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The materials characterization based on gamma measurements is one of the main features for
verifying the radioactive materials for safeguards purposes. This work focuses on the optimi-
zation approach in order to find solutions that include some influence parameters, which
should be taken into consideration during measurements. The considered samples in our
work are certified reference nuclear materials of chemical composition (U;Og) with different
enrichment ratios ranging from 0.31 wt.% to 4.46 wt.%. The gamma spectrometer based on
a planar high-purity germanium detector of high-resolution was used in the current study.
The study of various setups was experimentally carried out for different cans at different posi-
tions for different energy lines. The verified parameters influencing the characterization of
the measured samples have been estimated. This approach for the measurement setup of the
measured gamma spectra has been successfully explored to be very affected by different pa-
rameters such as the source to detector position and the various enrichment ratios. Conse-
quently, the verified and characterized samples could be estimated based on this optimization
approach.
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INTRODUCTION

Estimating uranium enrichment is a crucial as-
pect of radioactive measurements. Furthermore, it is
thought to be a crucial component of safeguards du-
ties for checking nuclear materials and ensuring that
they are controlled for peaceful nuclear operations.

The necessary methods for safeguards purposes
should not affect the concentrations of nuclear materials;
for example, non-destructive analysis (NDA) can be car-
ried out using detection techniques that rely on
gamma-ray spectrometry to characterize and measure
the nuclear materials could be used [1, 2]. The uranium
enrichment meter mode is the oldest and most widely
used of these several techniques. The proportionality link
between the number of counts per specific time at the
185.7 keV energy line from 2*°U decay and enrichment
between an unknown estimated sample and a calibration
standard is used to suggest this mode. Additionally, it re-
quires a single calibration test using a standard of known
enrichment and thickness of the container wall [3]. The
predicted sample differences in thickness of the con-
tainer wall and geometric shape make it difficult to meet
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all the necessary calibration requirements in the mea-
surement field. Additional self-calibration-based
techniques have been proposed to get rid of/resolve these
issues. A relationship is established between the intensity
ratios of the self-fluorescence X-ray situated within the
UXKa spectral region and the 23U enrichment ratios of
the known standard through self-calibrating analysis
based on the calibration curve. To assess >*3U enrich-
ment, one can use intensity ratios such as 94.6 keV and
98.4 keV peaks produced by the 2! Th decay product of
235U in the UXK o spectral area to 92.6 keV gamma-rays
from the 2**Th decay product of 28U. Due to the energy
of gamma lines being so close together, this analysis does
not require calibration [3-5]. The X-ray and gamma-ray
spectrometry techniques have been developed for mea-
suring the uranium enrichment ratio based on the previ-
ously mentioned analysis. In particular, the simplicity of
self-calibrating measurements of radioactively assessed
samples containing uranium was demonstrated by the
multi-group gamma-ray analysis for uranium (MGAU)
[6-9]. Additionally, when a suitable detection system of
high resolution is used, this computerized tool has the po-
tential to produce fast assay and accurate results, espe-
cially in nuclear safeguards inspections at nuclear facili-
ties. Results for measured depleted and highly enriched
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samples are thought to be provided by the MGAU ap-
proach within a relative variance of up to 2 %, as studied
[3, 8]. Its measuring limitations include requiring the as-
sessed sample to be no thicker than 6 mm and ensuring
that the yields of the uranium isotopes balance with each
other, even if it offers a fast and satisfactory performance.
Additionally, in order to use its enrichment meter ap-
proach, a high-resolution detection system that has been
previously calibrated using standard nuclear materials
with known enrichments and similar geometries to the
estimated items is required [9]. Even for long measuring
times, this technique may not detect or produce high er-
rors for natural and depleted uranium as well as samples
with low uranium quantities. If so, it is possible that this
method is not entirely appropriate or trustworthy to use
for enrichment computations [10, 11]. Therefore, it is im-
portant to look for different strategies or methods to get
beyond these restrictions in order to improve perfor-
mance and outcomes. The Monte Carlo simulation using
the MCNP code is one of these substitute methods [12].
In general, it is a useful tool for modeling intricate geom-
etries and NDA devices [13-16]. Furthermore, it can pro-
vide the necessary cross-sectional data for computations
involving the transit of electrons, neutrons, and photons
[17]. As a result, the MCNP code is an appropriate tool
for achieving calibration and accurately assessing the de-
tecting system's full energy peak efficiency (FEPE)
[18-20]. The MCNP code is appropriate for nuclear safe-
guards activities involving uranium metal samples based
on the findings of FEPE, and its findings are consistent
with the measurement [21]. It can be used to investigate
how various parameters affect the measurements; such
as the size of the detector, the source-detector (S-D) posi-
tion, the thickness of the shielded container, the net area
under the gamma peak, the amount of uranium in the
sample, efc. [22-26].

