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When us ing gamma ray spec trom e try for ra dio ac tiv ity anal y sis of en vi ron men tal sam ples
(such as soil, sed i ment or ash of a liv ing or gan ism), rel e vant lin ear at ten u a tion co ef fi cients
should be known – in or der to cal cu late self-ab sorp tion in the sam ple bulk. This pa ram e ter is
ad di tion ally im por tant since the un iden ti fied sam ples are nor mally dif fer ent in com po si tion
and den sity from the ref er ence ones (the lat ter be ing e. g. liq uid sources, com monly used for
de tec tion ef fi ciency cal i bra tion in ra dio ac tiv ity mon i tor ing). This work aims at in tro duc ing a
nu mer i cal sim u la tion method for cal cu la tion of lin ear at ten u a tion co ef fi cients with out the
use of a collimator. The method is pri mar ily based on cal cu la tions of the ef fec tive solid an gles
– com pound pa ram e ters ac count ing for the emis sion and de tec tion prob a bil i ties, as well as for 
the source-to-de tec tor geo met ri cal con fig u ra tion. The ef fi ciency trans fer prin ci ple and av er -
age path lengths through the sam ples them selves are em ployed, too. The re sults ob tained are
com pared with those from the NIST-XCOM data base; close agree ment con firms the va lid ity
of the nu mer i cal sim u la tion method ap proach.

Key words: gamma ray spec trom e try, lin ear at ten u a tion co ef fi cient, ef fec tive solid an gle, path length,
nu mer i cal sim u la tion method

IN TRO DUC TION 

Gamma ray spec trom e try is one of the most
widely used tech niques for de ter min ing the con cen tra -
tion of nat u ral and ar ti fi cial radionuclides in en vi ron -
men tal sam ples. Ger ma nium de tec tors with high
gamma ray res o lu tion were used to al low a pre cise
quan ti ta tive de ter mi na tion of the ra dio ac tive con cen -
tra tion of the sam ples [1]. Be ing a non-de struc tive
multi-el e ment anal y sis, its ma jor ad van tage is that
there is al most no need for any kind of a chem i cal sep a -
ra tion pro cess and its suit abil ity to all sam ple types [2].

Nor mally, en vi ron men tal ra dio ac tiv ity sam ples
are dif fer ent in their com po si tion from the cal i bra tion
sources. Most of the stan dard ra dio ac tive vol u met ric
sources are made by con sid er ing the ge om e try con fig -
u ra tion of the sam ples. It is hard to ne glect the dif fer -
ence in the sam ple's com po si tion such as soil, sed i -
ment and the ash of liv ing or gan isms, be cause their
den si ties are dif fer ent. The dif fer ence in the self-at ten -
u a tion of gamma rays in sam ple ma te ri als should be
con sid ered in the cal cu la tion of de tec tor full-en ergy
peak ef fi ciency and in the en vi ron men tal anal y sis pro -

cess. Self-at ten u a tion is caused by the ab sorp tion and
scat ter ing of the gamma rays in the sam ple ma trix it -
self, and leads to in ac cu rate mea sure ment of ra dio ac -
tiv ity with large per cent ages, par tic u larly for sam ples
emit ting low-en ergy gamma rays [3-5]. Cor rect ing de -
tec tion ef fi ciency for the self-at ten u a tion ef fect makes
a more ac cu rate anal y sis achiev able; con se quently, the 
cor rec tion of the dif fer ence in self-at ten u a tion be -
tween the vol u met ric sources and the en vi ron men tal
sam ples is re quired in gamma ray spec trom e try.

The lin ear at ten u a tion co ef fi cient is con sid ered
to be the cru cial cor rec tion fac tor in self-at ten u a tion
es ti ma tion. The at ten u a tion of gamma rays through
com pos ite ma te ri als is of  in ter est for in dus trial, med i -
cal and ag ri cul tural stud ies and in many other fields.
Its prop er ties suite a wide range of el e ments and com -
pos ite ma te ri als from the Na tional In sti tute for Stan -
dards and Tech nol ogy NIST-XCOM da ta base. The
lin ear at ten u a tion co ef fi cient mainly de pends on pho -
ton en ergy and the na ture of the sam ples such as chem -
i cal com po si tion and den sity [6-12]. In ad di tion, for
most en vi ron men tal anal y ses, the value of the lin ear
at ten u a tion co ef fi cient is not known and should be es -
ti mated by mea sure ment or use of sam ples of as sumed
com po si tion and den sity. The dis tri bu tion of path
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lengths via sam ples of pho tons con trib ut ing to the
peak count rate de pends on sam ple ge om e try and,
slightly less, on de tec tor di men sions and pho ton en -
ergy [13, 14].

