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Abstract

A new analytical approach is presented for the calculation of full-energy peak (FEP) efficiency of Nal (Tl) detectors.
The self-attenuation of the parallelepiped source matrix, the attenuation by the source container, and the detector
housing materials were considered in the mathematical treatment. The efficiency values calculated using the
presently suggested analytical approach are compared with those measured values obtained by two different sizes
of Nal (Tl) detectors. The calculated and the measured full-energy peak efficiency values were in a good agreement.
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Introduction

One of the most important parameters in the calculation
of the gamma activity of environmental radioactive
sources with respect to emitted gamma energy is the de-
tection efficiency which is usually determined using cali-
brated standard sources [1]. Standard radioactive sources,
if available, are costly and would need to be renewed, es-
pecially when the radionuclides have short half-lives [2].
In addition to the influence of the source matrix on the
counting efficiency which can be expressed by the self-
attenuation factor, the fraction of the gamma rays not reg-
istered in the full-energy peak is due to the scattering or
absorption within the sample [3]. An effective tool to
overcome these problems could be the use of computa-
tional techniques [4-9] to complete the calibration of
the gamma spectrometry system. Also, Selim and Abbas
[10-14] solved these problems by deriving direct analyt-
ical integrals of the detector efficiencies (total- and full-
energy peak) for any source-detector configuration and
implemented these analytical expressions into a nu-
merical integration computer program. Moreover, they
[15-18] introduced a new theoretical approach based on
that direct statistical method to determine the detector
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efficiency for an isotropic radiating point source at any
arbitrary position from a cylindrical detector, as well as
the extension of this approach to evaluate the volumet-
ric sources.

In a large extent, we introduced a new analytical ap-
proach for the calculation of full-energy peak efficiency
of the coaxial detector with respect to point and volu-
metric sources (cylindrical and spherical) [19-21]. In the
present work, we deal with parallelepiped source. The
basic idea of this approach is the separate calculation of
the intrinsic and the geometrical efficiencies, and the
factors which related to the photon attenuation in the
detector end cap, inactive layer, source container, and
the self-attenuation of the source matrix. The calcula-
tions depend on two main factors. First is the accurate
analytical calculation of the average path length covered
by the photon in each of the following: the detector ac-
tive volume, the source matrix, the source container,
the inactive layer, and the end cap of the detector. Sec-
ond is the geometrical solid angle Q.

Basics of the efficiency computation

The case of a non-axial point source

Consider a right circular cylindrical (2R x L) detector
and an arbitrarily positioned isotropic point source lo-
cated at a distance 4 from the detector top surface and
at a lateral distance p from its axis, as shown in Figure 1.
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Figure 1 A diagram of a cylindrical-type detector with a non-axial

point source (p > R).

The efficiency of the detector with respect to point
source is given as follows [16]:

Epoint = forr €g &is (1)

where ¢ and ¢, are the intrinsic and the geometrical ef-
ficiencies which are derived by Abbas et al. [16]. fu is
the attenuation factor of the detector inactive layer and
end cap material. In “The attenuation factor (f,) sec-
tion, this factor will be recalculated by a new method.

The intrinsic (g;) and the geometrical (gy) efficiencies
The intrinsic and geometrical efficiencies are repre-
sented by Equations 2 and 3, respectively.

& — 1—6_”;1 (2)
Q
Sg = Ea (3)

where p is the attenuation coefficient of the detector
material. d is the average path length traveled by a pho-
ton through the detector, and Q is the solid angle
subtended by the source-detector; they are represented
by Equations 4 and 5, respectively. These will be
discussed in detail according to the source-detector con-
figuration as shown below:

1d(0,p)dOQ fgd(@, ) sinfdOdg
)

= Q
d= faa = o : (4)
Q

where 6 and ¢ are the polar and the azimuthal angles,
respectively. d (6,¢) is the possible path length traveled
by the photon within the detector active volume.
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Q =[] sinfdbde. (5)
[

There are two main cases to be considered for calcu-
lating the intrinsic and geometrical efficiencies of the de-
tector with respect to point source, namely, (1) the
lateral displacement of the source is smaller than or
equal the detector circular face's radius (p < R), and (2)
the lateral distance of the source is greater than the de-
tector circular face's radius (p > R). The two cases have
been treated by Abbas et al. [16]. The values of the polar
and the azimuthal angles based on the source-to-
detector configuration are shown in Table 1.

