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Abstract 

The full energy peak efficiency of HPGe detector is computed using a new 
analytical approach. The approach explains the effect of self-attenuation of the 

source matrix, the attenuation by the source container and the detector housing 

materials on the detector efficiency. The experimental calibration process was 

done using radioactive spherical sources containing aqueous 152Eu radionuclide 

which produces photons with a wide range of energies from 121 up to 1408 

keV. The comparison shows a good agreement between the measured and 

calculated efficiencies for the detector using spherical sources. 

Keywords: HPGe detectors, Spherical sources, Full-energy peak efficiency,  

                   Self-attenuation. 

 

 

1.  Introduction 

In a gamma-ray spectrometry, the activity of gamma-ray emitters present in a 

sample are calculated from the count rates in the full energy peaks of the emitted 

gamma-rays and to perform this calculation the relevant efficiencies must               

be known. The full-energy peak (FEP) efficiency depends on the characteristics      

of the detector, the sample and their relative position. The influence of the sample 

composition on the FEP efficiency can be expressed by the self-attenuation factor 

[1].The detection efficiency, and the source self-attenuation have been treated by 

several authors [2-7]. Recently, Selim and Abbas [8-12] using spherical coordinate 

system derived direct analytical integrals of the detector efficiencies (total            

and full-energy peak) for any source-detector configuration and implemented these  
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Nomenclatures 
 

AS Radionuclide activity, Bq 

Ci Correction factors due to dead time and radionuclide decay 

Cd The decay correction for the calibration source from the reference 

time to the run time 

d (θ,φ) Possible path length travelled by the photon within the detector 

active volume, m 

d  Average path length travelled by a photon through the detector, m 

fatt Attenuation factor of the detector dead layer and end cap material 

fcap Attenuation factor of the detector end cap material 

flay Attenuation factor of the detector dead layer  

ho Distance between the source active volume and the detector 

upper surface, m 

k Distance between the detector end cap and the detector upper 

surface, m 

L Detector length, m 

N(E) Number of counts in the full-energy peak which can be obtained 

using Genie 2000 software  

P(E) Photon emission probability at energy E 

R Detector radius , m 

Ra Inner radius of the detector end cap, m 

S Source radius, m 

Ssc Attenuation factor of the source container material 

Sself   Self-attenuation factor of the source matrix  

T  Measuring time, s  

ta
 

Upper surface thickness of the end cap, m  

tDF Upper surface thickness of the dead layer, m 

tDS 
Side surface thickness of the dead layer, m 

tw
 

Side surface thickness of the end cap, m 

( , )t θ ϕ′  Possible path length travelled by the photon within the detector 

dead layer ,m 

1t′  photon path length through the upper surface of the dead layer, m 

( , )t θ ϕ′′  Possible path length travelled by the photon within the detector 

end cap material, m 

1t′′  Photon path length through the upper surface of the detector end 

cap material, m 

2t′  photon path length through the side surface of the dead layer, m 

2t′′  Photon path length through the side surface of the detector end 

cap material, m 

t  Average path length  travelled by a photon inside the spherical 

source, m 
V Volume of the spherical source, m

3
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Greek Symbols 

α Angle between the lateral distance  ρ  and the detector’s major 

axis, deg. 

∆T Interval between the source activity reference time and the 

measurement time, s 

∆x The source container thickness, m 

∆1  Percentage deviations between the calculated with Sself and the 

measured full-energy peak efficiency values, % 

∆2 Percentage deviations between the calculated without Sself  and the 

Measured full-energy peak efficiency values, % 

layδ  Average path length travelled by a photon through the detector 

dead layer, m 

capδ  Average path length traveled by a photon through the detector 

end cap material, m 

selfScal with −ε  Calculated with self-attenuation factor  

selfScal without −ε  
Calculated with / without self-attenuation factor  

εg Geometrical efficiency 

εi Intrinsic efficiency 

εmeas Experimentally measured efficiencies 

εpoint Detector efficiency with respect to point source 

εsph Detector efficiency with respect to spherical source 

θ  Polar angle, deg. 

