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This work deals with full-energy

peak efficiency for a counting array of two Nal(Tl) scintilla-

tion detectors (2” x 2" and 3" x 3" with 7.5% and 8.5% resolutions, respectively) and radioac-
tive sources in the form of rectangular parallelepipeds of various dimensions. Aqueous solu-
tions containing the 152Eu radionuclide were used; the latter exhibits a favourable multiline
gamma spectrum covering a wide energy range from121.78 keV up to 1408.03 keV. A new
mathematical and analytical approach to the problem is developed. The well known, accurate
and widely used efficiency transfer principle is applied, together with detector efficiency cal-
culations based on the effective solid angle concept. The self-attenuation of the source matrix,
attenuation by the source container and detector housing materials, as well as a number of
other relevant details of the experimental set-up were duly accounted for. A remarkable agree-
ment between the measured and calculated efficiencies was observed for a variety of

source-to-detectors distances, confirming the reliability of the method developed.

Key words: effective solid angle, full-energy peak efficiency, gamma detector, rectangular

parallelepiped source

INTRODUCTION

Full-energy peak efficiency (FEPE) is an impor-
tant factor to be determined in a y-spectroscopy system
aiming to produce absolute measurements (e. g. inter-
action cross-section determination, quantitative ele-
mental analysis, radioactivity measurements, etc.).
Many researchers have applied Monte Carlo simula-
tion software to solve the problem of efficiency cali-
bration, either general purpose (e. g. PENELOPE,
MCNP, and EGS) [1] or dedicated ones, such as
GESEPCOR [2] or DETEFF [3]. Our radiation phys-
ics laboratory (Prof. Y. S. Selim Laboratory, Depart-
ment of Physics, Faculty of Science, Alexandria Uni-
versity, Egypt) has previously developed a direct
mathematical calculation method (DMC) based on ex-
act mathematical modeling and expressions [4-10]. In
this way, problems of efficiency calibration for differ-

* Corresponding author; e-mail: ms241178@hotmail.com

ent detectors were addressed for FEPE [4-7] and for
total efficiency [8-10]. Unreliable specifications of de-
tector parameters led to the use of optimized parame-
ters instead of those provided by the manufacturers.

To cope with the sensitivity of the calculated
FEPE to inaccurately report detector parameters (as is,
to a lesser or greater degree, the case), the efficiency
transfer (ET) principle was applied in the present
work. FEPE values were calculated via effective solid
angles by DMC. The counting arrangement consid-
ered includes an array of two y-detectors and a rectan-
gular parallelepiped source. The dimensions of both
the detectors and the source are varied in subsequent
validation exercises.

Moens [11] pioneered the efficiency transfer
technique. It is based on the assumption that the ratio
of'the FEPE to the effective solid angle is independent
of the sample geometry and composition for a given
y-ray energy and is, thus, an intrinsic property of the
detector [12].
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The ET, as proposed by Moens and co-authors, is
carried out according to the equation

Q
_ target £ ( 1 )

£
target Qref ref

where &qree; and &qr, are the FEPE for the y-detector
counting the target (point, plane, and volume) and ref-
erence geometry, respectively, while, €2, and Qe
are the effective solid angles subtended by the detector
surface with the target and the reference geometry, re-
spectively. The two effective solid angles were com-
puted by using the DMC. For the determination of the
experimental reference efficiency, &, the efficiency
transfer approach was used [13].

Making use of the ET technique, the present
work assumes that: the FEPE of a system composed of
two discrete detectors counting a rectangular
parallelepiped radioactive source can be calculated
based on the FEPE reference of the system with re-
spect to a radioactive point source, so that

sys )

sys ) _ Sfrec\Fy
rec \Zy

e eN(E,) )
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rec
two combined y-ray detectors using a rectangular ra-
dioactive parallelepiped source and a radioactive point
source as the reference geometry, respectively, while
ene(E,) and 72(E,) are the effective solid angles
subtended by the detector surface with the source and

the reference geometry, respectively.

where ¢ (E,) and ¢ 73 (E, ), are the FEPE for the

MATHEMATICAL ELABORATION

This section explains in detail the derivation of
mathematical expressions used to calculate effective
solid angles for point as well as for rectangular
parallelepiped sources with respect to a cylindrical
bi-detector system. The calculations take into account
any attenuating material in between the source and the
active material of the detection system, including the
detector end-cap, holder and source container mate-
rial, as well as source self-absorption.