This work in tro duces a novel and ac cu rate nu -
mer i cal sim u la tion method (NSM) for cal cu lat ing the
lin ear at ten u a tion co ef fi cient by use of an a lyt i cal
mod el ing of source-to-de tec tor con fig u ra tions and
nu mer i cal in te gra tion so lu tions. In it, ax i ally iso tro pic
ra di at ing gamma ray point sources are used to cre ate a
pho ton cone-beam with out the use of a collimator.
Plexi glass vi als with di am e ters smaller than the di am -
e ter of the crys tal de tec tor were filled with ref er ence
sam ple ma te ri als [NaCl, Na2CO3, and (NH4) 2SO4]
sim i lar to the den si ties of the en vi ron men tal sam ples.
In the study, a new NSM method was used to cal cu late
the lin ear at ten u a tion co ef fi cient of the sam ples. The
in te gra tions were solved nu mer i cally, via the trap e -
zoidal rule. The ac cu racy of the in te gra tion in creases
with an in crease in the num ber of in ter vals n, the in te -
gra tion value con verg ing well at n = 20.

The meth od ol ogy ap plied is as fol lows. Math e -
mat i cal model  of this study pres ents, in de tail, the an a -
lyt i cal cal cu la tion of the ef fec tive solid an gle and lin ear
at ten u a tion co ef fi cient us ing sam ples of var i ous shapes
and di men sions. Ex per i men tal ma te ri als and meth ods
in cludes the ex per i men tal work with ma te ri als and
meth ods. Re sults and dis cus sion con tains the com par i -
sons be tween the cal cu lated lin ear at ten u a tion co ef fi -
cient via the re cent ap proach and the NIST-XCOM data 
show ing the va lid ity of the cur rent ap proach. Our con -
clu sions are pre sented in Con clu sion. 

MATH E MAT I CAL  MODEL

When the gamma rays emit ted from an iso tro pic
ra di at ing point source pass through the sam ple ma te -

rial, they un dergo at ten u a tion pri mar ily through in co -
her ent Compton scat ter ing and pho to elec tric and pair
pro duc tion in ter ac tions [15]. As shown in figs. 1 and
2, the at ten u a tion of gamma rays as they pass through
mat ter are rel e vant for a num ber of fields, such as
shield ing ra di a tion sources and tu mor ir ra di a tion, to
men tion but a few. The math e mat i cal ex pres sion,
show ing an ex po nen tial de crease of gamma ray in ten -
sity with ma te rial thick ness (i. e. pho ton path-length
through the ma te rial), is given

I I x= -
oe m (1)

Con sid er ing that:  Io is the orig i nal gamma ray
in ten sity I is the gamma-ray in ten sity trans mit ted
through the sam ple of thick ness x, while m is the lin ear
at ten u a tion co ef fi cient of that sam ple. This at ten u a -
tion is found to be strongly de pend ent on the den sity of 
the sam ple ma te rial, where more at oms and heavier at -
oms in the way of the pho tons mean more in ter ac tions
per unit length of the sam ple. There fore, the lin ear at -
ten u a tion co ef fi cient will have dif fer ent val ues for the
same ma te rial, de pend ing on its phase (solid, liq uid or
va por) and its tem per a ture [15]. For this rea son, it's
con ve nient to de fine a mass at ten u a tion co ef fi cient
mm, as 

m
m

r
m = (2)

where r is the sam ple den sity.
This quan tity is in de pend ent of den sity and,

hence, it is the same for the sam ple, re gard less of its
phase and tem per a ture and ap prox i mately in de pend -
ent of the type of sam ple, as well. In ad di tion, the lin -
ear at ten u a tion co ef fi cient m, can also be writ ten as the
sum over con tri bu tions from the prin ci ple pho ton in -
ter ac tions [15] and can be given as

m m m m= + +PE INCOH PP (3)
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Fig ure 1. The ge om e try of the sam ple in ar range ment be tween source-to-de tec tor; (a) in case q2 > q1 > q4 > q3,
(b) in case q2 > q4 > q3 > q1



where mPE, mINCOH, and mPP, are the pho to elec tric,
Compton, and pair pro duc tion co ef fi cients, re spec -
tively, cor re spond ing to the en ergy of the in ci dent pho -
ton. The the o ret i cal lin ear and mass at ten u a tion co ef fi -
cients can be es ti mated by us ing NIST-XCOM
soft ware. XCOM soft ware can pro duce cross sec tions
on  a  stan dard  en ergy  grid,  se lected  by  the  user, or
for a mix of both grids, at en er gies be tween 1 keV and
100 GeV. This soft ware uses the mix ing rule to cal cu -
late the par tial and to tal mass at ten u a tion co ef fi cients
for all el e ments, com pounds and mix tures at stan dard
and se lected en er gies.