λ Decay constant ,s
-1 

µ Attenuation coefficient of the detector material, m
-1

 

µc Attenuation coefficient of the source container material, m-1 

µcap Attenuation coefficients of the detector end cap material, m-1 

µlay Attenuation coefficients of the detector dead layer, m-1 

µs Attenuation coefficient of the source matrix, m
-1

 

ρ Lateral distance, m 

ρʹ Maximum integration limit, m 

σε The uncertainty in the full-energy peak efficiency  

φ Azimuthal angle, deg. 

Ω Solid angle 

these analytical expressions into a numerical integration computer program. 

Moreover, they introduced a new theoretical approach [13-16] based on that 

Direct Statistical method to determine the detector efficiency for an isotropic 

radiating point source at any arbitrary position from a cylindrical detector, as well 

as the extension of this approach to volume sources.  

In a large extent this work represents a new analytical approach for calculation 

of the full-energy peak efficiency of a coaxial HPGe detector with radioactive 

sources of two different geometries. This approach introduces separate calculation 

of the intrinsic and the geometrical efficiencies, and the factors related to the 

photon attenuation in the detector end cap, dead layer, source container and self-

attenuation of the source matrix. The calculations depend on two main factors; 
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first is the accurate analytical calculation of the average path length covered by 

the photon in each of the following: the detector active volume, the source matrix, 

the source container, the dead layer and the end cap of the detector, second is the 

geometrical solid angle Ω. 

 

2.  Mathematical Viewpoint  

2.1. The Case of a Non-Axial Point Source 

Consider a right circular cylindrical (2R×L), detector and an arbitrarily positioned 

isotropic radiating point source located at a distance h from the detector top 

surface, and at a lateral distance ρ from its axis. The efficiency of the detector 

with respect to point source is given as follows [14]: 

igattpo f εεε =int                                                                                         (1) 

where εi and εg are the intrinsic and the geometrical efficiencies which are 

derived by Abbas et al. [14]. fatt is the attenuation factor of the detector dead layer 

and end cap material, the air attenuation is neglected. In section 2.1.2, this factor 

will be recalculated by a new method which is dependent on calculating the 

average path length within these materials. 

 

2.1.1. Intrinsic and geometrical efficiencies 

The intrinsic, εi, and geometrical, εg, efficiencies are represented by Eqs. (2) and 

(3) respectively 

d
i e µε −−= 1                                                                                                          (2) 

π
ε

4

Ω
=g                                                                                                               (3) 

where µ is the attenuation coefficient of the detector material and depends on 

the energy, while d  is the average path length travelled by a photon through the 

detector, Ω is the solid angle subtended by the source-detector and they are 

represented by Eqs. (4) and (5) respectively. These will be discussed in details 

according to the source detector configuration as shown below.  

( ) ( )

Ω

∫ ∫
=

∫ Ω

∫ Ω
=

Ω

Ω ϕ θ
ϕθθϕθϕθ ddd

dd

dd

d

sin,,

                                                              (4) 

where θ and φ are the polar and the azimuthal angles respectively, d(θ,φ) is the 

possible path length travelled by the photon within the detector active volume. 

∫ ∫=Ω
ϕ θ

ϕθθ ddsin                                                                                                  (5) 

There are two main cases to be considered for calculating the intrinsic and 

geometrical efficiencies of the detector with respect to point source, viz., (i) the 
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lateral displacement of the source is smaller than or equal the detector circular 

face’s radius (ρ ≤ R) and (ii) the lateral distance of the source is greater than the 

detector circular face’s radius (ρ > R). The two cases have been treated by Abbas 

et al. [14]. The values of the polar and the azimuthal angles based on the source to 

detector configuration are shown in Table 1. 

 

Table 1. Values of Polar and Azimuthal Angles                                                     

Based on the Source to Detector Configuration [13]. 