The attenuation factor (f,)
The attenuation factor f, is expressed as:

S = flay fcap’ (6)

where fi,y and f,, are the attenuation factors of the de-
tector inactive layer and end cap material, respectively,
and they are given by:

Hhgy Slay Moy B
Jiy =€ Fhay Oty , Seap = € e 0, (7)

where p1,, and ., are the attenuation coefficients of
the detector inactive layer and end cap material, respect-
ively. 51;y and O, are the average path length traveled
by a photon through the detector inactive layer and the
end cap material, respectively, and they are represented
as follows:

[1t(0,9)sin0dOde [[t(0,9)sinddOdp
_v8

S "o —
lay [T sinfdfdg Q
(X

J1t"(0,0)sin0dOde [ [£"(6,9)sin0dOdy
5_ 90 90
cap —

[ [ sinfdOdp Q ’

90
(8)

where £(6, ¢) and t"(0, ) are the possible path lengths
traveled by the photon within the detector inactive layer
and the end cap material, respectively.

Consider that the detector has an inactive layer cover-
ing its upper surface with thickness ¢pr and its side sur-
face with thickness tps, as shown in Figure 1. The
possible path lengths and the average path length trav-
eled by the photon within the inactive layer for cases
(p < R) and (p > R) are shown in Table 2, where ¢'; and ¢,
represent the photon path length through the upper and the
side surface of the inactive layer, respectively.

Consider that the thickness of the upper and side sur-
faces of the detector end cap material is £, and ¢, re-
spectively, as shown in Figure 1. The possible path
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Table 1 The values of the polar and the azimuthal angles based on the source-to-detector configuration [16]

The polar angles

The azimuthal angles

i (1R=pl (PR 4 htan’0
8 = tan <h + L) Prmax = €05 ( 2phtand
_ 2
6, = tan™! (\Rh0|> @ e = COS”! 0°—R? + (h + L)’ tan’0
. 2o(h + L) tanf
6; = tan™! (ﬁ>
h+L
R+
6, = tan”! (Tp>
2_R2
_ o [ VP
6, = tan < h ol >
2 P
6/ = tan™ < 'O;_R > ¢ = sin”! <g>
Or = tan™’ < fihfl)) ((pmax =¢ max)
lengths and the average path length traveled by the pho- L (p-R.
ton within the detector end cap material for cases (p < Ocap = tan -k )’ )

R) and (p > R) are shown in Table 3, where ¢"; and ¢",
represent the photon path length through the upper and the
side surface of the detector end cap material, respectively.
From Table 3, it was observed that the case in which (p >
R) has two sub-cases which are (R < p < R,) and (p > R,),
where R, is the inner radius of the detector end cap. There
is a very important polar angle (.,,) which must be con-
sidered when we study the case in which p > R,, and this
is given by the equation below:

where k is the distance between the detector end cap
and the detector upper surface.

The case of a parallelepiped (block) source

Consider a block source with dimensions A (major side),
B (minor side), and H (height) as illustrated in Figure 2,
then the efficiency is given by the equation below:

Table 2 Possible path lengths and their average traveled by the photon within the inactive layer [p < R and p > R]

pP=R p>R
! — _tor 7 _tor
17 cosH 17 cosh
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n sind
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Table 3 Possible path lengths and their average traveled by the photon within the detector end cap [p < R and p > R]

P<R p>R
R<p<R, P >R,
th = C:)BSG = cc?se = c;Zs@
,  Pcosp+ /(R + tw)’—p? sinZe
2 sin@ ,
2 o1+ 2 s ®
pcosp +/(Ra) =07 sin’p W 2R,?
sin@ B sin@
7 7 7
Sar =+ . 5o =1

