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In the pres ent work we in ves ti gated the gamma ra di a tion pa ram e ters as mass at ten u a tion co -
ef fi cients m/r, the to tal atomic scat ter ing cross-sec tions st, the elec tronic scat ter ing cross-sec -
tions se, the ef fec tive atomic num bers Zeff, and the ef fec tive elec tron den si ties Neff for some
poly mers such as polyoxymethylene (CH2O), poly acrylonitrile (C3H3N), nat u ral rub ber
(C5H8), poly ethyl acrylate (C5H8O2), polyphenyl methacrylate (C10H10O2), and poly eth yl -
ene tetraphthalate (C10H8O4). The gamma ray pho tons were de tected by NaI(Tl) de tec tor
with res o lu tion of 8.2 % at 662 keV, us ing ra dio ac tive gamma ray sources 57Co, 133Ba, 137Cs,
54Mn, 60Co, and 22Na  at en er gies 122, 356, 511, 662, 840, 1170, 1275, and 1330 keV. Val ues
of m/r for the cho sen poly mers de crease with in creas ing en ergy. The re sults of in ves ti gated
data are use ful in plas tic in dus try, build ing ma te ri als, ag ri cul ture fields ra di a tion shield ing,
ac cel er a tor cen ters, poly mer in dus try, med i cal field, etc. 
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IN TRO DUC TION

As the use of ra di a tion in creased in many fields
over  the last few de cades, it has been most im por tant
to study and in ves ti gate the gamma ra di a tion pa ram e -
ters for the sam ples which found im mense im por tance
in the fields like nu clear phys ics, elec tronic in dus try,
ma te rial mod i fi ca tion, med i cal sci ence, coat ing, paint
in dus try, ag ri cul ture in dus try, etc. Poly mers play very
im por tant role in pro tec tion against the gamma ra di a -
tions [1]. Poly mers are widely used in many fields be -
cause of its var i ous good prop er ties like soft ness, in su -
la tors, elas tic ity poly mer ma te ri als are C-, H-, O-based 
and known as low-Z ma te ri als, that are not in flam ma -
ble, hav ing low weight, are less ex pen sive, more sta ble 
on high tem per a ture, and can be used at large scale [2] . 
They are also used in power plants and can be ex posed
to ion iz ing ra di a tion for long time [3]. Poly mer ma te ri -
als are used as tis sue equiv a lent sub stances and phan -
toms as these ma te ri als are use ful in bi o log i cal fields
[4].

Mass at ten u a tion co ef fi cient, ef fec tive atomic
num ber, ef fec tive elec tron den sity, to tal atomic scat ter -
ing cross-sec tion, and elec tronic scat ter ing cross-sec -
tion are the ba sic pa ram e ters in the study of gamma ray

in ter ac tion. The in ter ac tion of ion iz ing ra di a tion with
the ma te ri als in volves dif fer ent pro cesses mainly de -
pend ing upon the in ten sity and the type of ab sorb ing
ma te rial. The gamma rays have greater pen e trat ing
power and obey dif fer ent ab sorp tion laws [5]. For the
study of ba sic quan ti ties; the val ues of ef fec tive atomic
num ber, elec tron den sity and mass at ten u a tion co ef fi -
cient are re quired [6].The gamma ra di a tions from the
en ergy re gion 200 keV to 1500 keV in ter act with ma te -
ri als mainly due to the dom i nance of Compton scat ter -
ing. The scat ter ing and ab sorp tion are closely re lated to
the den sity and atomic num ber of an el e ment [7]. The
pho tons of en ergy range 5-1500 keV have found to be
of im mense im por tance in the med i cal field for the mea -
sure ment of dose rate [8]. The mass at ten u a tion co ef fi -
cient m/r is a mea sure of the prob a bil ity of gamma ray
or X-ray in ter ac tion with mat ter. The knowl edge of
mass at ten u a tion co ef fi cient of gamma rays and X-rays
in bi o log i cal, shield ing, and other im por tant ma te ri als is 
of sig nif i cant in ter est for in dus trial, med i cal, bi o log i cal, 
and ag ri cul ture fields [9, 10].

