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The efficiency transfer (ET) principle is considered as a simple numerical simulation method, which can be used to calculate the
full-energy peak efficiency (FEPE) of 3×3 NaI(Tl) scintillation detector over a wide energy range. In this work, the calculations of
FEPE are based on computing the effective solid angle ratio between a radioactive point and parallelepiped sources located at various
distances from the detector surface. Besides, the attenuation of the photon by the source-to-detector system (detector material,
detector end cap, and holder material) was considered and determined. This method is straightforwardly useful in setting up the
efficiency calibration curve for NaI(Tl) scintillation detector, when no calibration sources exist in volume shape. The values of the
efficiency calculations using theoretical method are compared with the measured ones and the results show that the discrepancies
in general for all the measurements are found to be less than 6%.

1. Introduction

Determination of the absolute efficiency of NaI and Ge
detectors has been a long standing problem in gamma-ray
spectrometry and numerous reports have been published
during the last decades as [1]. The calibration of gamma-ray
detectors and sources is still laborious and time consuming
and requires extensive operator experience [2]. Accurate
calibrated photon emitting sources are difficult to prepare
for all the geometrical arrangements used in gamma-ray
spectroscopy and sometimes nonfeasible as, for example, in
the case of metallic extended samples in neutron activation
analysis [3]. In order to overcome the above problem, several
nonexperimental methods have been proposed and applied,
depending on the photon energy and source-detector geom-
etry and volume [4]. An alternative possibility of being able
to compute the efficiencies is thus highly desirable. One of the
most common approaches, which only requires point source

measurements, is called the efficiency transfer method and
was pioneered by Moens et al. [5].

The efficiency transfer principle (ET)means the change in
efficiency values under conditions of measurement different
from those of calibration setup. It can be determined on the
basis of variation of the geometrical parameters of the source-
detector arrangement (effective solid angle ratio) [6]. In the
previous group work, the efficiency transfer (ET) principle
was used to determine the efficiency of the detector corre-
sponding to different sample shapes at different distances
from the detector surface [7].The calculations of the effective
solid angle ratio including the attenuation of any material
between the source and the detector are based on the direct
mathematical method, such as that reported in [8], which
was successfully used to calibrate different detectors using
different shapes radioactive sources.

In the present work, the efficiency transfer (ET) principle
is used to calculate the full-energy peak efficiency (FEPE) of
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NaI(Tl) detector for axial radioactive parallelepiped sources
based on the FEPE calibration for point source as a reference
[9]. The calculations of the effective solid angle are based on
newmathematical method reported byHamzawy [10], where
an expression to calculate the total efficiencywas derivative of
the cylindrical NaI(Tl) detector for using axis-off point and
coaxial circular disc sources. These expressions are shorter
than those in previous studies and easier to calculate, where
they are in a form of an elliptical integrations type, which
saves the program length and the running time and increases
the accuracy of calculations [11].

2. Mathematical Viewpoint

The efficiency transfer principle as presented in [12] was
applied to obtain the efficiency calibration curves of the
gamma-ray detectors based on the following equation:

𝜀target =
Ωtarget

Ωref
𝜀ref, (1)

where 𝜀ref and Ωref are the detector (FEPE) for a reference
source at another position and the effective solid angle
subtended by the detector surface and the reference source
at that position, respectively. In order to use the efficiency
transfer principle, the experimental reference efficiency, 𝜀ref,
was essentially measured [13].

However, 𝜀target and Ωtarget are the detector (FEPE) for
the target source and the effective solid angle subtended by
the detector surface and the target source at that position,
respectively.

Consider a cylindrical detector with radius, 𝑅, length, 𝐿,
and a point source positioned at height, ℎ, from the detector
surface and placed at a lateral distance from the detector axis,
𝜌, smaller than the detector radius, as shown in Figure 1.

In this case, the effective solid angle can be calculated
assuming that each photon emitted from the point source
will pass through the detector active volume and will traverse
distance, 𝑑, until it emerges from the crystal. According to (2)
and (3), two cases have to be considered:

(i) The photon may enter from the detector surface and
emerge from the detector base, covering distance, 𝑑

1
,

given by

𝑑
1
=

𝐿

cos 𝜃
. (2)

(ii) The photon may enter from the detector surface and
emerge from detector side, covering distance, 𝑑

2
,

given by

𝑑
2
=

𝜌 cos𝜑 + √𝑅2 − 𝜌2sin2𝜑
sin 𝜃

−
ℎ

cos 𝜃
.

