature of the
analysis. This is due to the highly penetrating power of the
neutrons as well as the gamma rays resulting from neutron
activation. This results in the possibility of analyzing large
samples with the whole sample volume being interrogated
[14]. These properties make neutron activation analysis very
versatile and suited for the analysis of a large variety of bulk
solid and liquid samples. As very recent pertinent examples
of analysis of bulk solids, we mention the work of Hei et al.
[15] using a neutron inelastic scattering system based on a
DT neutron generator for the analysis of metallic materials,
and the work of Abel and Nie [16] for improving the fast
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neutron inelastic scatter analysis to iron using the associated
particle collimation method.

In a continuation of the previous study [7], more complex
compound bulk samples have been analyzed using neutron
inelastic studies utilizing 2.5 MeV neutron beams from a DD
neutron generator. In this regard, phosphorus and sodium
concentrations have been determined in STP. MgS, NaCl
and S-Soil bulk samples. In the following the present study
along with the results are described.

Experimental

In this study, samples were analyzed to measure Phosphorus,
Sodium and Sulfur concentrations in compound STP, MgS,
NaCl and S-soil (Sulphur-in-soil) samples using a BGO and
a CeBr; detectors. The STP, MgS, NaCl, and S-soil were
prepared by thoroughly mixing the respective elements with
soil. The samples were then filled in cylindrical plastic bot-
tles with 90 mm X 140 mm (diameter x height) dimensions.
The mass of each empty bottle was 58.0 g. The bottles are
made up of PET polymer chain with the chemical formula
(C,0Hg0,),. The total mass of the each sample was fixed at
about 1610 g. Table 1 shows the elemental concentrations
in the samples.

The analyses were carried out after irradiation of empty
and filled sample containers with dc beams of 2.5 MeV neu-
trons produced by 70 keV deuterons with 50 pA beam cur-
rent. The 2.5 MeV neutrons were produced in the exoergic
D(d,n)’He reaction and their intensity from the Genie 16
neutron generator was around 4.7 x 107 n/s. This intensity
was recorded by a built in neutron intensity monitor which
displays it as calculated from the deuterium beam current
of a given energy and deuterium target initial loading. The
neutron intensity is quoted for a nominal energy of 2.5 MeV.
The mid sample position is around 7 cm away from the tar-
get site and, consequently, the fast neutron intensity at the
sample position should be slightly less than 4.7 x 107 n/s.
During the experiment, we only monitor the variation in
neutron flux over the duration of the irradiation. The monitor
reading is recorded in order to perform any needed correc-
tion due to neutron flux fluctuation [7]. Moreover, the energy
spectrum of neutrons produced in the D(d,n)’He reaction

Table 1 Elemental concentrations in the compound samples

Sample Element Element-Conc. (wt.%)
P-STP P 1.4,2.8 and 4.49

Na 3.11, 6.23, and 9.99
MgS Mg 1.89, 3.01 and 4.0

S 2.5,4.0,and 5.3
NaCl Na 6.23,9.99, and 12.46
S-soil S 44,7.1,9.6 and 13.47
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using 0.1 MeV incident deuteron energies has a maximum
energy of 2.85 MeV at 0°, a minimum energy of 2.15 MeV
at 180°, and 2.5 MeV at 90° [20]. Some details about the
Monte Carlo simulation of the transport of neutrons from the
target site to the sample position, generation of gamma-rays
from inelastic neutron scattering with elements in the sample
and their transport to the detector volume can be found in the
prequel to this work as reported in [7].

The prompt gamma-ray data from the contaminated soil
samples were acquired for pre-set times using a Multi-chan-
nel Buffer-based data acquisition system, supplied by EG&G
Ortec-USA, coupled to a PC-based workstation. The Multi-
channel Buffer utilizes the Scinti Vision software from Ortec
for data acquisition and analysis [17]. The data collection
times from the samples were 15-60 min. The dead-time of
the pc-based data acquisition system was typically less than
1%. For peak identification, the gamma ray spectra were
calibrated using a Bi-207 gamma ray calibration source with
570, 1024 and 1772 keV mono energetic gamma rays.

