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Abstract — In this work, the full energy peak efficiency
values (FEPE) of Nal (TI)-scintillation detectors (2"*2"&
3"*3'") have been calculated using radioactive Marinelli beaker
sources of different dimensions by using an analytical
approach based on the effective solid angle ratio. Calculations
were done by taking into account the source self-attenuation
effect, this approach operates as an efficiency transfer (ET)
method. In the experiments the aqueous radioactive sources
containing 152Eu radionuclide’s covering the energy range
from 121 to 1408 keV were used. By comparison, there is a
good agreement between the theoretical and experimental full
energy peak efficiency.
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I. INTRODUCTION

The measured efficiency of the vy-detectors using
radioactive point sources and the construction of the
corresponding calibration curve are usually carried out in
gamma-ray spectrometry with the purpose of either
subsequent measurement of point sources of unknown
activity in the same geometry or in order to facilitate the
computation of the volume source efficiency. The efficiency
transfer method is particularly useful due to its insensitivity
to the inaccuracy of the input data, e.g. with the uncertainty
of the detector characterization [1,2]

This work study the applicability of the -efficiency
transfer method (ET) to compute the efficiency of Na (TI)-
scintillation (2"*2"& 3"*3") detectors by using different
inverted well beaker filled by aqueous sources 152Eu. The
study based on reference point source located at several
distances from the detector surface in order to get the
effective solid angle which required applying the method
and then compares the theoretical result with the measured
one.

II. MATHEMATICAL VIEWPOINT

The basic relationship which express the efficiency as a
function of the reference efficiency known at the same
energy, E, monitor in Fig 1:
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¢(E,P)=¢(E,P)) a2, (P) M

eff (P(\ )

Where, &(E,P,) & &(E,P) are the efficiencies, at energy, E,
of a point source located at positions, P, & P respectively
and are given by:

e(E,P) =¢(E)Q,.(P)

§(E.P,)=¢ (E) 2y (P,)

o]

Fig. 1. Displacement of a point source along the axis of the detector

Where,gi(E) represents the intrinsic efficiency of the

detector for energy, E, and Q. (P,) is the effective
solid angle subtended by point, P,, and the active surface of
the detector. This geometrical factor must include absorbing
factors and taking into account the attenuation effects on the
materials between the source and the active part of the
source matrix, Piton et al. [3].

In general by knowing the source-detector geometry, the
detector efficiency will be computed for different shapes
using the principle of efficiency transfer of computing the
relevant solid angle and absorbing factors, Jovanovic et al.
[4]. Selim and co-workers using the spherical coordinate
system derived direct analytical elliptic integrals to calculate
the detector efficiencies (total and full-energy peak) for any
source-detector configuration, Badawi [5].

The pure solid angle, (L2), subtended by the point source
and the detector has been given in Abbas [6], and it is
defined as:

Q= [ [sin0dedo

4
The effective solid angle is defined as:
Q, =[[f,sin6dodo
X (s)
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Where, f,4, factor determines the photon attenuation by
all absorbers between source and detector and it is
S
expressed as: f.=e’ (6)

Where, p;, is the attenuation coefficient of the, it
absorber for a gamma-ray photon with energy, E,, and, &;, is
the average gamma photon path length through the, i®
absorbers.

The location of an arbitrarily radioactive axial point
source is specified by, (h), where, h, is the source-detector
distance, and the polar, 6, and the azimuth, ¢, angles at the
point of entrance of the considered surface define the
direction of the incidence of a gamma-ray photon, Badawi

[5]. Therefore the effective solid angle can be expressed as:

0, =25 M

Y, = Tj.fm sinOde dO ®)

0,0

f sinOde do,

att

Where: v - 1-!

The polar angles can be expressed as, Abbas [6]:

(Fr)so-w ()
0 =tan | — | &0, =tan | —
h+L ) h 9)

The volumetric source can be treated as a group of point
sources which are uniformly distributed; each point source has

the effective solid angle,Q
dv

Qi
equation:: o \ (10)
To calculate the effective solid angle of the detector using
a radioactive volumetric source of dimensions larger than
the detector choose an arbitrary element of volume, dV, at
lateral distance, p, from the detector axis and making an
angle, o, with the detector’s major axis, h, is the source-
detector separation, this element of volume can be expressed
in the polar coordinates by dV, The equation (10) will be:

L08R (11)
v

In order to measure the efficiency of the detector for
using inverted well beaker (Marinelli beaker), the inverted
well source will split into five parts with volumes, Vi, V,,
V3, V4, and, Vs, as shown in figure (2).