710,

7' = [[t" sinfdBd 9

! g({ ! ¢ Zl= 1 [ t/sinBdpdd
6, 0

@ maxBa

+ [ [t]sin0dode 0. 9,
06 + | [t} sinddpde
g.0

049 max
+ [ | ¢ sin0dpdd
6. 0

7l = J J t” sind do do 4 J Jt” sinBdp do
0 6 = 6.
J [ |n6d(0d6
6. 0

Ocap’ ma
Z = | [t sinBdpds + I J "t sinbdpdd
6 0 G(ap 0 e’c>9Cap

6. 9
+ [ [t]sinBdpdo + J [ t'{ sinfdedo
g.0 6. 0

00 ax Bcapp,
7 = j J £} sinBdpdo + J Jr’z’ sinBddd
Ocap 2 0'c
+ f [zﬂ sinfdo dé + J I ", sinBdpdo

Bcap 0

60 max 69
7 = J J t! sinddpdo + J jt” sinBdp do

w

0> Oesp 2 6,
+ [ j t” sinBdpdo + [ J t” sinBdpdo

Ocap

9 o 0 o,
Zz/ =/ r’z’ sinfdpdd + | jr’z’ sinBdpdd
6 0 g.0 6. >
04P max cap = T4
+ [ | ¢ sin0dpdd
0. 0

4 Sself Ssc ot €i 5g

Eblock =, >

v (10)

where V is the volume of the block source (V = ABH),
Sseif is the self-attenuation factor of the source matrix,
and S, is the attenuation factor of the source container
material.

The intrinsic and geometrical efficiencies are defined
before in Equations 2 and 3, respectively, but the average

path length d traveled by the photon through the

detector and the solid angle will have new forms due to
the geometry of Figure 2. The average path length is
expressed as follows:

H+h, [ar
f beldC(+ bedeK dh
d="n\° =z . (11)
H+h,
f (begda+be4da>dh
ho

The geometrical efficiency & is given by
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H+h, [ ar Z
f hogda+be4da dh
h, 0 ar
Eg = ) (12)

21

where « is the angle between the lateral distance p and
the detector's major axis, as shown in Figures 3 and 4.
The factor 4 is introduced in Equation 10 to cover the
values of a from 0 to 2. The values of Ny, Ny, N3,
and N, are given as follows:
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Figure 3 Schematic view for the azimuthal angle values in the
bar source (a > ay).
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I, and I, are the numerator and the denominator, re-
spectively, of d in the equation obtained by Abbas et al.
[16] for non-axial point source, and #, is the distance
between the source active volume and the detector
upper surface.

The new forms of the average path length traveled by
the photon through the detector inactive layer and the
detector end cap material are given by Equations 18 and
21, respectively.

H-+h, [ar Z
[ | [ Noda+ | Nipda |dh

h, 0 ar

?ay - H+h, (ar % (18)
| (f Npsda + IN;,4da>dh
hy 0 ar
with
P1
|Z1pdp (p1<R)
Nu=4 3 o (19)
ngpderIIeZspdp (py > R)
P2
| Zypdp (P2 <R)
Np=< g ’, (20)
gZ1pdp+ I{Ze)pdp (py > R),

where Z; and Z3 are already defined in Table 2.
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H+h, [ ar 3
f J‘NCIdOC+J‘chd0.’ dh
h, 0 ar
Ocap = 21
P H+h, [ ar 3 ( )
f begda+_be4da dh
h, 0 ar
with
P1 ,
1Zpdp (p1<R)
NCI = I(?) P1
(I)Z’lpder £Z/spdp (py > R)
(22)
P2 ,
[Zpdp (py<R)
NCZ - I(Q) P2
gZ’lpder Ier’sde (py > R),
(23)

where Z'| and Z'5 are as identified before in Table 3.