In fu ture the pro tec tion from harm ful ra di a tion is 
a kind of is sue be cause the high-Z ma te ri als are hard to
de sign at large di men sions. Cost is an other con straint;
as com pared to poly mer ma te ri als the high-Z ma te ri als 
are ex pen sive. To check the avail abil ity of the low-Z
ma te ri als for ra di a tion shield ing an in ves ti ga tion was
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car ried out. Few re search ers stud ied and in ves ti gated
the gamma ray at ten u a tion, me chan i cal and ther mal
prop er ties for poly mers and poly mer ma te ri als or el e -
ments doped with poly mers [3, 4, 11]. Same work has
been car ried out for dosimetric ma te ri als, fatty ac ids,
min er als, amino ac ids, low-Z ma te ri als, etc. [12-18].
Many re search ers in ves ti gated the ex ten sive data on
to tal atomic scat ter ing cross-sec tion, elec tronic scat -
ter ing cross-sec tion, ef fec tive atomic num ber and ef -
fec tive elec tron den sity for dif fer ent ma te ri als [19-22], 
and the com par i son of in ves ti gated data with the the o -
ret i cal val ues us ing Berger and Hubbell de vel oped the
com puter pro gram (XCOM) for ab sorp tion co ef fi cient 
for el e ments, com pounds and mix tures in the en ergy
range 1 keV to 100 GeV [23, 24].  Fur ther this pro gram 
was mod i fied for win dows by Gerward et al. [25]

In pres ent study, we have cal cu lated mass at ten -
u a tion co ef fi cients m/r, ef fec tive atomic num bers Zeff,
and ef fec tive elec tron den si ties Neff for some poly mer
ma te ri als us ing NaI(Tl) de tec tor. The re sults were
com pared with the the o ret i cal val ues cal cu lated from
XCOM pro gram and con cluded that both of the re sults
are agreed to within ±4 % with each-other. Those data
are use ful in many fields like plas tic in dus try, build ing
ma te ri als, ag ri cul ture fields ra di a tion shield ing, ac cel -
er a tor cen ters, poly mer in dus try, med i cal field etc. 

THE ORY

In pres ent work, fol low ing for mu lae were used
to de ter mine the mass at ten u a tion co ef fi cients, to tal
atomic scat ter ing cross-sec tions st, elec tronic scat ter -
ing cross-sec tions se, ef fec tive atomic num bers Zeff

and ef fec tive elec tron den si ties Neff for poly mer ma te -
ri als. When a beam of mono chro matic gamma pho tons 
is at ten u ated on mat ter ac cord ing to Lam bert-Beer law

I I t= -
0e m (1)

where I0 and I are the in ci dent and trans mit ted pho ton
in ten si ties, re spec tively, m [cm–1] rep re sents the lin ear
at ten u a tion co ef fi cient of the ma te rial and t [cm] is the
thick ness of the tar get ma te rial or sam ple. Re ar range -
ment of eq. (1) yields the fol low ing equa tion for the
lin ear at ten u a tion co ef fi cient
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The mass at ten u a tion co ef fi cients of the sam ples
were cal cu lated us ing the equa tion
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where wi is the weight frac tion. The wi can be de fined
as
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where Ai is the atomic weight of the sam ple, and ni is a
num ber of for mula units.

The val ues of mass at ten u a tion co ef fi cients ob -
tained from eq. (3) were then used to de ter mine the to -
tal atomic scat ter ing cross-sec tion st by the re la tion
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where N = SiniAi is the atomic mass of the sam ple and
NA – the Avo ga dro's num ber. Sim i larly, elec tronic
scat ter ing cross-sec tion se for the in di vid ual el e ment
is given by
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where fi is the frac tional abun dance of the sam ple and
Zi – the atomic num ber of the sam ple.

