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In this article, the full energy peak efficiency of Nal detector using non-axial cylindrical
sources is calculated by using a new efficient theoretical approach. This approach depends on
using the efficiency transfer method and analytical calculations of the average path length of a
gamma photon inside the source to the detector system. Measured efficiencies made by using
I52Eu aqueous radioactive cylindrical sources with volumes 25 ml and 400 ml. Comparing
calculated efficiencies to the measured one showed good agreement enabling the validation of
this approach.
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INTRODUCTION erage path length of the gamma photon inside the
source to the detector system. In this paper, the previ-
ous approach is used to calculate the full energy peak

efficiency of Nal (T1) cylindrical detector using cylin-

Inorganic Scintillation detector is used in
gamma spectrometers due to its availability in massive

size and low cost. The most widely used is Nal (TI)
scintillator as a result of its low price, high light yield,
high density and mature producing technique [1].
Since radionuclide activity concentrations in the envi-
ronmental samples are very low; so Nal (T1) detectors
are used according to its high efficiency [2]. For analy-
sis of environmental samples or nuclear waste, the de-
tector must be calibrated by using standard sources.

drical sources axially shifted vs. the detector.

calculated as follows

Qeff(cylinder)

g(cylinder) = (point)

Qeff(po int)

By using the efficiency transfer method, the full
energy peak efficiency of the cylindrical detector us-
ing axially shifted radioactive cylindrical source was

Since it is not practical to prepare standard sources that
match the nuclear and physical properties of each
waste or environmental sample [3], different tech-

niques were introduced to complete calibration [4-9]. . . . . . .
d . P [4-9] ficiency of the detector using an axial radioactive point
The efficiency transfer method is one of the most use- .
source as areference geometry while, Qg jinger) and

ful te?chnlques for calculation .Of the full. energy peak Qefpoiny) » are the effective solid angles subtended by
efficiency of the detectors. This method is applied for cHipo . . . L
. . . . the detector surface with the radioactive cylindrical
different geometrical shapes and is derived from the . .
. source and the reference geometry (axial point
known efficiency for reference source-detector geom- source), respectively. The values of the effective solid
etry [10-13]. Moreover, some theoretical methods » Fesp Y

were used for the average path length in the efficiency Zgilglgfii f:(io(;nﬂtll;e i:ﬁ?;iiﬁﬁ::ﬁf rf::\fvti}tll? rsezuizccet
and correction factor calculations [14, 15]. Recently - e p p

. to the detector and the values of polar 6 and azimuthal
co-workers used the new theoretical approach to cal- vau p Zimu

culate the full energy peak efficiency of cylindrical de- (sl)oitrlfel:ej;);f:fncglzulieti?ig&fw%ifkﬂpﬁ?] f:é ?sltellllep 1(1)61::
tector using co-axial cylindrical sources with different . p p he caleulati £ ’Q p
volumes and placed on the end cap of the detector [16 section we focus on the caleu’ation of egeyiinder) f0F
17]. This approach combined between e fﬁcienq; cylindrical sources axially shifted vs. the detector.
transfer method and analytical calculations of the av-

where &(yiinder) 15 the calculated full energy peak effi-
ciency of the detector using cylindrical sources axially
shifted. &@poinyy — the experimental full energy peak ef-
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MATHEMATICAL MODEL

Non-axial point source at a height
smaller than or equal to the detector
length from the detector base (7 <L)

Consider a non — axial point source placed at lat-
eral distance p (p > R) from the axis of cylindrical (2R
x L) detector and at height h (4 < L) from the detector
base as seen in fig. 1.