During exposure to 2.5 MeV neutrons, the detectors emit
prompt gamma rays due to neutron inelastic scattering and
thermal neutron capture in the detector materials. The BGO
detector background mainly consists of Bi, Ge and O ele-
ments prompt capture gamma rays with peaks at 575, 595,
852, 868, 1204, 1636 and 1641 keV from Ge due to neutron
absorption resulting from multiple scattering of 2.5 MeV
neutrons in the detector material. Similarly, for the CeBr;
detector, the detector background spectrum shows gamma
rays from Ce, Br-79 and Br-81 in the detector material
with energies of 219, 275, 542, 569, 648, 824, 846, 972,
1133 keV from bromine and 1347 keV gamma rays from
cerium.

Prompt gamma analysis of STP and NaCl
samples using BGO and CeBr; detectors

In this part of the study the gamma ray spectra from STP and
NaCl samples were analyzed using 76 mm X 76 mm (diam-
eter x height) BGO as well as CeBr; detectors. These detec-
tors are manufactured by Scionix Holland company with
decay times of 300 ns and 19 ns as well as energy resolutions
of 11.0% and 4.0% at 662 keV of Cs-137, respectively. The
STP samples contained 1.4, 2.8 and 4.49 wt. % P and 3.11,
6.23 and 9.99 wt.% Na while the NaCl samples contained
6.23,9.99, and 12.46 wt. % Na (Fig. 1).

A, bshow the gamma ray spectra from STP samples
superimposed upon the background spectrum over 0-2.20
and 1.1-2.64 MeV energy range, respectively. The Na peak
at 438 keV is quite prominent in Fig. 2a while Fig. 2b shows
a prominent peak of P at 2230 ke V.

Figure 3a, b show the prompt gamma ray spectra over
0-0.93 and 1.61-2.73 MeV range, respectively, from STP
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Fig.1 Schematic diagram of 2.5 MeV Neutron -based PGNAA Setup
built around a Genie-16 portable neutron generator
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Fig.2 a Prompt gamma-rays pulse height spectra of STP sam-
ples over 0-2.20 MeV containing 3.11, 6.23 and 9.99 wt.% sodium
along with background spectrum taken with BGO detector. b
Prompt gamma-rays pulse height spectra of STP samples over 1.41—
2.64 MeV containing 1.4, 2.8 and 4.49 wt.% phosphorus along with
background spectrum taken with BGO detector

samples superimposed upon the background spectrum using
the CeBr; detector keeping the same beam parameters as
with the BGO detector. The spectra show the 438 keV
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Fig.3 a Prompt gamma ray spectra of STP samples superimposed
upon background spectrum over 0-0.93 MeV energy range taken
with CeBr; detector. b Prompt gamma ray spectra of STP samples
superimposed upon background spectrum over 1.61-2.84 MeV
energy range taken with CeBr; detector

sodium and 2230 keV phosphorus peaks along with the
1780 keV silicon peak along with the CeBr; detector back-
ground peaks.

Finally, NaCl samples containing 6.23, 9.99, and 12.46
wt.% sodium concentrations mixed with soil were analyzed
using the BGO and CeBr; detectors keeping the same beam
parameters as used in the analysis of STP samples. Figure 4a,
b show gamma-rays pulse height spectra of NaCl samples
containing 6.23, 9.99, and 12.46 wt.% sodium superimposed
upon the background spectrum from the BGO detector and
the CeBr; detector, respectively.

The integrated yields of P and Na peaks in STP and NaCl
samples were calculated by integrating the counts under each
peak with respect to a window of 3—15 channels wide cen-
tered around the peak channel location. The integrated yield
from each spectrum was normalized to the same neutron flux
and data acquisition time using the beam current monitor of
the neutron generator. The least square fit of the normalized
total net counts as a function of element concentration in wt.
% for each peak was then used to obtain the slope (counts/
wt. % element) and the intercept (background counts) for
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Fig.4 a Prompt gamma-rays pulse height spectrum of NaCl sample
containing 6.23, 9.99, and 12.46 wt% sodium superimposed upon
background spectrum using BGO detector. b Prompt pulse height
spectra of NaCl samples contain 6.23, 9.99, and 12.46 wt% sodium
concentration superimposed upon background spectrum taken with
CeBr; detector

MDC and 6ypc Egs. (1) and (2). The slopes of the calibra-
tion curves in Fig. 5a, b, as well as Fig. 7, and the statisti-
cal uncertainties on them were calculated from the error-
weighted averages of the normalized total net counts and
the statistical uncertainties on them [18]. The window width
was optimized to obtain the optimum value of MDC + 6yp .
Figure 5a shows the prompt gamma ray yield of the P peak
as a function of phosphate concentration in STP samples for
the BGO and CeBr; detectors after background subtraction.
For the BGO detector, the P concentration curve has a slope
of 5586 counts/wt. % P concentration while for the CeBr;
detector the slope of P concentration is 1188 counts/wt. %
P concentration, which is clearly smaller than that for the
BGO detector.