In or der to cal cu late the lin ear at ten u a tion co ef fi -
cient of any sam ple ma te rial, a new nu mer i cal sim u la -
tion method (NSM) based on the di rect method and an
ef fi ciency trans fer method [16-19] will be ap plied in
terms of the gamma-ray count rate and de tec tor ef fi -
ciency  given as

N

N
measured measured calculated0 0 1

Eff

Eff

= = = =
e

e

e

e
2 2

1

W

W
S f

(4)

N and N0, are the mea sured count rates of gamma 
rays us ing the vial filled with sam ple ma te rial and an
empty vial, re spec tively. This can be done by us ing an
iso tro pic ra di at ing ax ial point source lo cated at a cer -
tain dis tance from the vial, po si tioned on the de tec tor
sur face. Also, e, and e0, are the mea sured ef fi cien cies
of the de tec tor de ter mined un der the same con di tions
as the count rates [18, 19]. The mea sured full-en ergy
peak ef fi ciency of a pho ton at en ergy E, can be de ter -
mined by us ing the equa tion

e( )
( )

( )
E

N E

TA P E
C=

S
i (5)

where N(E) is the num ber of counts in the full-en ergy
peak, T – the mea sur ing time (in sec onds), P(E) – the
pho ton emis sion prob a bil ity at en ergy E, AS – the
radionuclide ac tiv ity, and Ci, the cor rec tion fac tors due 
to radionuclide half-life. The de cay cor rec tion Cd, for
the cal i bra tion source from the ref er ence time to the
run time is given by

C T
d e= lD (6)

where l is the de cay con stant and DT – the time in ter -
val from the ref er ence time in which the source de cays
cor re spond ing to the run time. The un cer tainty in the
ex per i men tal full-en ergy peak ef fi ciency, se is given
by
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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
[18, 19].

In ad di tion, e2 and e1, are the cal cu lated de tec -
tion ef fi cien cies un der the same con di tions [18]. This
cal cu lated full-en ergy peak ef fi ciency can be cal cu -
lated by us ing the equa tion

e e e e1
1

2
2= =*

*

*

*

W

W

W

W

Eff Effand (8)

where e* and  W*  are the mea sured ref er ence full-en -
ergy peak ef fi cien cies of the de tec tor and ef fec tive
solid an gles sub tended by the source-to-de tec tor. In
our con fig u ra tion,  this can be done by us ing an iso tro -
pic ra di at ing ax ial point lo cated at any dis tance from
the de tec tor sur face in the ab sence of the vial. Also,
WEff2, and WEff1, are the ef fec tive solid an gles sub -
tended by the de tec tor sur face in the pre sented vial
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Fig ure 2. The ge om e try of the sam ple in ar range ment be tween source-to-de tec tor; (a) in case q2 > q4 > q1 > q3

(b) in case q4 > q3 > q2 > q1



filled with sam ple ma te rial and an empty vial, re spec -
tively, un der the same con di tions as the count rates.

In case of the vol u met ric sam ple pre sented, not
all of the emit ted pho tons leave the sam ple; some are
ab sorbed by the sam ple it self, ef fect ing ef fi ciency cal -
cu la tions. The fac tor con cern ing this ef fect is called
the self-ab sorp tion fac tor Sf, given as in eq. (4) by

S s sx
f e= -m (9)

where ms is the sam ple lin ear at ten u a tion co ef fi cient
and xs  – the av er age dis tance trav eled by the pho ton
in side the sam ple ma te rial which can be given as

x

x x

s

d

d

d d

=
ò

ò
=

òò( , ) ( , )sinq j q j q q j
qj

W

W W
W

W
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where q and j, are the po lar and az i muthal an gles, re -
spec tively, de fin ing the di rec tion of the in ci dence pho -
tons, while W is the geo met ri cal solid an gle sub tended
be tween the source and the de tec tor and can be given
by

W = òò sinq q f
qf

d d (11)

Con sid er ing that x(q, j) is the pos si ble path
length trav eled by the pho ton within the sam ple ma te -
rial with ra dius Rs and height Ls, us ing an iso tro pic ra -
di at ing ax ial point source lo cated at a dis tance h, from
the sur face of the vial, as as shown in fig. 1, this can be
given as

x
L

x
R h

1 2= = -s sand
cos sin cosq q q

(12)

There are sev eral cases to be con sid ered in or der
to cal cu late these ef fec tive solid an gles, tak ing into
con sid er ation the po lar an gle q of the de tec tor with a
ra dius Rd,  and height Ld, where an iso tro pic ra di at ing
ax ial point source was used and lo cated at a dis tance
H, from the sur face of the de tec tor crys tal in the pres -
ence of a vial (filled with sam ple or empty) on the de -
tec tor sur face and in be tween the source and the de tec -
tor.

