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In this ar ti cle, the full en ergy peak ef fi ciency of NaI de tec tor us ing non-ax ial cy lin dri cal
sources is cal cu lated by us ing a new ef fi cient the o ret i cal ap proach. This ap proach de pends on
us ing the ef fi ciency trans fer method and an a lyt i cal cal cu la tions of the av er age path length of a
gamma pho ton in side the source to the de tec tor sys tem. Mea sured ef fi cien cies made by us ing
152Eu aque ous ra dio ac tive cy lin dri cal sources with vol umes 25 ml and 400 ml. Com par ing
cal cu lated ef fi cien cies to the mea sured one showed good agree ment en abling the val i da tion of
this ap proach.
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IN TRO DUC TION

In or ganic Scin til la tion de tec tor is used in
gamma spec trom e ters due to its avail abil ity in mas sive 
size and low cost. The most widely used is NaI (Tl)
scintillator as a re sult of its low price, high light yield,
high den sity and ma ture pro duc ing tech nique [1].
Since radionuclide ac tiv ity con cen tra tions in the en vi -
ron men tal sam ples are very low; so NaI (Tl) de tec tors
are used ac cord ing to its high ef fi ciency [2]. For anal y -
sis of en vi ron men tal sam ples or nu clear waste, the de -
tec tor must be cal i brated by us ing stan dard sources.
Since it is not prac ti cal to pre pare stan dard sources that 
match the nu clear and phys i cal prop er ties of each
waste or en vi ron men tal sam ple [3], dif fer ent tech -
niques were in tro duced to com plete cal i bra tion [4-9].
The ef fi ciency trans fer method is one of the most use -
ful tech niques for cal cu la tion of the full en ergy peak
ef fi ciency of the de tec tors. This method is ap plied for
dif fer ent geo met ri cal shapes and is de rived from the
known ef fi ciency for ref er ence source-de tec tor ge om -
e try [10-13]. More over, some the o ret i cal meth ods
were used for the av er age path length in the ef fi ciency
and cor rec tion fac tor cal cu la tions [14, 15]. Re cently
co-work ers used the new the o ret i cal ap proach to cal -
cu late the full en ergy peak ef fi ciency of cy lin dri cal de -
tec tor us ing co-ax ial cy lin dri cal sources with dif fer ent
vol umes and placed on the end cap of the de tec tor [16,
17]. This ap proach com bined be tween ef fi ciency
trans fer method and an a lyt i cal cal cu la tions of the av -

er age path length of the gamma pho ton in side the
source to the de tec tor sys tem. In this pa per, the pre vi -
ous ap proach is used to cal cu late the full en ergy peak
ef fi ciency of NaI (Tl) cy lin dri cal de tec tor us ing cy lin -
dri cal sources ax i ally shifted vs. the de tec tor.

By us ing the ef fi ciency trans fer method, the full
en ergy peak ef fi ciency of the cy lin dri cal de tec tor us -
ing ax i ally shifted ra dio ac tive cy lin dri cal source was
cal cu lated as fol lows

e e(cylinder)
eff(cylinder)

eff(point)
point=

W

W
( ) (1)

where e(cylinder) is the cal cu lated full en ergy peak ef fi -
ciency of the de tec tor us ing cy lin dri cal sources ax i ally
shifted.  e(point)  – the ex per i men tal full en ergy peak ef -
fi ciency of the de tec tor us ing an ax ial ra dio ac tive point 
source as a ref er ence ge om e try while, Weff(cylinder)  and     
Weff(point) , are the ef fec tive solid an gles sub tended by
the de tec tor sur face with the ra dio ac tive cy lin dri cal
source and the ref er ence ge om e try (ax ial point
source), re spec tively. The val ues of the ef fec tive solid
an gle de pend on the geo met ri cal shape of the source
and the de tec tor, the po si tion of the source with re spect 
to the de tec tor and the val ues of po lar q and az i muthal
j an gles. The cal cu la tion of  Weff(point)  for ax ial point
source done in the pre vi ous work [16], so in the next
sec tion we fo cus on the cal cu la tion of  Weff(cylinder)  for
cy lin dri cal sources ax i ally shifted vs. the de tec tor.
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MATH E MAT I CAL MODEL

Non-ax ial point source at a height
smaller than or equal to the de tec tor

length from the de tec tor base (h £ L)

Con sider a non – ax ial point source placed at lat -
eral dis tance r (r > R) from the axis of cy lin dri cal (2R
× L) de tec tor and at height h (h £ L) from the de tec tor
base as seen in fig. 1.