In this case, there are four different polar angles
appear as follows:

— Oppin a0d Opx iy are the minimum polar angles
in which the photon enters from the detector base and
the detector face respectively and are given by

_1| pcos (p—\/Rz —p2 sin 2 [0}

Of min =tan )
cos p++/R* —p? sin?
Ox min =7 —tan "' PSP 7 h'D ¢ (@)

— Opmax and Oy, are the maximum polar an-
gles in which the photon exits from the detector base
and the detector face respectively and are given by

_1| pcos @+ R*—p*sin? ¢

Opmax =tan p
_ /Rz_ 2 2
Opscme =7 —tan | E2ENE LR P 0)

e

4
Dead layer :
) Source L
mcmimrim : 3 i
tos :
Detector H
PR

Figure 1. A cylindrical detector with a non-axial point
source at a position lower than the detector surface

The maximum azimuthal angle for the photon to
enter the detector from the side is represented by

¢c=ﬁn*(Rj 4)
p

There are three main cases to be considered for
the photon emitted from the isotropic radiating point
source. The photon enters from the side of the detector
and may get out from its base (d,), side (d,) or face (d5)
as shown in figs. 2 and 3. The distances traveled by the

o
Source . . .
—= L Figure 2. Non-axial point source
i (h<L)
ih
i
£
- v
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Figure 3. Non-axial point source (& =L)

0 EXmin

Source

eEmax

photon in all cases are given by the following equa-

tions
h  pcos (p—w/Rz —p2 sin 2 0}
dy = - : (5)
cos@ sin
2R? —p2 sin 2 0}
dy = . (6)
sin 6
L-h pcosq)—w/Rz—p2 Sinz(p
(7

3T lcos(n—0)) - [sin (1 —0)

According to the geometry of figs. 2 and 3, the
average path length d traveled by the photon through
the detector is given by s

d= 0, Oxmax (8)
| |sinodode
0 Okmin

where [ has different values according to the values of
the polar angles, as follows

If 0 g in <O Ermax <O Exmin <O Exmax and 7 < L
then / is given by

@ | 0 Bpux 0 Epin Oxmax
1=

| dysin0d0+ |d,sin0d0+ [dysingdo|de
016 Emin 0 Emax 0 EXmin
)
IfOpmin <O Emax <(Opxmin =OExmax )and 2 =L
then 7 is given by

P | Ok pax Opxpmax
1={| [ d sinodo+ [d,sin0do|de (10)

0{ Ok in Ok Xmax

Since the cylindrical source axially shifted vs.
the detector and at height smaller than or equal to the
detector length from the detector base (4 < L), the at-
tenuation in the dead layer and end cap will be from the
side surface of them not from the upper surface. Table
1 shows the values of the average path length and the
possible path lengths traveled by the photon through
the dead layer and end cap. Where the detector has a

Table 1. Values of the possible path lengths and the average path length travelled by the photon through the dead layer and

end cap
Items Dead layer End cap
The possible path , \/(R + tDS)2 —p2 sinzfp—\le —p2 sinz(p \/(Ra + tEcs)2 —p2 sinz(p—\ R, —p2 sinzq)
= p—
lengths d sing Ec sin 6
0 Ox max 0,08 max
f 14 sin0d0de f | tge sin0dode
The average path = _ 00 = _ 0 s
length ODlay 0O xpax OBeap 0 0xpax
f Jlngin 0dode _r T:in 6dode
0 9Emin 0 eEmin
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dead layer covering its side surface with thickness ;.
Also, the thickness of the side surface of the detector
end cap material and its inner radius is given by g
and R, respectively.

Cylindrical source axially shifted
vs. the detector

The effective solid angle €2.gcyiinger)> Of the cy-
lindrical detector using a cylindrical source of height
H and radius S, is given by

—ud
Qeﬁ(cylinder) = fatt S selfS sc (1 —c " )Q pure(cylinder) (1 1)

and H +h; 01039, Opxmax
I 1] j [sin BpdOdedpdadh
he 0p 0 Oppin
Q pure (cylinder) — a : (1 2)

nS’H

where £, is the attenuation factor of dead layer and end
cap, Ssir — the self-attenuation factor of the source ma-
trix, Ss. — the attenuation factor of the container mate-
rial, d — the average path length traveled by the photon
through the detector, 1 — the attenuation coefficient of
the detector material, and V' = nS?H is the volume of
the cylindrical source. Now d will has a new form due
to the geometry of fig. 4.