Effective solid angle for a point
source and a cylindrical detector

In a spherical co-ordinate system, the geometri-
cal solid angle, €2, e ricar> SUbtended to a detector sur-
face by an arbitrarily located radioactive point source
[14, 15] is given by

Qgeometrical = I I sin eng de (3)
09
where 6 and @ are the polar and azimuthal angles, re-
spectively, while the effective solid angle, Qcfrective, 1S
defined as

Qeffective = I I fatt sin 9d§0 do (4)
09
where f, is a factor for describing the attenuation of
the incident radiation due to the different materials act-
ing as attenuators between the source and the detector
which can be expressed by the equation

n
St =€XPE—ZHidi] )
i=1

where, u; is the total attenuation coefficient, without
coherent scattering, of the i absorber for a y-ray pho-
ton with energy, E,, its value obtained from [16]; d; —
the distance travelled in the material and, »n, denotes
the number of absorbers between the source and the
detector's active material.

Considering a cylindrical detector denoted by
cyl of radius R and depth L (see fig. 1), the effective
solid angle, .Q;ft (h,p,R), subtended to an arbitrary
isotropic point source denoted by pnt above the detec-
tor surface by a distance / and displaced laterally by a
distance p we obtain

1
Q% (h,p,R)=

o 05 Grax
2| fo sin@dO+2] [ f, sin0dd p<R
0 6 0

- 05 Prax (6)
| f sin 6d6 p=R
6 0

with the attenuation factor, f,, expressed as the prod-
uct of two factors

fatt = ﬁ101d fcap (7)

where fio1a and fcqp are the attenuation factors for the
holder and end-cap, respectively, each dependent on
both the energy and direction of the emerged photon,
while the screening effect of the source and source
container were neglected. So the, fio4, can be repre-
sented by the equation

H t
fhold :exp[_ hold holdj (8)

cos 0

where ppoq 1S the total linear attenuation coefficient of
the holder material #,,q — the thickness of the holder,
and 6 — the azimuthal angle.

Further, f,,, can be expressed by the following
multirange equation, where the representing expres-
sion is determined according to the values of 6, 6
and @,

cap?

t
exp(_“cavcap) 0, <0
cosf

cap

t
fcap =Jexp _:ucap cap ) chap, 9] >0
cos 6

t
exp _ Heapleap P> Pegp. 0, >(9Cap
sin 6
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Figure 1. Arbitrarily located isotropic point source with a cylindrical detector for p > R and p <R

where 6 and @ are, the polar and azimuthal angles, re- and the polar angles are determined by
spectively, of the direction of the emerged photon, _
. . ~ S IR-# -if R+p
while g, and t.,p, are the total linear attenuation coef- 6, =tan | —— |, 0, =tan | ——| (11)
ficients of the end-cap material and its thickness, re-
spectively.
Where the maximum azimuth angle, ¢, is Effective solid angle using a
given by the equation point source with a bi-detector
; p2 “R2+42 tan20 . Ade'tectlon. system cornpose'd of pr discrete ac-
@ max =COS (10) tive material regions (detectors), in this instance, act-
2phtan ing as a bi-detector system. Each region has a cylindri-
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Figure 2. Schematic diagram of the bi-detector system
with an arbitrary point source

cal shape with no restrictions on their dimensions,
both are of a different size, while the separation be-
tween the two material regions can be arbitrarily cho-
sen, as described in fig. 2.

The separation between the two cylindrical de-
tectors represented by the axis-to-axis distances, D,
RD1; Ry, denotes the detectors, Det-A, and, Det-B, ra-
dii, respectively, while LDl and LD2, denote their re-
spective lengths. The system was arranged so that the
end-caps surfaces of the detectors were placed in the

same plane, while the detectors, Det-A, and, Det-B,
surfaces were located at, ZDl and ZD2, under that plane,
respectively.