In this case, there are four dif fer ent po lar an gles
ap pear as fol lows:

–  qEmin and qEXmin are the min i mum po lar an gles
in which the pho ton en ters from the de tec tor base and
the de tec tor face re spec tively and are given by
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– qEmax and qEXmax are the max i mum po lar an -
gles in which the pho ton ex its from the de tec tor base
and the de tec tor face re spec tively and are given by
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The max i mum az i muthal an gle for the pho ton to
en ter the de tec tor from the side is rep re sented by

j
r

c =
æ

è
ç

ö

ø
÷-sin 1 R

(4)

There are three main cases to be con sid ered for
the pho ton emit ted from the iso tro pic ra di at ing point
source. The pho ton en ters from the side of the de tec tor
and may get out from its base (d1), side (d2) or face (d3)
as shown in figs. 2 and 3. The dis tances trav eled by the
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Fig ure 1. A cy lin dri cal de tec tor with a non-ax ial point
source at a po si tion lower than the de tec tor sur face

Fig ure 2. Non-ax ial point source 
(h < L)



pho ton in all cases are given by the fol low ing equa -
tions
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Ac cord ing to the ge om e try of figs. 2 and 3, the
av er age path length d  trav eled by the pho ton through
the de tec tor is given by

d
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where I has dif fer ent val ues ac cord ing to the val ues of
the po lar an gles, as fol lows
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Since the cy lin dri cal source ax i ally shifted vs.
the de tec tor and at height smaller than or equal to the
de tec tor length from the de tec tor base (h £ L), the at -
ten u a tion in the dead layer and end cap will be from the 
side  sur face  of  them not from the up per sur face. Ta ble 
1 shows the val ues of the av er age path length and the
pos si ble path lengths trav eled by the pho ton through
the dead layer and end cap. Where the de tec tor has a
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Fig ure 3. Non-ax ial point source (h = L)

Ta ble 1. Val ues of the pos si ble path lengths and the av er age path length trav elled by the pho ton through the dead layer and
end cap
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dead layer cov er ing its side sur face with thick ness tDs.
Also, the thick ness of the side sur face of the de tec tor
end cap ma te rial and its in ner ra dius is given by tEcs

and Ra re spec tively.

Cy lin dri cal source ax i ally shifted
vs. the de tec tor

The ef fec tive solid an gle Weff(cyl in der), of the cy -
lin dri cal de tec tor us ing a cy lin dri cal source of height
H and ra dius S, is given by

 W Weff (cylinder) att self sc pure(cylinder)e= - -f S S d( )1 m (11)
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where fatt is the at ten u a tion fac tor of dead layer and end 
cap, Sself  – the self-at ten u a tion fac tor of the source ma -
trix, Ssc – the at ten u a tion fac tor of the con tainer ma te -
rial, d  – the av er age path length trav eled by the pho ton
through the de tec tor, µ – the at ten u a tion co ef fi cient of
the de tec tor ma te rial, and V = pS2H is the vol ume of
the cy lin dri cal source. Now d  will has a new form due
to the ge om e try of fig. 4.
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where I is de fined be fore in eqs. (9) and (10) while, the
an gle a1 and the max i mum dis place ment r1 and r2 can
be given by
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The at ten u a tion fac tor fatt is ex pressed as 
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- × - ×m d m d

(16)

where µdlay and µecap are the at ten u a tion co ef fi cients of
the dead layer and end cap, re spec tively. The av er age
path length trav eled by the pho ton in side the de tec tor
dead layer ddlay and the de tec tor end cap ma te rial decap

is given by eqs. (17) and (18), re spec tively.
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where td and tec are de fined be fore in tab. 1.
For the cy lin dri cal source there are three paths

for the pho ton to leave the source as fol lows:
To exit from the ra dio ac tive source base

t
h h

b
s=

-

cos q
(19)

