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Gamma-ray de tec tion and study ing its in ter ac tions with mat ter is very im por tant and serves
in many fields of re search. Be sides, in ves ti ga tion of new shield ing ma te ri als against
gamma-ray will pro vide a lot of so lu tions for sev eral prob lems ac com pa nied by the pres ence of 
ra di a tion sources in wide ar eas of ap pli ca tions, such as in dus try, med i cine, ag ri cul ture, re -
search lab o ra to ries, and nu clear power plants. In the pres ent work, dif fer ent gamma-ray at -
ten u a tion pa ram e ters will be cal cu lated the o ret i cally us ing dif fer ent metal chlo rides mixed
with ep oxy resin poly mers at dif fer ent weight ra tios. These at ten u a tion pa ram e ters were cal -
cu lated in a wide en ergy range started from 0.05 up to 3 MeV. This wide en ergy range cov ers
al most the most known radionuclide gamma-ray en er gies. The ob tained re sults were com -
pared with pure ep oxy resin poly mer to show how well the mod i fi ca tion of poly mer prop er -
ties was when mixed with other ma te ri als. Also, all mix ture's at ten u a tion pa ram e ters re sults
were com pared with lead metal re sults to check its va lid ity as a gamma-ray shield ing ma te rial.
The ob tained re sults found to be prom is ing and the pre sented ma te ri als can be used in stead of
lead metal as an ef fec tive ma te rial in ra di a tion pro tec tion

Key words: ep oxy resin poly mer, metal chlo rides, gamma-ray de tec tion, mass at ten u a tion co ef fi cient,
ra di a tion pro tec tion

IN TRO DUC TION

Gamma-rays are used in many wide fields like
nu clear power plants, in dus try, med i cal ap pli ca tions,
and ag ri cul ture. The need to study the ef fect of
gamma-ray in ter ac tions with the mat ter has in creased.
The in ter ac tion pro cess mainly de pends upon the en -
ergy, the in ten sity of in ci dent ra di a tion, and the type of
ab sorb ing ma te rial. The study of the ab sorp tion of
gamma-rays in shield ing ma te ri als is par tic u larly im -
por tant for var i ous ra di a tion fields. The cor rect val ues
of pho ton ab sorp tion co ef fi cients in ra di a tion shield -
ing ma te ri als pro vide use ful data in ra di a tion pro tec -
tion, med i cine, and ra di a tion do sim e try fields. The
mass at ten u a tion co ef fi cient, µm, is con sid ered to be
the ba sic quan tity of mea sur ing the prob a bil ity of in -
ter ac tion in the pho tons and ma te rial [1].

Berger and Hubbell [2, 3] de vel oped a com puter
pro gram (XCOM) for cal cu lat ing mass at ten u a tion co -

ef fi cients for el e ments, com pounds, and mix tures for
pho ton en er gies from 1 keV to 100 GeV. From the mass
at ten u a tion co ef fi cient, sev eral re lated pa ram e ters and
co ef fi cients can be de rived, such as the to tal atomic
cross-sec tion, ef fec tive mo lec u lar cross-sec tion, elec -
tronic cross-sec tion, ef fec tive atomic num ber, ef fec tive
elec tron den sity, re lax ation length, half-value thick -
ness, and the tenth-value layer. Sev eral au thors [4-14]
stud ied these pa ram e ters and the co ef fi cients for dif fer -
ent el e ments, ma te ri als, com pounds, and mix tures. The
pro tec tion from the gamma-ray ra di a tion and its haz -
ards is a nec es sary is sue. Un avail abil ity, haz ards, and
cost are the main con straints for find ing a suit able
gamma shield ma te rial. To over come these draw backs,
one needs to test dif fer ent shield ing ma te ri als, that can
be used at large en ergy scale, which can be avail able at
low-cost and non poi son ous in na ture. There fore, the at -
tempts were made to test the ef fi ciency of some poly -
mer ma te ri als [7]. The study ing of the at ten u a tion pa -
ram e ters of poly mers as a gamma-ray shield ing
ma te rial has been raised.
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In the pres ent work, the mass at ten u a tion co ef fi -
cients of four metal chlo rides (BiCl3, CdCl2, CsCl, and
PbCl2) mixed with ep oxy resin poly mer C21H25ClO5 at
three  dif fer ent  weight frac tion ra tios (5 %, 25 %, and
45 %). Basaed on the mass at ten u a tion co ef fi cients, all
the fol low ing pa ram e ters to tal atomic cross-sec tion, ef -
fec tive mo lec u lar cross-sec tion, elec tronic cross-sec -
tion, ef fec tive atomic num ber, ef fec tive elec tron den -
sity, re lax ation length, half-value thick ness, and the
tenth-value layer will be cal cu lated at dif fer ent pho ton
en ergy from 0.05 up to 3 MeV. Also, all these at ten u a -
tion pa ram e ters were cal cu lated for lead metal in the
same en ergy range. The mix tures' at ten u a tion pa ram e -
ters re sults were com pared with lead metal re sults to
check how well the ep oxy resin poly mer shield ing
prop er ties mod i fied and can be use ful.

THE O RET I CAL BACK GROUND

Lin ear at ten u a tion co ef fi cient

The lin ear at ten u a tion co ef fi cient, m, is the prob -
a bil ity of gamma-ray in ter ac tion with a ma te rial per
unit path length [15]. Ac cord ing to Lam bert-Beer law
when a beam of gamma pho tons in ci dent on the mat ter, 
it  will at ten u ate as the fol low ing equation

I I t= -
0e m (1)

where I and I0 are the trans mit ted and in ci dent pho ton
in ten si ties, re spec tively, m [cm–1] – the lin ear at ten u a -
tion co ef fi cient of the ma te rial, while t [cm] – the thick -
ness of the ab sorber.