Figure 5b shows the prompt gamma ray yield of the
sodium peak as a function of Na concentration in STP and
NaCl samples taken with the BGO and the CeBr; detectors.
For the BGO detector, the slope of Na peak for STP samples
is 6429 counts/wt. % Na, while for NaCl samples the slope
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Fig.5 a Prompt gamma ray yield as a function of P concentration
in STP samples taken with the BGO and CeBr; detectors. b Prompt
gamma ray yield as a function of Na concentration in STP and NaCl
samples taken with the BGO and the CeBr; detectors

is 9707 counts/wt. % Na. For the CeBr; detector, the slope
for the Na peak is 2578 counts/wt. % Na.

Prompt gamma analysis of MgS and S-soil
samples

In the second part of the study, MgS as well as S- soil samples
have been analyzed through 2.5 MeV fast neutron activation
using the same BGO detector as used for STP samples and the
same neutron beam parameters as used with STP and NaCl
samples. Prompt Gamma Ray analysis of MgS samples with
1.89,3.01 and 4.0 wt.% Mg and 2.5, 4.0 and 5.3 wt.% S were
analyzed along with S- soil samples containing 4.4, 7.1, 9.6
and 13.47 wt.% of Sulphur. Figure 6a shows the spectrum for
a MgS sample containing 5.3 wt.% sulfur over 0—2.88 MeV
energy range superimposed upon a soil sample background
taken with the BGO detector. The Figure also shows the
1780 keV Si peak along with the 2240 keV S peak as well
as the 1450 keV peak due to inelastic scattering from lead
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Fig.6 a Prompt gamma rays pulse height spectrum of MgSO4 with
5.3 wt.% S superimposed upon soil background over 0-2.88 MeV
taken with the BGO detector. b Prompt gamma rays pulse height
spectrum of S-soil with 13.46 wt. % S superimposed upon soil back-
ground over 0-2.54 MeV taken with the BGO detector
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Fig. 7 Sulfur Prompt gamma ray yield as a function of sulfur concen-
tration in MgS and S-soil samples using the BGO detector along with
previously published data with a CeBr; detector for S-soil samples

blocks in the shielding. Due to the low concentration of Mg in
the MgS sample, 582 keV gamma rays from Mg could not be
detected by the BGO detector and are not visible in Fig. 6a.
Therefore, in the remaining part of the study we concentrated
only on S detection in the MgS samples. Figure 6b shows the
S-soil sample spectrum over 0—2.54 MeV energy range con-
taining 13.46 wt.% S superimposed upon the soil background
spectrum.

As in the case of STP and NaCl samples, integrated yields
of S peaks in MgS and S-soil samples were calculated by inte-
grating the counts under each peak with respect to a window of
3-15 channels wide centered around the peak channel location
for the BGO detector. The integrated yield from each spectrum
was normalized to the same neutron flux and data acquisition
time using the beam current monitor of the neutron generator.
As was done with P and Na, the least square fit of normalized
total net counts as a function of element concentration in wt.
% for each peak was used to obtain the slope (counts/wt. %
element) and the intercept (background counts) for MDC and
ompc calculations [18]. The window width was optimized to
obtain the optimum value of MDC + oyp . Figure 7 shows
the prompt gamma ray yield of S peak as a function of sulfur
concentration in MgS and S-soil samples for the BGO detec-
tor after background subtraction. For the MgS samples, the
S concentration curve has a slope of 4070 gamma rays per
wt. %, while that from S-soil samples is 2116 per wt. %. For
the CeBr; detector, the previously reported slope from S-soil
samples is 1150 per wt. %.