The volume V; acts as a solid cylinder with height, L,,
and radius, R, while the volumes, V,, V3, V4 and, Vs, acts as
a thick cylindrical ring with height, L;, h,, L, and, L,,
respectively, with inner radius,S;, and outer radius, S,.

Q

= &V & dV=pdpdach

87

Fig 2. Inverted well beaker source with cylindrical detector.
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To determine the absorption of photons through the

ff (Poi L
cfrbomt) - Nafee [7] as shown injpverted well source, there are two factors must be

considered, the first is the self-absorption factor of the
source medium, the second one is the attenuation factor of
the inverted well container material, dead, end-cap and the
absorber between the source and the detector.

For the given inverted well source and photon energy, the
self-absorption is a function of the path length of the photon
in the source medium. Table (1) shows that there are two
different allowed photon path lengths, ds, (through the
source medium) corresponding to the main four cases of the
photon traveling distances, d;, through the detector active
medium. The path lengths d,& d, where, Q poin, (P<R and
p=R) while the path lengths d; & d4 where, Q yoin, (P=R),
Badawi [5].

The attenuation of the inverted well beaker (Marinelli
beakers) of thickness, ts, the dead layer of thickness, t;, the
end-cap with thickness, t;, and the absorber of thickness, ty,
is a function of the photon path length through these
materials. Table (1) shows the four different photon path
lengths through inverted well beaker, dead layer, end-cap
and absorber material (dts, Ot;, Ot;, and, Oty, respectively)

The effective solid angle of the detector, Q \, in case ofcorresponding to the main four cases of the photon traveling

using an inverted well source [8].

il (12)
YV,

Where the solid angle of each part of the Marinelli beaker
,Q1, Q5 Q3 Q4 and, Q s, are for the volumes, V,, V,, Vs,

V4, and, Vs, respectively, are given [9]:

distances, d;, through the detector active medium, Badawi
[5].

On the other hand, the effective solid angle of the point
source (at positions P4=20, P5=25 and P6=30 cm) and the
inverted well beakers (All the integrals) can be evaluated
numerically using the trapezoidal rule.A computer program
(Basic Program) has been written to evaluate the efficiency
of the detectors with respect to such source at any source—
detector separation. Although the accuracy of the integration
improves with an increase in interval number n, the
convergence is already very good at n=30.

While the attenuation of photons by [source itself, source
container, detector end-cap and holder material] is also
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presented by a simple numerical simulation method and it
can be obtained from XCOM program. The full energy peak
efficiency of the Marinelli sources as a function of the
reference efficiency of the point sources, known at the same
energy E, based on the equation(1), is given by:
Q
Extar = Epoint % (14)

eff (point)

This transfer formula is generalized to volume sources by
computing the relevant solid angle and absorbing factors
with the front and the side dead layer, detector window, the
air or other ambient environment, source material and the
source container.

TABLE (1) THE PHOTON PATH LENGTHS THROUGH THE SOURCE-DETECTOR
SYSTEM, BADAWI [5].
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ds, d4 sinf sin® sind  sin®

III. EXPERIMENTAL SETUP

The Na (Tl)-scintillation (2"*2"& 3"*3") detectors were
used for the experimental to verify the analytical approach
and its characteristics are shown in Table (2).

The detector efficiency was determined experimentally,
as a function of gamma-ray energies using '>“Eu radioactive
point source purchased from The Physikalisch-Technische
Bundesanstalt (PTB) in Braunschweig and Berlin. The
sources located at positions P4=20, P5=25 and P6=30 cm
from the face of the detectors using a homemade Plexiglas
holder (figure (3)) which placed directly on the detector
entrance window as an absorber to avoid the effect of - and
x-rays and to protect the detector heads. So there is 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. The
source-detector separations start from 20 cm to neglect the
coincidence summing correction.