(1) The case in which q2 > q1  > q4 > q3, as shown
in fig. 1(a), the ef fec tive solid an gles are given by
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where, the self-ab sorp tion fac tors Sf, given in eq. (14),
are ex pressed as
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The at ten u a tion fac tor fatt, is due to the dead
layer, end-cap, the ab sorber be tween the source and
the de tec tor and the side and bot tom of the sam ple
con tainer ma te rial, de scribed for the ab sorber lay ers
with at ten u a tion co ef fi cients m1, m2,…, mn, and rel e -
vant thick nesses t1, t2, …, tn, be tween the source-de -
tec tor sys tem and given by
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where, q1 up to q4 are the ex treme val ues of the po lar
an gles based on the source-to-de tec tor con fig u ra tion,
as shown in fig. 1, and given by
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The strik ing pho ton may en ter the up per face of
the de tec tor and emerge from its base or side based on
pre vi ous ex treme val ues of the po lar an gles, as shown
in fig. 1. These dis tances cov ered by the pho ton in the
two cases pre sented can be given as

d
L

d
R H

1 2= = -d dand
cos sin cosq q q

(18)

where f d id
i e= - -( )1 m  and di are the pos si ble path

lengths trav eled by the pho ton within the de tec tor's ac -
tive vol umes d1 and d2, as dis cussed be fore. While md,
is the to tal at ten u a tion co ef fi cient of the de tec tor ma te -
rial at g-ray en ergy Eg, where the co her ent scat ter ing
part was ex cluded. In this and all other cases as well,
the ef fec tive solid an gle WEff1 will be given by ne glect -
ing the ef fect of the self-ab sorp tion fac tor Sf. 

(2) In the case in which q2 > q4 > q3 > q1, as
shown in fig. 1(b), the ef fec tive solid an gles are given
by
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where
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where the self ab sorp tion fac tors Sf, given in eq. (20)
can be de fined as
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(3) In the case in which q2 > q4 > q1 > q3, as
shown in fig. 2(a), the ef fec tive solid an gles are given
by

W WEff i2
1

4

2=
=

=

åp
i

n

(22)

where

W W

W

1
0

1 2 1

3

1

3

3

1

= =

=

ò òS f f S f f

S

f att f attd d
2

q

q

q

q q q qsin , sin

f att att3
d df f f f

q

q

q

q

q q q q

1

3

4

2

2 4 2ò ò=sin , sinW

(23)

where the self-ab sorp tion fac tors Sf, given in eq. (23)
can be de fined as

(24)
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(4) In the case in which q4 > q3 > q2 > q1, as
shown in fig. 2(b), the ef fec tive solid an gles are given
by
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where the self ab sorp tion fac tors Sf, given in eq. (26)
can be ex pressed as
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(5) In the case in which q4 > q2 > q1 > q3, as
shown in fig. 3(a), the ef fec tive solid an gles are given
by
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Fig ure 3. The ge om e try of the sam ple in ar range ment be tween source-to-de tec tor; (a) in case q4 > q2> q1 > q3

(b) in case q4 > q2 > q3 > q1
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where the self-ab sorp tion fac tors Sf, given in eq. (29)
can be de fined as
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(6) In the case in which q4 > q2 > q3 > q1, as
shown in fig. 3(b), the ef fec tive solid an gles are given
by
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where the self-ab sorp tion fac tors Sf, given in eq. (32)
can be de fined as
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Fi nally, the for mu lae of the self ab sorp tion fac -
tors Sf, can be re writ ten and given by the next equa tion
based on eqs. (4) and (9), and all of the above dis cus -
sions for each case

S e
s i

i

n
x

f =
- å

=
m

1 (34)

where the fac tor i, re fers to the av er age pos si ble path
lengths trav eled by the pho ton within the sam ple vol -
ume, de pend ing on the po si tion of the in ci dence pho -
ton. The av er age path lengths in eq. (34) pass through
the sam ple ma te rial and, by us ing the avail able ra tio
from eq. (4), it is pos si ble to cal cu late the lin ear at ten u -
a tion co ef fi cient of any sam ple ma te rial. 

EX PER I MEN TAL MA TE RI ALS
AND METH ODS 

A co ax ial HPGe Can berra spec trom e ter, model
GC1520, with a vol ume of ap prox i mately 100 cm3

and en ergy range of 40 keV to >10 MeV,  was used to
de tect the gamma rays. The de tec tor's cold fin ger was
placed in a cryostat, model 7500SL. The main tech ni -
cal fea tures pro vided by the man u fac turer: di am e ter
and length of the crys tal of 48 mm and 54.5 mm, re -
spec tively. In ad di tion, as shown in fig. 1, the end -cap
to the crys tal dis tance, VG, was 5 mm, the en trance
win dow, ECth, was 1.5 mm of Al and the dead layer,
DL, was 0.5 mm of Ge. The rel a tive ef fi ciency of the
de tec tor  was 15  % and the res o lu tion (FWHM) at
1.33 MeV of 60Co was 1.85 keV. Stan dard elec tron ics,
such as a built-in pre-am pli fier model 2002CSL, HV
power sup ply, model 3106D, pro vid ing (+)4500 Vdc
rec om mended as the bias volt age, an am pli fier ( model 
2026) with a time con stant of 4 ms and a 8 k com put er -
ized multi-chan nel an a lyzer, were cou pled with the
de tec tor sys tem. The de tec tor was kept in a 15 cm
thick lead cas tle to at ten u ate  cos mic and en vi ron men -
tal ra di a tion, with a cop per lin ing on the in side to ab -
sorb any lead X-rays that are pro duced. In or der to
elim i nate low back ground noise, the lower level
discriminator (LLD) was ad justed at 1 % of its max i -
mum limit. Fine gain and gain were ad justed to get
well-de fined gamma-ray spec tra. The spec tra were re -
corded and pro cessed by the Ge nie 2000 data ac qui si -
tion and anal y sis soft ware made by Can berra.