(3)

The direction of the incident photon is defined by polar
(𝜃) and azimuthal (𝜑) angles, where the azimuthal (𝜑) angle
takes the value from 0 to 2𝜋, while the polar angle (𝜃)

𝜌

R

h

𝜑

𝜑
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Figure 1: Point source configuration with 𝜌 ≤ 𝑅.

takes the two different steps based on the source-to-detector
configuration and given by

𝜃max = tan−1(
𝜌 cos𝜑 + √𝑅2 − 𝜌2sin2𝜑

ℎ
) ,

𝜃


max = tan−1(
𝜌 cos𝜑 + √𝑅2 − 𝜌2sin2𝜑

ℎ + 𝐿
) ,

(4)

where 𝜃max and 𝜃


max are the photon maximum polar angles
for entering through the detector face and exiting from the
detector base, respectively.

The effective solid angle, ΩEff(Non-Axial Point), in case of a
nonaxial point source is given by

ΩEff(Non-Axial Point) = ∫

2𝜋

0

[∫

𝜃


max

0

𝑓att𝑓1 sin 𝜃 d𝜃

+ ∫

𝜃max

𝜃


max

𝑓att𝑓2 sin 𝜃 d𝜃] d𝜑,

(5)

where

𝑓
𝑖
= (1 − 𝑒

−𝜇⋅𝑑
𝑖) , 𝑖 = 1, 2, (6)

𝑓att = 𝑒
−∑
𝑛

𝑖=1
𝜇
𝑖
𝛿
𝑖 , (7)

𝛿
𝑖
= (

𝑡
𝑖

cos 𝜃
) For the front absorber layer,

𝛿
𝑖
= (

𝑡
𝑖

sin 𝜃
) For the side absorber layers,

(8)
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where 𝜇 in (6) is the attenuation coefficient of the detector
active material, while 𝑓att is the attenuation factor of the
absorber layers with attenuation coefficients, 𝜇

1
, 𝜇
2
, . . . , 𝜇

𝑛
,

and with thickness, 𝑡
1
, 𝑡
2
, . . . , 𝑡

𝑛
, between the source-to-

detector systems; also, 𝛿
𝑖
is the photon path lengths inside the

absorber material.

If there is a parallelepiped source with dimensions 2𝑎

(length), 2𝑏 (width), and 𝐻 (height) as illustrated in Figures
2 and 3, the effective solid angle, ΩEff(Parallelepiped), is given by

ΩEff(Parallelepiped) =
4 × (∫

ℎ
𝑜
+𝐻

ℎ
𝑜

(∫
𝛼
𝑇

0
∫
𝜌
1

0
𝑆
𝑐
𝑆
𝑓
ΩEff(Non-Axial Point)𝜌 d𝜌 d𝛼 + ∫

𝜋/2

𝛼
𝑇

∫
𝜌
2

0
𝑆
𝑐
𝑆
𝑓
ΩEff(Non-Axial Point)𝜌 d𝜌 d𝛼) dℎ)

4𝑎𝑏𝐻
,

(9)

where

𝛼 = tan−1 (
𝑦

𝑥
) ,

𝛼
𝑇
= tan−1 (𝑏

𝑎
) ,

𝜌
1
=

𝑎

cos𝛼
,

𝜌
2
=

𝑏

sin𝛼
,

(10)

while 𝑆
𝑓
and 𝑆

𝑐
are the self-attenuation factor of the source

matrix and the attenuation factor of the container material,
respectively, which can be represented by the following
equations:

𝑆
𝑓
= 𝑒
−𝜇
𝑠
𝑡
𝑖 ,

𝑆
𝑐
= 𝑒
−𝜇
𝑐
𝑡
𝑐𝑖 ,

(11)

where 𝜇
𝑠
is the attenuation coefficient of the source matrix,

where the source is filled with radioactive material, and 𝜇
𝑐
is

the attenuation coefficient of the source container material,
while 𝑡

𝑖
is the distance traveled by the emitted photon inside

the source and 𝑡
𝑐𝑖
is the distance traveled by the emitted

photon inside the source container material.
The container wall thicknesses are Δℎ, Δ𝑦, and Δ𝑥 for

the bottom, width, and length, respectively. Table 1 shows the
possible path lengths traveled by the photonwithin the source
matrix and the source containermaterial, while Table 2 shows
the values of the polar and azimuthal angles of the source
matrix and the source container material.

