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a b s t r a c t

Spherical NaI(Tl) detectors are used in gamma-ray spectrometry, where the gamma emissions come from
the nuclei with energies in the range from a few keV up to 10 MeV. A spherical detector is aimed to give a
good response to photons, which depends on their direction of travel concerning the detector center.
Some distortions in the response of a gamma-ray detector with a different geometry can occur because of
the non-uniform position of the source from the detector surface. The present work describes the
calibration of a NaI(Tl) spherical detector using both an experimental technique and a numerical
simulation method (NSM). The NSM is based on an efficiency transfer method (ETM, calculating the
effective solid angle, the total efficiency, and the full-energy peak efficiency). Besides, there is a high
probability for a source-to-detector distance less than 15 cm to have pulse coincidence summing (CS),
which may occur when two successive photons of different energies from the same source are detected
within a very short response time. Therefore, g-g ray CS factors are calculated numerically for a152Eu
radioactive cylindrical source. The CS factors obtained are applied to correct the measured efficiency
values for the radioactive volumetric source at different energies. The results show a good agreement
between the NSM and the experimental values (after correction with the CS factors).
© 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

In some applications, a NaI(Tl) scintillation detector is used to
determine the radioactivity of environmental samples and wastes.
This is because of its relative simplicity of use, which doesn't need
cooling of the crystal [1e8]. Such measurements normally require a
close geometry arrangement with sources of different forms. The
short distance between the source and the detector surface in-
creases the probability of the coincidence summing (CS) phenom-
enon for a radionuclide with a complex decay scheme. The
correction of these phenomena is not normally simple, especially
for volumetric radioactive sources [9]. Consequently, for greater
precision in gamma-ray spectrometry, corrections for the CS effect
are extremely desirable [10e12].

By using the efficiency transfer method [9], the detector effi-
ciency curve can be obtained for anymeasurement conditions, even
ulty of Science, Alexandria

wi@bau.edu.lb (M.S. Badawi).

by Elsevier Korea LLC. This is an
for those different from the calibration ones. The detector efficiency
values can be obtained based on the change in the effective solid
angle ratio, for any geometrical arrangement and quite a few
samples at unusual distances from the detector surface [13e16]. In
prior studies, NaI(Tl) detectors were used in different geometries in
the form of a borehole, a parallelepiped with a rectangular hole, a
cylinder, etc. This is due to the low cost of preparation of the crystal,
its high mass number, high efficiency, and room-temperature
operation. A spherical NaI(Tl) detector has a wide solid angle sub-
tended between the source-to-detector system in comparisonwith
other detectors such as well-type detectors [17e20].

In the current work, CS effects in gamma-ray spectrometry are
examined for a spherical detector with a diameter 2Rd¼ 7.6 cm. The
effective solid angles and the full-energy peak efficiency in the case
of radioactive point and cylindrical sources are determined by a
new numerical simulation method (NSM). Besides, the total effi-
ciencies are calculated to determine the CS factors. The radioactive
point sources are simulated at axial and non-axial positions from
the spherical detector axis, where the axial axis is the vertical one
and the non-axial position has a lateral displacement from the axial
axis. This study is then extended and generalized to determine the
open access article under the CC BY-NC-ND license (http://creativecommons.org/

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ms241178@hotmail.com
mailto:m.badawi@bau.edu.lb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2021.04.017&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2021.04.017
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2021.04.017
https://doi.org/10.1016/j.net.2021.04.017


Fig. 1. Isotropically radiating point source situated at a distance, h, from the spherical
detector surface.

S.F. Noureddine, M.I. Abbas and M.S. Badawi Nuclear Engineering and Technology 53 (2021) 3421e3430
efficiencies with radioactive cylindrical sources.
The efficiency transfer method is used as the core of the NSM. It

is possible to determine the detector efficiency of the radioactive
cylindrical source at different distances from the detector surface.
The formulas have been solved with Mathcad 14 and programmed
in the BASIC language. To show the strength of this new method,
experimental measurements have been performed at the Radiation
Physics Laboratory (Laboratory of Prof. Younis S. Selim), Faculty of
Science, Alexandria University, Egypt. These measurements have
been done with several standard radioactive sources of different
energies, which were purchased from the Physikalisch-Technische
Bundesanstalt (PTB), Germany. The sources have been placed on a
Plexiglas holder at different distances from the surface of the de-
tector. The results after the CS corrections in the case of the volu-
metric source show a good performance of the NSM.

