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CALCULATE THE EFFICIENCY OF GAMMA-RAY DETECTORS
FOR INVERTED WELL BEAKER SOURCES USING AN ANALYTICAL
EFFICIENCY TRANSFER PRINCIPLE

Different sources efficiency measurements and the construction of the corresponding calibration
curve are usually carried out in gamma-ray spectrometry to calculate the unknown activity for different
sources in the same geometry or in order to facilitate the efficiency computation of different source
geometries by the use of the efficiency transfer method. In this work, the Full Energy Peak Efficiency
value (FEPE) of HPGe detector has been calculated using axial inverted well beaker sources of different
dimensions by an analytical approach of effective solid angle ratio. Calculation taking into account the
source self attenuation effect, this approach is based on the direct mathematical method. In the
experiments gamma aqueous sources containing '*2Eu radionuclide’s covering the energy range from
121 to 1408 keV were used. By comparison, the theoretical and experimental full-energy peak efficiency

values are in good agreement.
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Introduction

The efficiency transfer (ET) method was in-
troduced by Moens et al. in 1981 and has since
attained popularity as a means of calculating the
full-energy-peak efficiencies (FEPE) for meas-
urements in gamma-ray spectrometry, instead of
directly comparing the measured sample with a
standard of the same size, composition, density
and radionuclide contents (Gilmore, 2008). The
method works by computing with the help of a
suitable detector model efficiencies for the meas-
ured sample and for the standard. A ratio of these
two efficiencies is then multiplied with the ex-
perimentally determined FEPE value of the
standard to arrive at the corresponding efficien-
cy of the measured sample.

The main advantage of the efficiency trans-
fer (ET) approach with a point calibration source
located at a sufficient distance from the detector
is that one may neglect coincidence summing ef-
fects and obtain a coincidence free efficiency
curve. The use of point sources is standard in the
determination of the gamma-ray efficiency for
detectors.

In this work we examine the applicability
of the efficiency transfer method (ET) for com-
putation the efficiency of a hyper pure germani-
um (HPGe) by using different inverted well
beaker aqueous sources containing '“2Eu, based
on reference point source located at several dis-
tances P4=20 cm, P5=25 cm and P6=30 cm from
the detector surface in order to get the effective
solid angle which required to apply this Method
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and the compares the theoretical result with the
measured one.

Mathematical viewpoint

The basic relationship which makes it possi-
ble to express the efficiency as a function of the
reference efficiency, known at the same energy, E:

Q,;(P)
= 5\ (D
Qeﬁ’ (Po)

Where, ¢(E,P,) & ¢(E,P) are the efficien-
cies, at energy, E, of a point source located at po-
sitions, P, & P respectively and are given by:

e(E.P,)=¢,(E) Qu (P,), (2)

e(E,P)=¢(E,P))

(E.P)-e )2, (). ®
Where, ¢;(E),represents the intrinsic effi-
ciency of the detector for energy, E, and, Q off (P)
is the effective solid angle subtended by point,
P, , and the active surface of the detector, this
geometrical factor must include absorbing fac-
tors, taking into account the attenuation effects
of the materials between the source and the ac-
tive part of the source matrix, Piton et al. [7].
In general by knowing the source-detector
geometry, we can compute the detector efficien-
cy for different shapes using the principle of effi-
ciency transfer by computing the relevant solid
angle and absorbing factors, Jovanovic et al. [8].
Selim and co-workers using the spherical coor-
dinate system derived direct analytical elliptic
integrals to calculate the detector efficiencies
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(total and full-energy peak) for any source-de-
tector configuration, Badawi [9]

The pure solid angle, (Q), subtended by the
detector at the source point has been given in
Abbas [10], and it is defined as

Q= [ [sinodgdo (4)
0o
The effective solid angle is defined as:
Q5 = [ [ fus sinbdgdo . 5)
0o

Where, f, , factor determines the photon
attenuation by all absorbers between source and
detector and it is expressed as:

_2“5
Jau = (6)

Where, y,, is the attenuation coefficient of
the, i, absorber for a gamma-ray photon with
energy, E,, and, §,, is the average gamma pho-
ton path length through the, i, absorber.

The location of an arbitrarily positioned ax-
ial point source is specified by, (h) where, h, is
the source-detector distance see figure (1), and
the polar, 6, and the azimuth, ¢, angles at the
point of entrance of the considered surface de-
fine the direction of the incidence of a gamma-
ray photon.