Mass at ten u a tion co ef fi cient

The mass at ten u a tion co ef fi cient, mm, is a ba sic
quan tity that mea sures the av er age num ber of in ter ac -
tions be tween in ci dent pho tons and mat ter that are
used in cal cu la tions of the pen e tra tion and the en ergy
de po si tion by pho tons (X-ray, gamma-ray, and brems -
strah lung) [16] and those of the cho sen sam ples have
been mea sured [11] us ing the fol low ing equation

m
m

r
mm m= = åwi

i
( ) (2)

where r is the den sity of the ma te rial and wi – the
weight frac tion of the con stit u ent i given [11] as fol -
lows
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where Ai is the atomic weight of el e ment i in the sam ple 
and ni – the num ber of for mula units in the com pounds.

To tal atomic cross-sec tion

The to tal pho ton in ter ac tion cross-sec tion, s,
can be writ ten as the sum over con tri bu tions from the
prin ci pal pho ton in ter ac tions as the fol low ing [17]

s s s s s s s= + + + + +pho incoh coh pair tri ph. n (4)

where spho is the atomic pho to elec tric ab sorp tion
cross-sec tion which ob served in the en ergy re gion be -
low  0.01 MeV.  At the in ter me di ate en ergy re gion,
0.05 MeV < E < 5 MeV,  sincoh compton scat ter ing (in -
co her ent) is dom i nant. The spair and stri are pair pro -
duc tion that oc curred in the high-en ergy re gion, above
1.02 MeV. The sph.n is the photonuclear scat ter ing
cross-sec tion. In this ex pres sion, co her ent scat ter ing
has been omit ted be cause of the neg li gi ble en ergy
trans fer as so ci ated with it.

The to tal atomic cross-sec tion, satom, can be ob -
tained by di vid ing the mass at ten u a tion co ef fi cient of
the com pound by the to tal num ber of at oms pres ent in
one gram of that com pound [4] as the fol low ing
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where NA is the Avo ga dro constan, wi – the frac tion by
weight of the el e ment i, and Ai – the atomic weight of
the i th el e ment.

Ef fec tive mo lec u lar
cross-sec tion

The ef fec tive mo lec u lar cross-sec tion, smol, is
de ter mined from the fol low ing equa tion us ing the val -
ues of the mass at ten u a tion co ef fi cient [17] of mm 
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Elec tronic cross-sec tion

Sim i larly, the elec tronic cross-sec tion, selec [17]
is given by

s melec m= å
1

N
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where fi is the frac tional abun dance of ith con stit u ent
el e ment and it can be given as the fol low ing

f
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Ef fec tive atomic num ber

Ef fec tive atomic num ber, Zeff, is im por tant for
the de ter mi na tion of a sub sti tute ma te rial for an el e -
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ment as so ci ated with the re quired en ergy. The ef fec -
tive atomic num ber [17, 18] is equal to the ra tio of the
atomic and elec tronic cross-sec tions 

Zeff
atom

elec

=
s

s
(9)

Ef fec tive elec tron den sity

Ef fec tive elec tron den sity, Neff, is re lated to the
ef fec tive atomic num ber and is given in the num ber of
elec trons per unit mass [4] by the next equation
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where A  is the av er age atomic mass of the ma te rial.

Re lax ation length

Re lax ation length or mean free path,  l, is the av -

er age dis tance be tween two suc ces sive in ter ac tions of

pho tons in which the in ten sity of the in ci dent pho ton

beam [9, 19] is re duced by the fac tor 1/e

l
m

=
1

(11)

Half-value thick ness and
tenth-value layer

Half-value thick ness (HVT) and tenth-value
layer (TVL) are de fined as the thick ness or layer of a
shield or ab sorber that less ens the in ten sity of ra di a -
tion by a fac tor of one-half and one-tenth of the ini tial
in ten sity re spec tively [19]. For do ing rapid, ap prox i -
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Ta ble 1. The de tails of four metal chlo ride with ep oxy resin as mix tures

Mix ture de tails
Weight ra tio

5 % 25 % 45 %

BiCl3

Con stit u ent weight
frac tion

H 0.06093 0.04810 0.03528

C 0.60991 0.48150 0.35310

O 0.19344 0.15271 0.11199

Bi 0.03314 0.16568 0.29822

Cl 0.10259 0.15200 0.20141

Mo lar mass [gmol–1] 388.107 370.126 353.737

<A> 11.942 28.471 43.537

Z-av er age 5.475 11.375 17.275

Den sity [gcm–3] 1.241 1.470 1.802

CdCl2

Con stit u ent weight
frac tion

H 0.06093 0.04810 0.03528

C 0.60991 0.48150 0.35310

O 0.19344 0.15271 0.11199

Cd 0.03066 0.15330 0.27594

Cl 0.10507 0.16438 0.22369

Mo lar mass [gmol–1] 371.637 305.554 259.424

<A> 12.983 29.870 41.658

Z-av er age 5.167 9.833 14.500

Den sity [gcm–3] 1.239 1.451 1.750

CsCl

Con stit u ent weight
frac tion

H 0.06093 0.04810 0.03528

C 0.60991 0.48150 0.35310

O 0.19344 0.15271 0.11199

Cs 0.03947 0.19736 0.35524

Cl 0.09623 0.12032 0.14439

Molar mass [gmol–1] 368.320 294.645 245.532

<A> 15.9370 41.080 57.842

Z-average 5.6 12 18.4

Density [gcm–3] 1.238 1.449 1.745

PbCl2

Con stit u ent weight
frac tion

H 0.06093 0.04810 0.03528

C 0.60991 0.48150 0.35310

O 0.19344 0.15271 0.11199

Pb 0.03725 0.18626 0.33527

Cl 0.09847 0.13142 0.16436

Molar mass [gmol–1] 384.936 356.135 331.344

<A> 13.448 34.814 53.206

Z-average 5.733 12.667 19.600

Density [gcm–3] 1.245 1.492 1.862



mate shield ing cal cu la tions HVL and TVL are im por -
tant pa ram e ters [20] and they are given as