The polar angles The azimuthal angles 
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2.1.2. Attenuation factor ( fatt) 

The attenuation factor fatt is expressed as: 

fatt = flay + fcap                                                                                                         (6)  

where flay and fcap are the attenuation factors of the detector dead layer and end 

cap material respectively and they are given by:
 

laylayeflay

δµ−
= , capcapefcap

δµ−
=                                                                           (7) 

where
 
µlay and µcap are the attenuation coefficients of the detector dead layer 

and end cap material respectively, while 
lay

δ and 
cap

δ  are the average path length 

travelled by a photon through the detector dead layer and end cap material 

respectively and they are represented as follow: 

( ) ( )

( ) ( )
















Ω

∫ ∫ ′′

=
∫ ∫

∫ ∫ ′′

=

Ω

∫ ∫ ′

=
∫ ∫

∫ ∫ ′

=

          
sin,

sin

sin,

sin,

sin

sin,

ϕθ

ϕ θ

ϕ θ

ϕ θ

ϕ θ

ϕ θ

ϕθθϕθ

ϕθθ

ϕθθϕθ

δ

ϕθθϕθ

ϕθθ

ϕθθϕθ

δ

ddt

dd

ddt

ddt

dd

ddt

cap

lay

                                                      (8) 
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where
 

( )ϕθ ,t ′ and ( )ϕθ ,t ′′  are the possible path lengths travelled by the photon 

within the detector dead layer and end cap material respectively. 

Let us consider the detector having a dead layer which covers its upper surface 

with thickness tDF and its side surface with thickness tDS, as shown in Fig. 1. The 

possible path lengths and the average path length travelled by the photon within 

the dead layer for cases (ρ≤R) and (ρ>R) are shown in Table 2, where 1
t ′ and 2

t ′   

represents the photon path length through the upper and the side surface of the 

dead layer respectively. 

Consider the thickness of upper and side surface of the detector end cap 

material is ta and tw respectively, as shown in Fig. 1. The possible path lengths 

and the average path length travelled by the photon within the detector end cap 

material for cases (ρ≤R) and (ρ>R) are shown in Table 3, where 1t ′′  and 2t ′′  

represents the photon path length through the upper and the side surface of the 

detector end cap material respectively. From Table 3 we observe that, the case in 

which (ρ > R) has two sub cases which are (R < ρ ≤ Ra) and (ρ > Ra), where Ra is 

the inner radius of the detector end cap. There is a very important polar angle 

(θcap) which must be considered when we study the case in which (ρ > Ra) and this 

is given by: 









−
−

= −

kh

Ra
cap

ρ
θ 1tan                                                                                           (9) 

where k is the distance between the detector end cap and the detector          

upper surface. 

 

 
Fig. 1. Diagram of a Cylindrical-Type                                                          

Detector with a Non-Axial Point Source (ρ > R). 
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Table 2. The Possible Path Lengths and the Average Path Length Travelled 

by the Photon within the Dead Layer for Cases ρ ≤ R and ρ > R. 

 

Table 3. Possible Path Lengths and the Average Path Length Travelled by 

the Photon within the Detector End Cap Material for Cases ρ ≤ R and ρ > R. 
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2.2.  The case of a spherical source 

The efficiency of a detector using spherical source has been treated before by 

Pibida et al. [15], but they deal with the case where the diameter of the source is 

smaller than that of the detector. In this work, we deal with the two cases, where 

the source diameter is smaller or bigger than the detector diameter and include a 

new treatment for the calculations. 

The efficiency of a cylindrical detector with radius R and height L, arising 

from a spherical source with radius S, as shown in Fig. 2, is given by: 

self sc att i g

sph

S S f

V

ε ε
ε =                                                                                      (10) 

where V is the volume of the spherical source, 3

3
4 SV π= . Sself is the self-

attenuation factor of the source matrix and Ssc is the attenuation factor of the 

source container material. The intrinsic and geometrical efficiencies are defined 

before in Eqs. (2) and (3) respectively, but the average path length d  travelled by 

the photon through the detector and the solid angle will have new forms due to the 

geometry of Fig. 2. The average path length is expressed as:  

2

1

0

2

2

0

o

o

o

o

H h

S

h

H h

S

h

N d dh

d

N d dh

π

π

α

α

+

+

 
 
 =
 
 
 

∫ ∫

∫ ∫

                                                                                   (11) 

The geometrical efficiency εg is given by: 

2

2

0

2

o

o

H h

S

h

g

N d dh

π

α

ε
π

+

=
∫ ∫

                                                                                          (12) 

 
Fig. 2.  Schematic Diagram of a Spherical Source. 
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where, 