The present article is organized as follows: Section 2 presents in
detail the NSM, including the calculation of the effective solid angle,
the total efficiency, and the full-energy peak efficiency considering
different radioactive sources, which are positioned axially and non-
axially concerning the spherical NaI(Tl) detector vertical axis. Sec-
tion 3 describes the experiments. Section 4 contains a comparison
of the values calculated by the NSM for the spherical NaI(Tl) de-
tector with measurements, giving an idea of the applicability of the
current approach. Conclusions are presented in Section 5.

2. Mathematical viewpoint

The total efficiency of a NaI(Tl) spherical detector, εT(Point) for an
axial radioactive point source can be calculated according to the
following equation in the spherical coordinate form [21].

εTðPointÞ ¼
Uref ½Axial�

4p
(1)

where Uref[Axial] is the effective solid angle subtended by an iso-
tropically radiating point-like source situated axially at a distance h
from the detector active medium surface (as shown in Fig. 1) and is
given by

Uref ½Axial� ¼
ð2p
0

ðqmax

0

fatt
�
1� e�md

�
sinq dqd4 (2)

The polar angle, q, takes values between 0 and the maximum
polar angle, qmax that allows photons to go through the detector.
The angle qmax depends on the height, h, and the detector radius,
Rd, as

qmax ¼ sin�1

0
B@ Rdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðRdþhÞ2
q

1
CA (3)

The distance, d, traveled by the photons through the active
medium of the detector can be calculated by the following
expression
3422
d ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rd

2 �
h
r2 þ ðRdþhÞ2

i
sin 2q

r
(4)

where r is the lateral displacement if the point source is in a non-
axial position.

The attenuation factor, fatt, is due to the reflector, the end cap,
and the absorber between the source and the detector active me-
dium. These parts are described as absorber layers with attenuation
coefficients m1, m2,…,mn and relevant thicknesses t1, t2,…,tn between
the source and the detector active medium. All the attenuations are
calculated as the total attenuation coefficient without coherent
scattering even for the detector medium attenuation. The attenu-
ation factor, fatt, is given by

fatt ¼ e
�
Pn
i ¼1

midi
(5)

where



di ¼
�

ti
cos q

�
for a Plexiglas horizontal layer; which is used to support the sources;

and for support and housing layers is calculated as

di ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRd þ tiÞ2 �

h
r2 þ ðhþ RdÞ2

i
sin2q

r
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRd þ ti�1Þ2 �

h
r2 þ ðhþ RdÞ2

i
sin2q

r
;

where ti ¼
Xi
j¼1

xj and i starts from the detector and increases towards the outer surface:

(6)
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This case can be extended to calculate the effective solid angle
UCyl[Axial] of a spherical detector subtended by a radioactive cylin-
drical source of radius, Rs, and height, hs, as shown in Fig. 2, and is
given by

UCyl½Axial� ¼
1

pRs
2hs

ðhoþhs

ho

ð2p
0

ðRs

0

ðq0max

0

ð2p
0

Sf fatt
�
1� e�md

�

r sinq d4dqdrdadh (7)

Based on the radioactive cylindrical source and NaI(Tl) spherical
detector arrangement, the maximum polar angle in this case, q0max,
can be represented as
Fig. 2. Radioactive cylindrical source placed at a distance, ho, from the NaI(TI) spherical
detector active medium surface.
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q0max ¼ sin�1

0
B@ Rdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 þ ðRdþhÞ2
q

1
CA (8)

where r ranges from 0 to Rs, which is the radius of the radioactive
cylinder.