Where the detector efficiency using different volumes
inverted well beakers (Marinelli beakers), which placed
directly on the detector end-cap, is also measured
experimentally. The inverted well beakers M1 & M2
purchased from GA-MA & ASSOCIATES, INC Company
and M3 purchased from Nuclear Technology Services, Inc.
The angular correlation effects can be negligible for the low
source-to-detector distance, Debertin, et al., [10].

dy,

3
TABLE (2) SET UP PARAMETERS WITH ACQUISITION ELECTRONICS
SPECIFICATIONS FOR NAI (TL) DETECTOR

Items D1(2"x2") D2(3"x3")
Manufacturer Canberra Canberra
Serial Number 09L 654 09L 652
Detector Model 802 802
Type Cylindrical Cylindrical
Mounting Vertical Vertical
Resolution (FWHM) at 7.5% 8.5%
661 keV
Cathode to Anode voltage +1100 V dc +1100 V dc
Dynode to Dynode +80 V dc +80 V dc
Cathode to Dynode +150 V de +150 V dc
Tube Base Model 2007 Model 2007
Shaping Mode Gaussian Gaussian
Detector Type Nal (TI) Nal (T1)
Crystal Diameter (mm) 50.8 76.2
Crystal Length (mm) 50.8 76.2
Top cover Thickness AlL(0.5) AL (0.5)
(mm)
Side cover Thickness Al(0.5) Al(0.5)
(mm)
Reflector — Oxide (mm) 2.5 25
Weight (Kg) 0.77 1.8
Outer Diameter (mm) 57.2 80.9
Outer Length (mm) 53.9 79.4
Crystal Volume in (cm®) 103.004 347.639

Fig. 3. Homemade Plexiglas holder drawing

The dimensions of the inverted well beakers are given in
table (3).The certificates give the sources activities and their
uncertainties for all sources used are listed in table (4). The
data sheet states the values of half-lives, photon energies
and photon emission probabilities per decay for the all
radionuclides used in the calibration process are listed in
table (5), which available from the National Nuclear Data
Center Web Page or on the IAEA website.



TABLE (3) DIMENSIONS OF THE INVERTED WELL BEAKER SOURCES.

Iilv\;?ft ed Maximum Maximum Minimum Height of

beaker volume diameter diameter well
(liter) (cm) (cm) (cm)

Ml 0.5 11.7 7.7 6.8

M2 0.2 11.36 7.77 3.81

M3 1 14 8.5 6.1

TABLE (4) ACTIVITIES OF THE USED SOURCES AND THEIR UNCERTAINTIES

. Activity Reference Date Uncertainty
Source Nuclide (kBq) 00:00 Hr %)
Point 290.0 1 June 2009
M1 152 5 1 Jan 2010
M2 Bu 5 1 Jan 2010 1.98
M3 10 1 Jan 2010

TABLE (5) HALF- LIVES, PHOTON ENERGIES AND PHOTON EMISSION
PROBABILITIES PER DECAY FOR THE RADIONUCLIDES USED IN THIS WORK.

PTB-Nuclide E(Ezz%y Emission (;robability H(a]l)fa I;ge
121.78 28.4
244.69 7.49

152py 34428 266 4943.29
778.9 12.96
964.13 14.0
1408.01 20.87

The spectrum acquired by winTMCA32 software made
by ICx Technologies and analyzed by (Genie 2000 data
acquisition and analysis software) made by Canberra 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 live time, the run time and the
start time for each spectrum were entered into the
spreadsheets. These sheets were used to perform the
calculations necessary to generate the experimental full
energy peak efficiency (FEPE) curves with their associated
uncertainties as a function of the photon energy for all
calibration sources detectors listed in tables (3).

IV. RESULTS AND DISCUSSION

The comparison between Efficiency Transfer
Theoretical Method (ETTM) and the experimental work,
which is done at Prof. Dr. Younis S. Selim Laboratory for
Radiation Physics, Department of Physics, Faculty of
Science. Alexandria University, was made in this part for
different volumes of inverted well beakers (Marinelli
beakers). This included studying the effect of the source
self-attenuation coefficient on the full-energy peak
efficiency of Nal(Tl) detectors and the percentage of errors
between the measured and the calculated efficiencies (taking
into account the effect of self- attenuation coefficient and)
are shown in tables (6) and (7) respectively, which
calculated from the formula:
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e 1100 s)

€
Where, €, and, €n.s, are the calculated and experimentally
measured efficiencies, respectively.

The measured efficiency values as a function of the
photon energy, &(E), for Nal(Tl) scintillation detector was
calculated with a dead time always less than 3% by:

N(E)
() =7a rey 1O (16)

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, As, is the radionuclide
activity and, C;, are the correction factors due to dead time,
radionuclide decay.