1

0

1

1 3

0

( )
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S R

R

I d R
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I d I d R

ρ
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ρ ρ ρ

ρ ρ ρ ρ ρ
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                                                         (13) 
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                                                       (14) 

where I1 and I2 are the numerator and the denominator of d equation obtained 

by Abbas et al. [14] for the non-axial point source, α is the angle between the 

lateral distance ρ and the detector’s major axis, while ρʹ is the maximum 

integration limit and is given by [17]:  

( )(2 )o oh h S h hρ ′ = − − +                                                                              (15) 

where ho is the distance between the source active volume and the detector 

upper surface. The new forms of the average path length travelled by the photon 

through the detector dead layer and the detector end cap material are given by 

Eqs. (16) and (17) respectively. 
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where Z1 and Z3 are as identified before in Table 2. 
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where 1Z ′  and
 3Z ′  are as identified before in Table 3. 

For the spherical source, there is only one path length for the photon to exit 

from the source and is given by [17]: 

2 2 2

s
d U U ρ ρ′= + + −                                                                                  (20) 

where 

( ) cos sin cosoU h h S θ ρ θ ϕ= − − +                                                               (21) 

The self-attenuation factor of the source matrix is given by: 

t
self

SeS
µ−=                                                                                                         (22) 

where µs is the attenuation coefficient of the source matrix and the average 

path length t travelled by a photon inside the spherical source is given by:  
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where, 
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with 
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If ∆x is the source container thickness, the photon path length travelled 

through the source container is given by: 

2 2 2 2 2 2

1sd U Uρ ρ ρ ρ′ ′ ′= + − − + −                                                            (27) 

where U and ρʹ are defined before in Eqs. (21) and (15) respectively, while 1ρ′  

is given by:  

1 ( )(2 )o oh h x S h h xρ ′ = − + ∆ − + + ∆                                                             (28) 

The attenuation factor of the container material is given by:      

cct
SC eS

µ−=                                                                                                         (29) 



Computation of the Full Energy Peak Efficiency of an HPGe Detector      633 

 

 
 
Journal of Engineering Science and Technology           October  2013, Vol. 8(5) 

 

where µc is the attenuation coefficient of the source container material and the 

average path length travelled by a photon inside the source container is given by 

following equation: 

0

0

2

1

0

2

2

0

o

o

H h

s

h

c H h

s

h

M d dh

t

N d dh

π

π

α

α

+

+

 
′ 

 =
 
 
 

∫ ∫

∫ ∫

                                                                                        (30) 

where 

1

0

1

1 2

0

( )

( )

s

s R

s s

R

g d R

M

g d g d R

ρ

ρ

ρ ρ

ρ ρ ρ

′

′


′ ′ ≤

′ = 
 ′ ′ ′+ >


∫

∫ ∫

                                                          (31) 

With: 
max2 4

2

1

0 0 0

sin sins s sg d d d d d d

ϕθ θπ

θ

θ ϕ θ θ ϕ θ′ ′ ′= +∫ ∫ ∫ ∫                                                     (32) 

max max4

1

2

0 0

sin sin sin
c c c

c c

s s s s

o

g d d d d d d d d d

θ ϕ θ ϕ ϕθ

θ θ θ

θ ϕ θ θ ϕ θ θ ϕ θ
′ ′

′

′ ′ ′ ′= + +∫ ∫ ∫ ∫ ∫ ∫                        (33) 

 

3.  Experimental setup 

The full-energy peak efficiency was measured for a p-type Canberra HPGe 

cylindrical detector (Model GC1520) with relative efficiency 15 % (energy range 

from 50 keV to 10 MeV). Schematic from the manufacturer is illustrated in Fig. 3 

and Table 4 lists its specifications. The spherical sources are made from rubber 

with volume 113 mL (with inner diameter 6 cm and wall thickness 0.16 cm) and 

179.5 mL (with inner diameter 7 cm and wall thickness 0.22 cm) filled with an 

aqueous solution containing 
152

Eu radionuclide which emits γ-rays in the energy 

range from 121 keV to 1408 keV. The efficiency measurements were generated 

by positioning the sources over the end cap of the detector. In order to prevent 

dead time, the activity of the sources was kept low (5048 ± 50 Bq). 