The distance traveled inside the source matrix, 𝑡
𝑖
, varies

upon the variation of the polar and azimuthal angles (𝜃, 𝜑)
inside the source itself, such as what is given in Table 3.

The distance traveled inside the source container mate-
rial, 𝑡
𝑐𝑖
, varies upon the variation of the polar and azimuthal

angles (𝜃, 𝜑) inside the source itself and can be given in
Table 4.

A computer program has been designed to calculate the
effective solid angle ratio between point and parallelepiped
sources located at various distances from the detector sur-
face. The numerical computation of the double integrals is
performed using the trapezoidal rule.Moreover, the accuracy
of the integration increases by increasing the number of

integration steps, 𝑛. It was stated that integration converges
very well at 𝑛 = 40.

The full-energy peak efficiency (FEPE) can be calculated
based on the reference measured full-energy peak efficiency
[14] by the following formula:

𝜀(Parallelepiped) =
ΩEff(Parallelepiped)

ΩEff
[Ref(Axial Point)]

𝜀
[Ref(Axial Point)], (12)

where 𝜀
[Ref
(Axial Point)]

andΩEff
[Ref
(Axial Point)]

are the full-energy peak
efficiency (FEPE) of the NaI(Tl) detector and the effective
solid angles subtended by the detector surface for using
an axial situated point source located at reference position
from the detector surface, respectively. In this case, to obtain
ΩEff

[Ref
(Axial Point)]

, at the axial position, the lateral distance, 𝜌,
must be equal to zero value in (3) and (4).

However, 𝜀
(Parallelepiped) and ΩEff

(Parallelepiped)
are the full-

energy peak efficiency (FEPE) of the NaI(Tl) detector and the
effective solid angles subtended by the detector surface for
using radioactive parallelepiped source located at any axial
position different from the reference one, respectively.

3. Experimental Setup

The detector used in these measurements is NaI(Tl) detector
(CANBERRA-802 series). The nominal dimensions of the
detector crystal are 76.2mm diameter and 76.2mm length.
It is mounted inside a protective aluminum end cap (0.5mm
thick, mass per unit area 147mg/cm2) with its axis being
vertical, reflector-oxide (1.6mm thick, mass per unit area
88mg/cm2), magnetic/light shield-conetic lined steel (typical
operating voltages: cathode to anode +800Vdc, dynode to
dynode +80Vdc, and cathode to dynode +150Vdc). The
detector relative energy resolution is 8.5% at 662 keV. The
signals from the detector were amplified and shaped by
Osprey Universal Digital MCA Tube Base for Scintillation
Spectrometry. The Osprey MCA designed to be temperature
stabilized with NaI detector, standard with 14 pins using 10-
stage PMTs, high performance, high-voltage power supply
(HVPS), preamplifier, fully integrated MCA includes all
needs to support spectrometry system for working in both
laboratory and field. The MCA can be controlled through
the USB cable to control the display, acquisition, and analysis
process with the Genie 2000 software [15].
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Table 1: The possible path lengths traveled by the photon within the source matrix and the source container material.

Source matrix
Polar angles Azimuthal angles

𝜃
1
= tan−1



𝑏 + 𝑦

(ℎ − ℎ
𝑜
) sin𝛽



𝜑
1
=
𝜋

2
− 𝛼 + tan−1 (𝑎 − 𝑥

𝑏 + 𝑦
)

𝜃
2
= tan−1



𝑎 − 𝑥

(ℎ − ℎ
𝑜
) cos𝛽



𝜑
2
= 𝜋 − 𝛼 + tan−1 (

𝑏 − 𝑦

𝑎 − 𝑥
)

𝜃
3
= tan−1



𝑏 − 𝑦

(ℎ − ℎ
𝑜
) sin𝛽



𝜑
3
= 2𝜋 − 𝛼 − tan−1 (

𝑏 − 𝑦

𝑎 + 𝑥
)

𝜃
4
= tan−1



𝑎 + 𝑥

(ℎ − ℎ
𝑜
) cos𝛽



𝜑
4
=

{{{

{{{

{

2𝜋 − 𝛼 + tan−1 (
𝑏 + 𝑦

𝑎 + 𝑥
) (𝛼 ≥ 𝛼

𝑇
)

tan−1 (
𝑏 + 𝑦

𝑎 + 𝑥
) − 𝛼 (𝛼 < 𝛼

𝑇
)