The source self-absorption factor, Sf [22], can be calculated as a
function of the attenuation of the radioactive source matrix, ms

Sf ¼ e�msds (9)

By use of Fig. 3, the distance traveled by the photons through the
source material, ds, can be calculated by formulas
Fig. 3. Cross-sectional drawing of the radioactive cylindrical source to NaI(Tl) spherical
detector center.
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dS ¼

8>>><
>>>:

r cos 4þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RS � r2sin2q

q
sin q

if RS <Rd

and qmin < q < q0max and 4 � 4out ;
hin
cos q

otherwise; (10)

where qmin and 4out are the polar and azimuthal angles, which
determine the photon path-length through the source material and
can be expressed as

qmin¼ q0 þ g ¼ cos�1

0
B@ hinðRd þ hÞ � rðRs � rÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2in þ ðRs � rÞ2
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 þ ðhþ RdÞ2
q

1
CA
(11)

4out ¼ cos�1

 
ðr� hin tan q0Þ2 þ u2 � Rs2

2ðr� hin tan q0Þu

!
(12)

where in the triangle dab, as shown in Fig. 3,

u

sin q
¼ hin secq0

cosq
(13)

u¼hin secq0tanq: (14)

By substituting Eq. (14) in Eq. (12), one can find that

4out ¼ cos�1

 
ðr� hintanq0Þ2 þ ðhin secq0tanqÞ2 � R2s

2ðr� hintanq0Þðhin secq0tanqÞ

!
(15)

tanq0 ¼
r

hþ Rd
(16)

secq0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ ðhþ RdÞ2

q
hþ Rd

(17)

In this case, the attenuation factor fatt for all absorbers between
the source and the detector active medium can be calculated from
Eqs. (5) and (6), and the attenuation of the cylindrical vial of the
radioactive source is added to fatt under the following conditions for
the parameter di

di ¼

8>><
>>:

�
ti

sin q

�
if RS <Rd and qmin < q < qmax and 4 � 4out ;�

ti
cos q

�
otherwise:

(18)

The full-energy peak efficiency for a radioactive axial point
source and a spherical NaI(Tl) detector can be calculated through
the NSM, based on the efficiency transfer method, and is given by

εPðPointÞ ¼
UPoint½Axial�
Uref ½Axial�

εref ½Axial� (19)

where εP(Point) and εref[Axial] are the full-energy peak efficiency of the
spherical NaI(Tl) detector for the point-source reference and sought
the point-source position, where the source in both cases is located
axially at a certain (possibly different) distance from the front
surface of the spherical NaI(Tl) detector, respectively. The mea-
surement at the reference position must be taken without the CS
3424
phenomenon. Therefore, the radioactive axial point source is
placed at a sufficient distance from the detector active medium
surface to avoid these effects.

UPoint[Axial] and Uref[Axial] are the effective solid angles subtended
by the spherical NaI(Tl) detector surface and the axial point source
and can be calculated from Eq. (2), where the source is in an axial
position and the new efficiency calculation can be done for an axial
position at different distances from the reference position. By the
same concept, the full-energy peak efficiency for a radioactive cy-
lindrical source with the spherical NaI(Tl) detector can be calcu-
lated by the following equation

εPðCylÞ ¼
UCyl½Axial�
Uref ½Axial�

εref ½Axial� (20)

where εP(Cyl) is the full-energy peak efficiency of the spherical
NaI(Tl) detector for the cylindrical-source geometry, where the
source is located axially at a certain distance from the front surface
of the spherical NaI(Tl) detector.UCyl[Axial] is the effective solid angle
subtended by the spherical NaI(Tl) detector surface concerning the
axial radioactive cylindrical source and can be calculated by Eq. (7),
where the radioactive cylindrical source is located at an axial po-
sition different from the reference position. The total efficiency,
εT(Cyl), of the spherical NaI(Tl) detector with a radioactive cylindrical
source is given by the following equation

εTðCylÞ ¼
UCyl½Axial�

4p
(21)

