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The nec es sary meth ods for safe guards pur poses

should not af fect the con cen tra tions of nu clear ma te ri als;
for ex am ple, non-de struc tive anal y sis (NDA) can be car -
ried out us ing de tec tion tech niques that rely on
gamma-ray spec trom e try to char ac ter ize and mea sure
the nu clear ma te ri als could be used [1, 2]. The ura nium
en rich ment me ter mode is the old est and most widely
used of these sev eral tech niques. The pro por tion al ity link 
be tween the num ber of counts per spe cific time at the
185.7 keV en ergy line from 235U de cay and en rich ment
be tween an un known es ti mated sam ple and a cal i bra tion
stan dard is used to sug gest this mode. Ad di tion ally, it re -
quires a sin gle cal i bra tion test us ing a stan dard of known
en rich ment and thick ness of the con tainer wall [3]. The
pre dicted sam ple dif fer ences in thick ness of the con -
tainer wall and geo met ric shape make it dif fi cult to meet

all the nec es sary cal i bra tion re quire ments in the mea -
sure ment field. Ad di tional self-cal i bra tion-based
tech niques have been pro posed to get rid of/re solve these 
is sues. A re la tion ship is es tab lished be tween the in ten sity 
ra tios of the self-flu o res cence X-ray sit u ated within the
UXKa spec tral re gion and the 235U en rich ment ra tios of
the known stan dard through self-cal i brat ing anal y sis
based on the cal i bra tion curve. To as sess 235U en rich -
ment, one can use in ten sity ra tios such as 94.6 keV and
98.4 keV peaks pro duced by the 231Th de cay prod uct of
235U in the UXKa spec tral area to 92.6 keV gamma-rays
from the 234Th de cay prod uct of 238U. Due to the en ergy
of gamma lines be ing so close to gether, this anal y sis does 
not re quire cal i bra tion [3-5]. The X-ray and gamma-ray
spec trom e try tech niques have been de vel oped for mea -
sur ing the ura nium en rich ment ra tio based on the pre vi -
ously men tioned anal y sis. In par tic u lar, the sim plic ity of
self-cal i brat ing mea sure ments of ra dio ac tively as sessed
sam ples con tain ing ura nium was dem on strated by the
multi-group gamma-ray anal y sis for ura nium (MGAU)
[6-9]. Ad di tion ally, when a suit able de tec tion sys tem of
high res o lu tion is used, this com put er ized tool has the po -
ten tial to pro duce fast as say and ac cu rate re sults, es pe -
cially in nu clear safe guards in spec tions at nu clear fa cil i -
ties. Re sults for mea sured de pleted and highly en riched
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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 (U3O8) 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.

 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.



sam ples are thought to be pro vided by the MGAU ap -
proach within a rel a tive vari ance of up to 2 %, as stud ied
[3, 8]. Its mea sur ing lim i ta tions in clude re quir ing the as -
sessed sam ple to be no thicker than 6 mm and en sur ing
that the yields of the ura nium iso topes bal ance with each
other, even if it of fers a fast and sat is fac tory per for mance. 
Ad di tion ally, in or der to use its en rich ment me ter ap -
proach, a high-res o lu tion de tec tion sys tem that has been
pre vi ously cal i brated us ing stan dard nu clear ma te ri als
with known en rich ments and sim i lar ge om e tries to the
es ti mated items is re quired [9]. Even for long mea sur ing
times, this tech nique may not de tect or pro duce high er -
rors for nat u ral and de pleted ura nium as well as sam ples
with low ura nium quan ti ties. If so, it is pos si ble that this
method is not en tirely ap pro pri ate or trust wor thy to use
for en rich ment com pu ta tions [10, 11]. There fore, it is im -
por tant to look for dif fer ent strat e gies or meth ods to get
be yond these re stric tions in or der to im prove per for -
mance and out comes. The Monte Carlo sim u la tion us ing
the MCNP code is one of these sub sti tute meth ods [12].
In gen eral, it is a use ful tool for mod el ing in tri cate ge om -
e tries and NDA de vices [13-16]. Fur ther more, it can pro -
vide the nec es sary cross-sec tional data for com pu ta tions
in volv ing the tran sit of elec trons, neu trons, and pho tons
[17]. As a re sult, the MCNP code is an ap pro pri ate tool
for achiev ing cal i bra tion and ac cu rately as sess ing the de -
tect ing sys tem's full en ergy peak ef fi ciency (FEPE)
[18-20]. The MCNP code is ap pro pri ate for nu clear safe -
guards ac tiv i ties in volv ing ura nium metal sam ples based
on the find ings of FEPE, and its find ings are con sis tent
with the mea sure ment [21]. It can be used to in ves ti gate
how var i ous pa ram e ters af fect the mea sure ments; such
as the size of the de tec tor, the source-de tec tor (S-D) po si -
tion, the thick ness of the shielded con tainer, the net area
un der the gamma peak, the amount of ura nium in the
sam ple, etc. [22-26].