Source container material
Polar angles Polar angles

𝜃
1𝑐
= tan−1



𝑏 + Δ𝑦 + 𝑦

(ℎ − ℎ
𝑜
) sin𝛽



𝜑
1𝑐
=
𝜋

2
− 𝛼 + tan−1 (𝑎 + Δ𝑥 − 𝑥

𝑏 + Δ𝑦 + 𝑦
)

𝜃
2𝑐
= tan−1



𝑎 + Δ𝑥 − 𝑥

(ℎ − ℎ
𝑜
) cos𝛽



𝜑
2𝑐
= 𝜋 − 𝛼 + tan−1 (

𝑏 + Δ𝑦 − 𝑦

𝑎 + Δ𝑥 − 𝑥
)

𝜃
3𝑐
= tan−1



𝑏 + Δ𝑦 − 𝑦

(ℎ − ℎ
𝑜
) sin𝛽



𝜑
3𝑐
= 2𝜋 − 𝛼 − tan−1 (

𝑏 + Δ𝑦 − 𝑦

𝑎 + Δ𝑥 + 𝑥
)

𝜃
4𝑐
= tan−1



𝑎 + Δ𝑥 + 𝑥

(ℎ − ℎ
𝑜
) cos𝛽



𝜑
4𝑐
=

{{{

{{{

{

2𝜋 − 𝛼 + tan−1 (
𝑏 + Δ𝑦 + 𝑦

𝑎 + Δ𝑥 + 𝑥
) (𝛼 ≥ 𝛼

𝑇
)

tan−1 (
𝑏 + Δ𝑦 + 𝑦

𝑎 + Δ𝑥 + 𝑥
) − 𝛼 (𝛼 < 𝛼

𝑇
)

Detector surface
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Figure 2: Schematic diagram of a parallelepiped source.

Two types of sourceswere used in the present experiment:
standard point sources for the reference calibration and
volume source as the target as of this study. The sources
activities, their uncertainties, half-lives, photon energies, and
photon emission probabilities per decay for all radionuclides
used in the calibration process were listed in Tables 5(a) and
5(b).

The standard radioactive sources were purchased from
Physikalisch-Technische Bundesanstalt (PTB). The radioac-
tive substance is a very thin, compact grained layer applied
to a circular area about 5mm in diameter, in the middle
of the source between two polyethylene foils each having a
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Figure 3: Schematic view for the azimuthal angle values in the bar
source.

mass per unit area of 21.3 ± 1.8mg⋅cm−2. By heating under
pressure, the two foils are welded together over the whole
area so that they are leak-proofed. To facilitate handling, the
foil 26mm in diameter is mounted in a circular aluminum
ring (outer diameter: 30mm, height: 3mm) from which it
can easily be removed if and when required. There are two
types of the standard radioactive sources used in the present
work; the first typewas in the formof five point sources.These
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Table 2: The values of the polar and the azimuthal angles of the
source matrix and the source container material.

Possible cases Possible path lengths
Source matrix Source container material

Exit from the base 𝑡
0
=
ℎ − ℎ
𝑜

cos 𝜃
𝑡
𝑐𝑜
=

Δℎ

cos 𝜃

Exit from side I 𝑡
1
=

𝑏 + 𝑦

sin 𝜃 sin𝛽
𝑡
𝑐1
=

Δ𝑦

sin 𝜃 sin𝛽

Exit from side II 𝑡
2
=



𝑎 − 𝑥

sin 𝜃 cos𝛽



𝑡
𝑐2
=



Δ𝑥

sin 𝜃 cos𝛽



Exit from side III 𝑡
3
=



𝑏 − 𝑦

sin𝛽 sin 𝜃



𝑡
𝑐3
= 𝑡
𝑐1
=

Δ𝑦

sin 𝜃 sin𝛽

Exit from side IV 𝑡
4
=

𝑎 + 𝑥

sin 𝜃 cos𝛽
𝑡
𝑐4
= 𝑡
𝑐2
=



Δ𝑥

sin 𝜃 cos𝛽



where 𝛽 = 𝛼 + 𝜑, 𝑥 = 𝜌 cos𝛼, 𝑦 = 𝜌 sin𝛼, and 𝛼 = tan−1(𝑦/𝑥)

Table 3: The possible path lengths inside the source matrix.