The numerical trapezoidal rule has been used to calculate the
effective solid angle of the spherical NaI(Tl) detector in both cases:
axial radioactive point source and cylindrical source. A computer
program has been used to increase the precision of the double
integration by increasing the number of intervals in the integration.
The calculations of the corrections of the g-g CS factors are per-
formed for each peak in the 152Eu radioactive cylindrical source
gamma spectrum, employing the nuclear data from the decay
scheme and Eqs. (20) and (21) as well, according to the summing-in
(increase in the number of counts of the spectrum) or summing-out
(decrease in the number of counts in the spectrum) effect. The g-g
CS factors, (CS)gIJ, can be obtained as in Refs. [23,24] by the
following equation for each energy of the gamma-ray emitted in
the transition from the state I to state J

ðCSÞgIJ
¼ABC (22)

where A represents the coincidences with gamma-ray lines pre-
ceding the gIJ line, B represents the coincidences with gamma-ray
lines following the gIJ line, and C represents coincidences of
gamma-ray lines, where the sum of the energies is equal to EIJ.
3. Experimental equipment, data collection, and analysis

The spherical NaI(Tl) scintillation detector is from SCIONIX
(Netherlands): model number C76B80/2M-Q-X with the following
geometrical dimensions: a crystal with a diameter of 76 mm, a
reflector made of polytetrafluoroethylenewith a thickness of 2mm,
and an aluminum cover with a thickness of 1 mm, resulting in
maximum outer diameter of the detector of 83 mm (including the
rim of the cover) and a volume of approximately 230 cm3. More
details are shown in Fig. 4. The detector is optically coupled to a
photomultiplier tube of the head-on type by Hamamatsu (model
R6231, serial number S23185) with a diameter of 51 mm, a bi-alkali
photocathode (with an effective circular area with a diameter of
46 mm and a spectral response covering the wavelength range



Fig. 4. Manufacturer details of the spherical NaI(Tl) detector.
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300e650 nm), and a 14-pin base. It was developed specifically for
the detection of gamma-rays over awide energy range. The average
energy resolution for the 662 keV gamma-rays of 137Cs is 8.6% (Full
Width at Half Maximum, FWHM). The detector has high efficiency
Fig. 5. Plexiglas holder and radioactive source measurements.
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because the crystal has a large enough cross-section for gamma-ray
interactions and the operating voltage of 770 V is enough to achieve
saturation.

The pulses from the spherical NaI(Tl) detector have been
recorded in digital form and stored on the hard disk of a personal
computer for extra offline analysis. The spectra have been recorded
and processed with the winTMCA32 and analyzed with the Genie
2000 data acquisition and analysis software package [Ver. 3.2.3
(S501)]. It contains a spectral display, basic spectrum analysis, and
recording. The acquisition and storing system consists of 1000-
channel data acquisition (“MCA Control”) and a software package
that includes a management program and an event-building pro-
gram. It also has tools to support multiple analysis algorithms for a
given analysis step via the interactive graphical user interface, such
as background subtraction, reference peak correction, and inter-
active peak fit.

Five radioactive point sources (241Am, 133Ba, 137Cs, 60Co, and
152Eu) were purchased from the Physikalisch-Technische Bunde-
sanstalt (PTB, Germany); they emit photons with energies from
59.53 keV to 1408.01 keV. The activity of these sources was
259.0 ± 2.6 kBq, 275.3 ± 2.8 kBq, 285.0 ± 4.0 kBq, 212.1 ± 1.5 kBq,
and 290.0 ± 4.0 kBq, respectively, on June 1, 2009. These sources
have been measured separately at a distance from the detector
surface of 22.28 cm, 30.02 cm, 37.76 cm, 45.50 cm, and 53.24 cm,
respectively, with tolerances ±0.2 cm. The measurement at
53.24 cm (which can be considered a large distance when
compared to the diameter of the detector) is used to obtain the
efficiency curve, which is free from the CS phenomenon. At this
position, the dead time is almost zero. The curve obtained under
this condition is suitable as a reference curve. Therefore, it can be
used to calculate the efficiency curve at any other location
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employing Eq. (19).
The cylindrical radioactive source is made from 152Eu dispersed

in awater matrix kept in a polypropylene vial with bottom and side
thicknesses of 0.11 cm. The source has a radius Rs ¼ 1.87 cm and
height hs ¼ 4.54 cm. The activity was 5048 ± 99 Bq on January 1,
2010 at 00:00 CET. This source emits gamma-rays with energies
from 121.78 keV to 1408.01 keV. It has been placed at a distance of
0.724 cm from the detector end cap. The effect of the g-g CS phe-
nomenon on the detector efficiency has been studied with this
radioactive cylindrical source, where the full-energy peak effi-
ciency is calculated by Eq. (20) with 53.24 cm as the reference
distance. The Plexiglas holder has been used during all these
measurements to achieve high accuracy in the positioning, while
the detector housing, which carries the holder, is made of Teflon, as
shown in Fig. 5.