H +h oyp,
[ ] [lpdpdadh
d= . Op (13)

H +h, o

N
0

P29 Ok Xmax
| j [sin 8pdOdedpdadh
P10 Opin

j
h

s

where 7 is defined before in egs. (9) and (10) while, the
angle or; and the maximum displacement p, and p, can
be given by

(14)

o, =sin”' [S)
a

[c2 _ 2. 2
py =acosa—VS" —a“sin” o
py =acosa+VS* —a’sin’ a

The attenuation factor f,; is expressed as

(15)

~Hdlay 'adlay . e_/uecap 'Eecap

Jar =€ (16)
where uaiay and pecqp are the attenuation coefficients of
the dead layer and end cap, respectively. The average
path length traveled by the photon inside the detector
dead layer 6 4, and the detector end cap material S5
is given by egs. (17) and (18), respectively.

ecap

H +h 0,030, O xmax

(17)
P 0 GEmm

H +hy 0100, 0pxmax
[ {117, sin 6pddgdpdadn
N hy  0p; 0 Oppyp
6ccap =

(18)

H +hx (XI,DZ(P(ﬂEXma)f
[ [ [sin6pdddpdpdadh
hx 0,01 0 eEmin

where ¢4 and ¢, are defined before in tab. 1.

For the cylindrical source there are three paths
for the photon to leave the source as follows:

To exit from the radioactive source base

h—hy (19)

tb:
cos 6

To exit from the radioactive source side
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_ (p—a)cos g0+\/S2 —(p-a)*sin’ ¢

t 20
s sin 6 20)
To exit from the radioactive source face
:H—(h—hs) 1)
cos(m—6)

According to fig. 4, there are two new polar an-
gles appear which are 0, (the maximum polar angle
where the photon exit from the source face) and 6, (the
maximum polar angle where the photon exit from the
source base) and they are given by the following equa-
tions

_1 (p—a)cos ¢+\/S2 —(p—a)2 sin? 0]
H—(h-hy) 22)

0, =m—tan

_1 (p—a)cos go+\/S2 —(,o—a)2 sin? 1)

0, =tan
(h=hy) (23)

The self attenuation factor is represented by
S self :e_”StS (24)

where i is the attenuation coefficient of the source
matrix and 7,— the average path length traveled by a
photon inside the source and is given by

H +h;oyp,
[ []gpdpdadh
fy= B (25)

H +hy 00,0, O xmax
[ [[] [sm6pdpdadh
hs 0 P 0 GEmm
where g, has different values according to the values of
the polar angles 6; as follows:
When 9Emin < Qb < ef < OEXmax

o | 6 ¢ Ok Xmax
gs=_[ Itb+Its+ _[tf sinfdf@de (26)
0 | Okmin 0y ¢

When Qb < eEmin < ef < GEXmax
P i 0; 9|~><max
go=1]| [ty+ [ty |sinfdOde 27

0 _gEmin Bf _

When eEmin < gb < QEXmax < gf

Pe Gb 0EXmax
gs=1| [ty + [t,|sinfdOde (28)
0 gEmm eb

When 0}, <0, < Opxmax < O¢

(pc EXmax

=] [t ;sin6dOde (29)
0 eEmm

For the source container; If 7, ¢,, and #; are bot-
tom, wall and face thickness of the source container re-
spectively, so, the photon which is detected by the de-
tector may be exited from the base, the side or from the

face of the source container. The possible path lengths

for three cases are given by eqs. (30)-(32), respec-

tively. y

ts =—— (from base) (30)
cosf

tScs —

S +12 ) ~(p—a)’sin® 9S> —(p—a)’sin® ¢

(fromtheside)
1y
t —— (fromface 32
Sef = (-0) ( ) (32)

The same as in the case of the source there are
only two polar angles which are 04 (the maximum
polar angle where the photon exit from the source con-
tainer face) and O, (the maximum polar angle where
the photon exit from the source container base) and
they are given by the following equations

_ -1
Og.s =m—tan

(p—a)cos p++/(S +1,)> —(p—a)’sin® @ | (33)
H—(h—h )+ 1

-1
Og, =tan

(p—a)cos (p+\/(S +1, Y —(p—a)*sin® @ (34)
(h=hy)+1,

The attenuation factor of the container material
is represented by )
S, — o Helsc (35)

where . is the attenuation coefficient of the source
container material and 7, — the average path length
traveled by a photon through the source container and
is given by