Azimuthal angles
conditions

Polar angles
conditions Possible path lengths

(𝜑
1
≤ 𝜑 < 𝜑

2
)

(𝜃 ≤ 𝜃
1
) 𝑡

𝑜

(𝜃
1
< 𝜃 ≤ 𝜃max) 𝑡

1

(𝜑
2
≤ 𝜑 < 𝜑

3
)

(𝜃 ≤ 𝜃
2
) 𝑡

𝑜

(𝜃
2
< 𝜃 ≤ 𝜃max) 𝑡

2

(𝜑
3
≤ 𝜑 < 𝜑

4
)

(𝜃 ≤ 𝜃
3
) 𝑡

𝑜

(𝜃
3
< 𝜃 ≤ 𝜃max) 𝑡

3

(𝜑
4
≤ 𝜑 < 𝜑

1
)

(𝜃 ≤ 𝜃
4
) 𝑡

𝑜

(𝜃
4
< 𝜃 ≤ 𝜃max) 𝑡

4

Table 4: The possible path lengths inside the source container
material.

Azimuthal angles
conditions

Polar angles
conditions Possible path lengths

(𝜑
1𝑐
≤ 𝜑 < 𝜑

2𝑐
)

(𝜃 ≤ 𝜃
1𝑐
) 𝑡

𝑐𝑜

(𝜃
1𝑐
< 𝜃 ≤ 𝜃max) 𝑡

𝑐1

(𝜑
2𝑐
≤ 𝜑 < 𝜑

3𝑐
)

(𝜃 ≤ 𝜃
2𝑐
) 𝑡

𝑐𝑜

(𝜃
2𝑐
< 𝜃 ≤ 𝜃max) 𝑡

𝑐2

(𝜑
3𝑐
≤ 𝜑 < 𝜑

4𝑐
)

(𝜃 ≤ 𝜃
3𝑐
) 𝑡

𝑐𝑜

(𝜃
3𝑐
< 𝜃 ≤ 𝜃max) 𝑡

𝑐1

(𝜑
4𝑐
≤ 𝜑 < 𝜑

1𝑐
)

(𝜃 ≤ 𝜃
4𝑐
) 𝑡

𝑐𝑜

(𝜃
4𝑐
< 𝜃 ≤ 𝜃max) 𝑡

𝑐2

sources were measured using a homemade Plexiglas holder
at 3 different axial distances from the detector surface (P4 =
20 cm, P6 = 30 cm, and P8 = 40 cm) and start from P4, while
the second type of radioactive sources is parallelepipedwhich
contains 152Eu solution. These radioactive parallelepiped
sources were measured at two positions, on the Plexiglas
holder base with thickness 0.363 cm at position P0 “placed
directly on the detector end cap” and at position P1 = 5 cm
from the detector surface.

4. Results and Discussion

In these measurements of low activity sources, the dead time
was always less than 3%. So the corresponding factor is
obtained simply using ADC live time. The peak areas, live
time, real time, and starting time for each spectrum were
entered in the spreadsheet used to calculate the efficiency
curves [15]. Once the full-energy peak area is obtained, the
full-energy peak efficiency values can be calculated by the
following equation:

𝜀 (𝐸) =
𝑁 (𝐸)

𝑇𝐴
𝑠
𝑃 (𝐸)

∏𝐶
𝑖
, (13)

where 𝜀(𝐸) is the full-energy peak efficiency as a function
of the photon energy, 𝑁(𝐸) is the net peak area, 𝐴

𝑠
is the

radionuclide activity at the time of standardization (Bq), 𝑇
is the live time (s), 𝑃(𝐸) is the photon emission intensity
at energy 𝐸, and 𝐶

𝑖
are the correction factors due to

dead time and radionuclide decay [15]. The experimental
uncertainties on acquisition time and source distance were
considered negligible; thus, the standard deviation on 𝜀, 𝜎

𝜀
,

was determined by the uncertainties on 𝑁(𝐸), 𝑃(𝐸), and 𝐴
𝑠

and was calculated according to the propagation of error law
according to the following equation:

𝜎
𝜀
= 𝜀√(

𝜕𝜀

𝜕𝐴
)

2

𝜎
2

𝐴
+ (

𝜕𝜀

𝜕𝑃
)

2

𝜎
2

𝑃
+ (

𝜕𝜀

𝜕𝑁
)

2

𝜎
2

𝑁
. (14)

The relative uncertainty in the peak area was always
arranged to be 0.5% and so the absolute uncertaintymeasure-
ments were dominated by the uncertainty in the radionuclide
activity. Uncertainties in the relative efficiencymeasurements
with a given source as a function of distance were generally
determined by a combination of counting statistics. Once the
individual efficiencies have been obtained by applying the
correction factors, the overall efficiency curve is obtained by
fitting the experimental points to a polynomial logarithmic
function of the fourth order using nonlinear least square
fit. In this way, the correlation between data points from
the same calibrated source has been included to avoid the
overestimation of the uncertainty in the measured efficiency.