HVT =
ln 2

m
(12)

TVL =
ln 10

m
(13)

MA TE RI ALS AND METHOD

Four metal chlo rides were used in the pres ent
work; these metal chlo rides are BiCl3, CdCl2, CsCl,
and PbCl2. Each metal chlo ride was mixed with ep oxy
resin poly mer (C21H25ClO5) in three dif fer ent weight
ra tios (5 %, 25 %, and 45 %). The NIST-XCOM pho -
ton cross-sec tion da ta base has been used to cal cu late
the mass at ten u a tion co ef fi cients µm [cm2g–1] for all
mix tures un der study. Be sides, the weight frac tion for
each con stit u ent in each mix ture was cal cu lated us ing
the XCOM da ta base. The mass at ten u a tion co ef fi cient
was cal cu lated in a wide en ergy range started from
0.05 to 3 MeV. This wide en ergy range cov ers all
known radionuclide gamma-ray en er gies. More over,
the lin ear and mass at ten u a tion co ef fi cients m [cm–1]
were de ter mined. In ad di tion to the to tal at ten u a tion
cross-sec tion, atomic cross-sec tion, elec tronic
cross-sec tion, ef fec tive atomic num ber, ef fec tive elec -
tron den si ties, HVL, TVL, and the re lax ation length,
l, have been de ter mined based on eqs. (5)-(13). All at -
ten u a tion pa ram e ters were cal cu lated for Pb metal and
pure ep oxy resin poly mer. 

RE SULTS AND DIS CUS SION

The weight frac tion for each con stit u ent in the
mix ture was ob tained from the XCOM da ta base and
tab u lated in tab. 1. Each mix ture mo lar mass, av er age
mo lar mass, the av er age atomic num ber, and the mix -
ture den sity were cal cu lated and were pre sented in tab. 
1. The pure ep oxy resin poly mer, and lead metal prop -
er ties and de tails are listed in tab. 2. The lin ear at ten u a -
tion co ef fi cient, m, of pure ep oxy resin, and lead metal
at the en ergy range un der study are tab u lated in tab. 3.

It is clearly no tice able that as the en ergy in creases the
lin ear at ten u a tion co ef fi cient value will be de creased.
In ad di tion, the lin ear at ten u a tion co ef fi cient for the
four mix tures BiCl3, CdCl2, CsCl, and PbCl2 at the
three dif fer ent weight ra tios un der the en ergy range of
the study are tab u lated in tab. 4.

The to tal atomic cross-sec tion for each metal
chlo ride mix ture was cal cu lated and plot ted in fig. 1. It
was then com pared with pure ep oxy resin poly mer and 
lead metal. The to tal atomic cross-sec tion val ues de -
creased as the pho ton en ergy in creased. It was also
found that as the con cen tra tion of metal chlo ride in -
creases the to tal atomic cross-sec tion val ues will in -
crease. Ta bles 5 and 6 were rep re sented the cal cu lated
val ues of the ef fec tive mo lec u lar cross-sec tion, smol,
and the elec tronic cross-sec tion, selec, for the four
metal chlo ride mix tures at the three dif fer ent weight
ra tios. In ad di tion, the elec tron den sity, Nel, elec trons/g 
for all mix tures are tab u lated in tab. 7.

The vari a tion of the ef fec tive atomic, Zeff, with
en ergy for all the mix tures un der study, was cal cu lated
and pre sented as shown in fig. 2, and it was com pared
with, Zeff, val ues for pure ep oxy resin poly mer and
lead metal. From fig. 2, it is clear to no tice that, as the
con cen tra tion of metal chlo ride in crease the Zeff, val -
ues will be in creased and will be shifted to ward the
lead metal val ues.

The val ues of HVT, TVL, and the re lax ation
length,  l, were cal cu lated for all the mix tures and plot -
ted as pre sented in figs. 3-5. Also, it was com pared
with pure ep oxy resin poly mer and the lead metal. It
was found that the three pa ram e ters HVT, TVL, and  l
were de creased as the metal chlo ride-mix ing ra tio in
the mix ture in creased. Also, it was no ticed that as the
en ergy was de creased as the val ues of these pa ram e -
ters would be de creased. The equiv a lent thick ness, xeq, 
of pure ep oxy resin poly mer to 0.1 cm lead metal
shield ing layer was cal cu lated at dif fer ent en er gies de -
pend ing on eq. (14) and tab u lated in tab. 8. The ep oxy
resin equiv a lent thick ness found to be at low en er gies
more than 31 cm and around 1 cm in the high en ergy
re gion

x
x

eq(sample)
Pb

sample

=
( )m

m
(14)
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Ta ble 2. Pure ep oxy resin and lead metal de tails

Ma te rial Value

Ep oxy resin (C21H25ClO5)

Con stit u ent weight frac tion

H 0.06414

C 0.64201

O 0.20362

Cl 0.09024

Molar mass [gmol–1] 392.879

<A> 7.555

Z-average 4

Density [gcm–3] 1.195

Lead (Pb)

Molar mass [gmol–1] 207.2

Atomic number, Z 82

Density [gcm–3] 11.34
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Ta ble 3. Pure ep oxy resin, lead metal lin ear at ten u a tion co ef fi cient, m, to tal elec tronic cross-sec tion, selec, and to tal mo lec u lar
cross-sec tion, smol