If Ah is the source container bottom thickness, Ay is
the source container wall thickness from the minor axis,
and Ax is the source container wall thickness from the
major axis. Table 4 shows the possible path lengths trav-
eled by the photon within the source and the source
container, while Table 5 shows the values of the polar
and azimuthal angles of the source; the source container
also shows the maximum angle of the photon to enter
the detector from the face and the minimum angle of
the photon to enter the detector from the side which are
labeled by 6,,,.« and Oy, respectively.

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

Sself =ets Zv (24')

Table 4 The possible path lengths traveled by the photon within the source and the source container

The possible path lengths

The source The source container
To exit from the base to =10y toe = &5
To exit from side | th = #ﬁ{nﬁ le = ﬁénﬁ
To exit from side I 2 = |Fgeos te = |srbesp
To exit from side |ll 3= ﬁ e =te = %ﬁmﬁ
To exit from side IV t4 = Grpeeg tie = trc = |5

wheref=a+¢ ,

x=pcosa , y=psina , a=tan"'(




Table 5 Values of the polar and the azimuthal angles of the source and the source container

TS/1/£/3ua3u0d/wox skydeifmmm//:dny

TS:L '€10T $2IsAYd paljddy pub [p2132103Y ] 4O [DUINOS (D 33 ey

The source The source container
The polar angles The azimuthal angles The polar angles The azimuthal angles
S| b4y m a—x o+ Ay+y m a+ Dx—x
0 = tan”|——2— = g+ tan ' —= 0 = tan”! | —2—2 = g+ tan ' /2
* (h=ho) sinB fr=gatEn <b+y> - (o) sind I V%
N a—x L (b-y | a4+ Bx—=x L (b+Ay—y
0, = tan™' - 2L 0 = tan~ |——— . (0T ey
2 an (hfgo)cosﬁ ¢, =1m—a+ tan (mx) 2c = tan (Zh‘XCOSB’ ¢, =71—a+ tan <a+Ax—x
) e = g tan- (2 - tan | 2T = oraetan- (2
% = on (h—ho) sin Ps = amastan <a+x> O3 = 1an (h—ho) sin S VR v
6, = tan™! atx B4 = tan™! M
(h—h,) cosB I+ tan (b +y> (a2ar) (h—ho) cosB
_1|pcosp + VR 0% sin’p Q4= b o
Omax = tan h tan™! ty —a (a<ar)
T L (b+Dy+y
a+x m-a+ tan | ——>—= (azar)
sy a+Dx+x =T
6 — tan! 0 COsp—/R°—p? sin“¢p Q4 =
min = tan h+L e (2B N, (a <ar)
a+ Ax +x T

L1 jo /£ obed



El-Khatib et al. Journal of Theoretical and Applied Physics 2013, 7:52
http://www.jtaphys.com/content/7/1/52

where y is the attenuation coefficient of the source
matrix, and ¢ is the average path length traveled by a
photon inside the source and is given by

t= t(tp 9!’7 %)
H+h, (ar 3
[ f Myrda+ [ My dar | dh
hy 0 ar

o H+h, [ar 5 '
[ Mysda+ [ Mysda | dn
0

ho ar

where j takes the values from 0 to 4, while i takes the
values from 1 to 4.

The values of My, My, Mys, and My, are given as
follows:

P1
Jgn pdp (p1<R)
Mbl = (;3 P1
ggbzpdp + I{ gy Pap (p; > R)
(26)
P2
I8y pdp (py <R)
Mb2 = 9? P2
ggbzpdp + 1{ Zp3Pdp (py > R)
(27)
P1
J&paprdp (p1 <R)
Mb?’ = 33 P1
gghwdp + I{ 85 Pap (py > R)
(28)
P2
Jgpapdp (py<R)
Mb4 = 2 P2
ggmpdp + I{gbspdp (py > R).
(29)

Now, we can find the values of g1, gp2, €3, €pe and
gps (consequently, we can find the value of ¢ ), see
Figures 3 and 4.
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(61 2 Qmax)

(emax > 61)

(31)

(62 2 emax)
(emax > 62)

(32)

(63 2 6max)

(emax > 63)

(33)

(94 2 emax)

(emax > 94)

(34)

(35)

(36)

(37)
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The attenuation factor of the container material is
given by

Sse = 67MCEE7 (39)
where . is the attenuation coefficient of the source
container material, and £, is the average path length
traveled by a photon inside the source container and is
expressed as

te = t(tic, bic: 0sc)- (40)

Experimental setup

The FEP values were measured by employing two differ-
ent Nal (Tl) detectors called as Det. 1 and Det. 2. The
manufacturer parameters and the setup values are
shown in Table 6.