The efficiency calibration of a spherical NaI(Tl) detector with
standard radioactive point sources should be performed at regular
times every year. The measured full-energy peak efficiency, εP(E),
for the spherical NaI(Tl) detector is obtained from the following
equation for each gamma-ray emitted by the radionuclide sources
used

εPðEÞ¼
NðEÞ
TAIðEÞ (23)

where N(E) is the net peak area obtained for every full-energy peak
corresponding to an energy E with a suitable fit function for the
NaI(Tl) detector, T is the live time of the acquisition, A is the activity
of the radioisotope source at the time of measurement, and P(E) is
the probability of gamma disintegration of the radionuclide leading
to the emission of a gamma-ray with energy E.

The uncertainty, sε, of the measured full-energy peak efficiency,
εP(E), is given by

sε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
vε

vA

�2
s2A þ

�
vε

vP

�2
s2P þ

�
vε

vN

�2
s2N

s
(24)

where sA, sP, and sN are the uncertainties associated with the
quantities A, P(E), and N(E), respectively.

In the case of the 152Eu radioactive cylindrical source, which has
been positioned very close to the detector, thus affected by the g-g
CS phenomenon, the measured full-energy peak efficiency, ε’I(E), is
given as

ε
0
IðEÞ¼

N0ðEÞ
TAPðEÞ (25)

where N0(E) is the net area under the full-energy peak with the CS
phenomenon.

The general form of the g-g (CS)gIJ factor for each gamma-ray
energy line, gIJ, is defined as

ðCSÞgIJ
¼ NðEÞ
N0ðEÞ (26)

where N(E) is the net area under the full-energy peak without the
CS phenomenon.

To obtain the full-energy peak efficiency, εP(E), for the 152Eu
radioactive cylindrical source, such as in Eq. (23), Eqs. (25) and (26)
must be multiplied together as shown in the following equation

εPðEÞ¼ ε
0
PðEÞðCSÞgIJ

(27)
3426
4. Results and discussion

The energy calibration of the spherical NaI(Tl) detector is used to
determine the relationship between the energy of the gamma-ray
sources and the number of amplitude channels in the multi-
channel analyzer. This procedure has been carried out by the
winTMCA32 software, which is used as a multichannel analyzer
with a tube base for scintillation spectrometry, after choosing an
energy range based on the available standard radioactive sources.
All the measured efficiency curves have been obtained with the
probability of occurrence of every transition.

The energy resolution of the spherical NaI(Tl) detector is
approximately 8.8% (FWHM) for the 662 keV gamma rays from
137Cs in a configuration where the radioactive source can be
considered as point-like. This result is close to the value stated by
the manufacturer. The linear energy calibration, expressing the
channel number, Ch(E), as a function of the energy, Eg is

ChðEgÞ¼ Aþ BEg (28)

where Eg is the gamma-ray energy in keV, Ch(Eg) is the channel
number in the spectra of the centroid of the peak matching the
energy Eg, and the calibration constants are A and B. The FWHM of
the measured peaks as a function of the gamma-ray energy Eg, has
been fitted with a linear relation as

FWHMðEgÞ ¼ Cþ D:Eg (29)

where C and D are constants. The measured values of the efficiency
as a function of position are fitted with a polynomial function of
fifth-order

εPðEgÞ¼ a0þa1Egþa2Eg
2þa3Eg

3þa4Eg
4 (30)

where a0, a1, a2, a3, and a4 are constants.
The results obtained with the standard (137Cs and 60Co) radio-

active point sources, positioned for the calibration at a distance of
22.28 cm, are shown in Figs. 6 and 7.