To exit from the ra dio ac tive source side
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Fig ure 4. Cy lin dri cal source
ax i ally shifted vs. the de tec tor
with (H + hs) £ L
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To exit from the ra dio ac tive source face
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Ac cord ing to fig. 4, there are two new po lar an -
gles ap pear which are qf (the max i mum po lar an gle
where the pho ton exit from the source face) and qb (the
max i mum po lar an gle where the pho ton exit from the
source base) and they are given by the fol low ing equa -
tions
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The self at ten u a tion fac tor is rep re sented by
S s st

self e= -m (24)

where ms is the at ten u a tion co ef fi cient of the source
ma trix and t s– the av er age path length trav eled by a
pho ton in side the source and is given by
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where gs has dif fer ent val ues ac cord ing to the val ues of 
the po lar an gles qi as fol lows:
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When  qEmin < qb < qEXmax £ qf
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For the source con tainer; If t1, t2, and t3 are bot -
tom, wall and face thick ness of the source con tainer re -
spec tively, so, the pho ton which is de tected by the de -
tec tor may be ex ited from the base, the side or from the

face of the source con tainer. The pos si ble path lengths
for three cases are given by eqs. (30)-(32), re spec -
tively.
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The same as in the case of the source there are
only two po lar an gles which are qScf (the max i mum
po lar an gle where the pho ton exit from the source con -
tainer face) and qScb (the max i mum po lar an gle where
the pho ton exit from the source con tainer base) and
they are given by the fol low ing equa tions
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The at ten u a tion fac tor of the con tainer ma te rial
is rep re sented by

S t
sc e c sc= -m (35)

where mc is the at ten u a tion co ef fi cient of the source
con tainer ma te rial and t sc – the av er age path length
trav eled by a pho ton through the source con tainer and
is given by
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where gsc has dif fer ent val ues ac cord ing to the val ues
of the po lar an gles qi as fol lows:

When qEmin < qScb < qScf < qEXmax
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When qScb £ qEmin < qScf < qEXmax
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When qScb £ qEmin < qEXmax £ qScf

g tsc Scs
0 Emin

EXmaxc

d d= òò
q

qj

q q jsin (40)

EX PER I MENT SET-UP

The de tec tor used in these mea sure ments was the 
NaI (Tl) de tec tor (model 802-2x2 in, Can berra) with
res o lu tion 8.5 % at the 662 keV peak of 137Cs. The
manufactory draw ing of the NaI (Tl) de tec tor is il lus -
trated in fig. 5. 

The ra dio ac tive point sources (ref er ence)
241Am, 133Ba, 152Eu, 137Cs were used in these mea sure -
ments with an en ergy range from 59.52 keV to 1408

keV [17]. There is no collimator used in the pres ent ar -
range ment, so ac cord ing to Hendee et al., [18] the
beam of pho tons must be nar row beam and that is hap -
pen ing when the source-de tec tor dis tance equals ten
times the di am e ter of the de tec tor as shown in fig. 6.
Ac cord ing to that, all point sources are lo cated at an
ax ial dis tance equal to 50 cm from the de tec tor cap.
The ra dio ac tive cy lin dri cal sources are poly propy lene
(PP) plas tic vi als of vol umes V1 = 25 ml (outer di am e -
ter = 3.21cm, height = 3.621 cm, wall thick ness =
=.0.12cm) and V2 =  400 ml (outer di am e ter =11.389
cm, height = 4.225 cm, wall thick ness = 0.203cm) full
of a so lu tion con tain ing 152Eu radionuclide that emits
g-ray within the en ergy vary from 121 keV to 1408
keV. The ac tiv ity of the sources is (5048 ± 49.98 Bq).
The cy lin dri cal sources po si tioned with ax ial shift vs.
the de tec tor. The dis tance (a) be tween the axis of the
sources V1 and V2 and that of the de tec tor are 4.47 cm
and 8.55 cm re spec tively.

EX PER I MEN TAL EF FI CIEN CIES

 By know ing the area of full en ergy peak, the ex -
per i men tal full en ergy peak ef fi ciency is ob tained by 
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where N(E) is the num ber of counts in the full-en ergy
peak and it can be ob tained us ing Ge nie 2000 soft -
ware, P(E) – the pho ton emis sion prob a bil ity at en ergy 
E, l – the de cay con stant, AS – the radionuclide ac tiv -
ity, T [s] – the mea sur ing time, and DT – the time in ter -
val over which the source de cays cor re spond ing to the
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where sA, sP, and sN, are the un cer tain ties as so ci ated
with the quan ti ties AS, P(E), and N(E), re spec tively. 