H +h;oyp,
[ Jlgepdpdadh
Esc — h.v O,D] (36)

H +hs QPP GEXmax
I [T "[SinOpdpdadn
he  0p 0 Oy

s

where g has different values according to the values
of the polar angles 6; as follows:

When OEmin < HScb < OScf < OEXmax

Pe GScb esd 9
8 J{ [tseb + Jtses + J-tScf:|Sln0d9d(p (37
0 eEmm GScb 9Sct

‘When OScb < QEmin < escf < QEXmaX

?| Oser
j{ [tges + jtSCf}sm@de(o (38)

9]:'mm 050f

When eEmin < GScb < 9EXmax < GScf

?| Oseo OrXmax .
s = I J-tScb + .[tScs sin gded(p (39)
0 Qlimin GScb
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Figure 5. The manufactory drawing of Nal (T1) detector,
dimensions in cm (inch)

L]
1y
Source-detector ] 4\ 2
distance “10x” - 0=tan

¥ 10x
L]
L]

ot

] 4 1

M =tan ( )
' 20
il
1
1
]
"
' =3
L]
L]
]
[

[ DETECTOR \
ey

Detector
linear dimension

Figure 6. Narrow beam according to Hendee et al., [18]

When Ose, < Opmin < Opxmax < Oscr

(pceEXmax .
s = .[ .[tScs sin Hded(p (40)
0 eEmin
EXPERIMENT SET-UP

The detector used in these measurements was the
Nal (T1) detector (model 802-2x2 in, Canberra) with
resolution 8.5 % at the 662 keV peak of 1¥’Cs. The
manufactory drawing of the Nal (T1) detector is illus-
trated in fig. 5.

The radioactive point sources (reference)
241 Am, 133Ba, '%2Eu, '37Cs were used in these measure-
ments with an energy range from 59.52 keV to 1408

keV [17]. There is no collimator used in the present ar-
rangement, so according to Hendee ef al., [18] the
beam of photons must be narrow beam and that is hap-
pening when the source-detector distance equals ten
times the diameter of the detector as shown in fig. 6.
According to that, all point sources are located at an
axial distance equal to 50 cm from the detector cap.
The radioactive cylindrical sources are polypropylene
(PP) plastic vials of volumes V1 =25 ml (outer diame-
ter = 3.21cm, height = 3.621 cm, wall thickness =
=0.12cm) and V2 = 400 ml (outer diameter =11.389
cm, height =4.225 cm, wall thickness = 0.203cm) full
of a solution containing '3?Eu radionuclide that emits
y-ray within the energy vary from 121 keV to 1408
keV. The activity of the sources is (5048 £49.98 Bq).
The cylindrical sources positioned with axial shift vs.
the detector. The distance (a) between the axis of the
sources V1 and V2 and that of the detector are 4.47 cm
and 8.55 cm respectively.

EXPERIMENTAL EFFICIENCIES

By knowing the area of full energy peak, the ex-
perimental full energy peak efficiency is obtained by
e(g)=—E) (41)
TAP(E)e T
where N(E) is the number of counts in the full-energy
peak and it can be obtained using Genie 2000 soft-
ware, P(E) —the photon emission probability at energy
E, A —the decay constant, 45 — the radionuclide activ-
ity, T [s] — the measuring time, and AT — the time inter-
val over which the source decays corresponding to the
run time. The uncertainty in the full energy peak effi-
ciency o, is given by

2
o, =¢ (65) o-s2 +(68j612> +(68j0'2 (42)
04 oP ON

where o4, op, and oy, are the uncertainties associated
with the quantities 4s, P(E), and N(E), respectively.