The to tal atomic scat ter ing cross-sec tion and
elec tronic scat ter ing cross-sec tion are re lated with the
ef fec tive atomic num ber Zeff as
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The equa tion for Neff is
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EX PER I MEN TAL DE TAILS

Gamma ray trans mis sion NaI(Tl) de tec tor have
been used to per form the pres ent study and ra dio ac tive
sources 57Co, 133Ba, 22Na, 137Cs, 54Mn, and 60Co emit -
ting en er gies 122, 356, 511, 662, 840, 1170, 1275, and
1330 keV were used for ir ra di a tion in nar row beam
good ge om e try set-up, us ing a gamma cam era for the
cho sen poly mer sam ples. The gamma ray pho tons were
de tected us ing NaI(Tl) de tec tor with res o lu tion of 8.2 % 
at 662 keV. Sig nals from the de tec tor were en larged and
an a lyzed with 8K mul ti chan nel an a lyzer. The ef fec tive -
ness of NaI(Tl) de tec tor is higher at low source en ergy
[26]. The un cer tainty in de ter mined ex per i ment is
found to be 1-4 % [27]. To make poly eth yl ene
(C10H8O4), nat u ral rub ber (C5H8), polyphenyl
methacrylate (C10H10O2), poly-oxymethylene (CH2O)
poly acrylonitrile (C3H3N), and poly ethyl acrylate
(C5H8O2) as ra di a tion tar get, we used KBr press ma -
chine  to  pre pare  pel lets  shav ing of same thick ness
(0.13 gcm–2) and then filled in a cy lin dri cal plas tic con -
tainer hav ing the same di am e ter as that of sam ple pel -
lets.  To de ter mine the di am e ters of these sam ples, we
used a trav el ling mi cro scope. We did some ex per i ment
with the empty sam ple con tainer and found that at ten u -
a tion of pho tons with the empty con tain ers were neg li -
gi ble (fig. 1). 

To get ac cu racy in ex per i ment, we pre pared pel -
lets and weighted it us ing sen si tive dig i tal bal ance
hav ing an ac cu racy of 0.001 mg for each sam ple. Sam -
ples were weighed sev eral times and the mean of these
sam ples weight was taken as mass of the sam ple. To
sat isfy the ideal con di tion the sam ple thick ness is se -
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lected in the or der 2 < ln(I0/I) < 4 [28].Mass at ten u a -
tion co ef fi cients m/r for all the sam ples of poly mer
ma te ri als were cal cu lated us ing eq. (3).The val ues of
mass at ten u a tion co ef fi cients were also ob tained us ing 
the XCOM pro gram by Berger and Hubbell [29] et al.
pho ton en er gies of cur rent in ter est. To op ti mize mi nor
er rors we have taken care of some er rors that are
count ing sta tis tics; im pu ri ties added in the sam ple: the
er ror due to the sam ple im pu ri ties can be high only
when large per cent age of high Z im pu ri ties is pres ent
in the sam ple; uni for mity of the sam ple: the non-uni -
for mity of the sam ple ma te rial in tro duces a frac tion of
er ror of about half the root mean square de vi a tion in
mass per unit area; dead time; proper ad just ment of the
dis tance be tween the de tec tor and source (30 cm < d <
<.50 cm) [13] the max i mum an gle of scat ter ing was
be low 30 min of the NaI(Tl) de tec tor, etc. The pho ton
built-up ef fect was kept to min i mum by choos ing op ti -
mum count rate and the count ing time. The pho ton
built-up de pends on the atomic num ber and the sam ple 
thick ness, and also on the in ci dent pho ton en ergy. It is
also a con se quence of the mul ti ple scat ter ing in side the 
sam ple. In the mul ti chan nel an a lyzer used in the pres -
ent study, there was a built-in pro vi sion for dead time
cor rec tion. The pulse piles ef fects were kept at min i -
mum by se lect ing an op ti mum count rate and count ing
time.