Therefore the effective solid angle can be
expressed as:

- z}‘fY (7)

Where:

o

Y, = j f f.u Sin6dQdO | Y, = j j S Sin0d@d6 (8)

The polar angles can be expressed as, Abbas

[10]
0, = tan_l[%j & 9, =tan_l(§)_ )

The volumetric source can be treated as
group of point sources which are uniformly dis-
tributed; each point source has the effective sol-

id angle, Q g (pyin;), Nafee [11] as shown in equa-
tion (10).
.[fatt eﬁ Point )dV
Qo (cn) = v (10)
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Figure (1) an axial point source with cylindrical
detector

To calculate the effective solid angle of the
detector using a radioactive cylindrical source
of dimensions larger than the detector choose an
arbitrary element of volume, dV, at lateral dis-
tance, ¢, from the detector axis and making an
angle, 6, with the detector’s major axis, h, is the
source-detector separation, this element of vol-
ume can be expressed in the polar coordinates

by: dV = pdpdodh .
The equation (10) will be:

[ ar- 2

Repc) = v

eff (Point) pdpd odh

(11)

In order to measure the efficiency of the
detector for the used inverted well beaker
(Marinelli beaker), we divide the inverted well
source into five parts with volumes, V,,V,,V,,V ,
and, V,, as shown in figure (2). The volume V|
acts as a solid cylinder with height, L,, and radi-
us, R, while the volumes, V,, V,, V, and, V, acts
as a thick cylindrical ring with height, L, h , L,
and, L,, respectively, with inner radius,S,, and
outer radius, S,.

The effective solid angle of the detector,
Q... , in case of using an inverted well source

(Abbas, 2000):

(12)
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Where the solid angle of each part of the
Marinelli beaker, Q , Q,, Q., Q , and, Q ., are
for the volumes, V,, V,, V,, V,, and, V_, respec-
tively, are given:

h

| “+L
Q = |
ho

121

R
J. Jsf ' onint(p <R) pddeth
00

7tR2L1

h +L

N

14T

Q:;OJ‘
h

IR
2 1 by

Jsf ' onint(p > R)pdde!dh
S

Sf ' onint(p > R)pdpdadh

e

]

L
1 2 2
= r(sz Sz)_ J. J J‘Sf .onint(p > R)pdpdadh
B OIS

To determine the absorption of photons
through the inverted well source, there are two fac-
tors to be considered, the first is the self-absorp-
tion factor by the source medium, and the second
one is the attenuation factor by the inverted well
container material, dead layer and end-cap and the
absorber between the source and the detector.

For the given inverted well source and pho-
ton energy, the self-absorption is a function of
the path length of the photon in the source me-
dium. Table (1) shows that there are two differ-
ent allowed photon path lengths, d, (through

MARINELLI
BEAKER

CYLINDERICAL
DETECTOR

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 ., (p <Rand p2R)
while the path lengths d, & d, where, Q
(p =R), Badawi [9].

The attenuation of the inverted well con-
tainers (Marinelli beakers) of thickness, t, the
dead layer of thickness, t , the end-cap with
thickness, t,, and the absorber of thickness, t,, is
a function of the photon path length through
these materials. Table (1) shows the four differ-
ent photon path lengths through inverted well
container, dead layer, end-cap and absorber ma-
terial (6 t,, 6 t,, 6 t,,and, & t, respectively) cor-
responding to the main four cases of the photon
traveling distances, d, through the detector ac-

tive medium, Badawi [9].

point’

Table (1) The photon path lengths through
the source-detector system, Badawi [9]

d dg
h-h
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Figure 2 Inverted well beaker source with a cylindrical detector
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Experimental setup

The p-type HPGe detector with a 15% rel-
ative efficiency was used for the experimental
verification of the proposed method which its
characteristics are shown in Table (2).

In the first step, the detector efficiency was
determined experimentally, as a function of gam-
ma-ray energies using »?Eu point source (PTB),
purchased from The Physikalisch-Technische
Bundesanstalt (PTB) in Braunschweig and Ber-
lin, which located at 20, 25, 30 cm from the face
of a homemade Plexiglas holder (figure (3))
which placed directly on the detector entrance
window as an absorber to avoid the effect of 8—
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 accompa-
nying x-ray were soft enough to be absorbed com-
pletely before entering the detector. The source-
detector separations start from 20 cm to neglect
the coincidence summing correction.