All sources were measured on the detector entrance window as an absorber to 

avoid the effect of β- and x-rays, so no correction was made for x-gamma 

coincidences. Since in most cases the accompanying x-ray were soft enough to be 

absorbed completely before entering the detector and also the angular correlation 

effects can be negligible for the low source-to-detector distance. It must be noted 

that gamma-gamma coincidences were not taken into account, what can induce 

deviations of the peaks area. In order to prevent dead time and pile up effects, the 

activity of the sources was kept lower than some kBq for the radionuclide in order 

to avoid high count rates when measuring at low distance, which implicates 

however long counting time at high distance. 

The measurements were carried out using a multichannel analyser (MCA) to 

obtain statistically significant main peaks in the spectra that were recorded and 

processed by ISO 9001 Genie 2000 data acquisition and analysis software made 

by Canberra. The acquisition time was high enough to make the statistical 

uncertainties less than 1%. The peaks were fitted using Gaussians with low-
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energy tails appropriate for germanium detector. The spectra acquired by the 

gamma analyser software were analysed with the program using its automatic 

peak search and peak area calculations, along with changes in the peak fit using 

the interactive peak fit interface when necessary to reduce the residuals and error 

in the peak area values. The peak areas, live time, real time and starting time for 

each spectrum were entered in the spreadsheets that were used to perform the 

calculations necessary to generate the efficiency curves. 

 

Fig. 3. Technical Drawing of HPGe Detector of                                                    

Model GC1520 Provided by the Manufacturer. 

Table 4. The Manufacturer Parameters and the Setup Values. 

Canberra Industries Manufacturer 

06089367 Serial Number 

GC1520 Detector Model 

Closed end Coaxial  Geometry 

15 Relative Efficiency (%) 

40 Photopeak – Compton ratio 

(+) 4500 Voltage bias (V) 

7500SL Crystal Model 

2.0 keV Resolution (FWHM) at 1332 keV 

4 Shaping time (µs) 

2002CSL Preamplifier Model 

2026 Amplifier Model 

Multi port II MCA 

3106D VPS Model 

HPGe (P- type) Detector type 

Gaussian Shaping Model 

Vertical 

0.5 

0.3×10-3 

0.5 

48 

54.5 
7.5 

37.5 

Mounting 

Outer Electrode Thickness (mm) 

Inner Electrode Thickness (mm) 

Window Electrode Thickness (mm) 

Crystal Diameter (mm) 

Crystal Length (mm) 

Core hole Diameter (mm) 

Core hole Depth (mm) 
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4.  Results and Discussion 

The full-energy peak efficiency values for the p-type HPGe cylindrical type 

detector were measured as a function of the photon energy and calculated using 

the following equation:  

( ) ( )
( ) ∏= i

s

C
EPTA

EN
Eε                                                                                          (34)  

where N(E) is the number of counts in the full-energy peak which 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. Table 5 shows 

photon energies and photon emission probabilities for 
152

Eu used in our 

measurements that are available on the IAEA website. In these measurements of 

low activity sources, the dead time was less than 3%, so the corresponding factor 

was obtained simply using ADC live time. The acquisition time was long enough 

to get statistical uncertainties of the net peak areas smaller than 1%. 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
d eC ∆= λ

                                                                                                            (35) 

where λ is the decay constant and ∆T is the interval between the source 

activity reference time and the measurement time. 

 

Table 5. Photon Energies and Photon Emission Probabilities                                                        

for 
152

Eu which used in the Current Measurements. 

Energy (keV) Emission Probability % 

121.78 28.37 

244.69 7.53 

344.28 26.57 

443.97 3.13 

778.90 12.97 

964.13 14.63 

1112.11 13.54 

1408.01 20.85 

The main source of uncertainty in the efficiency calculations was the 

uncertainties of the activities of the standard source solutions. Once the 

efficiencies have been fixed by applying the correction factors; the overall 

efficiency curve is obtained by fitting the experimental points to a polynomial 

logarithmic function of the fifth order using a nonlinear least squares fit [18]. 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. The uncertainty in the full-energy peak efficiency σε was 

given by:   
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

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
∂
∂

=                                                             (36) 

where σA, σP and σN are the uncertainties associated with the quantities AS, 

P(E) and N(E) respectively. Tables 6 and 7 show the comparison between the 

calculated (with and without Sself) and the measured full-energy peak efficiency 

values of the co-axial HPGe detector for spherical sources placed at the end cap 

of the detector with volume 113 mL and 179.5 mL respectively, where the 

percentage deviations between the calculated (with and without Sself) and the 

measured full-energy peak efficiency values are calculated by: 