The effective solid angle subtended by a radioactive
isotropic point source and surfaces of the system composed
of two detectors (bi-detectors, fig. 2), is expressed as the
sum of effective solid angles subtended by the source and
surfaces of each of the two detectors. The effective solid an-
gle forthe system, 10 (h, py , R, , R, , Dy, ), using an iso-
tropic point source located at a distance H from the common
end-cap and displaced laterally from the Det-A axis a dis-

tance p, is hence given as

Qg]st (H:pl 7Rl aR2 ,D12 )=

:ant(H +Zp,p1>Ry )“‘-ng (H+Zp, ,Dyy—py,R,)
(12)
where .ng and .ng are the effective solid angles

subtended by the surfaces of detectors Det-A and
Det-B from the point source, respectively.

Effective solid angle using a rectangular
parallelepiped with a bi-detector

Consider a rectangular parallelepiped source,
fig. 3, its width denoted as Wg, its depth denoted as D,

Parallelepiped source

-—-gx---

End-cap plane

oyt | f——— 2R,, ——

Figure 3. Schematic diagram of the bi-detector detection system with an arbitrarily located parallelepiped source
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and its height denoted as L . The source is placed arbi-
trarily, so that its plane of symmetry is coincident with
the plane of symmetry of the detection system. The
source separated from the common end-cap is denoted
by H, and its axis, lateral from, Det-A, is denoted as
X,

According to [17, 18] treating a volumetric ra-
dioactive source as a group of point sources which are
uniformly distributed. Similarly, using the appropriate
Cartesian co-ordinate system, the effective solid angle
of the volumetric rectangular parallelepiped source,
QY (W, Dy,L, X ,H,Zp), can be expressed by the
integration

sts(Ws ’Ds ﬂLs ’XsﬂHs 9ZD )=

rec

o HitL D2 W2
== J. _[ jQ;ﬁ(x,y,z)dxdydz
Vowg, o won (13)

where the integrand, Q11 (x, y, z), represents the ef-
fective solid angle of the system surface subtended by
a point source located in the Cartesian co-ordinate, (x,
¥, z), as in fig. 3, represented by the equation
A
‘Q;’; ()C, y:z):Qpnt (ZDI +Hs + Z,Pq 7Rl )+

+Qp (Zp, +H +2,.D1,—py.Ry)  (14)

where, the lateral distances can be expressed in the
Cartesian coordinate system by the equation

P1 :V(xs +x)2+y27 P2 :\I(xs —X)2+y2 (15)

where f,, in eq. (6) represents the attenuation due to
the source self-absorption and the other absorbers be-
tween the source and the detector, as given by the
equation

fatt = fsfcon fhold fcap (16)

where, f;, feon, frold» and feap reépresent the attenuation
due to the source, source container material, holder,
and end-cap, respectively, each dependent on both
the energy, as well as the direction of the emerged
photon.

The attenuation due to holder material, f; 4, can
be represented by the equation

t
Frond :exp(— Hold L nold j (17)
cos 0

where upoq is the total linear attenuation coefficient of
the holder material and, f,,q — the thickness of the
holder material, and 6 —the polar angle while f,, is ex-
pressed by the following multirange equations, ac-
cording to the values of 01, Ocqp, and Qcqp.

,ucaptcap
exp ————— | 0, <0
l{ cos@ b
_ .ucaptcap
fcap - exp(_ cos 6 Q=< @Cap, 91 >9cap
,ucaptcap
exp[_ sin@ Q> (Dcap, 81 >00ap

(18)

where 8 and ¢, are the polar and azimuthal angles, re-
spectively, to the direction of the emerged photon;
while uc,p and 7, represent the total linear attenuation
coefficient of the end-cap material and its thickness,
respectively.

The polar angle, 0

cap> 18 given by the equation

R ., — p‘
oo 1] [Teap
0y = tan [h 7 J (19)

cap

while the azimuthal angle, ¢, is given by the equa-
tion

2 2 2.2
R, +(h—=h tan” 0
(Dcap =C0S71 P cap ( cap ) (20)
2p(h—hg,, )tan @

where R, and /i, are the end-cap radius and its sur-
face separation from the detector surface, respectively.