En ergy [MeV]
Lin ear at ten u a tion co ef fi cient, m

To tal elec tronic
cross-sec tion, selec

To tal mo lec u lar
cross-sec tion, smol

Ep oxy resin Pb Ep oxy resin Pb Ep oxy resin Pb

0.05 2.677·10–1 8.377·10+1 6.016·10–25 3.234·10–23 1.462·10–22 2.542·10–21

0.10 1.920·10–1 6.051·10+1 4.948·10–25 2.316·10–23 1.048·10–22 1.836·10–21

0.15 1.698·100–1 2.166·10+1 4.436·10–25 8.287·10–24 9.268·10–23 6.572·10–22

0.20 1.550·10–1 1.061·10+1 4.062·10–25 4.066·10–24 8.461·10–23 3.220·10–22

0.40 1.206·10–1 2.436·10+0 3.167·10–25 9.281·10–25 6.586·10–23 7.390·10–23

0.60 1.019·10–1 1.323·10+0 2.676·10–25 5.010·10–25 5.565·10–23 4.015·10–23

0.80 8.955·10–2 9.535·10–1 2.351·10–25 3.592·10–25 4.889·10–23 2.893·10–23

1.00 8.053·10–2 7.715·10–1 2.114·10–25 2.898·10–25 4.396·10–23 2.341·10–23

1.50 6.558·10–2 5.770·10–1 1.720·10–25 2.159·10–25 3.580·10–23 1.751·10–23

2.00 5.631·10–2 5.137·10–1 1.473·10–25 1.922·10–25 3.074·10–23 1.559·10–23

2.50 4.993·10–2 4.882·10–1 1.301·10–25 1.823·10–25 2.726·10–23 1.481·10–23

3.00 4.525·10–2 4.763·10–1 1.174·10–25 1.781·10–25 2.470·10–23 1.445·10–23

Ta ble 4. Lin ear at ten u a tion co ef fi cient, m, for the four metal chlo ride mix tures at the three dif fer ent weight ra tios

En ergy [MeV]

Lin ear at ten u a tion co ef fi cient, m

BiCl3 CdCl2

5 % 25 % 45 % 5 % 25 % 45 %

0.05 5.935·10–1 2.196·10+0 4.522·10+0 6.373·10–1 2.432·10+0 4.967·10+0

0.10 4.205·10–1 1.545·10+0 3.176·10+0 2.478·10–1 5.188·10–1 9.017·10–1

0.15 2.517·10–1 6.548·10–1 1.240·10+0 1.900·10–1 2.883·10–1 4.272·10–1

0.20 1.954·10–1 3.941·10–1 6.824·10–1 1.660·10–1 2.197·10–1 2.956·10–1

0.40 1.301·10–1 1.766·10–1 2.440·10–1 1.250·10–1 1.462·10–1 1.762·10–1

0.60 1.071·10–1 1.327·10–1 1.698·10–1 1.052·10–1 1.209·10–1 1.430·10–1

0.80 9.333·10–2 1.119·10–1 1.388·10–1 9.227·10–2 1.055·10–1 1.242·10–1

1.00 8.360·10–2 9.869·10–2 1.206·10–1 8.293·10–2 9.457·10–2 1.110·10–1

1.50 6.788·10–2 7.921·10–2 9.566·10–2 6.752·10–2 7.697·10–2 9.032·10–2

2.00 5.836·10–2 6.846·10–2 8.313·10–2 5.804·10–2 6.647·10–2 7.837·10–2

2.50 5.188·10–2 6.147·10–2 7.539·10–2 5.155·10–2 5.945·10–2 7.061·10–2

3.00 4.715·10–2 5.652·10–2 7.013·10–2 4.681·10–2 5.442·10–2 6.516·10–2

En ergy [MeV]

Lin ear at ten u a tion co ef fi cient, m

CsCl PbCl2

5 % 25 % 45 % 5 % 25 % 45 %

0.05 9.085·10–1 4.016·10+0 8.394·10+0 6.165·10–1 2.358·10+0 4.964·10+0

0.10 2.898·10–1 7.639·10–1 1.432·10+0 4.403·10–1 1.680·10+0 3.534·10+0

0.15 2.034·10–1 3.662·10–1 5.957·10–1 2.587·10–1 7.028·10–1 1.367·10+0

0.20 1.718·10–1 2.535·10–1 3.687·10–1 1.987·10–1 4.167·10–1 7.429·10–1

0.40 1.257·10–1 1.501·10–1 1.846·10–1 1.308·10–1 1.814·10–1 2.570·10–1

0.60 1.053·10–1 1.215·10–1 1.444·10–1 1.075·10–1 1.352·10–1 1.767·10–1

0.80 9.226·10–2 1.054·10–1 1.238·10–1 9.358·10–2 1.137·10–1 1.437·10–1

1.00 8.287·10–2 9.419·10–2 1.102·10–1 8.380·10–2 1.001·10–1 1.245·10–1

1.50 6.744·10–2 7.650·10–2 8.927·10–2 6.803·10–2 8.027·10–2 9.859·10–2

2.00 5.799·10–2 6.617·10–2 7.768·10–2 5.849·10–2 6.941·10–2 8.575·10–2

2.50 5.153·10–2 5.933·10–2 7.032·10–2 5.201·10–2 6.240·10–2 7.796·10–2

3.00 4.682·10–2 5.447·10–2 6.525·10–2 4.728·10–2 5.744·10–2 7.263·10–2
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Fig ure 1. Vari a tion of the to tal atomic cross-sec tion for the four metal chlo ride mix tures, pure ep oxy resin poly mer and
lead metal with pho ton en ergy