Where the detector efficiency using differ-
ent volumes inverted well beakers (Marinelli
beakers), which placed directly on the detector
end-cap, is also measured experimentally. The
used inverted well beakers M1&M?2 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 dis-
tance, Debertin, et al. [12]

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

The spectrum acquired by winTMCA32
software made by ICx Technologies, were ana-
lyzed by (Genie 2000 data acquisition and anal-
ysis software) made by Canberra using its auto-
matic peak search and peak area calculations,
along with changes in the peak fit using the in-
teractive 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 exper-
imental full energy peak efficiency (FEPE)

Table (2) Setup parameters with acquisition electronics specifications for HPGe detector

Manufacturer Canberra Industries Drawing
Serial Number 06089367 :
Detector Model GC1520 Detector Model M—
Geometry Closed end Coaxial gﬁm&%
Relative Efficiency (%) 15
Photopeak — Compton ratio 40 ﬂi_q:]m
Voltage bias (V) (+) 4500 T CRHSIAT wikidy
Crystal Model 7500SL /; It vika |
Resolution (FWHM) at 133 keV 2.0 keV VINDW ELECTROE —
Shaping time ([ s) 4 ~ ___/ i ;! ~
Preamplifier Model 2002CSL l__| // Te CRSTAL
Amplifier Model 2026 RRe AT ) / QUTER ELECTRONE
MCA Multi port I 838 dth e Typicel, 2 ploces ] ; IR ELECTRGEE
VPS Model 3106D Pl
Detector type HPGe (P- type) a8 036 w0
Shaping Model Gaussian 7 VKU A
Mounting Vertical 'l 00
Outer Electrode Thickness (mm) 0.5 o 32
Inner Electrode Thickness (mm) 0.3x107 | TEFLON IHGWATER
Window Electrode Thickness (mm) 0.5 I_i_ it VILIE EHTALT
Crystal Diameter (mm) 48 B | N,
Crystal Length (mm) 54.5
Core hole Diameter (mm) 7.5 TRADG K1 10 SEALT
Core hole Depth (mm) 37.5
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curves with their associated uncertainties as a
function of the photon energy for all calibration
sources detectors listed in tables (5).

Results and Discussion

The comparison between Efficiency Trans-
fer Theoretical Method (ETTM) and the exper-
imental work, which is done at Younis. S. Selim
Laboratory for Radiation Physics, Department
of Physics, Faculty of Science, Alexandria Uni-
versity, was made in this part for different vol-
umes of inverted well beakers (Marinelli beak-
ers). This included study the effect of the source
self -attenuation coefficient on the full-energy
peak efficiency of HPGe detector and the per-
centage of errors between the measured and the
calculated efficiencies(taking into account the
effect of self— attenuation coefficient and with
the negligting effect of the self — attenuation co-
efficient) are shown in tables (6) and (7) respec-
tively, which calculated from the formula:

A% = €cal ~ €meas %100 (15)
£

meas

where, € ,and, e _ arethe calculated and ex-
perimentally measured efficiencies, respectively.

The measured efficiency values as a func-
tion of the photon energy, € (E), for HPGe sem-

iconductor detector was calculated with a dead
time always less than 3% by:

__ NE ,
e(E)= T AC -p(E)HC" (16)

Where, N(E), is the number of counts in the
full-energy peak which can be obtained using Ge-
nie 2000 software, T, is the measuring time (in
second), P(E), is the photon emission probabili-
ty at energy, A, 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 acquisi-
tion time was long enough to get the number of
counts more than 10,000 counts. The back-
ground subtraction was done. The decay correc-
tion, C,, for the calibration source from the ref-
erence time to the run time was given by:

Cy = e*T. (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 effi-
ciency calculations was the uncertainties of the
activities of the standard source solutions. Co-

Table (3) Half- lives, photon energies and photon emission probabilities per decay
for the radionuclides used in this work

PTB-Nuclide Energy (keV) Emission Probability % Half Life (Days)
121.78 28.40
244.69 7.49
1525, 344.28 26.60 4943.29
778.90 12.96
964.13 14.00
1408.01 20.87
Table (4) Activities of the used sources and their uncertainties
Source Nuclide Activity (kBq) Reference Date 00:00 Hr Uncertainty (%)
Point 290.0 1 June 2009
M1 152 5 1 Jan 2010
M2 Eu 5 1 Jan 2010 0198
M3 10 1 Jan 2010
Table (5) Dimensions of the inverted well beaker sources.
inverted well Maximum Maximum Minimum well Height of well(cm)
beaker volume(liter) diameter(cm) diameter(cm) g
M1 0.5 11.70 7.70 6.80
M2 0.2 11.36 7.77 3.81
M3 1.0 14.00 8.50 6.10
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incidence summing effects were negligible in the Where, 0, , 0p,and, oy, are the uncertain-
reference measurement geometries. ties associated with the quantities, A, P(E), and,
The uncertainty in the full-energy peak ef- ~ N(E), respectively, assuming that the only cor-
ficiency, o, , was given by: rection made is due to the source activity decay.
. . . Obviously from figure (4) up to figure (9)
_ de 2 [ 9¢ 2 [ 9¢ 2 that, the efficiency of the detector is higher at