In addition, to express f; and f;,, the azimuthal
angle ¢ is divided into four regions, as depicted in fig.
3, bounded by the azimuthal angles stated by the equa-
tion

le -y iDS —y
@, =tan™' 721 , @, =tan" ?
—Wy—x — W +x
1 2 @1
7Ds +y *DS +y
0 :1;31171 217 , ¥4 :tan71 217
— Ws +Xx — Ws —X
2 2
where
—Region [ (0 <@ <@ or o4 <@ <2m)
exp[—'uszj 0 <tan! (QJ
cos@ z
1
fS = .us( Ws _xj _ (22)
2 1| &
CeXp| _.79 0 > tan —_
sin z
NP
cos z
Soon = (23)

¢ _
exp _'L[CO.HJ 9 > tan71 af
sin @ z
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where u and p.o, are the total linear attenuation coeffi-
cients without the coherent scattering for the source
matrix and container material, respectively, while 7.,
is the container thickness, and parameters o* and *
are given by the equation

% W, +x 1 D, *y

at=2 . pt=2___ (30
cos @ sin @

so, the FEPE of a system composed of two detectors
using rectangular radioactive parallelepiped sources
given by eq. (2) and eq. (12) and (13) can be calculated
based on the FEPE reference of the system with re-
spect to a radioactive point source as
gsys (Ey): Q:ZE(VVS 9Ds 7Ls ’XS ’Hs) P

rec
Q;}rllst (h’th]’RZﬂDlZ)

ot (£) (31)

pnt

EXPERIMENTAL SET-UP

Experimental measurements were done using a set
of standard point sources obtained from PTB, Germany,
and a set of rectangular homemade radioactive
parallelepiped sources in different volumes. The certifi-
cates show the sources' activities and their uncertainties,
as listed in tab. 1 and tab. 2. The data sheet states the val-
ues of half-life photon energies and photon emission
probabilities per decay for all radionuclides used in the
calibration process, as listed in tab. 3, which is available
at the National Nuclear Data Center Web Page or on the
IAEA website.

Table 1. PTB point sources' activities and
their uncertainties

PTB-nuclide A[clitgcﬁy R%%:rggieog?te Uncertainty
2By 290.0 +1.38%
P7cs 385.0 June 1,2009 | £0.71%
%Co 212.1 + 1.04%

Table 2. Characteristics of the rectangular
parallelepiped sources
Standard source Container

ID | Length | Width | Height | Volume | Material | Thickness

V1|59cm [3.8cm|5.2cm| 100 mL| HDPE | 0.15cm

V2 |6.1cm|6.1cm|62cm|200mL| PP 0.15 cm

Both have activity (5 kBq + 1.98%, reference date January 1, 2010

Table 3. Half-life, photon energies, and photon emission
probabilities per decay for all radionuclides used in
this work

. Energy Emission :
PTB-nuclide [keV] probability [%] Half-life [d]
121.78 28.4
244.69 7.49
344.28 26.6
152
Eu 2759 12.96 4943.29
964.13 14.0
1408.03 20.87
¥Cs 661.66 85.21 11004.98
1173.23 99.9
60,
Co 13325 99.982 1925.31

The detection system composed of two cylindri-
cal Nal(T1) scintillation detectors (Model 802 scintil-
lation detectors, Canberra) of different sizes 3" x 3"
(Det-A, fig. 4-A) and 2" x 2" (Det-B, fig. 4-B). The de-
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Figure. 4. (a) 3" x 3"
detector, (b) 2" x 2"
detector, and (¢)
mounting of the

bi-detector system in a
specially designed holder

(dimensions in inches)

- |

tectors mounted vertically in a specially constructed
holder (fig. 4-c) made of teflon, so that the distance
from side end-cap to side end-cap is 1cm. The details
of the set-up parameters of the detectors, along with
acquisition electronics specifications supported by the
serial and model number, are listed in tab. 4.