Ta ble 5. Ef fec tive mo lec u lar cross-sec tion smol, for the four metal chlo ride mix tures at the three dif fer ent weight ra tios

En ergy [MeV]

Ef fec tive mo lec u lar cross-sec tion, smol

BiCl3 CdCl2

5 % 25 % 45 % 5 % 25 % 45 %

0.05 3.081·10–22 9.182·10–22 1.474·10–21 3.175·10–22 8.505·10–22 1.223·10–21

0.10 2.183·10–22 6.458·10–22 1.035·10–21 1.235·10–22 1.815·10–22 2.219·10–22

0.15 1.307·10–22 2.738·10–22 4.042·10–22 9.466·10–23 1.008·10–22 1.051·10–22

0.20 1.014·10–22 1.647·10–22 2.225·10–22 8.273·10–23 7.685·10–23 7.276·10–23

0.40 6.753·10–23 7.381·10–23 7.954·10–23 6.228·10–23 5.114·10–23 4.336·10–23

0.60 5.561·10–23 5.548·10–23 5.537·10–23 5.239·10–23 4.227·10–23 3.521·10–23

0.80 4.845·10–23 4.678·10–23 4.526·10–23 4.597·10–23 3.689·10–23 3.056·10–23

1.00 4.340·10–23 4.126·10–23 3.931·10–23 4.132·10–23 3.308·10–23 2.733·10–23

1.50 3.524·10–23 3.312·10–23 3.119·10–23 3.364·10–23 2.692·10–23 2.223·10–23

2.00 3.030·10–23 2.862·10–23 2.710·10–23 2.892·10–23 2.325·10–23 1.929·10–23

2.50 2.693·10–23 2.570·10–23 2.458·10–23 2.568·10–23 2.079·10–23 1.738·10–23

3.00 2.448·10–23 2.363·10–23 2.286·10–23 2.332·10–23 1.903·10–23 1.604·10–23

En ergy [MeV]

Ef fec tive mo lec u lar cross-sec tion, smol

CsCl PbCl2

5 % 25 % 45 % 5 % 25 % 45 %

0.05 4.487·10–22 1.356·10–21 1.961·10–21 3.167·10–22 9.349·10–22 1.467·10–21

0.10 1.431·10–22 2.580·10–22 3.346·10–22 2.261·10–22 6.660·10–22 1.045·10–21

0.15 1.004·10-22 1.237·10-22 1.392·10-22 1.329·10-22 2.786·10-22 4.041·10-22

0.20 8.487·10–23 8.563·10–23 8.614·10–23 1.020·10–22 1.652·10–22 2.196·10–22

0.40 6.207·10–23 5.071·10–23 4.313·10–23 6.717·10–23 7.190·10–23 7.597·10–23

0.60 5.200·10–23 4.105·10–23 3.375·10–23 5.521·10–23 5.360·10–23 5.222·10–23

0.80 4.556·10–23 3.559·10–23 2.893·10–23 4.806·10–23 4.506·10–23 4.247·10–23

1.00 4.093·10–23 3.181·10–23 2.574·10–23 4.304·10–23 3.968·10–23 3.680·10–23

1.50 3.331·10–23 2.584·10–23 2.086·10–23 3.494·10–23 3.182·10–23 2.914·10–23

2.00 2.864·10–23 2.235·10–23 1.815·10–23 3.004·10–23 2.752·10–23 2.534·10–23

2.50 2.545·10–23 2.004·10–23 1.643·10–23 2.671·10–23 2.474·10–23 2.304·10–23

3.00 2.313·10–23 1.840·10–23 1.525·10–23 2.428·10–23 2.277·10–23 2.147·10–23
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Ta ble 6. Elec tronic cross-sec tion selec, for the four metal chlo ride mix tures at the three dif fer ent weight ra tios

En ergy [MeV]
Elec tronic cross-sec tion, selec

BiCl3 CdCl2

5 % 25 % 45 % 5 % 25 % 45 %
0.05 1.153·10–24 3.231·10–24 5.124·10–24 1.921·10–24 6.025·10–24 8.890·10–24

0.10 8.490·10–25 2.184·10–24 3.400·10–24 6.758·10–25 1.239·10–24 1.632·10–24

0.1 5.655·10–25 1.025·10–24 1.444·10–24 4.986·10–25 6.698·10–25 7.893·10–25

0.20 4.629·10–25 6.766·10–25 8.714·10–25 4.298·10–25 5.032·10–25 5.545·10–25

0.40 3.261·10–25 3.615·10–25 3.938·10–25 3.200·10–25 3.301·10–25 3.371·10–25

0.60 2.711·10–25 2.846·10–25 2.969·10–25 2.687·10–25 2.723·10–25 2.748·10–25

0.80 2.370·10–25 2.441·10–25 2.506·10–25 2.357·10–25 2.375·10–25 2.388·10–25

1.00 2.126·10–25 2.171·10–25 2.212·10–25 2.117·10–25 2.129·10–25 2.136·10–25

1.50 1.727·10–25 1.753·10–25 1.777·10–25 1.723·10–25 1.732·10–25 1.739·10–25

2.00 1.481·10–25 1.511·10–25 1.538·10–25 1.479·10–25 1.497·10–25 1.510·10–25

2.50 1.311·10–25 1.349·10–25 1.384·10–25 1.311·10–25 1.341·10–25 1.362·10–25

3.00 1.186·10–25 1.233·10–25 1.275·10–25 1.187·10–25 1.228·10–25 1.257·10–25

En ergy [MeV]
Elec tronic cross-sec tion, selec

CsCl PbCl2

5 % 25 % 45 % 5 % 25 % 45 %
0.05 3.507·10–24 1.222·10–23 1.803·10–23 1.368·10–24 4.145·10–24 6.535·10–24