The cur rent study in ves ti gates the fac tors and
pa ram e ters in flu enc ing the char ac ter is tics of the mea -
sured gamma spec tra based on ex per i men tal mea sure -
ments of some stan dard ref er ence ma te ri als of dif fer -
ent en rich ments and sizes. It was con cluded that the
con sid ered in flu enc ing pa ram e ters can af fect the char -
ac ter is tics of the mea sured gamma spec tra.

Egypt and the IAEA have a safeguardss agree ment
that ap plies to all cer ti fied ref er ence sam ples that are used.

EX PER I MEN TAL SETUP
AND TECH NIQUES

Uti lized ma te ri als

A set of cer ti fied ref er ence ma te ri als (CRM) of ura -
nium ox ide (U3O8) con sist of five sam ples of de pleted,
nat u ral and low en riched ura nium of dif fer ent abun dance
ra tios, rang ing from 0.31 wt.% to 4.46 wt.% have been uti -
lized for the mea sure ments. Each sam ple has a dis tinct en -
rich ment ra tio while hav ing a cy lin dri cal shape. In the cur -
rent study, the sam ples were or ga nized ac cord ing to their

ID num bers, CRM1, CRM2, CRM3, CRM4, and CRM5.
The sam ples were packed in an alu mi num cy lin dri cal con -
tainer with an in ter nal di am e ter of 70 mm and an ex te rior
di am e ter of 80 mm, as well as a height of 89.9 mm. Ad di -
tion ally; all sam ples have an nu clear ma te ri als fill ing
height of (20.8 ± 0.5) mm, with the ex cep tion of the
CRM5 of abun dance 4.46 wt.%, which has a height of
(15.8 ± 0.5) mm. There are 200.10 g of U3O8 pow der in
each sam ple. The sam ples that were used are dis closed in
com pli ance with Egypt and the IAEA's safeguardss
Agree ment.

Ex per i men tal con fig u ra tion
and sys tem set-up 

In the cur rent work, an high-pu rity ger ma nium
(HPGe) de tec tor, based on a pla nar crys tal of model
GL0515R (Can berra man u fac ture) was used. En ergy
res o lu tion of 0.540 keV was mea sured at 122 keV (57Co). 
Ad di tion ally, a liq uid ni tro gen (5L) cool ing sys tem and
cryostat (model 7905 SL-5) are in te grated with the de tec -
tor. In or der to store events ac cord ing to a sin gle pa ram e -
ter (pulse height), the gamma spec trom e ter uti lized in
this ex per i ment is cou pled with tra di tional elec tronic
com po nents to cre ate a por ta ble In spec tor multi-chan nel
pulse-height an a lyzer (MCA). The en ergy win dow was
set to 8 k chan nels and the de tec tor was set to a high volt -
age (–2500 V). Ge nie 2000 (GAA) and MGAU soft ware 
are in cluded with the Can berra sys tem to help with spec -
trum ac qui si tion and data anal y sis for the pur pose of de -
ter min ing 235U en rich ment. As shown in fig. 1, the sam -
ples were po si tioned ax i ally with re spect to the de tec tor
crys tal and were mea sured un der var i ous con di tions.

In or der to get a suf fi cient count rate with ac cept -
able count ing sta tis tics, the ex per i ment was con ducted
three times, with each run last ing be tween 1800 sec onds
and 7200 sec onds be tween mea sure ments. In or der to
ob tain high-qual ity spec tra of valu able shapes, the mea -
sur ing po si tion of all ob jects that were an a lyzed was cho -
sen to en sure ac cu rate count rates at the con spic u ous
high-in ten sity gamma en ergy of 185.7 keV. In ad di tion,
the dead time was main tained be low 1 % in or der to re -
duce the im pact of gen u ine co in ci dences. Ad di tion ally,
by ad just ing the sam ple to the de tec tor win dow dis tance
as much as fea si ble, the mea sure ments were per formed
as close to the ideal con di tions as pos si ble. Ad di tion ally,
as shown in fig. 2, a broad range of en ergy cal i bra tion has 
been used to ob tain ac cept able ura nium spec tra.