100%
with 

with 

1 ×
−

=∆
−

−

self

self

Scal

measScal

ε

εε
                                                                      (37) 

100%
without 

without 

2 ×
−

=∆
−

−

self

self

Scal

measScal

ε

εε
                                                                   (38) 

where 
selfScal with −ε , 

selfScal without −ε , and measε are the calculated with/without 

self-attenuation factor and experimentally measured efficiencies, respectively.  

The discrepancies between calculated with Sself  and measured values were 

found to be less than (2.5%) while, between calculated without Sself and measured 

values were found to be less than (16%). Obviously, the non-inclusion of the self-

attenuation factor in the calculations caused an increase in the full energy peak 

efficiency values. So to get correct results; the self-attenuation factor must be 

taken into consideration. Also, Tables 6 and 7 show that, the source self-

attenuation is more effective with large sources where the photon has travelled a 

larger distance within a source matrix, so that, the probability of getting it 

absorbed is higher and hence the attenuation is stronger. Its effect decreases by 

decreasing the volume, since the distance travelled by the photon within the 

source matrix is shorter. 

 

Table 6. Comparison between the Calculated (with and without Sself ) and the 

Measured Full-Energy Peak Efficiency Values of a Co-axial HPGe Detector 

for a Spherical Source (113 mL) Placed at the End Cap of the Detector. 

Energy 

(keV) 
Measured 

Calculated 

with Sself 
∆1% 

Calculated 

without Sself 
∆2% 

121.78 2.637E-02 2.639E-02 0.08 2.938E-02 10.24 

244.69 1.792E-02 1.807E-02 0.86 1.971E-02 9.10 

344.28 1.384E-02 1.377E-02 -0.51 1.487E-02 6.89 

443.97 1.010E-02 1.012E-02 0.14 1.085E-02 6.86 

778.90 4.009E-03 4.097E-03 2.14 4.325E-03 7.31 

964.13 2.927E-03 2.932E-03 0.17 3.080E-03 4.96 

1112.11 2.395E-03 2.380E-03 -0.62 2.492E-03 3.89 
1408.01 1.742E-03 1.765E-03 1.29 1.838E-03 5.21 
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Table 7. Comparison between the Calculated (with and without Sself ) and the 

Measured Full-Energy Peak Efficiency Values of a Co-axial HPGe Detector 

for a Spherical Source (179.5 mL) Placed at the End Cap of the Detector. 

Energy 

(keV) 
Measured 

Calculated 

with Sself 
∆1% 

Calculated 

without Sself 
∆2% 

121.78 1.978E-02 1.985E-02 0.38 2.328E-02 15.04 

244.69 1.343E-02 1.345E-02 0.13 1.530E-02 12.19 

344.28 1.038E-02 1.046E-02 0.78 1.172E-02 11.43 

443.97 7.576E-03 7.552E-03 -0.32 8.374E-03 9.53 

778.90 3.006E-03 3.038E-03 1.04 3.293E-03 8.70 

964.13 2.195E-03 2.204E-03 0.41 2.371E-03 7.41 

1112.11 1.796E-03 1.800E-03 0.23 1.927E-03 6.79 
1408.01 1.306E-03 1.317E-03 0.78 1.398E-03 6.58 

 

5.  Conclusions 

This work presents a new analytical approach for calculating the full energy 

peak efficiency of HPGe detector; this includes the separate calculation of the 

factors related to photon attenuation in the detector end cap, dead layer, 

source container and the self-attenuation of the source matrix has been 

introduced. The examination of the present results as given in tables reflects 

the importance of considering the self-attenuation factor in studying the 

efficiency of any detector using spherical sources and shows a great 

possibility for calibration of HPGe detectors. 
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