O-E E- o 'O-A +| — 'O-P +| — 'O-N . . .. .
A opP oN low source energies (absorption coefficient is

(18)  very high) and decreases as the energy increases

Table (6) The percentage of error A% between the efficiency results calculated by using ETTM for M1, M2 and M3
based on reference point source placed at positions P4=20 cm, P5=25 cm and P6=30 cm from the detector
surface(taking into account the effect of self— attenuation coefficient) and the measured one

P4-M1 P5-M1 P6-M1 P4-M2 P5-M2 P6-M2 P4-M3 P5-M3 P6-M3
0 6 0 -1 4 6 0 5 -1
0 4 -2 3 7 9 -1 3 -3
-2 3 -4 3 7 8 -1 4 -4
0 6 3 0 6 11 -1 6 3
2 2 4 -5 -4 6 -1 0 1
3 0 -3 2 0 4 1 -1 -5
-2 0 -2 -4 -2 4 -1 1 -1
-1 0 -6 1 3 5 -3 -1 -7

Table (7) The percentage of error A% between the efficiency results calculated by using ETTM for M1, M2 and M3
based on reference point source placed at positions P4=20 cm, P5=25 cm and P6=30 cm from the detector surface
(without taking into account the effect of self— attenuation coefficient) and the measured one

P4-M1 P5-M1 P6-M1 P4-M2 P5-M2 P6-M2 P4-M3 P5-M3 P6-M3
-67 -58 -68 -60 -51 -48 -168 -132 -140
-45 -40 -49 -33 -28 -26 -120 -89 -99
-42 -35 -46 -28 -22 =22 -117 -67 -74
-37 -27 -31 -29 -20 -14 -119 -66 -82
-26 -25 -23 -26 -25 -14 -37 -57 -71
-22 -25 -29 -15 -18 -13 -50 -50 -42
-26 -23 -26 -21 -18 -12 -31 -46 -57
-23 -21 -28 -12 -10 -8 -9 -34 -62

014 o Ermiaan) Experimentl
A ETTM(PS-M1) 0.1+ : Egm ::gx%; E
v _ITTMEe M1) M A ETTM (P6-M2)
B [ L -~ ~POINT P4
= b - -poINT 6 - f,gm ;g
0.014 \ 1 0.014 1
e e T T~ 1 I 1T 1
32_ —»\\\::_\ = g TTT Tl e
: 2
H g DRI
= =l S ; ST~
: 1E5 4 )
1E-5 o 4
r 1E-6 r
100 1000 100 1000
Photon energy (keV) Photon energy (keV)
Figure(4) Comparison between the experimental Figure (7) Comparison between the experimental
and calculated (ETTM) efficiency of M1 based and calculated (ETTM) efficiency of M2 based
on conversion from point efficiency curve at position P4, on conversion from point efficiency curve at position P4,
P5 and P6 taking into account the effect of self — P5 and P6 without taking into account the eftect of self —
attenuation coefficient attenuation coefficient
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Full energy peak efficiency
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Figure SS) Comparison between the experimental
and calculated (ETTM) efficiency of M1 based
on conversion from point efficiency curve at position P4,
P5 and P6 without taking into account the effect of self —
attenuation coefficient

0.14 experimental
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Figure(6) Comparison between the experimental
and calculated (ETTM) efficiency of M2 based
on conversion from point efficiency curve at position P4,
P5 and P6 taking into account the effect of self —
attenuation coefficient

(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— at-
tenuation coefficients in the calculation of the
detector efficiency.

Conclusion

This work done by using a simple (ETTM)
to evaluate the full-energy peak efficiency over
a wide energy range for inverted well beaker
sources which based on measuring an axial
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Figure 38) Comparison between the experimental
and calculated (ETTM) efficiency of M3 based
on conversion from point efficiency curve at position P4,
P5 and P6 taking into account the effect of self —
attenuation coefficient
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Figure (9) Comparison between the experimental
and calculated (ETTM) efficiency of M3 based
on conversion from point efficiency curve at position P4,
P5 and P6 without taking into account the effect of self —
attenuation coefficient

point source placed at different positions using
p-type HPGe detector, one can conclude that
there is a good agreement between the calcu-
lated efficiency and the experimental measure-
ments done 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
one includes the effect of the various attenuation
coefficients of the contents of the used source
matrix.

18.05.2013
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