Table 4. Detectors' set-up parameters with acquisition
electronics specifications for detector (Det-A) and detector
(Det-B)

Items Detector Det-A | Detector Det-B
Manufacturer Canberra Canberra
Serial number 09L 652 09L 654
Detector model 802 802
Type Cylindrical Cylindrical
Mounting Vertical Vertical
lgglso[lll‘;‘\?f (FWHM) at 8.5% 7.5%
Cathode to anode voltage +800 V DC +900 V DC
Dynode to dynode +80 V DC +80 V DC
Cathode to dynode +150 V DC +150 V DC
Tube base Model 2007 Model 2007
Shaping mode Gaussian Gaussian
Detector type Nal(Tl) Nal(T1)
Crystal diameter [mm] 76.2 50.8
Crystal length [mm] 76.2 50.8
Top cover thickness [mm] Al (0.5) Al (0.5)
Side cover thickness [mm] Al (0.5) Al (0.5)
Reflector-oxide [mm] 2.5 2.5
Weight [kg] 1.8 0.77
Outer diameter [mm] 80.9 57.2
Outer length [mm] 79.4 53.9
Crystal volume [cm’] 347.49 102.96

The measurements were done using radioactive
sources placed at 30 cm above the detector common
end-cap which allows to minimize the dead time to an
order of zero and to neglect the effect of coincidence
summing on experimental results, while all lateral dis-
tances are reported relative to the axis of the symmetry
of Det-A.

The '3?Eu point source and homemade rectangu-
lar radioactive parallelepiped sources V1 and V2 were
used to establish the experimental calibration curves

< 5.40° _,I
(2-1/8)
- 18.41" (7-1/4)

SR
(c)

in order to be compared with those calculated by the
theoretical equations derived in this work. Besides
that, two standard point sources, ®°Co and '3’Cs, were
used for energy calibration and, at the time of acquisi-
tion, gain adjustment in both detectors done to make a
match between the channels.

The measurements were carried out to obtain
statistically significant main peaks in the spectra that
are recorded and processed by winTMCA32 software
made by ICx Technologies. The measured spectrum
was saved in the form of spectrum ORTEC files which
can be opened by ISO 9001 Genie 2000 data acquisi-
tion and analysis software made by Canberra. This ac-
quisition time is high enough to get at least 20,000
counts, thus making the statistical uncertainties less
than 0.5%. The typical acquisition time for a point
source was several hours, as opposed to that of the
volumetric sources which, due to the low activity,
lasted at least 48 hours for each measurement. The
spectra were analyzed with the program using its auto-
matic 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 errors in peak area values. The peak areas, live
time, run time, and the start time for each spectrum are
entered into spreadsheets that are used to perform the
calculations necessary to generate efficiency curves.

RESULTS AND DISCUSSION

The measured efficiency values as a function of
the photon energy, £(E), for both Nal(Tl) scintillation
detectors were calculated using the following formula

s(E) =&
TAP(E)

where N(E) is the number of counts in the full-energy
peak obtained by using the Genie 2000 software, 7'—the
measuring time (in seconds), P(E) — the photon emis-
sion probability at energy, E, obtained from the Genie
2000 standard library, while, A; — the radionuclide ac-
tivity, and C;, represents the correction factors due to the
dead time and radionuclide decay. No summing correc-

[1¢; (32)
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tion was done due to the very low dead time associated
with the measurements and the corresponding correc-
tion factor for the dead time was obtained by simply us-
ing (ADC) live time. However, the background subtrac-
tion which was extremely important for low-activity
rectangular sources was also carried out. The decay cor-
rection, Cy, for the calibration source from the reference
time to the run time is given by

Cy =exp(AAT) (33)

where A is the decay constant and AT — the time inter-
val over which the source is allowed to decay until the
run time. The main source of uncertainty in the effi-
ciency calculations were the uncertainties of the activ-
ities of the standard source solutions. The uncertainty
in (FEPE), o, is given by

2 2 2
e=efla) 5G] e
ON 04 opP
where o, oA, Op, are the uncertainties associated with
the uncertainties in the quantities, N(E), 4s, and P(E),
respectively.
The percentage deviations between the calcu-

lated and the measured full-energy peak efficiency
values are calculated by

A(%) = Ze —Emeas 1 (35)
&

cal
where €., and & ,c4 are the calculated and the measured
efficiencies, respectively.