0.10 9.172·10–25 2.185·10–24 3.029·10–24 1.007·10–24 2.862·10–24 4.460·10–24

0.15 5.759·10–25 9.727·10–25 1.237·10–24 6.200·10–25 1.259·10–24 1.810·10–24

0.20 4.641·10–25 6.377·10–25 7.535·10–25 4.881·10–25 7.849·10–25 1.040·10–24

0.40 3.251·10–25 3.503·10–25 3.671·10–25 3.302·10–25 3.793·10–25 4.215·10–25

0.60 2.706·10–25 2.796·10–25 2.856·10–25 2.727·10–25 2.913·10–25 3.073·10–25

0.80 2.366·10–25 2.413·10–25 2.444·10–25 2.378·10–25 2.477·10–25 2.562·10–25

1.00 2.123·10–25 2.153·10–25 2.172·10–25 2.131·10–25 2.193·10–25 2.246·10–25

1.50 1.727·10–25 1.747·10–25 1.760·10–25 1.730·10–25 1.766·10–25 1.796·10–25

2.00 1.483·10–25 1.515·10–25 1.535·10–25 1.484·10–25 1.524·10–25 1.558·10–25

2.50 1.317·10–25 1.364·10–25 1.395·10–25 1.315·10–25 1.365·10–25 1.408·10–25

3.00 1.195·10–25 1.257·10–25 1.299·10–25 1.190·10–25 1.251·10–25 1.303·10–25

Ta ble 7. The ef fec tive elec tron num ber or elec tron den sity, Nel, elec tron per gram for the four metal chlo ride mix tures at
the three dif fer ent weight ra tios

En ergy [MeV]
Elec tron den sity Nel [g

–1]
BiCl3 CdCl2

5 % 25 % 45 % 5 % 25 % 45 %
0.05 4.146·10+23 4.624·10+23 4.898·10+23 2.678·10+23 2.782·10+23 3.192·10+23
0.10 3.990·10+23 4.812·10+23 5.184·10+23 2.961·10+23 2.886·10+23 3.156·10+23

0.15 3.585·10+23 4.346·10+23 4.767·10+23 3.076·10+23 2.967·10+23 3.093·10+23

0.20 3.399·10+23 3.962·10+23 4.346·10+23 3.119·10+23 3.010·10+23 3.046·10+23

0.40 3.213·10+23 3.322·10+23 3.439·10+23 3.154·10+23 3.054·10+23 2.986·10+23

0.60 3.183·10+23 3.172·10+23 3.175·10+23 3.159·10+23 3.060·10+23 2.975·10+23

0.80 3.172·10+23 3.118·10+23 3.074·10+23 3.161·10+23 3.062·10+23 2.971·10+23

1.00 3.168·10+23 3.093·10+23 3.026·10+23 3.162·10+23 3.063·10+23 2.969·10+23

1.50 3.166·10+23 3.074·10+23 2.988·10+23 3.164·10+23 3.063·10+23 2.968·10+23

2.00 3.174·10+23 3.083·10+23 3.000·10+23 3.168·10+23 3.061·10+23 2.966·10+23

2.50 3.186·10+23 3.099·10+23 3.024·10+23 3.175·10+23 3.057·10+23 2.963·10+23

3.00 3.202·10+23 3.119·10+23 3.053·10+23 3.184·10+23 3.054·10+23 2.961·10+23

En ergy [MeV]
Elec tron den sity Nel [g

–1]
CsCl PbCl2

5 % 25 % 45 % 5 % 25 % 45 %
0.05 2.092·10+23 2.268·10+23 2.667·10+23 3.623·10+23 3.814·10+23 4.080·10+23

0.10 2.551·10+23 2.414·10+23 2.709·10+23 3.515·10+23 3.934·10+23 4.257·10+23

0.15 2.851·10+23 2.599·10+23 2.760·10+23 3.353·10+23 3.741·10+23 4.058·10+23

0.20 2.990·10+23 2.744·10+23 2.804·10+23 3.270·10+23 3.559·10+23 3.836·10+23

0.40 3.122·10+23 2.958·10+23 2.881·10+23 3.182·10+23 3.205·10+23 3.275·10+23

0.60 3.142·10+23 3.001·10+23 2.898·10+23 3.167·10+23 3.111·10+23 3.088·10+23

0.80 3.148·10+23 3.014·10+23 2.904·10+23 3.162·10+23 3.076·10+23 3.014·10+23

1.00 3.151·10+23 3.021·10+23 2.907·10+23 3.160·10+23 3.060·10+23 2.977·10+23

1.50 3.154·10+23 3.023·10+23 2.907·10+23 3.152·10+23 3.048·10+23 2.948·10+23

2.00 3.157·10+23 3.016·10+23 2.900·10+23 3.162·10+23 3.054·10+23 2.957·10+23

2.50 3.160·10+23 3.004·10+23 2.889·10+23 3.178·10+23 3.065·10+23 2.974·10+23

3.00 3.165·10+23 2.991·10+23 2.879·10+23 3.197·10+23 3.078·10+23 2.995·10+23
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Fig ure 2. Vari a tion of the ef fec tive atomic num ber, Zeff, for the four metal chlo ride mix tures, pure ep oxy resin poly mer,
and lead metal with pho ton en ergy

Fig ure 3. Vari a tion of the HVT for the four metal chlo ride mix tures, pure ep oxy resin poly mer, and lead metal with pho ton 
en ergy
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Fig ure 4. Vari a tion of the TVL for the four metal chlo ride mix tures, pure ep oxy resin poly mer, and lead metal with pho ton
en ergy