The measured full-energy peak efficiency curves, εP(E), at
different heights above the detector surface (22.28 cm, 30.02 cm,
37.76 cm, 45.50 cm, and 53.24 cm) with the associated uncertainty
as a function of the photon energy are given in Fig. 8. At all these
locations, the g-g CS phenomenon is ignored because of the large
distance between the source and the detector system. The
measured detector efficiency decreases with the increase of source-
to-detector distance according to the inverse square law.

Table 1 shows the reference values of Uref[Axial] and εP(E) with
their uncertainties as a function of the photon energy (keV) at the
reference location, and the effective solid angle ratios for the
spherical NaI(Tl) detector. The ratio increases with decreasing
source-to-detector distance. Table 2 gives a comparison between
the measured εP(E), with their uncertainties, as a function of the
photon energy at the different locations and the efficiencies
calculated by the NSM, based on Eq. (19), for the spherical NaI(Tl)
detector with radioactive point sources. In general, the discrep-
ancies D% are less than 6% between the measured efficiency, εP(E),
and the efficiency calculated by the NSM. They are obtained as

D% ¼ εCalculated ðNSMÞ � εPðEÞ
εCalculated ðNSMÞ

� 100; (31)

where εCalculated(NSM) is the full-energy peak efficiency calculated
with the NSM.

The measured reference efficiency curve is obtained by using
radioactive point sources at 53.24 cm. The effective solid angle is



Fig. 6. The measured and the fit calibration energy curve for using standard (137Cs and 60Co) radioactive point sources with spherical NaI(Tl) detector.

Fig. 7. The measured and the fit calibration shape curve for using standard (137Cs and 60Co) radioactive point sources with spherical NaI(Tl) detector.
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used to obtain the full-energy peak efficiency for a radioactive cy-
lindrical source by the NSM based on Eq. (20), while the total ef-
ficiency is obtained from Eq. (21). The full-energy peak efficiency
3427
and the total efficiency are used to calculate the g-g (CS)gIJ factors
based on Eq. (22). The corrected measured efficiency in the case of
the radioactive cylindrical source can be obtained from Eq. (27).



Fig. 8. The measured full-energy peak efficiency values of the spherical NaI(Tl) detector with their uncertainties as a function of the photon energy (keV) at different locations.

Table 1
The reference values [ Uref[Axial] and εP(E) ] and the effective solid angles ratios for a spherical NaI(Tl) detector.

Reference Values at 53.24 cm Effective Solid Angle Ratios

Nuclide Energy (keV) Uref[Axial] Measured εP(Eg) s
εP(Eg) UPoint½45:5cm�

Uref ½53:24cm�

UPoint½37:76cm�
Uref ½53:24cm�

UPoint½30:02cm�
Uref ½53:24cm�

UPoint½22:28cm�
Uref ½53:24cm�

241Am 59.53 1.140E-02 8.701E-04 8.328E-06 1.342 1.880 2.832 4.746
133Ba 80.99 1.176E-02 9.930E-04 5.964E-06 1.337 1.878 2.829 4.741
152Eu 121.78 1.198E-02 9.943E-04 8.049E-06 1.336 1.876 2.823 4.720
152Eu 244.69 1.165E-02 8.619E-04 6.684E-06 1.336 1.877 2.828 4.740
152Eu 344.28 1.083E-02 7.159E-04 5.464E-06 1.337 1.879 2.830 4.737
137Cs 661.66 9.140E-03 3.283E-04 2.034E-06 1.337 1.877 2.828 4.740
152Eu 778.91 8.760E-03 2.829E-04 2.272E-06 1.337 1.877 2.828 4.740
152Eu 964.13 8.280E-03 2.359E-04 1.906E-06 1.336 1.877 2.827 4.739
60Co 1173.23 7.820E-03 2.255E-04 1.032E-06 1.336 1.877 2.827 4.731
60Co 1332.50 7.550E-03 2.031E-04 9.286E-07 1.338 1.875 2.821 4.742
152Eu 1408.01 7.440E-03 2.013E-04 1.474E-06 1.337 1.883 2.796 4.691

