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1. Introduction
In gamma�ray spectroscopy, one usually needs

to know the full�energy peak efficiency for any
specific source–detector configuration of concern.
Because the experimental work isis an inflexible
and a time consuming process, much research have
been focused on the development of computational
techniques to determine different efficiencies. One
of these techniques is the efficiency transfer prin�
ciple in which the computation of the detector ef�
ficiency for various geometrical conditions is de�
rived from the known efficiency for reference
source�detector geometry. The efficiency transfer
method is particularly useful due to its insensitiv�
ity to the inaccuracy of the input data, such as the
uncertainty of the detector characterization
(Le`py et al., [1]; Vidmar et al. [2]). The present�
ed approach is based on the direct mathematical
method reported by Selim and Abbas [3–10],
which used successfully before to calibrate differ�
ent sources with different detectors.

2. Mathematical treatment
Selim and Abbas used the spherical coordi�

nate system to derive the direct analytical elliptic
integrals and to calculate different detector effi�
ciencies for any source�detector configuration. The
solid angle (Ω) subtended by the detector at the
source point is introduced in Abbas [7], and it is
defined as:

sin d d
θ ϕ

θ ϕ θΩ = ∫ ∫ .                   (4)
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So the effective solid angle can be defined as:

.sineff attf d d
θ ϕ

θ ϕ θΩ = ∫ ∫ .                (5)

where fatt is the factor that determines the photon
attenuation by all absorbers between source and
detector, it is expressed as:

i i
i

attf e
µ δ−∑

=                              (6)

where мi is the attenuation coefficient of the ith ab�
sorber for a gamma�ray photon with energy Eγ and
δi is the average gamma photon path length
through the ith absorber.

In the case of an axial point source at distance
(h) from the detector as shown in figure (1), it makes
polar (θ) and the azimuth (ϕ) angles which are at
the point of entrance of the considered surface de�
fined by the direction of the incidence of a gamma�
ray photon.

The polar angles can be expressed as, Abbas
[7]
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 Therefore the effective solid angle can be
expressed as:

1 2
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sin    sin  eff att attf d d f d d
θ θπ π

θ

θ ϕ θ θ ϕ θΩ += ∫ ∫ ∫ ∫ .(8)

Volumetric source can be treated as group of
point sources which are uniformly distributed; each
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point source has an effective solid angle ( int)eff PoΩ
Nafee [11] as shown in equation (9).

( int)

( )

.  att eff Po

v
eff Cyl

f dV

V

Ω
Ω =

∫
.         (10)

For an arbitrary element of volume dV at later�
al distance ρ from the detector axis that makes an
angle α with the detector’s major axis h. Where h is
the source�detector separation, this element of vol�
ume can be expressed in the polar coordinates by:

dV d d dhρ ρ α= .

Therefore, equation (9) will be:

. .( int)

( )

f d d dhatt eff Poh
eff Cyl V

ρ ρ α
α ρ=
∫ ∫ Ω∫

Ω .(11)

In volumetric source, not all the emitted pho�
tons from the source exit from it, but part of them is
absorbed in the source itself, which affects the ef�
fective solid angle calculations. The factor concern�
ing this effect is called the self�absorption factor Sf

which is given by: [11]
.ds sS ef

µ−=                          (12)

where мs is the source attenuation coefficient and ds

is the distance traveled by the emitted photon in�

Figure 1 The axial point source with Cylindrical
Detector

Figure 2 Cylindrical source and detector configuration
(S≥R)

side the source as shown in figure (2). ds was found
to be a function of the polar and azimuthal angles
(θ, ϕ) inside the source itself and it is given by:

' '
      2 max1 cos

  
h hod for ands Sθ θ ϕ ϕ

θ

−
= ≤ ≤ .(13)

Therefore, the source polar and azimuthal an�
gles can be given as equations (14) and (15), re�
spectively: [11]

' 1 ' 1
tan   &   tan1 2

S S

h h h ho o

ρ ρ
θ θ

− +− −= =
− −

   
   
   

(14)

2 2 2 2
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( ) tan
cos

2 ( ) tan
o

S
o

S h h

h h

ρϕ
ρ

−  − + −
=  − 

.   (15)

Where θ’1 and θ’2 are the extreme polar angles
of the source, ϕ’Smax is the maximum azimuthal an�
gle for the photon to exit the source, and ho is the
source�detector separation.

So equation (11) can be written as follows:

( int)

( )

... att f eff Po

h
eff Cyl

f S d d dh

V
α ρ

ρ ρ αΩ
Ω =

∫ ∫ ∫
. (16)

Thus, the effective solid angle of a cylindrical
detector in case of a cylindrical source of radius
(S≥R) and height H can be expressed by:
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So the detector efficiency using cylindrical
sources can be calculated by the efficiency transfer
principle as follow:

( ) ( ) ( )
, ,

( )
eff

eff

Cyl
E Cyl E P

Pο
ο

ε ε
Ω

=
Ω .        (18)

3. Experimental setup
In this work two NaI (Tl) scintillation detec�

tors are used. The (5,08x5,08 cm2) detector (D1)
and (7,62x7,62 cm2) detector (D2) details are list�
ed in table 1.