RE SULTS AND DIS CUS SION

The val ues of mean atomic num bers cal cu lated
from chem i cal for mu lae for poly mers are shown in
tab. 1. It can be con cluded that, the val ues of mean
atomic num ber and mo lar mass of these sam ples
change with the change in chem i cal com po si tion of the 
sam ples. 

The  m/r val ues for se lected ma te ri als were in -
ves ti gated us ing NaI(Tl) de tec tor and cal cu lated from
XCOM pro gram for the pho ton en ergy range 122 keV
to 1330  keV were shown in tab. 2 and is de picted in
fig. 2 that con cludes that  m/r val ues are  a func tion of
pho ton en ergy. It is clearly seen that the val ues of m/r
de crease with in creas ing en ergy of gamma pho tons for 
all the sam ples. Also it can be seen from fig. 2, that the 
m/r val ues for nat u ral rub ber (NR) are more and con -
sid er ably less for poly eth yl ene tetraphthalate.

Sim i larly, ex per i men tal and the o ret i cal val ues of 
to tal atomic scat ter ing cross-sec tions and elec tronic
scat ter ing cross-sec tions are shown in tabs. 3 and 4 re -
spec tively. Fig ures 3 and 4 de pict vari a tion in  t and  e
with en ergy. It is ob served that the polyphenyl
methacrylate and poly eth yl ene tetraphthalate have
high est val ues of pho ton scat ter ing cross-sec tion as
shown in figs. 3 and 4, re spec tively. Ex per i men tal val -
ues of ef fec tive atomic num bers Zeff along with
XCOM re sults are tab u lated in tab. 5. Fig ure 5 shows
that the val ues of Zeff for cho sen poly mers tend to be al -
most con stant as a func tion of en ergy. This be hav ior of
Zeff with en ergy is due to the dom i nance of Compton
scat ter ing in the pres ent en ergy range. Ex per i men tal
val ues of Neff are tab u lated in tab. 6 along with the o ret -
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Ta ble 1. The mean atomic num bers cal cu lated from the
chem i cal for mula for poly mer materials

Polymer
material

Molar mass
[gmol–1]

Chemical
formula

Mean atomic
number Z

POM 30.02 CH2O 4.000

PAN 53.06 C3H3N 41.000

NR 68.12 C5H8 2.923

PEA 100.11 C5H8O2 3.600

PPM 100.12 C10H10O2 3900

PET 192.20 C10H8O4 4.545

POM – polyoxymethylene, PAN – polyacrylonitrile,
NR – nat u ral rub ber, PEA – polyethylacrylate, PPM – polyphenyl
methacrylate, PET – poly eth yl ene tetraphthalate

Ta ble 2. Mass at ten u a tion co ef fi cient m/r [cm2g–1] of poly mer ma te ri als

Poly mer
material

Energy [keV]

122 356 511 662 840 1170 1275 1330

Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The

POM 0.152 0.147 0.105 0.980 0.090 0.086 0.079 0.075 0.078 0.073 0.052 0.048 0.052 0.043 0.052 0.043

PAN 0.150 0.145 0.104 0.970 0.088 0.085 0.078 0.074 0.075 0.070 0.053 0.049 0.052 0.042 0.052 0.042

NR 0.158 0.160 0.110 0.112 0.094 0.096 0.084 0.086 0.073 0.075 0.063 0.065 0.063 0.065 0.063 0.065

PEA 0.155 0.150 0.107 0.101 0.091 0.084 0.080 0.074 0.063 0.058 0.053 0.048 0.052 0.043 0.052 0.043

PPM 0.152 0.155 0.113 0.115 0.089 0.091 0.082 0.084 0.062 0.064 0.060 0.062 0.065 0.061 0.058 0.061

PET 0.150 0.152 0.103 0.105 0.080 0.084 0.078 0.081 0.053  0.055 0.051 0.053 0.051 0.053 0.050 0.052

Fig ure 1. Sche matic view of the ex per i men tal set-up



i cal val ues. Fig ure 6 shows Neff as a func tion of en ergy. 
It has been ob served form the graph, the vari a tion in
the val ues of Neff is due to the change in the chem i cal
com po si tion of the poly mer sam ples. The the o ret i cal
val ues cal cu lated from XCOM pro gram and in ves ti -
gated from the ex per i ment show a good agree ment. 