S.F. Noureddine, M.I. Abbas and M.S. Badawi Nuclear Engineering and Technology 53 (2021) 3421e3430
Table 3gives a comparison between the measured εP(E) with its
uncertainty, the measured full-energy peak efficiency, before and
after the correction for g-g CS phenomenon is applied, and the full-
energy peak efficiency calculated by the NSM for the spherical
NaI(Tl) detector with a radioactive cylindrical source located at
0.724 cm. The discrepancy, D1%, between the measured full-energy
peak efficiency εPðEgÞand the full-energy peak efficiency calculated
by the NSM εCalculated ðNSMÞðEgÞ is quantified by

D1% ¼ εCalculated ðNSMÞðEgÞ � εPðEgÞ
εCalculated ðNSMÞðEgÞ

� 100 (32)

The discrepancy, D2%, between the corrected measured full-
energy peak efficiencyεPðCorrectedÞðEgÞand the full-energy peak ef-
ficiency calculated by the NSM εCalculated ðNSMÞðEgÞis given by
3428
D2% ¼ εCalculated ðNSMÞðEgÞ � εPðCorrectedÞðEgÞ
εCalculated ðNSMÞðEgÞ

� 100 (33)

The results show that the effects of the corrections for g-g CS
phenomenon increase the measured efficiencies, which have been
measured with the source positioned close to the detector surface.
The discrepancy D2% between the corrected measured full-energy
peak efficiency and the full-energy peak efficiency calculated by
the NSM is less than 1%. The discrepancy D1% between the
measured full-energy peak efficiency and the full-energy peak ef-
ficiency calculated by the NSM is almost 11%. Thus, the method
presented provides a quick and straightforward way for the
determination of the detector efficiency.

The positions of the radioactive sources have been estimated to
have a tolerance of ±0.2 cm, which has been propagated to the solid
angle considering the difference between the reference and the



Table 2
Comparison between the measured efficiencies, εP(E), with their uncertainties, and the calculated efficiencies by (NSM) for the spherical NaI(Tl) detector using radioactive
point sources at different locations.

Distance 45.50 cm Distance 37.76 cm

Nuclide Energy (keV) Measured εP(Eg) sεP(Eg) NSM D% Measured εP(Eg) sεP(Eg) NSM D%

241Am 59.53 1.128E-03 1.555E-05 1.168E-03 3.43 1.556E-03 9.895E-06 1.636E-03 4.87
133Ba 80.99 1.259E-03 1.202E-05 1.327E-03 5.14 1.916E-03 1.356E-05 1.864E-03 �2.75
152Eu 121.78 1.302E-03 1.050E-05 1.329E-03 2.00 1.900E-03 1.529E-05 1.865E-03 �1.90
152Eu 244.69 1.127E-03 8.841E-06 1.152E-03 2.14 1.537E-03 1.205E-05 1.618E-03 5.03
152Eu 344.28 9.413E-04 7.201E-06 9.572E-04 1.66 1.297E-03 9.898E-06 1.345E-03 3.59
137Cs 661.66 4.240E-04 2.540E-06 4.390E-04 3.40 6.220E-04 3.332E-06 6.164E-04 �0.91
152Eu 778.91 3.668E-04 2.981E-06 3.782E-04 3.01 5.400E-04 4.335E-06 5.310E-04 �1.70
152Eu 964.13 3.168E-04 2.588E-06 3.151E-04 �0.52 4.440E-04 3.586E-06 4.428E-04 �0.27
60Co 1173.23 2.954E-04 1.187E-06 3.013E-04 1.94 4.096E-04 1.753E-06 4.233E-04 3.22
60Co 1332.50 2.740E-04 1.100E-06 2.716E-04 �0.87 3.827E-04 1.636E-06 3.808E-04 �0.50
152Eu 1408.01 2.664E-04 1.959E-06 2.692E-04 1.05 3.865E-04 2.842E-06 3.791E-04 ¡1.97