The FEPE has been measured using two
types of radioactive sources.  The point sources for
first one are 241Am, 133Ba, 152Eu, 137Cs, and 60Co.
point sources were purchased from the Phys�
ikalisch�Technische Bundesanstalt (PTB) in
Braunschweig and Berlin. The certificates show
the sources activities and their uncertainties for
PTB sources which are listed in table 2. The data
sheet states the values of half�life photon energies
and photon emission probabilities per decay for
all radionuclides used in the calibration process
are listed in table 3, which is available at the Na�
tional Nuclear Data Center Web Page or on the
IAEA website.

The calibration process was done by using
the (PTB) point sources. Homemade Plexiglas
holder is used to measure these sources at three
different axial distances starting from 20, 25, and
30 cm from the detectors surface. The holder is
placed directly on the detector entrance window
as an absorber. In most cases the accompanying
x�ray was soft enough to be absorbed completely
before entering the detector. To avoid the effect of
в� and x� rays and to protect the detector heads,
therefore, there is no correction was made for x�
gamma coincidences. The source�detector sepa�
rations start from 20 cm to neglect the coincidence
summing correction.

The second type of source is the 500 ml
Polypropylene volumetric source made by Nalgene
Lab�ware, its catalog number is (NG�2118), the size
code is (16) filled with 200, 300, and 400 ml 152Eu
solution of known activity with heights 21.45 mm,

Table 1 Detectors setup parameters with acquisition
electronics specifications for Detector (D1)

and Detector (D2)
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Table 2 PTB point sources activities
and their uncertainties
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Table 3 Half lives, photon energies and photon
emission probabilities per decay for the all

radionuclides used in this work
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31.59 mm and 41.83 mm respectively, the details of
the prepared sources are tabulated in table (4)

As an example if the spectrum was recorded as
P4D1 where P refers to the source type (point) mea�
sured on detector (D1) at distance number (4),
hence h = 20 cm.

The volumetric sources (vials) were measured
on a 0.1 cm thick Plexiglas cover and placed direct�
ly on the detector end�cap. These measurements
were done using two cylindrical detectors with
numbers (D1 and D2). The source was placed on
the detector end�cap with the center of the source
centered on the end�cap. The spectra was recorded
as V1D2, where V1 is the volume (V1) measured
on detector (D2). The angular correlation effects
can be neglected for the low source�to�detector dis�
tance, Debertin, et al., [12]

The spectrum acquired with winTMCA32
software is made by ICx Technologies. It was ana�
lyzed with Genie 2000 data acquisition and analy�
sis software. It was made by Canberra using the
automatic peak search and the peak area calcula�
tions, along with changes in the peak fit using the
interactive peak fit interface when necessary to re�
duce the residuals and errors in the peak area val�
ues. The live time, the run time, and the start time
for each spectrum are entered in the spread sheets.
Those sheets were used to perform the calculations
necessary to generate the experimental FEPE
curves with their associated uncertainties as a func�
tion of the photon energy for all calibration sources
detectors listed in tables (4).

The Efficiency Transfer Theoretical Method
(ETTM) used to convert the FEPE curve from
point sources at position (P4, P5, P6) to the FEPE
of other geometries which represented in V1, V2,
and V3. These calculations extended for two cylin�
drical NaI(Tl) detectors (D1, and D2).

4. Results and Discussions
This section shows a comparison between the

theoretical and the experimental work of the efficien�
cy transfer method (ETTM). The experimental work
was held at Younis. S. Selim laboratory for Radiation
Physics, Faculty of Science, Alexandria University.

This laboratory uses several coaxial NaI (Tl) scintil�
lation detectors (5.08x5.08 cm2 and 7.62x7.62 cm2)
which are used in the presented work. The detectors
were calibrated by measuring the low activity point
sources, previously described. The theoretical FEPE
can be obtained as given in equation (18).

The percentage error between the measured
and the calculated efficiencies is given by:

% 100meas

meas

ETTMε ε
ε

−
∆ = ×                 (19)

where εcal and εmeas are the calculated and experi�
mentally measured efficiencies, respectively.

The measured efficiency values as a function
of the photon energy ε(E) for all NaI Scintillation
detectors were calculated by:

( ) ( )

( ) i
S

N E
E C

T A P E
ε =

⋅ ⋅ ∏                 (20)

where N(E) is the number of counts in the full�
energy peak and it can be obtained using Genie
2000 software, T is the measuring time (in second),
P(E) is the photon emission probability at energy
E, AS is the radionuclide activity, and Ci, are the
correction factors due to dead time and radionuclide
decay.