CON CLU SION

In the pres ent pa per, we re port mass at ten u a tion
co ef fi cient m/r, ef fec tive atomic num ber Zeff, and ef fec -
tive elec tron den sity Neff for some poly mers. The en ergy
de pend ence pa ram e ters Zeff  and Neff that are use ful to cal -
cu late the dose rate have been mea sured with sufficient
ac cu racy. The ob tained re sults should be suit able in med -
i cal ap pli ca tion as poly mers are com posed of C-, H-, N-,
and O-con stit u ent el e ments and can be used as tis sue
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Fig ure 2. A typ i cal plot of mm vs. en ergy se lected
poly mers

Fig ure 3. A typ i cal plot of st vs. en ergy se lected
poly mers

Ta ble 3. Atomic cross-section st (barn per molecule) od some polymer materials

Poly mer
material

Energy [keV]

122 356 511 662 840 1170 1275 1330

Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The

POM 0.757 0.753 0.523 0.518 0.448 0.442 0.393 0.390 0.388 0.384 0.259 0.255 0.259 0.256 0.259 0.255

PAN 1.321 1.315 0.915 0.910 0.775 0.770 0.686 0.680 0.660 0.655 0.466 0.462 0.457 0.450 0.457 0.450

NR 1.787 1.790 1.2443 1.250 1.063 1.069 0.950 0.954 0.825 0.830 0.712 0.716 0.712 0.716 0.712 0.716

PEA 2.575 2.570 1.777 1.770 1.512 1.509 1.329 1.325 1.046 1.042 0.880 0.875 0.864 0.860 0.864 0.860

PPM 4.095 4.098 3.042 3.048 3.396 3.399 2.208 2.212 1.669 1.672 1.615 1.621 1.561 1.568 1.561 1.568

PET 4.783 4.785 3.284 3.287 2.551 2.554 2.487 2.490 1.690 1.694 1.626 1.630 1.626 1.630 1.594 1.598

Ta ble 4. Electronic cross-sectons se (barn per molecule) of some polymer materials

Poly mer
material

Energy [keV]

122 356 511 662 840 1170 1275 1330

Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The

POM 0.188 0.182 0.130 0.125 0.111 0.107 0.098 0.095 0.097 0.093 0.064 0.060 0.064 0.059 0.064 0.059

PAN 0.324 0.320 0.225 0.220 0.191 0.186 0.169 0.165 0.163 0.159 0.115 0.110 0.113 0.108 0.113 0.108

NR 0.660 0.664 0.452 0.454 0.384 0.386 0.342 0.347 0.296 0.300 0.255 0.259 0.254 0.260 0.254 0.260

PEA 0.728 0.724 0.501 0.497 0.426 0.421 0.374 0.370 0.294 0.291 0.247 0.241 0.243 0.240 0.243 0.240

PPM 1.038 1.041 0.772 0.774 0.609 0.612 0.561 0.564 0.424 0.426 0.411 0.414 0.397 0.401 0.397 0.401

PET 1.006 1.009 0.698 0.700 0.544 0.548 0.532 0.536 0.632 0.366 0.350 0.354 0.350 0.354 0.343 0.345

Fig ure 4. A typ i cal plot of se vs. en ergy se lected
poly mers



sub sti tute ma te ri als. From the pres ent work it was con -
cluded that poly-oxymethylene and nat u ral rub ber can be 
used as best shield ing poly mer ma te rial amongst the se -
lected poly mer ma te ri als as nat u ral rub ber and
poly-oxymethylene have more m/r val ues.