MDC calculations of P, Na and S in STP, Mgs,
NaCl and S-soil samples using the CeBr;
and BGO detectors

The minimum detectable concentrations (MDC) of P, Na and
S in STP, NaCl, MgS and S-soil samples were determined for
the KFUPM PGNAA setup used in this study. The MDC for
a peak with net counts P, element's concentration C (wt.%)
and associated background counts B (under the peak) can be
approximated using the equation [7, 10]

MDC=4.653(%)\/E 1)
where C/P: concentration (wt.%)/counts is the inverse of the
slope of the concentration curve, i.e. the calibration constant
of the setup for a specific gamma ray peak. The corresponding
uncertainty.
Oupc 1s given by:

Smpc = <£>\/E 2

P

Table 2 shows the MDC + 6y values for P, Na and S in
STP, NaCl, MgS and S-soil samples.
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Table 2 MDC + 6y [Wt.%] of

P, Na, and S in STP, NaCl. Me$ Sample Element Present Study Nagqvi[7] Jiggins[5]
and S-soil samples MDC +6ypc
BGO CeBr;
P-STP P 0.37+0.11 0.55+0.17 0.87
Na-STP Na 0.31+0.09 0.79+0.24
Na-NaCl Na 0.35+0.11 0.73+0.22
S-MgSO4 S 0.56+£0.17
S-Soil S 0.68+0.21 0.68+0.21
For P determination in compound STP samples, while ~ Conclusion

the MDC value of 0.55 +0.17 wt.% for the CeBr; detector
is consistent with the value of 0.87 wt.% quoted, without
uncertainties, by ref. [5], the MDC value of 0.37 +0.11
wt.% using the BGO detector is probably better than the
one of Jiggins and Habbani [5]. One reason might be that
their neutron yield is about a factor of two less than ours,
and their distance from the neutron target to sample posi-
tion is 51.5 cm [19] while ours was about 7 cm, resulting
in a lower fast neutron flux at the sample position in their
case. Another reason might be the smaller size of their
samples compared to ours [19]. The MDC =+ 6yp value
of P in STP samples for the BGO and CeBr; detectors
could be considered consistent with each other, within
their experimental uncertainties. However, due to its
higher light output, the BGO detector achieves smaller
uncertainties in MDC as compared to the CeBr; detector.

For Na determination in compound STP and NaCl
samples using the CeBr; detector, the MDC + 6y are
0.79+0.24 wt.% and 0.73 +0.22 wt.%, respectively.
These two MDC values agree with each other. For the
BGO detector, the MDC =+ 6);pc of Na in STP and NaCl
samples are 0.31 +0.09 wt.% and 0.35+0.11 wt. %,
respectively. The MDC values for the Na peak from the
BGO detector agree with each other, but are measurably
smaller and have smaller uncertainties as compared to
those from the CeBr; detector because the BGO detector
has a higher light output.

For S determination in compound MgS and S-soil
samples, the MDC + oypc for the BGO detector are
0.56+0.17 wt.% and 0.68 +£0.21 wt.%, respectively, in
good agreement with each other. Moreover, the MDC
value of 0.68 £0.21 wt.% for the BGO detector from
this study is in total agreement with the MDC value
0.68 +0.21 wt.% reported earlier for the CeBr; detector
[7].

The MDC values for the higher efficiency BGO
detectors tend to follow the trend for the inverse of the
NIS cross sections for P Na and S, i.e. oypg.p =350 mb;
Onis-Na = 321 mb; oyg.g=175 mb; [11, 12].
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Concentrations of P, Na and S in STP, MgS and NaCl sam-
ples were determined in neutron activation with 2.5 MeV
dc neutron beams using BGO and CeBr; detectors. Also,
S-soil samples were analyzed for S using the BGO detector.
For STP samples, the minimum detectable concentration
(MDC +0,,p¢) of P has been calculated to be 0.37+0.11
wt.% and 0.55+0.17 wt. % for the BGO and CeBr; detec-
tors, respectively, whereas the MDC values of Na in STP
samples were 0.31+0.09 and 0.79 +0.24 wt.% for the BGO
and CeBr; detectors, respectively. For NaCl samples, the
MDC values for Na were 0.35+0.11 and 0.73 +0.22 wt. %
for the BGO and CeBr; detectors, respectively. The MDC
values of S in MgS and S-soil samples were 0.56 +0.17
wt. % and 0.68 +0.21 wt.%, respectively, using the BGO
detector. The MDC value of S in MgS samples measured
by a BGO detector is in total agreement with the previously
reported MDC value of 0.68 +0.21 wt. % for a CeBr, detec-
tor [7]. This study has provided useful data on MDC values
of P, Na, and S in composite/compound bulk samples in fast
neutron NIS scattering.
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