Fig ure 5. Vari a tion of the re lax ation length,  l, for the four metal chlo ride mix tures, pure ep oxy resin poly mer, and lead
metal with pho ton en ergy



The ef fect of dop ing the ep oxy resin poly mer
with the dif fer ent metal chlo rides at dif fer ent amounts
raises the shield ing prop er ties of ep oxy resin poly mer
against gamma-ray ra di a tion. Ta ble 9 and 10 con tain
the equiv a lent thick ness for BiCl3, CdCl2, CsCl, and
PbCl2 mix tures to 0.1 cm lead metal at dif fer ent pho ton 
en er gies, in ad di tion to the mod i fi ca tion per cent age
for pure ep oxy resin poly mer as pre sented, and it was
cal cu lated de pend ing on eq. (15). It is no ticed that by
add ing 5 % of metal chlo rides only to the ep oxy resin
poly mer the equiv a lent thick ness shield ing prop er ties
raised to more than 54 % with re spect to pure poly mer.
The ef fi ciency of dop ing is raised as a metal chlo ride
ra tio in creased the mod i fi ca tion per cent age of pure
poly mer raised to more than 94 % in the low en ergy re -
gion and around 30 % in the high en ergy re gion.

Modification percentage

eq(pure epoxy resin) eq (mi

=

=
-x x xture)

eq (pure epoxy resin)x
×100 % (15)

CON CLU SIONS

The re sults show that the ep oxy resin poly mers
have a big chance to be used as ra di a tion shield ing ma -
te ri als, es pe cially if it mixed with dif fer ent metal chlo -
rides. Ep oxy resin poly mers have many char ac ter is tics 
such as en hanced strength, well flex ural con trol, ex -
cel lent re sis tance to wear, peel ing, crack ing, cor ro -
sion, mois ture, and to chem i cal and en vi ron men tal
dread ful con di tions. The to tal atomic cross-sec tion,
the ef fec tive mo lec u lar cross-sec tion, the elec tronic
cross-sec tion, the ef fec tive atomic num ber, the ef fec -
tive elec tron den sity, the re lax ation length, half-value
thick ness and the tenth-value layer as a func tion of
pho ton en ergy from 0.05 up to 3 MeV for four metal
chlo rides (BiCl3, CdCl2, CsCl, and PbCl2) mixed with
ep oxy resin poly mer C21H25ClO5 at three dif fer ent
weight frac tion ra tios (5 %, 25 %, and 45 %) lie be -
tween pure ep oxy resin poly mer and lead metal. While
the metal chlo ride ra tio in creased in side the ep oxy

resin poly mers, these pa ram e ters go ing to be more
closed to the lead metal. As a re sult of dop ing the ep -
oxy resin poly mer by dif fer ent metal chlo rides with
dif fer ent amounts, the shield ing prop er ties of ep oxy
resin poly mer against g-ray ra di a tion were go ing
higher. Es pe cially, change the equiv a lent thick ness for 
BiCl3, CdCl2, CsCl, and PbCl2 mix tures to 0.1 cm lead
metal at dif fer ent pho ton en er gies.

AU THORS¢ CON TRI BU TIONS

A. A. Thabet and C. V. More cal cu lated the
shield ing pa ram e ters pre sented in the pa per and per -
formed nu mer i cal test ing.  P.P. Pawar, M. S. Badawi,
and A. A. Thabet con ceived and wrote the pa per. A. A.
Thabet and C. V. More made valu able con tri bu tions in
var i ous phases of the work. All au thors ex ten sively in -
ter acted, ex chang ing ideas, es pe cially dur ing the prep -
a ra tion of the ar ti cle.
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Ta ble 8. The equiv a lent thick ness of pure ep oxy resin
poly mer to 0.1 cm lead metal at dif fer ent pho ton en er gies

En ergy [MeV] Equiv a lent thick ness [cm] 

0.05 31.29

0.10 31.51

0.15 12.76

0.20 6.85

0.40 2.02

0.60 1.30

0.80 1.06

1.00 0.96

1.50 0.88

2.00 0.91

2.50 0.98

3.00 1.05
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Ta ble  9. The equiv a lent thick ness for BiCl3 and CdCl2 mix tures to 0.1 cm lead metal at dif fer ent pho ton en er gies and the
mod i fi ca tion per cent age for pure ep oxy resin poly mer

En ergy
Equiv a lent

thick ness [cm] Mod i fi ca tion
per cent age

Equiv a lent
thick ness [cm] Mod i fi ca tion

per cent age

Equiv a lent
thick ness [cm] Mod i fi ca tion

per cent age
5 % BiCl3 25 % BiCl3 45 % BiCl3

0.05 14.12 54.88 % 3.81 87.81 % 1.85 94.08 %
0.10 14.39 54.33 % 3.92 87.57 % 1.91 93.95 %
0.15 8.61 32.55 % 3.31 74.08 % 1.75 86.31 %
0.20 5.43 20.67 % 2.69 60.67 % 1.56 77.29 %
0.40 1.87 7.26 % 1.38 31.67 % 1.00 50.56 %
0.60 1.24 4.85 % 1.00 23.19 % 0.78 39.98 %
0.80 1.02 4.04 % 0.85 19.97 % 0.69 35.50 %
1.00 0.92 3.67 % 0.78 18.40 % 0.64 33.22 %
1.50 0.85 3.39 % 0.73 17.22 % 0.60 31.45 %
2.00 0.88 3.52 % 0.75 17.75 % 0.62 32.26 %
2.50 0.94 3.76 % 0.79 18.78 % 0.65 33.78 %
3.00 1.01 4.04 % 0.84 19.95 % 0.68 35.48 %