AU THORS' CON TRI BU TIONS

The o ret i cal and ex per i men tal re sults were ob -
tained by R. R. Bhosale, C. V. More, and D. K. Gaikwad.
All data were an a lyzed by P. P. Pawar and M. N. Rode. 
The whole manu script was re viewed by all au thors.
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Ta ble 5. Effective atomic number Zeff of polymer materials

Poly mer
material

Energy [keV]

122 356 511 662 840 1170 1275 1330

Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The

POM 4.022 4.019 4.011 4.008 4.005 4.000 4.002 3.990 3.999 3.995 3.995 3.991 3.994 3.992 3.993 3.992

PAN 4.066 4.060 4.052 4.048 4.046 4.041 4.042 4.041 4.039 4.035 4.035 4.030 4.033 4.028 4.032 4.028

NR 2.706 2.708 2.748 2.747 2.761 2.763 2.771 2.773 2.780 2.782 2.793 2.795 2.796 2.797 2.794 2.795

PEA 3.533 3.529 3.544 3.540 3.546 3.541 3.549 3.545 3.551 3.549 3.554 3.550 3.554 3.550 3.554 3.550

PPM 3.943 3.945 3.936 3.934 3.931 3.933 3.929 3.930 3.927 3.925 3.925 3.924 3.924 3.922 3.923 3.921

PET 4.752 4.755 4.703 4.701 4.684 4.686 4.672 4.675 4.661 4.663 4.645 4.647 4.641 4.642 4.639 4.642

Ta ble 6. Effective electron densities Neff (1023) for polymer materials

Poly mer
material

Energy [keV]

122 356 511 662 840 1170 1275 1330

Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The Exp. The

POM 3.228 3.233 3.219 3.215 3.214 3.210 3.212 3.208 3.210 3.207 3.207 3.201 3.206 3.201 3.205 3.200

PAN 3.231 3.227 3.221 3.218 3.216 3.211 3.213 3.210 3.210 3.205 3.207 3.202 3.205 3.200 3.205 3.200

NR 3.111 3.113 3.159 3.158 3.174 3.172 3.186 3.185 3.196 3.194 3.211 3.210 3.215 3.217 3.215 3.217
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Fig ure 6. A typ i cal plot of Neff vs. en ergy se lected
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ZA[TITNE  OSOBINE  I  SPOSOBNOST  SLABQEWA
GAMA  ZRA^EWA  NEKIH  POLIMERA

U ovom radu, primenom NaI(Tl) detektora gama zra~awa, izvr{eno je ispitivawe slede}ih
parametara gama zra~ewa: masenog atenuacionog koeficijenta m/r, ukupnog atomskog efikasnog
preseka za rasejawe st, elektronskog efikasnog preseka za rasejawe se, efektivnog atomskog broja
Zeff i efektivne gustine elektrona Neff nekih polimera me|u kojima su poliksimetilen (CH2O), poli 
akrilonitril (C3H3N), prirodna guma (C5H8), poli etil akrilat (C5H8O2), polifenil metakrilat
(C10H10O2), polietilen tetraftalat (C10H8O4). Za detekciju gama fotona kori{}en je NaI(Tl)
detektor rezolucije od 8.2 % na energiji od 662 keV primenom radioaktivnih izvora 57Co, 133Ba,
137Cs, 54Mn, 60Co i 22Na na energijama 122, 356, 511, 662, 840, 1170, 1275 i 1330 keV. Vrednosti m/r za
izabrane polimere su opadale sa porastom energije. Dobijeni rezultati imaju primenu u industriji 
plastike, gra|evinskim materijalima, za{titi od zra~ewa agrikulturnih poqa, u akcele-
ratorskim centrima, industriji polimera, u oblasti med i cine, itd.

Kqu~ne re~i: maseni atenuacioni koeficijent, ukupni efikasni presek za rasejawe, za{tita
..........................od gama zra~ewa, polimer