For the measurements of the low activity
sources, the dead time was always less than 3%, so
the corresponding factor was obtained simply using
ADC live time. The statistical uncertainties of the
net peak areas were smaller than 1,0 %. Since the
acquisition time was long enough to get the number
of counts which was at least 10,000 counts. Therefore,
the background subtraction was done. The decay
correction Cd for the calibration source from the
reference time to the run time was given by:

T
dC eλ⋅∆=                           (21)

where λ is the decay constant and ∆T is the time
interval over which the source decays corresponding
to the run time. The main source of uncertainty in
the efficiency calculations was the uncertainties of
the activities of the standard source solutions. The
coincidence summing effects were negligible in the
reference measurement geometries.
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Table 4 Prepared sources (homemade) details
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Figure 3 ETTM efficiency results for conversion from
point sources at (P4, P5, and P6) to V1 using detector
(D1), and the measured one for (V1D1) arrangement
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Figure 4 ETTM efficiency results for conversion from
point sources at (P4, P5, and P6) to V2 using detector
(D1), and the measured one for (V2D1) arrangement
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Figure 6 ETTM efficiency results for conversion from
point sources at (P4, P5, and P6) to V1 using detector
(D2), and the measured one for (V1D2) arrangement

100 1000

1E -3

0.01

0.1
F

u
ll 

E
n

er
gy

 P
ea

k
 E

ff
ic

ie
n

cy

Photon Energy (kev)

 EXPV2D2
���������	� ������
��	� ���������	�

 EXPP4D2         EXPP5D2         EXPP6D2

Figure 7 ETTM efficiency results for conversion from
point sources at (P4, P5, and P6) to V2 using detector
(D2), and the measured one for (V2D2) arrangement
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Figure 8 ETTM efficiency results for conversion from
point sources at (P4, P5, and P6) to V3 using detector
(D2), and the measured one for (V3D2) arrangement
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Figure 5 ETTM efficiency results for conversion from
point sources at (P4, P5, and P6) to V3 using detector
(D1), and the measured one for (V3D1) arrangement
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The uncertainty in the FEPE σε was given by:

2 2 2
2 2 2

A P NA P Nε
ε ε εσ ε σ σ σ∂ ∂ ∂     ⋅ ⋅ + ⋅ + ⋅     ∂ ∂ ∂     

=                                             (22)

where σA, σP, and σN, are the uncertainties associated
with the quantities AS, P(E), and N(E), respectively,
assuming that the only correction made is due to
the source activity decay.

In order to study the effect of the detector vol�
ume and the source�to�detector distance on the
FEPE of NaI (Tl) detectors (D1 and D2) and of
volumes (V1, V2, and V3), the measured efficiency

for different sources detector arrangement were
compared. Figure (3–8) show that the efficiency is
increasing by decreasing the source volume (all
sources have the same radius, vessel, and carrier so�
lution, only the height of the source is different).
The self�attenuation effect increased by increasing
the carrier solution as we know when the attenua�
tion factors increase then the number of photons
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Table 5.a The Discrepancy percentage (∆%) between the experimental and theoretical for (ETTM)
values using detector D1 and volume sources V1,V2 and V3

Badawi M.S. and others Using an Analytical Efficiency Transfer Principle to Calculate ...



170 ВЕСТНИК ОГУ № 5 (154)/май`2013

reach the detector decrease. Moreover, the efficien�
cy is increased with increasing the detector’s vol�
ume, where the crystal should be long enough to
have reasonable efficiency for the highest energy
gamma�rays of interest. This is due to the change in
solid angle and increasing the chance of various
interactions of photon with the detector material
as a result of increasing the pass length in the crys�
tal of larger volume.

The efficiency of the detectors is high at low
source energies (absorption coefficient is very high)
and decreases as the energy increases (fall off in the
absorption coefficient). This is due to the fact that

the photoelectric is dominant below 100 keV, which
means in other words that it is higher for the bigger
detector than the smaller one and it is higher for
lower source energy than higher source energy. This
is because of the dominance of the photoelectric at
lower source energies.

The presented work provides a great under�
standing to several aspects of gamma�ray spectros�
copy and will provide us with useful tools (ETTM)
for efficiency calculation for co�axial detectors. This
method constitutes a good approach for the effi�
ciency computation for laboratory routine measure�
ments and can save time in avoiding experimental

Table 5.b The Discrepancy percentage (∆%) between the experimental and theoretical for (ETTM)
values using detector D1 and volume sources V1, V2 and V3
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calibration for different position geometries. Where
the values of the efficiency calculations using
(ETTM) was compared with the measured ones as
presented in table (5).

5. Conclusions
This work led to a simple (ETTM) to evalu�

ate the FEPE over a wide energy range, which deal
with different detector types for isotropic axial

point sources, and axial cylindrical sources. Accord�
ingly the present approach shows great possibili�
ties to calibrate the detectors through the determi�
nation of the FEPE curve even in those cases when
no standard source is available, which is consid�
ered as the final goal of this work. The discrepan�
cies in general for all the measurements were found
to be less (7%) between (ETTM) and experimen�
tal values at all energy region.

18.03.2013
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