Distance 30.02 cm Distance 22.28 cm
Nuclide Energy (keV) Measured εP(Eg) s

εP(Eg) NSM D% Measured εP(Eg) s
εP(Eg) NSM D%

241Am 59.53 2.342E-03 1.489E-05 2.464E-03 4.93 3.932E-03 3.253E-05 4.129E-03 �5.02
133Ba 80.99 2.700E-03 2.733E-05 2.809E-03 3.90 4.475E-03 3.364E-05 4.708E-03 �5.21
152Eu 121.78 2.690E-03 2.101E-05 2.807E-03 4.18 4.477E-03 3.414E-05 4.694E-03 �4.85
152Eu 244.69 2.376E-03 1.862E-05 2.438E-03 2.51 3.990E-03 2.687E-05 4.085E-03 �2.39
152Eu 344.28 2.078E-03 1.517E-05 2.026E-03 �2.55 3.269E-03 2.432E-05 3.391E-03 �3.73
137Cs 661.66 9.086E-04 4.980E-06 9.286E-04 2.15 1.604E-03 9.328E-06 1.556E-03 2.98
152Eu 778.91 7.735E-04 6.491E-06 8.000E-04 3.31 1.350E-03 8.802E-06 1.341E-03 0.66
152Eu 964.13 6.447E-04 5.463E-06 6.670E-04 3.35 1.143E-03 7.595E-06 1.118E-03 2.20
60Co 1173.23 6.391E-04 2.624E-06 6.375E-04 �0.26 1.017E-03 4.166E-06 1.067E-03 �4.89
60Co 1332.50 5.494E-04 2.355E-06 5.729E-04 4.09 9.746E-04 3.738E-06 9.628E-04 1.21
152Eu 1408.01 5.398E-04 3.966E-06 5.628E-04 4.09 9.532E-04 6.032E-06 9.443E-04 0.93

Table 3
Comparison between the measured efficiency, the (CS)gIJ factors, the corrected efficiencies by (NSM) and the discrepancies at 0.724 cm from the surface of the spherical NaI(Tl)
detector.

Nuclide Energy (keV) Measured εP(Eg) sεP(Eg) NSM D1% (CS)gIJ Corrected Measured εP(Eg) D2%

152Eu 121.78 4.026E-02 6.691E-06 4.441E-02 9.35 1.1067 4.455E-02 �0.32
152Eu 244.69 3.704E-02 7.789E-06 4.112E-02 11.00 1.1168 4.137E-02 �0.61
152Eu 344.28 3.304E-02 5.623E-06 3.530E-02 6.85 1.0757 3.554E-02 �0.67
152Eu 778.91 1.402E-02 3.188E-06 1.506E-02 7.44 1.0828 1.518E-02 �0.78
152Eu 964.13 1.190E-02 2.510E-06 1.280E-02 7.57 1.0799 1.285E-02 �0.39
152Eu 1408.01 1.061E-02 1.844E-06 1.129E-02 6.42 1.0621 1.127E-02 0.20
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actual geometry as in Ref. [25]. The uncertainties evaluated in such
a way are reported in Tables 2 and 3.

5. Conclusions

The present work provides a quick and straightforward method
to calibrate a spherical NaI(Tl) gamma-ray detector by the NSM and
to obtain its full-energy peak efficiency at different locations from
the detector surface for radioactive point and cylindrical sources.
The method has been used to correct the measured full-energy
peak efficiency for the CS phenomenon with radioactive cylindri-
cal sources positioned at a very short source-to-detector distance. A
program has been written to solve the system of equations for the
effective solid angle, full-energy peak efficiency, and total effi-
ciency. Laboratory measurements have been made to study the
validity of the CS approach and show a good match with the results
obtained by the NSM. Within 6% mean confidence, the NSM can be
used in the calibration process for gamma-ray detectors in the
absence of standard radioactive calibration sources. The method is
based on the effective solid angle ratio concept, considering the
gamma-ray attenuation in the detector itself, the end cap, and the
rest of the materials between the radioactive gamma-ray source
and the detector. This work can be extended to calculate the full-
energy peak efficiency for a spherical NaI(Tl) gamma-ray detector
3429
with any other source geometry different from the radioactive cy-
lindrical source.
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