En ergy
Equiv a lent

thick ness [cm] Mod i fi ca tion
per cent age

Equiv a lent
thick ness [cm] Mod i fi ca tion

per cent age

Equiv a lent
thick ness [cm] Mod i fi ca tion

per cent age
5 % CdCl2 25 % CdCl2 45 % CdCl2

0.05 13.14 57.99 % 3.44 88.99 % 1.69 94.61 %
0.10 24.42 22.52 % 11.66 62.99 % 6.71 78.70 %
0.15 11.40 10.65 % 7.51 41.12 % 5.07 60.26 %
0.20 6.39 6.66 % 4.83 29.47 % 3.59 47.57 %
0.40 1.95 3.49 % 1.67 17.49 % 1.38 31.52 %
0.60 1.26 3.07 % 1.09 15.66 % 0.93 28.74 %
0.80 1.03 2.95 % 0.90 15.10 % 0.77 27.87 %
1.00 0.93 2.89 % 0.82 14.85 % 0.69 27.47 %
1.50 0.85 2.88 % 0.75 14.80 % 0.64 27.40 %
2.00 0.89 2.99 % 0.77 15.28 % 0.66 28.15 %
2.50 0.95 3.16 % 0.82 16.02 % 0.69 29.29 %
3.00 1.02 3.35 % 0.88 16.85 % 0.73 30.56 %

Ta ble 10. The equiv a lent thick ness for CsCl and PbCl2 mix tures to 0.1 cm lead metal at dif fer ent pho ton en er gies and the
mod i fi ca tion per cent age for pure ep oxy resin poly mer

En ergy
Equiv a lent

thick ness [cm] Mod i fi ca tion
per cent age

Equiv a lent
thick ness [cm] Mod i fi ca tion

per cent age

Equiv a lent
thick ness [cm] Mod i fi ca tion

per cent age
5 % CsCl 25 % CsCl 45 % CsCl

0.05 9.22 70.53 % 2.09 93.33 % 1.00 96.81 %
0.10 20.88 33.74 % 7.92 74.86 % 4.23 86.59 %
0.15 10.65 16.52 % 5.91 53.64 % 3.64 71.50 %
0.20 6.18 9.81 % 4.19 38.87 % 2.88 57.96 %
0.40 1.94 4.01 % 1.62 19.64 % 1.32 34.64 %
0.60 1.26 3.18 % 1.09 16.13 % 0.92 29.43 %
0.80 1.03 2.93 % 0.90 15.01 % 0.77 27.68 %
1.00 0.93 2.82 % 0.82 14.50 % 0.70 26.89 %
1.50 0.86 2.77 % 0.75 14.28 % 0.65 26.54 %
2.00 0.89 2.91 % 0.78 14.90 % 0.66 27.52 %
2.50 0.95 3.12 % 0.82 15.85 % 0.69 29.00 %
3.00 1.02 3.37 % 0.87 16.94 % 0.73 30.66 %

En ergy
Equiv a lent

thick ness [cm] Mod i fi ca tion
per cent age

Equiv a lent
thick ness [cm] Mod i fi ca tion

per cent age

Equiv a lent
thick ness [cm] Mod i fi ca tion

per cent age
5 % PbCl2 25 % PbCl2 45 % PbCl2

0.05 13.59 56.57 % 3.55 88.65 % 1.69 94.61 %
0.10 13.74 56.39 % 3.60 88.57 % 1.71 94.57 %
0.15 8.37 34.38 % 3.08 75.85 % 1.58 87.58 %
0.20 5.34 21.98 % 2.55 62.81 % 1.43 79.14 %
0.40 1.86 7.75 % 1.34 33.48 % 0.95 53.06 %
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OPSE@NA  TEORIJSKA  STUDIJA  PARAMETARA  ZA[TITE  OD  GAMA ZRA^EWA 
PRIMENOM  SME[A  EPOKSIDNE  SMOLE  I  HLORIDA  METALA

Detekcija gama zra~ewa i izu~avawe interakcije gama zra~ewa sa materijalima ima
veliku va`nost i primewuje se u mnogim oblastima istra`ivawa. Pored toga, istra`ivawe novih
materijala za za{titu od gama zra~ewa daje mnoga re{ewa za vi{e problema koji se javqaju u
primeni radioaktivnih izvora u razli~itim oblastima kao {to su industrija, medicina, poqo-
privreda, istra`iva~ke laboratorije i nuklearne elektrane. U ovom radu, razli~iti parametri
slabqewa gama zra~ewa bi}e izra~unati teoretski koriste}i razli~ite hloride metala pome-
{ane sa polimerima epoksidne smole pri razli~itim odnosima te`ina. Ovi parametri slabqewa
izra~unati su za {iroki opseg energija od 0.05 MeV do 3 MeV. Ovaj {iroki spektar energija
obuhvata skoro sve energije gama zra~ewa najpoznatijih radionuklida. Dobijeni rezultati su
upore|eni sa rezultatima za ~ist polimer epoksidne smole kako bi se pokazala efikasnost
modifikacije polimera pri dodavawu drugih materijala. Tako|e, parametri slabqewa svih sme{a
upore|eni su sa parametrima slabqewa olova kako bi se proverila validnost sme{a kao mate-
rijala za za{titu od gama zra~ewa. Rezultati dobijeni u ovom radu su obe}avaju}i i prikazani
materijali mogu se koristiti kao efektivna zamena za olovo u za{titi od zra~ewa.

Kqu~ne re~i: polimer epoksi smole, metal hlorid, detekcija gama zra~ewa,
                         maseni koeficijent slabqewa, za{tita od zra~ewa