The en ergy of in ci dent gamma ra di a tion used in
the study was var ied by us ing five gamma emit ting
point sources: 241Am (59.52 keV), 133Ba (80.99 keV),
152Eu (121.78, 244.69, 344.28, 778.90, 964.13, and
1408.01 keV), 137Cs (661.66 keV) and 60Co (1173.23
and 1332.50 keV). The ac tiv ity of the pre vi ous
sources ( June 1st, 2009), was in kBq  (259.0 ± 2.6,
275.3 ± 2.8, 290.0 ± 4.0, 285.0 ± 4.0, and 212.1 ± 1.5,
re spec tively). The point sources used were pur chased
from the Physikalisch-Technische Bundesanstalt
(PTB), Braunschweig and Berlin, the high est Ger man
tech ni cal au thor ity in the field of me trol ogy and cer -
tain sec tors of safety en gi neer ing. The ra dio ac tive ma -
te rial was a very slight round de posit, about 5 mm in
di am e ter, placed in the mid dle of two poly eth yl ene
foils,  each  hav ing  a  mass  per  unit  area of (21.3 ±
±.1.8) mg/cm2. Un der pres sure and by heat ing, the
two foils were welded and sealed along the  length of
the area and, thus, ren dered leakproof. To en able han -
dling, a 26 mm-di am e ter foil was mounted onto a cir -
cu lar alu mi num ring (ex ter nal di am e ter: 30 mm,
height: 3 mm) from which it could eas ily be re moved,
if and when nec es sary.

All mea sured spec tra were re corded from the
above men tioned sources,  which, mea sured by us ing 
a spe cial Plexi glas holder, of fer a broad and free solid
an gle be tween the source and the de tec tor, as shown in 
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fig. (4). The holder has a thick enough base placed
straight for wardly onto the de tec tor en trance win dow
as an ab sorber, so as to avoid the ef fect of b– and
X-rays and pro tect the de tec tor heads. It also ex cludes
the need for the cor rec tion of X-gamma co in ci dences
since, in most cases, the as so ci at ing X-rays are suf fi -
ciently weak to be com pletely ab sorbed be fore en ter -
ing the de tec tor. In or der to pre vent dead time, pile-up
and co in ci dence sum ming ef fects, a large source-
-to-de tec tor ax ial dis tance was con sid ered from the
de tec tor endcap. As for mea sure ment ge om e try,
sources were kept at a fixed dis tance of 26.40 cm from
the de tec tor endcap.

A  home made  Plexi glas  vial,  of  a den sity of
1.19 g/cm3 , was ax i ally in tro duced in-be tween the de -
tec tor and the ra dio ac tive point source in side the
holder house and kept on the top of the holder base.
Mea sure ments were done in both the  empty and the
full vial, as well as the ones filled with var i ous sam ples 
of NaCl, Na2CO3, and (NH4)2SO4 with den si ties uni -
formly ap prox i mated at 1.39, 1.30, and 1.16 g/cm3, re -
spec tively, which are sim i lar to the den si ties of the en -
vi ron men tal sam ples and al low for the large
self-at ten u a tion ef fect in the low and me dium en ergy

re gion, as well. The geo met ri cal draw ing of the vial
was given as shown in fig. (5), where the height of
each sam ple in side the vial was fixed and kept at ex -
actly 4 cm.

As to in sure ad e quate qual ity of cal i bra tion and
mea sure ment, a de tec tor with a min i mum of elec tron -
ics noise and un wanted pulses must be taken into con -
sid er ation. Ex per i men tal mea sure ments of both pro -
cesses were done via a good sta bi lizer and a good
sys tem con fig u ra tion sep a rat ing it from the walls and
floors of the room. The cal i bra tion of the multi-chan -
nel an a lyzer con verts the chan nel num ber rel a tive to
the sig nal am pli tude into in ci dent gamma ray en ergy.
Prior to the mea sure ment pro ce dures, the de tec tor was
cal i brated by us ing three ra dio ac tive sources: 241Am
(59.52 keV), 137Cs (661.66 keV) and 60Co (1173.23
and 1332.50 keV) to ap prox i mately cover the en tire
en ergy range of  mea sure ments.