RE SULTS AND DIS CUS SION

The ef fi ciency trans fer method used to con vert
the full en ergy peak ef fi ciency curve for us ing axis ra -
dio ac tive point sources mea sured at a dis tance 50 cm
from the de tec tor cap to the full en ergy peak ef fi ciency
us ing ra dio ac tive cy lin dri cal sources po si tioned ax ial
shift vs. of the de tec tor and (H + hs) £ L. These cal cu la -
tions are done for 2 ́  2 in cy lin dri cal NaI (Tl) de tec tor.
The ef fec tive solid an gle ra tio cal cu la tion is ob tained
from di vid ing the ef fec tive solid an gle for the cy lin dri -
cal source, de fined in eq. (11), over the ef fec tive solid
an gle of ref er ence, ax ial point source placed at a dis -
tance 50 cm [16]. These val ues listed in tab. 2. Fig ures
7 and 8 show the vari a tion of full en ergy peak ef fi -
ciency us ing cy lin dri cal sources (V1and V2) and
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Fig ure 5. The manufactory draw ing of NaI (Tl) de tec tor,
di men sions in cm (inch)

Fig ure 6. Nar row beam ac cord ing to Hendee et al., [18]



based on the ref er ence, ax ial point source at a dis tance
50 cm from the de tec tor end cap vs. the pho ton en ergy.
Er ror bars are in cluded in the fig ures, but they are very
small and mostly hid den. The per cent age dis crep ancy
be tween the cal cu lated and the mea sured ef fi cien cies
is given by eq. (43) and show in figs. 9 and 10.

Discrepancy calculated measured

measured

=
-

×
e e

e
100 [%] (43)

where ecal cu lated and emea sured are cal cu lated and the mea -
sured ef fi cien cies, re spec tively. The dis crep an cies
were found to be less than 6 % for all en er gies.
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Ta ble 2. The val ues of the ef fec tive solid an gle ra tio

Nu clide Energy [keV]
W

W

V1

point

W

W
V2

point

241Am 59.53 208.805 63.647
133Ba 80.99 203.677 63.544
152Eu 121.78 188.825 60.895
152Eu 244.69 181.761 60.629
152Eu 344.28 169.259 57.501
137Cs 661.66 155.388 52.666
152Eu 778.9 156.701 52.592
152Eu 964.13 151.189 49.706
60Co 1173.23 145.854 46.621
60Co 1332.5 141.156 44.063
152Eu 1408.01 136.793 42.203

Fig ure 7. The vari a tion of full en ergy peak ef fi ciency of
NaI (Tl) de tec tor for a cy lin dri cal source V1

Fig ure 8. The vari a tion of full en ergy peak ef fi ciency of
NaI (Tl) de tec tor for a cy lin dri cal source V2

Fig ure 9. The per cent age er ror be tween the mea sured
and cal cu lated full en ergy peak ef fi ciency for V1

Fig ure 10. The per cent age er ror be tween the mea sured
and cal cu lated full en ergy peak ef fi ciency for V2



CON CLU SIONS

The full en ergy peak ef fi ciency was cal cu lated in 
the en ergy range from 59.52 keV to 1408 keV by us ing 
sim ple and di rect math e mat i cal ex pres sions com pan -
ion with ef fi ciency trans fer tech nique. The pres ent
work is used for cal i brat ing the de tec tors when there is
no avail able stan dard source. More over, this work
leads to the sim pli fied and ac cu rate method of cal cu -
lat ing the ac tiv ity of stan dard sources and en vi ron -
men tal sam ples with vol umes less than, big ger than or
ca pa ble that of the de tec tor, where the source is placed
with ax ial shift vs. the de tec tor.
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Mona M. GOUDA

KALIBRACIJA  CILINDRI^NOG  NaI(TI)  DETEKTORA  PRIMENOM
AKSIJALNO  POMERANIH  CILINDRI^NIH  RADIOAKTIVNIH  IZVORA

U ovom radu izra~unata je efikasnost na energiji foto-pika pune energije NaI detektora
novim teoretskim pristupom korise}i neaksijalne cilindri~ne izvore. Ovaj pristup zavisi od
metode transfera efikasnosti i analiti~kih prora~una sredwe du`ine puta gama fotona od
unutra{wosti izvora do detektorskog sistema. Izmerene efikasnosti dobijene su upotrebom
te~nog cilindri~nog radioaktivnog izvora 152Eu zapremina 25 ml i 400 ml. Pore|ewe izra~unatih
efikasnosti sa izmerenim pokazuje dobru saglasnost ~ime se omogu}ava potvr|ivawe opisanog
postupka.

Kqu~ne re~i: efikasnost na energiji foto-pika pune energije, cilindri~ni izvor, sredwa
.........................du`ina puta, efektivni odnos prostornog ugla, metoda transfera efikasnosti