All the integrals encountered are elliptic
integrals which do not have a closed-form solution
[19], so anumerical solution is obtained using the trap-
ezoidal rule. Although the accuracy of the integration
increases with the increase in the number of intervals
n, the integration converges well at 7 =20. A computer
program (using the Microsoft QuickBasic Program)
has been written to calculate the effective solid angles
for arbitrarily located point and volumetric sources
based on the derived equations.

The variations of the FEPE measured and calcu-
lated efficiencies based on eq. (31) of the bi-detector
system, along with their associated uncertainties as a
function of the photon energy using two volumetric
rectangular parallelepiped sources (V1 and V2), are
depicted in (figs. 5, 7, 9, 11, 13, and 15). These
volumetric sources produced an energy range from
121.78 keV up to 1408.03 keV and placed it so that: its
center is elevated 30 cm above the system's common
end-cap, with a lateral displacement of 0 cm, 4.6 cm,
and 8 cm, respectively.The difference in percentage
between the FEPE measured and the calculated values
as a function of the photon energy are presented in
(figs. 6, 8, 10, 12, 14, and 16) for the bi-detectors and
were found to amount to less than 6 [%]. The differ-
ence in the measured efficiencies themselves for dif-
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Figure 5. Calculated full-energy efficiency values and
the measured ones with their associated uncertainties as
a function of the photon energy for the bi-detector using
a (V1) mounted axial to Det-A with its centers elevated 30
cm above the common end-cap plane and a point-like
source at the (V1) center
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Figure 6. The difference percentage [A%] calculated as a
function of the photon energy for the bi-detector using a
(V1) mounted axial to Det-A with its centers elevated
30 cm above the common end-cap
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Figure 7. Calculated full-energy efficiency values and the
measured ones, with their associated uncertainties as a
function of the photon energy for the bi-detector using a
(V1) mounted 4.6 cm lateral to Det-A with its centers
elevated 30 cm above the common end-cap plane and a
point-like source at the (V1) center
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Figure 8. The difference percentage [A%] calculated as a
function of the photon energy for the bi-detector using a
(V1) mounted 4.6 cm lateral to Det-A with its centers
elevated 30 cm above the common end-cap plane
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Figure 9. Calculated full-energy efficiency values and
the measured ones, with their associated uncertainties as
a function of the photon energy for the bi-detector using
a (V1) mounted axial to Det-B with its centers elevated
30 cm above the common end-cap plane and a point-like
source at the (V1) center
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Figure 10. The difference percentage [A%] calculated as
a function of the photon energy for the bi-detector using
a (V1) mounted axial to Det-B with its centers elevated
30 cm above the common end-cap plane

Photon energy [keV]

Figure 11. Calculated full-energy efficiency values and
the measured ones, with their associated uncertainties as
a function of the photon energy for the bi-detector using
a (V2) mounted axial to Det-A with its centers elevated 30
cm above the common end-cap plane and a point-like
source at the (V2) center
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Figure 12. The difference percentage [A%] calculated as
a function of the photon energy for the bi-detector using
a (V2) mounted axial to Det-A with its centers elevated
30 cm above the common end-cap plane

ferent source geometries relate to the sources used and
can be mainly attributed to the self-absorption of the
source, since a bigger volume is associated with lower
efficiencies.

CONCLUSIONS

In the present work, the authors have introduced
a new, simple numerical calculation method based on
the ET technique over a wide energy range and an ef-
fective solid angle to evaluate the FEPE for a system
combine of two y-detectors. The factors related to pho-
ton attenuation in the detector end-cap, source con-
tainer, source holder and the self-attenuation of the
source have been derived and taken into account. The
examination of the results obtained reveals a good
agreement between the calculated and the measured
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Figure 13. Calculated full-energy efficiency values and
the measured ones, with their associated uncertainties as
a function of the photon energy for the bi-detector using
a (V2) mounted 4.6 cm lateral to Det-A with its centers
elevated 30 cm above the common end-cap plane and a
point-like source at the (V2) center