RE SULTS AND DIS CUS SION

The re sults of the ura nium en rich ment
mea sure ments of the stan dard ref er ence
ma te ri als

As il lus trated in tab. 1, for the es ti mated cer ti fied 
ref er ence ma te ri als, we can no tice that the re sults from
ura nium sam ples based on the MGAU method for the

K. A. E. Gawad, et al., Op ti mi za tion Ap proach of Gamma Spectrometer ...
188 Nuclear Tech nol ogy & Ra di a tion Pro tec tion: Year 2023, Vol. 38, No. 3, pp. 187-193



sam ples CRM1, CRM2, and CRM3 are rel a tively far
from the cer ti fied val ues. Thus, the MGAU re sults are
not in agree ment with the cer ti fied ref er ence val ues.
More over, MGAU en rich ment anal y sis is ac com pa -
nied with a rel a tive high un cer tainty of 6.85 %, 5.76 %, 
and 4.22 %, for the de pleted (0.31 wt.%), nat u ral (0.71
wt.%) and low en riched sam ples (1.94 wt.%), re spec -
tively. These un cer tain ties can be ex plained so that the
ura nium bear ing sam ples con tain ing a low amount of
ura nium re sult in non-suf fi cient de tected pho tons and
so low-qual ity gamma spec tra of poor sta tis tics. More -
over, the MGAU's al go rithms anal y sis is a func tion of
the de tec tor res o lu tion, in which the MGAU re quired a 
cer tain de tec tor with a rel a tively high res o lu tion. In
ad di tion to the abovemen tioned, the self-at ten u a tion
of the es ti mated sam ples and the at ten u a tion due to the

con tainer wall of the sam ple can also in flu ence the re -
sults of the MGAU anal y sis.

On the other hand, for the cer ti fied sam ples CRM4
and CRM5 of rel a tively high ura nium en rich ment, the
MGAU anal y sis gives rea son ably ac cept able re sults
within the as so ci ated rel a tive un cer tainty. Fur ther more, it 
is very ob vi ous that the nat u ral sam ple CRM2 of en rich -
ment 0.71 wt.% has the max i mum rel a tive bias of 9.85 %
in com par i son to the low en riched sam ple CRM3 of en -
rich ment 1.94 wt.%. We can jus tify/ex plain the high rel a -
tive bias of the re sults of Ura nium en rich ment that the
MGAU's anal y sis is based on the 235U amount/iso to pic
ra tio, in which the build-up of the de cay prod ucts be gins
to in ter fere with the anal y sis. Also, it is shown that the
MGAU anal y sis is a func tion also of the sam ple con cen -
tra tion, in which for sam ples con tain ing a large ura nium
amount, the as so ci ated re sult un cer tain ties tend to re duce
and be close to the cer ti fied val ues. So, the as so ci ated un -
cer tain ties of the MGAU anal y sis for en riched sam ples
CRM4 and CRM5 have been de creased to be 3.96 % and
2.24 % re spec tively.

The parameters influencing the
measured gamma spectra

Sam ple to de tec tor po si tion af fect ing
the full en ergy peak ef fi ciency

An ob tained cor re la tion be tween the counted
gamma pho tons and the S-D po si tion as one of the pa -
ram e ters af fect ing the mea sured gamma spec tra is il -
lus trated in figs. 3-5. It is clear that the FEPE is at ten u -
ated and has high val ues at the near dis tances and low
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Fig ure 1. Geo met ri cal set-up of
the mea sured cer ti fied nu clear
ma te ri als

Fig ure 2. Gamma spec tra of U3O8 ox ide sam ples with
var i ous en rich ment 0.31 wt.%, 0.71 wt.%, and 4.46 wt.% 
in the en ergy re gion of 0-400 keV

Table 1. The measured 235U enrichment, and the recorded count rate of the HPGe-detector

Sample Filling height [mm] Mass of 235U [g] En [wt. %] enrichment Relative uncertainty [%] 1 Relative bias [%] 2

CRM1 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

1Rel a tive un cer tainty = (the er ror of the mea sured value / the mea sured value)´100
2Relative bias = [(de clared value- mea sured value)/de clared]´100



val ues for the far dis tances, so the FEPE has an in verse
re la tion with the S-D dis tance as it is an im por tant pa -
ram e ter that af fects the re sults from ura nium sam ples
of the MGAU anal y sis as de picted in fig. 6. 

While the fol low ing equa tion de fines FEPE as
the ra tio of the num ber of re corded or counted pho tons
that reach the de tec tor to the num ber of pho tons emit -
ted by the source

e =
C

E

p

p

(1)

A gamma-ray beam of emit ted pho tons Ep will
at ten u ate and re cord at the de tec tor as counted pho tons 
Cp, which can be de ter mined us ing Beer-Lam bert's
law, when it passes through an S-D po si tion, x, and lin -
ear at ten u a tion co ef fi cient, m. Thus, the cor re la tion be -
tween the S-D po si tion and the lin ear at ten u a tion co ef -
fi cient of pho tons in gamma rays is

C Ep p
x= -e m (2)

Us ing eq. (1) in eq. (2), a co ef fi cient can be ac -
quired as in di cated in eq. (3), in which the ef fi ciency
has an in verse re la tion with the at ten u a tion co ef fi cient

e m= -e x (3)