RESULTS AND DISCUSSION

The efficiency transfer method used to convert
the full energy peak efficiency curve for using axis ra-
dioactive point sources measured at a distance 50 cm
from the detector cap to the full energy peak efficiency
using radioactive cylindrical sources positioned axial
shift vs. of the detector and (H + As) < L. These calcula-
tions are done for 2 x 2 in cylindrical Nal (T1) detector.
The effective solid angle ratio calculation is obtained
from dividing the effective solid angle for the cylindri-
cal source, defined in eq. (11), over the effective solid
angle of reference, axial point source placed at a dis-
tance 50 cm [16]. These values listed in tab. 2. Figures
7 and 8 show the variation of full energy peak effi-
ciency using cylindrical sources (Vland V2) and
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Table 2. The values of the effective solid angle ratio

Nuclid E [keV] gl v,
ucliae ner c
&y 0 point onim
2 Am 59.53 208.805 63.647
133Ba 80.99 203.677 63.544
2Ey 121.78 188.825 60.895
2By 244.69 181.761 60.629
2By 344.28 169.259 57.501
Cs 661.66 155.388 52.666
2By 778.9 156.701 52.592
2Ry 964.13 151.189 49.706
Co 1173.23 145.854 46.621
0Co 1332.5 141.156 44.063
2Ey 1408.01 136.793 42203
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Figure 7. The variation of full energy peak efficiency of
Nal (TI) detector for a cylindrical source V1
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Figure 8. The variation of full energy peak efficiency of
Nal (T1) detector for a cylindrical source V2

based on the reference, axial point source at a distance
50 cm from the detector end cap vs. the photon energy.
Error bars are included in the figures, but they are very
small and mostly hidden. The percentage discrepancy
between the calculated and the measured efficiencies
is given by eq. (43) and show in figs. 9 and 10.

Figure 9. The percentage error between the measured
and calculated full energy peak efficiency for V1
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Figure 10. The percentage error between the measured
and calculated full energy peak efficiency for V2

calculated —€

&

measured | (y() [9%] (43)

measured

. £
Discrepancy =

where &catcutated ANd Emeasured are calculated and the mea-
sured efficiencies, respectively. The discrepancies
were found to be less than 6 % for all energies.
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CONCLUSIONS

The full energy peak efficiency was calculated in
the energy range from 59.52 keV to 1408 keV by using
simple and direct mathematical expressions compan-
ion with efficiency transfer technique. The present
work is used for calibrating the detectors when there is
no available standard source. Moreover, this work
leads to the simplified and accurate method of calcu-
lating the activity of standard sources and environ-
mental samples with volumes less than, bigger than or
capable that of the detector, where the source is placed
with axial shift vs. the detector.
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Mouna M. TOYJIA

KAJINBPAIIMJA ITUINHAPUYHOT Nal(TI) JETEKTOPA INPUMEHOM
AKCAUJAJTHO ITIOMEPAHUX IIUWIVNHAPUYHUX PAINOAKTUBHUX U3BOPA

Y oBoM pajy m3pauyHara je e(puKacHOCT Ha eHepruju (poTo-nuKa nmyHe eHepruje Nal gerekropa
HOBUM TE€OPETCKUM IIPUCTYIIOM Kopucehu HeakcujanHe uuauHapuyHe ussope. OBaj NPUCTYI 3aBUCH Of
MeTofie TpaHcdepa e(pUKACHOCTH M aHAIMTHIKUX MPOpavyHa Cpefme AYKUHE IyTa rama (oToHa Of
YHYTPAIIIlOCTH W3BOpa JIO JIETEKTOPCKOT cucrema. M3mepene edukacHOCTH HobdmjeHe cy ynoTpedom
TEUHOT IJIMHAPMYHOT PaJloaKTHBHOT 13Bopa P2Eu 3anpemuna 25 ml u 400 ml. [Topebeme n3pauynaTux
e(pUKaCHOCTH ca U3MEPEHUM II0Ka3yje Jo0py carjlacHOCT YuMe ce oMoryhasa nmoTBpbuBame ONUCAHOT

IIoCTyIKa.

Kmwyune peuu: ecpuxacrociil Ha enepzuju ¢ottio-iuka tiyte eHepzuje, UUAUHOPULHU U3BOD, CPEOHbA
Oycuna iyila, egheKitiu8HU OOHOC UPOCIUOPHOZ Y2ad, MeiloOa WpaHcpepa edhukacHocitiu