In the present work, the analytical formulae are consid-
ering the detector active volume and the effective geomet-
rical solid angle, corresponding to a radioactive point and
parallelepiped sources located at various distances from the
detector surface in order to obtain a simple formula for the
efficiency transfer method. In addition, the self-attenuation
coefficient of the source matrix, the attenuation factors of the
source container, and the detector housing materials are also
treated by calculating the path length within these materials.

The reference experimental calibration curve was
obtained by using radioactive point sources measured at
three different axial distances from the detector surface,
P4, P6, and P8, as represented in Figure 4. The efficiency
transfer principle is used to convert the full-energy peak
efficiency curve from these positions’ “reference curve” to
the other (FEPE), which was located at positions P0 up to P1
for using radioactive parallelepiped sources V1 and V2 based
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Table 5: The point and volume source’s description.

(a)

Point source’s description

PTB-Nuclide Energy
(keV)

Emission
probability %

Half-life
(days)

Activity (kBq)
1 June 2009

Uncertainty
(kBq)

241Am 59.52 35.9 157861.05 259.0 ±2.6
133Ba 80.99 34.1 3847.91 275.3 ±2.8

152Eu

121.78 28.4

4943.29 290.0 ±4.0

244.69 7.49
344.28 26.6
778.90 12.96
964.13 14.0
1408.01 20.87

137Cs 661.66 85.21 11004.98 385.0 ±4.0
60Co 1173.23 99.90 1925.31 212.1 ±1.5

1332.5 99.98

(b)

Volume source’s description (mm) and activities, 5.05 ± 0.05 kBq

Fisher Scientific Company
Polypropylene (PP) Parallelepiped

Cross section
dimensions

Radioactive PTB 152Eu solution
height

Thickness
[bottom and

side]
V1 (125mL) filled with 100mL 59.23 × 37.88 51.02 1.50
V2 (250mL) filled with 200mL 60.48 × 60.48 61.40 1.52

100 1000

Fu
ll-

en
er

gy
 p

ea
k 

effi
ci

en
cy

Photon energy (keV)
P4 (measured)
P6 (measured)
P8 (measured)

0.01

1E − 3

1E − 4

Figure 4: Reference experimental calibration curve for point
sources measured at three different axial distances, P4, P6, and P8,
from the NaI(Tl) detector surface.

on (12). In addition, the values of the effective solid angle are
tabulated in Table 6 for a point and parallelepiped sources at
the measurement positions. The relative deviation between

the measured and the calculated efficiencies (FEPE) is given
by the following equation:

Δ% =
𝜀Cal − 𝜀meas

𝜀meas
× 100, (15)

where 𝜀Cal and 𝜀meas are the calculated and experimental
efficiencies, respectively.

The FEPE values with their associated uncertainties
for parallelepiped sources, V1 and V2, were measured at
positions P0 and P1. These data are compared with the
calculated values based on the conversion process by (12)
from the reference efficiency curve for a point source at three
different axial distances from the detector surface, and the
comparisons are tabulated in Tables 7 and 8. In addition,
the deviation percentage Δ%, between the measured and the
calculated (FEPE) values at various positions is listed in the
same tables.

5. Conclusion

This work provides an analytical method in gamma-ray
spectrometry field and consider as useful tools of NaI(Tl)
efficiency computation for laboratory routine measurements,
saving the time and avoiding the experimental calibra-
tion process for different sample geometries when standard
radioactive sources do not exist. Therefore, this method is
sufficient for most routine measurement work under one
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Table 6: Effective solid angle for point and parallelepiped sources at various positions.

Nuclide
Energy Effective solid angle

Point sources Parallelepiped sources
keV (ΩP4) (ΩP6) (ΩP8) Ω

(V1-P0) Ω
(V2-P0) Ω

(V1-P1) Ω
(V2-P1)