Sam ple to de tec tor po si tion at
dif fer ent en er gies in flu enc ing the
gamma counts

One of the cru cial fac tors af fect ing the re corded
gamma spec tra is also shown in figs. 7-9, where it is
shown that, for the con firmed cer ti fied ref er ence ma te -
rial sam ples, the to tal num ber of counts is an in verse
func tion of the S-D po si tion. More over, it is also the
en rich ment's in verse func tion. Thus, there may be a re -
la tion ship be tween the S-D po si tion and ura nium en -
rich ment. An in crease in the num ber of pho tons re -
leased means that there is a greater chance of count ing
the pho tons that in ter act in the de tec tor's ac tive vol -
ume, which pro duces suf fi cient count rates quickly
enough for the anal y sis of gamma spec tra. As il lus -
trated in figs. 7-9, or der ing of count rates for an en ergy
peak of 1001 keV from 238U is changed as the ac tiv ity
con cen tra tion of 235U in creases for more and more en -
riched sam ples while the 238U ac tiv ity con cen tra tion
re mains un changed. There fore, un der ideal cir cum -
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Fig ure 3. Full en ergy peak ef fi ciency of the mea sured
CRM1 of 0.31% at a dif fer ent S-D po si tion and dif fer ent
en ergy lines

Fig ure 4. Full en ergy peak ef fi ciency of the mea sured
CRM2 of 0.71 % at a dif fer ent S-D po si tion

Fig ure 5. Full en ergy peak ef fi ciency of the mea sured
CRM5 of 4.46 % at a dif fer ent S-D po si tion

Fig ure 6. Re la tion of the en rich ment at a dif fer ent S-D
po si tion for dif fer ent sam ples



stances, sam ples with a high con cen tra tion of ura nium
or sam ples with a sig nif i cant amount of ura nium could
yield re li able re sults.

CON CLU SION

In this work, a pro posed op ti mi za tion ap proach
con cerned with the in ves ti ga tion of some pa ram e ters
in flu enc ing the mea sure ments of en rich ment of the ra -
dio ac tive sam ples has been taken into con sid er ation
dur ing the ver i fi ca tion for safe guards pur poses. Dif -
fer ent sam ples of var i ous en rich ment ra tios are as -
sayed based on the HPGe de tec tor sys tem. The mea -
sure ment re sults based on dif fer ent po si tions for
dif fer ent can sam ples of dif fer ent en rich ment have
shown that the in ves ti gated pa ram e ters can in flu ence
the ver i fied sam ples. The study was ex per i men tally
car ried out for dif fer ent setup po si tions vary ing from
14 cm to 35 cm at dif fer ent gamma en ergy lines. The
per for mance of this ap proach has been suc cess fully
in tro duced, in which pa ram e ters in flu enc ing the mea -
sured gamma spec tra, i.e., S-D po si tion and en rich -
ment ra tios have been es ti mated. Thus, the ver i fied
and char ac ter ized sam ples may be ac cu rately es ti -
mated based on this sug gested ap proach.
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Halid A. E. GAVAD, Mohamed H. HAZA, Sameh E. [ABAN

OPTIMIZACIONI  PRISTUP  GAMA SPEKTROMETRIJSKIM  MEREWIMA  ZA
PRECIZNU  KARAKTERIZACIJU  RADIOAKTIVNIH  MATERIJALA

Karakterizacija materijala zasnovana na gama merewima jedan je od glavnih postupaka za
verifikaciju radioaktivnih materijala u svrhe za{tite. Ovaj rad fokusira se na pristup
optimizaciji predlo`en u ciqu pronala`ewa re{ewa koja ukqu~uju uticajne parametre koje treba 
uzeti u obzir tokom merewa. Razmatrani uzorci su sertifikovani referentni nuklearni
materijali hemijskog sastava (U3O8) sa razli~itim odnosima oboga}ivawa u rasponu od 0,31 wt.% do
4,46 wt.%. U radu je kori{}en gama spektrometar zasnovan na planarnom detektoru germanijuma
visoke ~isto}e i visoke rezolucije. Eksperimentalno je sprovedeno prou~avawe razli~itih
limenki na raznim pozicijama, za razli~ite energetske linije. Proceweni su verifikovani
parametri koji uti~u na karakterizaciju merenih uzoraka. Pristup sa pode{avawem merewa
izmerenih gama spektara uspe{no je istra`en i ustanovqen je uticaj razli~iti parametara, kao
{to su polo`aj izvora i detektora i razli~iti odnosi oboga}ivawa. Shodno tome, verifikovani i
okarakterisani uzorci mogu se proceniti na osnovu ovog pristupa optimizaciji.

Kqu~ne re~i: gama spektar, oboga}ewe uranijuma, HPGe detektor, brzina brojawa