Data ac qui si tion and spec trum con trol were
done by PC through a USB port based on ac qui si tion
and anal y sis soft ware (ISO 9001, Ge nie 2000). The
ac qui si tion time was as long as re quired to get high and 
suf fi ciently nu mer ous counts un der each peak of in ter -
est with a sta tis ti cal un cer tainty less than 1 %. The
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Fig ure 4. Geo met ri cal draw ing of the dif fer ent parts of the home made Plexi glas holder

Fig ure 5. Geo met ri cal draw ing of
the empty home made Plexi glas vial



peak fit ting was per formed via a Gaussi an shape with -
out the ger ma nium low-en ergy tail.

Spec trum anal y sis is the main task of Ge nie
2000. Be fore the anal y sis it self, a choice of peak re -
gions is re quired. This was done by se lect ing the re -
gion of in ter est (ROI) sit u ated be tween the start and
the end of the de sired chan nels. Each full-en ergy peak
of the re corded spec trum was iden ti fied, the ROI
fixed, back ground sub tracted un der each peak and
then, fi nally, the count rate un der the wanted peak re -
corded, whether the vial was empty or filled with the
sam ple un der in ves ti ga tion. The mea sured count rates
were used to es ti mate the lin ear at ten u a tion co ef fi cient 
of each sam ple, based on the spec i fied en ergy range of
gamma ray sources.

RE SULTS AND DIS CUS SION

In the pre vi ous sec tion, an ex pla na tion was
given for mea sure ment of the self-ab sorp tion fac tor
and lin ear at ten u a tion co ef fi cient of dif fer ent sam ple
ma te ri als by means of an ex per i men tal tech nique. In
this sec tion, a broad com par i son be tween these val ues
and those ex pected in the ory will be made in or der to
check the re li abil ity of the pres ent  method in which
the val ues ac quired by both meth ods are based on the
cal cu lated av er age path dis tance trav eled by the pho -
ton in side the sam ple ma te ri als. The vari a tion of the
cal cu lated self-at ten u a tion fac tor, Sf, of the var i ous
sam ples of NaCl, Na2CO3, and (NH4)2SO4 and their
den si ties as a func tion of pho ton en ergy can be given
as in fig. (6). These val ues were ob tained based on the
ra tio of the ef fec tive solid an gle in eq. (4) and ac cord -
ing to an on line da ta base of the ref er ence lin ear at ten u -
a tion co ef fi cient [20].

The vari a tion of the cal cu lated lin ear at ten u a tion
co ef fi cient, ms, of the same sam ples as a func tion of
their den sity and pho ton en ergy can also be given as in
fig. (7). They were es ti mated based on the pre vi ous val -
ues of the cal cu lated self-at ten u a tion fac tor, Sf, and the
av er age path dis tance trav eled by the pho ton in side the
sam ple ma te ri als, as shown in eq. 10. Our math e mat i cal 
model takes into ac count in te gra tion lim i ta tions of case
(2.6) re gard ing the dif fer ences in the phys i cal and 
chem i cal prop er ties of the sam ples stored in a rel a tively 
large Plexi glas vial in or der to be rep re sen ta tive enough 
of the self-at ten u a tion cor rec tion fac tor.

Ta ble 1 shows the cal cu lated val ues of the
self-at ten u a tion fac tor Sf, com pared with the ones
mea sured, ob tained from the ra tio in eq. (4) be tween
the mea sured gamma ray count rates in a vial filled
with sam ple ma te ri als and an empty vial, re spec tively.
Fur ther more, the same ta ble con tains a com par i son
be tween the on line da ta base of the ref er ence
(XCOM),  the cal cu lated and the mea sured lin ear at -
ten u a tion co ef fi cient, where the mea sured val ues of
the lin ear at ten u a tion co ef fi cient were de ter mined de -
pend ing on the ra tio of the mea sured count rates of
gamma rays in eq. (4) and the av er age path dis tance in

eq. (10) trav eled by the pho ton in side the sam ple ma te -
ri als. The de vi a tion per cent age be tween the XCOM
and the mea sured lin ear at ten u a tion co ef fi cient val ues
is D1. Also, D2 is the de vi a tion per cent age be tween the
XCOM and the cal cu lated lin ear at ten u a tion co ef fi -
cient val ues, while D3 is the de vi a tion per cent age be -
tween the mea sured and the cal cu lated self-at ten u a -
tion fac tor based on the fol low ing equa tions,
re spec tively,
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Fig ure 6. The vari a tion of the cal cu lated self-at ten u a tion 
fac tor of the var i ous sam ples of NaCl, Na2CO3, and
(NH4)2SO4 and their den si ties as a func tion of pho ton
en ergy

Fig ure 7. The vari a tion of the cal cu lated lin ear
at ten u a tion co ef fi cient of the var i ous sam ples of NaCl,
Na2CO3, and (NH4)2SO4 and their den si ties as a func tion
of pho ton en ergy