The sources used are polypropylene (PP) plastic vials
of volumes 100 and 200 mL filled with an aqueous solu-
tion containing '*”Eu radionuclide which emits y-ray in
the energy range from 121 to 1408 keV. Table 7 shows
the dimensions of the sources. The efficiency measure-
ments are carried out by positioning the sources over
the end cap of the detector. In order to minimize the
dead time, the activity of the sources is prepared to be
5,048 + 49.98 Bq. The measurements are carried out to
obtain statistically significant main peaks in the spectra
that are recorded and processed by winTMCA32 soft-
ware made by ICx Technologies (ICx Technologies
GmbH, Solingen, Germany). The acquisition time is high
enough to get a number of counts at least 20,000, which
makes the statistical uncertainties to be less than 0.5%.
The measured spectra were analyzed with Genie 2000
software (CANBERRA Industries Inc., Meriden, CT,
USA) using its automatic peak search and peak area

Table 6 The manufacturer parameters and the setup values

Items Det. 1 Det. 2
Manufacturer Canberra Canberra
Serial number 09L 654 09L 652
Detector model 802 802

Type Cylindrical Cylindrical
Mounting Vertical Vertical
Resolution (FWHM) at 662 keV 8.5% 7.5%
Cathode-to-anode voltage +1,100 V dc +1,1700 V dc
Tube base Model 2007 Model 2007
Shaping mode Gaussian Gaussian
Crystal type Nal (Tl) Nal (Tl
Crystal volume (cm?) 103 347.64
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Table 7 Parameters of the sources

Items Source volume (mL)

100 200
Dimension of the cross-section 59.23 x 37.88 60.48 x 60.48
body (mm?)
Height (mm) 51.02 614
Wall thickness (mm) 15 152
Activity (Bq) 5,048 + 49.98 5,048 + 49.98

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, the live time, the run time, and the start time for
each spectrum are entered in the spreadsheets that are
used to perform the calculations necessary to generate
the efficiency curves.

The full-energy peak efficiency values for the two Nal
(Tl) detectors were measured as a function of the pho-
ton energy and calculated using the following equation:

N(E)

(E) = 14 p(E) IIc. (41)

where N(E) is the number of counts under the full-
energy peak that is determined using Genie 2000 soft-
ware, T is the measuring time (in seconds), P(E) is the
photon emission probability at energy E, As is the radio-
nuclide activity, and C; are the correction factors due to
dead time and radionuclide decay. All the sources were
measured on the detector entrance window as an ab-
sorber to avoid the effect of f- and X-rays, so no correc-
tion was made for X-gamma coincidences. This is
because, in most cases, the accompanying X-ray was 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, which can induce deviations of
the peaks' area. In these measurements of low activity
sources, the dead time is always less than 3%. So, the
corresponding factor is obtained simply using the ADC
live time. The statistical uncertainties of the net peak
areas are smaller than 0.5% since the acquisition time is
long enough to get a number of counts of at least
20,000. The background subtraction is done. The decay
correction Cy for the calibration source from the refer-
ence time to the run time is given by

Cq=e"tT, (42)
where 1 is the decay constant, and AT is the time inter-
val over which the source decays corresponding to the
run time. The main source of uncertainty in the



El-Khatib et al. Journal of Theoretical and Applied Physics 2013, 7:52
http://www.jtaphys.com/content/7/1/52

efficiency calculations is the uncertainties of the activ-
ities of the standard source solutions. Once the efficien-
cies have been fixed by applying the correction factors,
the overall efficiency curve is obtained by fitting the ex-
perimental points to a polynomial logarithmic function
of the fifth order using a nonlinear least square fit. In
this way, the correlation between the 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 effi-
ciency o, is given by

O, =¢ %2024- §202+ E202
¢\ \ea) ™ "\ep) " T \on) TN

(43)

where o5, op and oy are the uncertainties associated
with the quantities As, P(E), and N(E), respectively.