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 more than 10,000
counts. The background subtraction was done. The decay
correction, Cy, for the calibration source from the reference
time to the run time was given by:

C, =" 17)

Where, A, is the decay constant and, AT, 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. Coincidence summing effects
were negligible in the reference measurement geometries.
The uncertainty in the full-energy peak efficiency, o, was
given by:

o, —8\/( oa P)

Where, 6,4, op, and, oy, are the uncertainties associated
with the quantities, Ag, P(E), and, N(E), respectively,
assuming that the only correction made is due to the source
activity decay.

Obviously from figure (4) up to figure (7) that, the
efficiency of the detector is higher at low source energies
(the absorption coefficient is very high) and decreases as the
energy increases (fall off in the absorption coefficient)
because the photoelectric is dominant below 100 keV. Also,
it can be seen clearly the effect of the self-attenuation
coefficients in the calculation of the detector efficiency.

* PA-MI
e P5sM2
v P6-MI
EXP(MI)
- EXP(P4) 3
|~~~ EXP(PS)
|=-—-- EXP(P6)

A%=

(—) (18)

0.014

1E-34

Photo peak efficiency
|

1E-4f 4

100 1000

Photon energy (keV)
Fig. 4. Comparison between the experimental and the calculated (ETTM)
efficiency using M1 based on conversion from point efficiency curve at
position P4, PS5 and P6 taking into account the effect of self -attenuation
coefficient ((using Nal ((T1) )(2"x2") )detector)
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Fig. 5. Comparison between the experimental and calculated (ETTM)
efficiency using M2 based on conversion from point efficiency curve at
position P4, PS and P6 taking into account the effect of self -attenuation
coefficient (using Nal (T1) (2"x2") detector).
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Fig. 6. Comparison between the experimental and calculated (ETTM)
efficiency using M3 based on conversion from point efficiency curve at
position P4, P5 and P6 taking into account the effect of self —attenuation
coefficient (using Nal (T1) (2"x2") detector).
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Fig 7 Comparison between the experimental and calculated (ETTM)
efficiency using M3 based on conversion from point efficiency curve at
position P4, P5 and P6 taking into account the effect of self -attenuation

coefficient (using Nal (T1) (3"x3") detector).

TABLE (6) THE PERCENTAGE OF ERROR A% BETWEEN THE EFFICIENCY
RESULTS CALCULATED BY USING (ETTM) FOR M1, M2 AND M3 (USING NAI
(2"X2") DETECTOR) AND THE MEASURED ONE.

A%
P4- P5- P6- P4- Ps- P6- P4-  P5S- P6-
M1 M1 M1 M2 M2 M2 M3 M3 M3

1% 1% 2% 1% 1% 1% 3% 1% 1%%
2% 2% 0% 0% | 4% 1% -2% -6%  |-36%
1% 0% 3% 2% 1% 4% 3% 3% 13%
1% A% 1% 2% | -T% -4% 0% 6% 36%0
5% 6% -1% 4% ) -T% 2% 4% 7% 2%Wo
1% 9% -8% -1% | -9% 8% 5% 4% 34%
1% B% 3% 3% -5% 5% 3% 7% 6%
2% B%  -T% 1% | 0% 3% §-6% -1% | 3%%

TABLE (7) THE PERCENTAGE OF ERROR A% BETWEEN THE EFFICIENCY
RESULTS CALCULATED BY USING (ETTM) FOR M3 USING NAI (3"x3")
DETECTOR) AND THE MEASURED ONE.

A%

P4- P5- P6-

M3 M3 M3
-1% 2% 1%
0% -2% -3%
5% 2% -2%
6% 3% 2%
7% 3% 1%
0% 3% 1%
3% 2% 3%
7% 0% 3%

V. CONCLUSION

This work done by using a simple (ETTM) to evaluate the
full-energy peak efficiency over a wide energy range for
Nal(TI)-scintillation detectors of different dimensions by
way of inverted well beaker sources, these methods based
on measuring of an axial point source placed at different
positions from the detectors. One can bring to a close that,
there is a good agreement between the calculated efficiency
and the measured values by using different volumes of the
inverted well beakers. Also, it is clearly observed from the
results that, the efficiency of the detector decreases when
the values includes the effect of the various attenuation
coefficients of source matrix of different geometry.
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