From figs. (6) and (7) in tab. (1), it is ev i dent that: 
self-at ten u a tion fac tors are of ut most im por tance, es -
pe cially in the low and me dium en ergy re gion, be cause 
when the self-at ten u a tion fac tor is not pres ent in the
cal cu la tions, this causes an in crease in full-en ergy
peak ef fi ciency val ues and will act as the main source
of un cer tainty in vol ume mea sure ment. Un der es ti ma -
tion of the mea sured ac tiv ity is also a pos si bil ity if the
ref er ence ef fi ciency val ues are mea sured by us ing a
stan dard source of the wa ter ma trix and the den si ties of 
the   mea sured sam ples dif fer con sid er ably from that of 
the source. The self-at ten u a tion fac tor in creases rap -
idly with the de crease of en ergy in dif fer ent ma te ri als
and reaches high val ues based on the den sity, ma te rial
com po si tion and the hightened prob a bil ity of the pho -
ton trav el ing dis tances within the source ma trix it self.

The lin ear at ten u a tion co ef fi cient for the var i ous
pho ton in ter ac tion pro cesses is high at the start and
then de creases sharply with a rise in pho ton en ergy up
to 100 keV for all  se lected com pos ite ma te ri als, due to
the dom i nance of the three main in ci dent pho ton pro -

cesses. The val ues of the cal cu lated and mea sured lin -
ear at ten u a tion co ef fi cients are in close agree ment
with the ref er ence lin ear at ten u a tion co ef fi cient from
the on line da ta base (XCOM) used to cal cu late de vi a -
tion per cent age val ues.

This study was de signed and based on sim pli fied 
de vices with out a collimator to ver ify the math e mat i -
cal model by us ing ref er ence sam ple ma te ri als to cal -
cu late the lin ear at ten u a tion co ef fi cient. Nev er the less,
it can be widely ap plied if vial sam ples in dif fer ent ge -
om e tries and shapes, dis cussed in Math e mat i cal
model, are pres ent in cited math e mat i cal cal cu la tions,
al low ing easy de ter mi na tion for the self-at ten u a tion
fac tor of all sam ple types.

CON CLU SION

In this work,  a novel straight for ward method
based on source-to-de tec tor ge om e try and con fig u ra -
tion and the cal cu la tion of the av er age path length dis -
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Ta ble 1. The vari a tion of the lin ear at ten u a tion co ef fi cient m and the self-at ten u a tion fac tor Sf, in clud ing its de vi a tion
per cent age

Sam ple
name

En ergy
[keV]

m [cm–1] Sf De vi a tion per cent age

XCOM Mea sured Cal cu lated Mea sured Cal cu lated D1 [%] D2 [%] D3 [%]