Results and discussion

Figures 5 and 6 show the full-energy peak efficiencies for
both Nal (T1) detectors (Det. 1 and Det. 2) which in-
clude measured, calculated with S, and calculated
without S, for parallelepiped sources (100 and 200 mL)
placed at the end cap of the detector as functions of the
photon energy. The percentage deviations between the
calculated (with and without Sgjr) and the measured
full-energy peak efficiency values are calculated by

Ecal-with Sy “€meas

A %= x 100 (4-4)
€cal-with Sgr
0.1 T

g

=

@

2

g

@

)

@ o

@

{="

& :

2 —=— 100 mL (Calculated without S_ ) e . X S

5 001+ e 100 mL (measured) LRe b
= J - - =100 mL (Calculated with SSE“) +. BN

- ) 200 mL (Calculated without S__ ) -0

4 200 mL (measured)
~~~~~ 200 mL (Calculated with S_)
100
Photon energy (keV)

Figure 5 The full-energy peak efficiencies of Det. 1. Measured,
calculated with S, and calculated without Se. for different
parallelepiped sources placed at the end cap of the detector as
functions of the photon energy.
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<4 200 mL (measured)
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Figure 6 The full-energy peak efficiencies of Det. 2. Measured,
calculated with S, and calculated without S for different
parallelepiped sources placed at the end cap of the detector as
functions of the photon energy.

Ecal-without S “Emeas
A2 % — self

x 100, (45)

Ecal-without Sy

where Ecal-with Sselfr €cal-without Sselfs and €meas Ar€ the calcu-
lated with/without self-attenuation factor and experimen-
tally measured efficiencies, respectively. Table 8 shows the

Table 8 Comparison between A% and A,% for sources
placed at the end cap of the detectors

Detector Energy Source volume (mL)
(keV) 100 200
7% D% A% D%
Det. 1 121.78 0.04 26.54 -0.01 2918
244.69 0.59 22.51 -0.25 2417
344.28 -061 1923 0.72 22.39
44397 046 18.51 -0.79 19.45
77890 0.72 15.06 0.22 16.22
964.13 1.00 14.02 025 14.83
11121 -0.85 11.58 -0.55 13.24
1,408.01 0.85 11.76 0.05 12.28
Det. 2 121.78 -0.10 27.71 0.09 35.87
244.69 -041 22.83 0.10 30.21
344.28 0.13 20.82 1.36 2811
44397 -041 18.73 -0.24 24.85
77890 -1.00 14.35 0.86 20.80
964.13 0.25 14.06 -0.02 18.36
11121 -1.42 11.75 -1.19 16.28
1,408.01 -0.65 11.01 0.51 15.88
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comparison between the percentage deviations A;% and
A>% for the different volumes placed at the end cap of the
Nal (T1) detectors. The discrepancies between the calcu-
lated with S,.¢ and measured values were found to be less
than (2%), while those between calculated without S
and measured values were found to be less than (35%).
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,
Figures 5 and 6, and Table 8 show that the source of self-
attenuation is more effective with large sources, where the
photon has traveled a larger distance within a source
matrix, so the possibility of getting it absorbed will be
more; hence, the attenuation will be more. Its effect starts
to decrease when the volume decreases (the distance trav-
eled by the photon within the source matrix decreases).

Conclusions

In the present work, the authors introduced separate
calculation of the factors related to photon attenuation
in the detector end cap, inactive layer, source container,
and the self-attenuation of the source matrix. Also, a dir-
ect analytical approach for calculating the full-energy
peak efficiency has been derived. The examination of the
present results as given in the figures reflects the im-
portance of considering the self-attenuation factor in
studying the efficiency of any detector using parallelepi-
ped sources.
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