The current study investigates the factors and
parameters influencing the characteristics of the mea-
sured gamma spectra based on experimental measure-
ments of some standard reference materials of differ-
ent enrichments and sizes. It was concluded that the
considered influencing parameters can affect the char-
acteristics of the measured gamma spectra.

Egypt and the IAEA have a safeguardss agreement
that applies to all certified reference samples that are used.

EXPERIMENTAL SETUP
AND TECHNIQUES

Utilized materials

A set of certified reference materials (CRM) of ura-
nium oxide (U;Oy) consist of five samples of depleted,
natural and low enriched uranium of different abundance
ratios, ranging from 0.31 wt.% to 4.46 wt.% have been uti-
lized for the measurements. Each sample has a distinct en-
richment ratio while having a cylindrical shape. In the cur-
rent study, the samples were organized according to their

ID numbers, CRM1, CRM2, CRM3, CRM4, and CRMS5.
The samples were packed in an aluminum cylindrical con-
tainer with an internal diameter of 70 mm and an exterior
diameter of 80 mm, as well as a height of 89.9 mm. Addi-
tionally; all samples have an nuclear materials filling
height of (20.8 £ 0.5) mm, with the exception of the
CRMS of abundance 4.46 wt.%, which has a height of
(15.8 £ 0.5) mm. There are 200.10 g of U;O04 powder in
each sample. The samples that were used are disclosed in
compliance with Egypt and the TAEA's safeguardss
Agreement.

Experimental configuration
and system set-up

In the current work, an high-purity germanium
(HPGe) detector, based on a planar crystal of model
GLO515R (Canberra manufacture) was used. Energy
resolution of 0.540 keV was measured at 122 keV (*’Co).
Additionally, a liquid nitrogen (5L) cooling system and
cryostat (model 7905 SL-5) are integrated with the detec-
tor. In order to store events according to a single parame-
ter (pulse height), the gamma spectrometer utilized in
this experiment is coupled with traditional electronic
components to create a portable Inspector multi-channel
pulse-height analyzer (MCA). The energy window was
set to 8 k channels and the detector was set to a high volt-
age (-2500 V). Genie 2000 (GAA) and MGAU software
are included with the Canberra system to help with spec-
trum acquisition and data analysis for the purpose of de-
termining >*>U enrichment. As shown in fig. 1, the sam-
ples were positioned axially with respect to the detector
crystal and were measured under various conditions.

In order to get a sufficient count rate with accept-
able counting statistics, the experiment was conducted
three times, with each run lasting between 1800 seconds
and 7200 seconds between measurements. In order to
obtain high-quality spectra of valuable shapes, the mea-
suring position of all objects that were analyzed was cho-
sen to ensure accurate count rates at the conspicuous
high-intensity gamma energy of 185.7 keV. In addition,
the dead time was maintained below 1 % in order to re-
duce the impact of genuine coincidences. Additionally,
by adjusting the sample to the detector window distance
as much as feasible, the measurements were performed
as close to the ideal conditions as possible. Additionally,
as shown in fig. 2, a broad range of energy calibration has
been used to obtain acceptable uranium spectra.