V2, p = 4.6 cm]
0 500 1000

Discrepancy [%]
[ 3

4
-

-6

Photon energy [keV]

Figure 14. The difference percentage [A%] calculated as
a function of the photon energy for the bi-detector using
a (V2) mounted 4.6 cm lateral to Det-A with its centers
elevated 30 cm above the common end-cap plane

5E-03 T

4E-03 | A, SaEs

3E-03 o

2E-03 =

1E-03 =

Full-energy peak efficiency

wewees pNt (p = 8 CM)
® V2(p=8cm)

Theoretical
5E-04 =
4E-04 4

3E-04 T T T — T
100 1000 1600
Photon energy [keV]

Figure 15. Calculated full-energy efficiency values and
the measured ones, with their associated uncertainties as
a function of the photon energy for the bi-detector using
a (V2) mounted 8 cm lateral to Det-B with its centers
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Figure 16. The difference percentage [A%] calculated as
a function of the photon energy for the bi-detector using
a (V2) mounted 8 cm lateral to Det-B with its centers
elevated 30 cm above the common end-cap plane

efficiencies and reflects the importance of considering
attenuation factors in the study of detector efficiency.
This study shows that the efficiency transfer technique
can be used to evaluate the (FEPE) of a bi-detector sys-
tem using rectangular parallelepiped sources. A re-
markable agreement between the measured and calcu-
lated efficiencies for the bi-detector system at the
source-to-system was verified by data comparison.
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Moxamen C. BAJTIABU, Moxamen E. KPAP, Axmen M. EJI-KATUB,
Cnooopan U. JOBAHOBWh, Anekcannap . IJIABAY, Hukona H. MUXAJBEBUh

HOBU MATEMATHUYKU MOJEI 3A OAPEGBUBAIBE EOUKACHOCTHN
CUCTEMA O IBA TAMA NETEKTOPA U U3BOPE Y OBJUKY
INPABOYIJOT IMTAPAJIEJIOIIAIIEJA

Y pany je mpuka3an Mofien 3a ofpebuBame e(PUKACHOCTH Y IUKY IYHE CHEPTHUje CHCTeMa Off IBa
cnperayta Nal(Tl) cimaTunamuona merekropa (2" x 2" m 3" x 3", ca pesonyuujoM of 7.5% u 8.5%,
PECIEKTHBHO) M PafiMOaKTHBHE U3BOpE y OOJIMKY MPaBOYIUIOT MapalesIoNuIe/ia Pa3inuuTuX AUMEH3H]a.
Pa3BujeH je HOBM aHANIMTHYKY IPUCTYII, TPH YeMy je KopuiitheH Beh To3HaTH 1 Oy 3/jaHu IIPUHINI TpaHgepa
e(puKacHOCTH, y3 pauyyHame e(PUKACHOCTH NOMOhY e(peKTUBHOT IPOCTOPHOT yria. OBUM je y HOTIYHOCTH
y3eTa y 003up aTeHyanuja y CBUM arncopdeprmMa (MaTpHila 1 KOHTEJHep U3BOpa, KOHCTPYKIMOHU €JIEMEHTH
JIETEKTOpA, ENEMEHTH MEpPHe KOH(uUrypauuje, uty.). Bogenu pacTBop pagnoakTuBHOr m3orona 'Eu, ca
NPUKIIAHAM CIIEKTPOM rama JimHuja y mupokoMm omcery (121.78 keV mo 1408.03 keV) ymorpe6ibeH je 3a
eKCIepUMEHTAIHY poBepy. M3MepeHe BpeqHOCTH e(hIKaCHOCTH BeoMa ce TOOPO CIaxKy ca H3pavuyHATHM,
IPU Pa3InIATAM PACTOjalbUMa U3BOP-IETEKTOPH, YMME je TIOTBpheHa Moy3aHOCT METOIE.

Kwyune peuu: egpexitiugHu pocitiopHu y2a0, e(puKacHOCI cucitiema, zama OeilieKiiop, ipasoyaau

iHapaneaonuileOHU U380p