Am-241 59.52 4.59E − 02 2.13E − 02 1.21E − 02 5.59E − 01 4.21E − 01 1.79E − 01 1.64E − 01
Ba-133 80.99 5.00E − 02 2.33E − 02 1.32E − 02 6.27E − 01 4.75E − 01 1.99E − 01 1.82E − 01
Eu-152 121.78 5.26E − 02 2.46E − 02 1.40E − 02 6.77E − 01 5.16E − 01 2.12E − 01 1.96E − 01
Eu-152 244.69 5.27E − 02 2.52E − 02 1.45E − 02 6.63E − 01 5.09E − 01 2.03E − 01 1.91E − 01
Eu-152 344.28 5.10E − 02 2.46E − 02 1.43E − 02 6.21E − 01 4.80E − 01 1.91E − 01 1.81E − 01
Cs-137 661.66 4.66E − 02 2.28E − 02 1.33E − 02 5.51E − 01 4.31E − 01 1.71E − 01 1.65E − 01
Eu-152 778.90 4.54E − 02 2.23E − 02 1.30E − 02 5.36E − 01 4.21E − 01 1.67E − 01 1.61E − 01
Eu-152 964.13 4.38E − 02 2.15E − 02 1.26E − 02 5.16E − 01 4.07E − 01 1.61E − 01 1.56E − 01
Co-60 1173.23 4.22E − 02 2.08E − 02 1.21E − 02 4.97E − 01 3.93E − 01 1.55E − 01 1.50E − 01
Co-60 1332.51 4.12E − 02 2.03E − 02 1.19E − 02 4.85E − 01 3.84E − 01 1.52E − 01 1.47E − 01
Eu-152 1408.01 4.08E − 02 2.01E − 02 1.18E − 02 4.80E − 01 3.81E − 01 1.50E − 01 1.46E − 01

Table 7: Comparison between the measured and calculated full-energy peak efficiencies for parallelepiped sources, V1 and V2, at position
P0.

Nuclide Energy
keV

𝜀P4 → 𝜀
(V1-P0) 𝜀P4 → 𝜀

(V2-P0)

Calculated Measured Unc. Δ% Calculated Measured Unc. Δ%

Eu-152

121.78 7.18E − 02 7.08E − 02 5.72E − 04 −1.43 5.47E − 02 5.48E − 02 4.41E − 04 0.22

244.69 5.69E − 02 5.60E − 02 4.64E − 04 −1.60 4.37E − 02 4.38E − 02 3.20E − 04 0.28

344.28 4.57E − 02 4.53E − 02 3.49E − 04 −0.77 3.53E − 02 3.52E − 02 2.66E − 04 −0.36

778.90 2.08E − 02 2.09E − 02 1.71E − 04 0.70 1.63E − 02 1.64E − 02 1.22E − 04 0.69

964.13 1.62E − 02 1.63E − 02 1.38E − 04 0.42 1.28E − 02 1.28E − 02 9.85E − 05 0.50

1408.01 1.12E − 02 1.13E − 02 8.65E − 05 1.44 8.84E − 03 8.85E − 03 6.48E − 05 0.09

Nuclide Energy
keV

𝜀P6 → 𝜀
(V1-P0) 𝜀P6 → 𝜀

(V2-P0)

Calculated Measured Unc. Δ% Calculated Measured Unc. Δ%

Eu-152

121.78 7.31E − 02 7.08E − 02 5.72E − 04 −3.19 5.57E − 02 5.48E − 02 4.41E − 04 −1.51

244.69 5.68E − 02 5.60E − 02 4.64E − 04 −1.50 4.36E − 02 4.38E − 02 3.20E − 04 0.37

344.28 4.53E − 02 4.53E − 02 3.49E − 04 0.12 3.50E − 02 3.52E − 02 2.66E − 04 0.52

778.90 2.04E − 02 2.09E − 02 1.71E − 04 2.60 1.60E − 02 1.64E − 02 1.22E − 04 2.59

964.13 1.58E − 02 1.63E − 02 1.38E − 04 3.13 1.24E − 02 1.28E − 02 9.85E − 05 3.20

1408.01 1.08E − 02 1.13E − 02 8.65E − 05 4.14 8.60E − 03 8.85E − 03 6.48E − 05 2.82

Nuclide Energy
keV

𝜀P8 → 𝜀
(V1-P0) 𝜀P8 → 𝜀

(V2-P0)