RESULTS AND DISCUSSION

The results of the uranium enrichment
measurements of the standard reference
materials

As illustrated in tab. 1, for the estimated certified
reference materials, we can notice that the results from
uranium samples based on the MGAU method for the
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Figure 2. Gamma spectra of U;Og oxide samples with
various enrichment 0.31 wt.%, 0.71 wt.%, and 4.46 wt.%
in the energy region of 0-400 keV

samples CRM1, CRM2, and CRM3 are relatively far
from the certified values. Thus, the MGAU results are
not in agreement with the certified reference values.
Moreover, MGAU enrichment analysis is accompa-
nied with a relative high uncertainty of 6.85 %, 5.76 %,
and 4.22 %, for the depleted (0.31 wt.%), natural (0.71
wt.%) and low enriched samples (1.94 wt.%), respec-
tively. These uncertainties can be explained so that the
uranium bearing samples containing a low amount of
uranium result in non-sufficient detected photons and
so low-quality gamma spectra of poor statistics. More-
over, the MGAU's algorithms analysis is a function of
the detector resolution, in which the MGAU required a
certain detector with a relatively high resolution. In
addition to the abovementioned, the self-attenuation
of the estimated samples and the attenuation due to the

n

23 cm

!

Ge crystal
from inside

container wall of the sample can also influence the re-
sults of the MGAU analysis.

On the other hand, for the certified samples CRM4
and CRMS of relatively high uranium enrichment, the
MGAU analysis gives reasonably acceptable results
within the associated relative uncertainty. Furthermore, it
is very obvious that the natural sample CRM2 of enrich-
ment 0.71 wt.% has the maximum relative bias 0of 9.85 %
in comparison to the low enriched sample CRM3 of en-
richment 1.94 wt.%. We can justify/explain the high rela-
tive bias of the results of Uranium enrichment that the
MGAU's analysis is based on the 23°U amount/isotopic
ratio, in which the build-up of the decay products begins
to interfere with the analysis. Also, it is shown that the
MGAU analysis is a function also of the sample concen-
tration, in which for samples containing a large uranium
amount, the associated result uncertainties tend to reduce
and be close to the certified values. So, the associated un-
certainties of the MGAU analysis for enriched samples
CRM4 and CRM5 have been decreased to be 3.96 % and
2.24 % respectively.

The parameters influencing the
measured gamma spectra

Sample to detector position affecting
the full energy peak efficiency

An obtained correlation between the counted
gamma photons and the S-D position as one of the pa-
rameters affecting the measured gamma spectra is il-
lustrated in figs. 3-5. It is clear that the FEPE is attenu-
ated and has high values at the near distances and low

Table 1. The measured **U enrichment, and the recorded count rate of the HPGe-detector

Sample | Filling height [mm] | Mass of *°U [g] E, [wt. %] enrichment Relative uncertainty [%] ' | Relative bias [%]>
CRMI1 20.800 + 0.5 0.526 0.321 £0.022 6.853 —3.426
CRM2 20.800 + 0.5 1.205 0.780 £ 0.045 5.769 -9.859
CRM3 20.800+ 0.5 3.292 2.084 + 0.088 4.222 —7.422
CRM4 20.800+ 0.5 5.006 2.925+0.116 3.965 0.847
CRM5 15.800 £ 0.5 7.567 4.587 £0.103 2.245 —2.847

'Relative uncertainty = (the error of the measured value / the measured value)x100

“Relative bias = [(declared value- measured value)/declared]x100
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Figure 3. Full energy peak efficiency of the measured
CRM1 of 0.31% at a different S-D position and different
energy lines
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Figure 4. Full energy peak efficiency of the measured
CRM2 of 0.71 % at a different S-D position
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Figure 5. Full energy peak efficiency of the measured
CRMS of 4.46 % at a different S-D position

values for the far distances, so the FEPE has an inverse
relation with the S-D distance as it is an important pa-
rameter that affects the results from uranium samples
of the MGAU analysis as depicted in fig. 6.

Figure 6. Relation of the enrichment at a different S-D
position for different samples

While the following equation defines FEPE as
the ratio of the number of recorded or counted photons
that reach the detector to the number of photons emit-
ted by the source C

e=—"L (1)

A gamma-ray beam of emitted photons £, will
attenuate and record at the detector as counted photons
C,, which can be determined using Beer-Lambert's
law, when it passes through an S-D position, x, and lin-
ear attenuation coefficient, 1. Thus, the correlation be-
tween the S-D position and the linear attenuation coef-
ficient of photons in gamma rays is

C,=E,e™ )

Using eq. (1) in eq. (2), a coefficient can be ac-
quired as indicated in eq. (3), in which the efficiency
has an inverse relation with the attenuation coefficient

g=e 3)