NaCl

59.53 4.447E-01 4.647E-01 4.676E-01 2.108E-01 2.088E-01 4.30 4.90 –0.97

80.99 2.886E-01 2.847E-01 2.986E-01 3.853E-01 3.678E-01 –1.37 3.35 –4.76

121.78 2.091E-01 2.077E-01 2.111E-01 4.987E-01 4.930E-01 –0.67 0.94 –1.15

244.69 1.547E-01 1.574E-01 1.536E-01 5.903E-01 5.977E-01 1.72 –0.69 1.23

302.85 1.422E-01 1.453E-01 1.430E-01 6.145E-01 6.193E-01 2.13 0.59 0.77

344.28 1.354E-01 1.319E-01 1.346E-01 6.429E-01 6.370E-01 –2.65 –0.57 –0.93

661.66 1.032E-01 1.011E-01 1.033E-01 7.126E-01 7.074E-01 –2.08 0.14 –0.74

964.13 8.657E-02 8.822E-02 8.608E-02 7.441E-01 7.495E-01 1.87 –0.57 0.72

1173.23 7.848E-02 7.995E-02 7.924E-02 7.650E-01 7.668E-01 1.84 0.97 0.24

1332.50 7.360E-02 7.383E-02 7.397E-02 7.809E-01 7.805E-01 0.31 0.49 –0.05

1408.01 7.165E-02 7.000E-02 7.126E-02 7.910E-01 7.876E-01 –2.36 –0.55 –0.43

Na2CO3

59.53 2.410E-01 2.334E-01 2.298E-01 4.575E-01 4.630E-01 –3.26 –4.86 1.19

80.99 2.110E-01 2.066E-01 2.025E-01 5.005E-01 5.074E-01 –2.13 –4.19 1.36

121.78 1.810E-01 1.837E-01 1.758E-01 5.403E-01 5.550E-01 1.47 –2.97 2.64

244.69 1.460E-01 1.450E-01 1.435E-01 6.153E-01 6.183E-01 –0.69 –1.73 0.49

302.85 1.360E-01 1.320E-01 1.349E-01 6.425E-01 6.364E-01 –3.03 –0.80 –0.97

344.28 1.290E-01 1.252E-01 1.272E-01 6.573E-01 6.531E-01 –3.04 –1.45 –0.64

661.66 9.325E-02 9.186E-02 9.513E-02 7.351E-01 7.271E-01 –1.51 1.97 –1.10

964.13 7.808E-02 7.846E-02 7.881E-02 7.689E-01 7.680E-01 0.48 0.92 –0.12

1173.23 7.069E-02 7.066E-02 7.237E-02 7.892E-01 7.847E-01 –0.04 2.32 –0.57

1332.50 6.641E-02 6.739E-02 6.728E-02 7.979E-01 7.982E-01 1.45 1.30 0.04

1408.01 6.459E-02 6.602E-02 6.435E-02 8.016E-01 8.061E-01 2.17 –0.37 0.55

(NH4)2SO4

59.53 2.650E-01 2.760E-01 2.614E-01 3.967E-01 4.165E-01 3.99 –1.36 4.76

80.99 2.117E-01 2.071E-01 2.084E-01 4.997E-01 4.975E-01 –2.22 –1.59 –0.44

121.78 1.782E-01 1.826E-01 1.726E-01 5.425E-01 5.609E-01 2.41 –3.24 3.28

244.69 1.400E-01 1.379E-01 1.403E-01 6.301E-01 6.250E-01 –1.52 0.23 –0.82

302.85 1.296E-01 1.309E-01 1.302E-01 6.450E-01 6.465E-01 0.99 0.48 0.23

344.28 1.238E-01 1.287E-01 1.217E-01 6.497E-01 6.651E-01 3.81 –1.71 2.32

661.66 9.453E-02 9.648E-02 9.497E-02 7.238E-01 7.275E-01 2.02 0.46 0.51

964.13 7.937E-02 7.820E-02 7.809E-02 7.695E-01 7.698E-01 –1.50 –1.63 0.04

1173.23 7.208E-02 7.070E-02 7.257E-02 7.891E-01 7.842E-01 –1.95 0.68 –0.63

1332.50 6.757E-02 6.656E-02 6.711E-02 8.001E-01 7.986E-01 –1.52 –0.68 –0.18

1408.01 6.560E-02 6.577E-02 6.572E-02 8.022E-01 8.024E-01 0.26 0.18 0.02



tance trav eled by the pho ton in side the sam ple ma te ri -
als was used to de ter mine the lin ear at ten u a tion
co ef fi cient. The same method was used to cor rect the
self-at ten u a tion ef fect in side the en vi ron men tal vol u -
met ric sam ples. The value of full-en ergy peak ef fi -
ciency of the vol u met ric sam ples de pends on the com -
po si tion and den si ties of the sam ples. De vi a tion
per cent ages show a 5 % level of efficiency of the
method. The method could, thus,  serve as an ef fec tive
and in ex pen sive tool to be used by in ex pert tech ni -
cians in rou tine mea sure ments of gamma ray spec -
trom e try in volv ing  ho mog e nous and un fa mil iar sam -
ples.
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Mohamed S. BADAVI

METODA  NUMERI^KE  SIMULACIJE  ZA  PRORA^UN  LINEARNIH
KOEFICIJENATA  SLABQEWA  NEIDENTIFIKOVANIH  MATERIJALA

U  RUTINSKOJ  GAMA  SPEKTROMETRIJI

Kada se koristi gama spektrometrija za radioaktivnu analizu uzoraka iz `ivotne
sredine (kao {to su zemqi{te, sed i ment, ili pepeo `ivog organizma), potrebno je poznavati
odgovaraju}e linearne koeficijente slabqewa kako bi se izra~unala samoapsorpcija u telu
uzorka. Ovaj parametar je utoliko va`niji jer su neidentifikovani uzorci razli~iti po sastavu i
gustini od referentnih (pri ~emu referentni uzorci mogu biti te~ni izvori, koji se uobi~ajeno
koriste za kalibraciju efikasnosti detekcije u monitoringu radioaktivnosti). Ovaj rad ima za
ciq da uvede numeri~ku simulacionu metodu za prora~un linearnih koeficijenata slabqewa bez
primene kolimatora. Metoda je pre svega zasnovana na prora~unima efektivnih prostornih uglova 
‡ parametara jediwewa koji odre|uju verovatno}e emisije i detekcije, kao i za geometrijsku
konfiguraciju izvor-detektora.  Tako|e su primeweni princip transfera efikasnosti i sredwih
du`ina slobodnog puta kroz uzorke. Dobijeni rezultati upore|eni su sa NIST-XCOM bazama
podataka i blisko slagawe rezultata potvr|uje opravdanost numeri~ke simulacione metode.

Kqu~ne re~i: gama spektrometrija, linearni koeficijent slabqewa, efektivan prostorni
.........................ugao, sredwa du`ina slobodnog puta, numeri~ka simulaciona metoda