Calculated Measured Unc. Δ% Calculated Measured Unc. Δ%

Eu-152

121.78 7.36E − 02 7.08E − 02 5.72E − 04 −3.94 5.61E − 02 5.48E − 02 4.41E − 04 −2.24

244.69 5.68E − 02 5.60E − 02 4.64E − 04 −1.43 4.36E − 02 4.38E − 02 3.20E − 04 0.44

344.28 4.54E − 02 4.53E − 02 3.49E − 04 −0.17 3.51E − 02 3.52E − 02 2.66E − 04 0.24

778.90 2.04E − 02 2.09E − 02 1.71E − 04 2.36 1.60E − 02 1.64E − 02 1.22E − 04 2.34

964.13 1.59E − 02 1.63E − 02 1.38E − 04 2.28 1.25E − 02 1.28E − 02 9.85E − 05 2.36

1408.01 1.08E − 02 1.13E − 02 8.65E − 05 4.16 8.60E − 03 8.85E − 03 6.48E − 05 2.84

condition, where one must be provided by exact knowledge
of the geometrical parameters of the source-detector arrange-
ments taking into account the attenuation of the gamma-
rays by any material between the source and the detector like
aluminum end cap, aluminum oxide reflector, and Plexiglas
holder. The calculations were based on the efficiency transfer
principle and a new straightforward analytical definition to

compute the effective solid angle between the parallelepiped
source and the detector surface.
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Table 8: Comparison between the measured and calculated full-energy peak efficiencies for parallelepiped sources, V1 and V2, measured at
position P1.

Nuclide Energy
keV

𝜀P4 → 𝜀
(V1-P1) 𝜀P4 → 𝜀

(V2-P1)

Calculated Measured Unc. Δ% Calculated Measured Unc. Δ%

Eu-152

121.78 2.25E − 02 2.22E − 02 1.80E − 04 −0.97 2.08E − 02 2.07E − 02 1.67E − 04 −0.34

244.69 1.75E − 02 1.70E − 02 1.38E − 04 −2.52 1.64E − 02 1.64E − 02 1.35E − 04 0.26

344.28 1.41E − 02 1.41E − 02 1.08E − 04 −0.06 1.33E − 02 1.34E − 02 1.10E − 04 0.54

778.90 6.47E − 03 6.54E − 03 5.45E − 05 1.05 6.23E − 03 6.24E − 03 4.95E − 05 0.16

964.13 5.06E − 03 5.09E − 03 4.26E − 05 0.71 4.89E − 03 4.90E − 03 4.05E − 05 0.15

1408.01 3.49E − 03 3.56E − 03 2.87E − 05 2.12 3.39E − 03 3.45E − 03 2.64E − 05 1.72

Nuclide Energy
keV

𝜀P6 → 𝜀
(V1-P1) 𝜀P6 → 𝜀

(V2-P1)

Calculated Measured Unc. Δ% Calculated Measured Unc. Δ%

Eu-152

121.78 2.28E − 02 2.22E − 02 1.80E − 04 −2.72 2.11E − 02 2.07E − 02 1.67E − 04 −2.08

244.69 1.74E − 02 1.70E − 02 1.38E − 04 −2.42 1.64E − 02 1.64E − 02 1.35E − 04 0.35

344.28 1.40E − 02 1.41E − 02 1.08E − 04 0.81 1.32E − 02 1.34E − 02 1.10E − 04 1.41

778.90 6.34E − 03 6.54E − 03 5.45E − 05 2.94 6.11E − 03 6.24E − 03 4.95E − 05 2.07

964.13 4.92E − 03 5.09E − 03 4.26E − 05 3.41 4.76E − 03 4.90E − 03 4.05E − 05 2.87

1408.01 3.39E − 03 3.56E − 03 2.87E − 05 4.80 3.30E − 03 3.45E − 03 2.64E − 05 4.40

Nuclide Energy
keV

𝜀P8 → 𝜀
(V1-P1) 𝜀P8 → 𝜀

(V2-P1)

Calculated Measured Unc. Δ% Calculated Measured Unc. Δ%

Eu-152

121.78 2.30E − 02 2.22E − 02 1.80E − 04 −3.46 2.13E − 02 2.07E − 02 1.67E − 04 −2.82

244.69 1.74E − 02 1.70E − 02 1.38E − 04 −2.35 1.64E − 02 1.64E − 02 1.35E − 04 0.43

344.28 1.40E − 02 1.41E − 02 1.08E − 04 0.53 1.33E − 02 1.34E − 02 1.10E − 04 1.13

778.90 6.36E − 03 6.54E − 03 5.45E − 05 2.70 6.13E − 03 6.24E − 03 4.95E − 05 1.82

964.13 4.96E − 03 5.09E − 03 4.26E − 05 2.57 4.80E − 03 4.90E − 03 4.05E − 05 2.02

1408.01 3.39E − 03 3.56E − 03 2.87E − 05 4.82 3.30E − 03 3.45E − 03 2.64E − 05 4.42
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