Sample to detector position at
different energies influencing the
gamma counts

One of the crucial factors affecting the recorded
gamma spectra is also shown in figs. 7-9, where it is
shown that, for the confirmed certified reference mate-
rial samples, the total number of counts is an inverse
function of the S-D position. Moreover, it is also the
enrichment's inverse function. Thus, there may be a re-
lationship between the S-D position and uranium en-
richment. An increase in the number of photons re-
leased means that there is a greater chance of counting
the photons that interact in the detector's active vol-
ume, which produces sufficient count rates quickly
enough for the analysis of gamma spectra. As illus-
trated in figs. 7-9, ordering of count rates for an energy
peak of 1001 keV from 23®U is changed as the activity
concentration of 23U increases for more and more en-
riched samples while the 238U activity concentration
remains unchanged. Therefore, under ideal circum-
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Figure 8. Relation of the count rate of the measured
CRM2 0f 0.71 % at a different S-D distance and different
energy lines
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Figure 9. Relation of the count rate of the measured
CRMS 0f4.46 % at a different S-D distance and different
energy lines

surement results based on different positions for
different can samples of different enrichment have
shown that the investigated parameters can influence
the verified samples. The study was experimentally
carried out for different setup positions varying from
14 cm to 35 cm at different gamma energy lines. The
performance of this approach has been successfully
introduced, in which parameters influencing the mea-
sured gamma spectra, i.e., S-D position and enrich-
ment ratios have been estimated. Thus, the verified
and characterized samples may be accurately esti-
mated based on this suggested approach.
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Xamug A. E. TABA]I, Moxamen X. XA3A, Camex E. IIABAH

OIITUMU3ALIMOHU TIPUCTYII TAMA CIIEKTPOMETPUNIJCKUM MEPEBLUMA 3A
NPEIN3HY KAPAKTEPU3ALINIY PAIMOAKTUBHUX MATEPUJAJIA

Kapaxkrepusanuja MmaTepujana 3acCHOBaHa Ha raMa MepehiMa jelaH je Off IJIaBHUX NOCTyIaKa 3a
BepuUKaLUjy paJuOaKTUBHUX MaTepHjana y cBpxe 3amrTute. OBaj pag ¢okycupa ce Ha MNPUCTYI
ONTUMH3ALU]U TPEITIOKEH Y INJbY MPOHAJIaXKeha pelliekha KOja YKIbYUyjy YTHIajHe TapaMeTpe Koje Tpeda
y3eTH y 003up TOKOM Mepewa. Pa3maTpanu ys3opuu cy cepTuukoBaHM pe(epeHTHU HYyKJIeapHU
Mmatepujann xemujckor cacrasa (U;Og) ca pasnuuntimM ogHOcMMa o6orahmBama y pactiony ot 0,31 wt. % o
4,46 wt.%. Y pany je kopuitheH rama cieKTpoMeTap 3aCHOBaH Ha IJIAaHAPHOM JIETEKTOpPY TepMaHujyMa
BHCOKE 4YHCTOhe m BHCOKe pe3onyiuje. ExcnepuMeHTanHO je CIpPOBEAEHO NMPOYyYaBamke Pa3IUIATUX
JIUMEHKH Ha pa3sHUM IO3MLHjaMa, 3a pas3jIMuuTe eHepreTcke nuHuje. ITpounemenu cy BepuukoBaHU
napaMeTpH KOju yTHUUy Ha KapakTepu3alujy MepeHHuX y3opaka. IIpucTyn ca mopeliaBameM Mepema
U3MEPEHNX T'aMa ClieKTapa YCIElIHO je UCTPaXeH U YCTAHOBJbEH je YTHUIA] pa3uyuTH apaMeTapa, Kao
ILITO Cy MOJI0KAaj U3BOpa U IETEKTOpa U pa3IMInuTH ofHOCcH o0orahuBama. CXOHO TOMe, Bepu(PUKOBaHU 1
OKapaKTEepPUCAHU Y30pLU MOTY CE IPOLIEHUTH Ha OCHOBY OBOT IIPUCTYIAa ONTUMU3ALUjH.

Kwyune peuu: zZama ciexiiap, ob6ozakere ypanujyma, HPGe Oeitiexitiop, 6p3una 6pojarsa




