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The ex ten sive uti li za tion of ra di a tion is rap idly de vel op ing world wide in volv ing abun dant
fields like med i cal, in dus trial, re search, and nu clear fa cil i ties. This makes the need for study -
ing ra di a tion shield ing ma te ri als and their prop er ties more ur gent than ever. In the pres ent
study, bulk and nano ZnO were mixed by the same ra tio each time (10, 20, 30, and 40 wt.%),
with high-den sity poly eth yl ene as a poly mer ma trix and char ac ter ized by X-ray dif frac tion.
The re sults con firmed the good dis per sion of bulk and nano ZnO par ti cles within the poly mer 
ma trix. The pre pared com pos ite sam ples were used in dif fer ent thick nesses as gamma ray
shield ing ma te ri als, and the heavi ness was cal cu lated and com pared to lead. Us ing HPGe de -
tec tor at spe cific en er gies (59.53, 356.01, 661.66, 1173.33, and 1332.50 keV) for dif fer ent
ra dio ac tive point sources (241Am, 133Ba, 137Cs, and 60Co), the mass at ten u a tion co ef fi cient for 
the sam ples was mea sured ex per i men tally. De pend ing upon the ob tained val ues, the lin ear at -
ten u a tion co ef fi cient, half-value layer, tenth value layer, heavi ness and re lax ation length were
es ti mated. Us ing the XCOM da ta base, the val ues of lin ear at ten u a tion co ef fi cient, mass at ten -
u a tion co ef fi cient, and other pa ram e ters were cal cu lated the o ret i cally for the bulk ZnO
blended with high-den sity poly eth yl ene. The ob tained re sults were com pared to the ex per i -
men tal val ues for nano and bulk ZnO blended with high den sity poly eth yl ene. The ra di a tion
shield ing be hav ior of nano ZnO blended with high den sity poly eth yl ene was found to be
more prom is ing and ef fi cient for ra di a tion pro tec tion against gamma ray. 

Key words: nano ZnO, bulk ZnO, high-den sity poly eth yl ene, com pos ite sam ple, mass at ten u a tion
co ef fi cient, ra di a tion shield ing ma te rial

IN TRO DUC TION 

Ra di a tion is al ways con sid ered as a se ri ous
threat in nu clear power, med i cal, high en ergy re search, 
ag ri cul tural, and in dus trial fa cil i ties [1-6]. Re strain ing 
ra di a tion, hin der ing its phys i cal, bi o log i cal harm to
hu man health and the en vi ron ment, is be com ing the
main con cern to en sure hu man safety. Ac cord ing to
the type of ra di a tion used, in clud ing neu trons, gamma
rays, and X-rays, the ef fects of ra di a tion can be de ter -
mined based on the de gree of in ter ac tion of ra di a tion
beams with the shield ing ma te rial in volved. The prin -
ci ple of ra di a tion shield ing is mainly based on how the
el e men tal prop er ties con sti tut ing the shield ing ma te -
rial can at ten u ate the ra di a tion beam by re duc ing its ef -
fects. When choos ing and de sign ing ap pro pri ate ra di -

a tion shield ing ma te rial, it is rec om mended to have
enough back ground, knowl edge about its struc tural,
phys i cal, and nu clear prop er ties. Fur ther more, the
most im por tant prop er ties to de ter mine the ef fec tive -
ness of a ma te rial, as a ra di a tion bar rier, are lin ear at -
ten u a tion co ef fi cient, m, mass at ten u a tion co ef fi cient,
mm, half-value layer (HVL), tenth-value layer (TVL),
re lax ation length, l, and heavi ness. Many stud ies have 
at tempted to eval u ate the shield ing ef fec tive ness of
var i ous ma te ri als by de ter min ing the val ues of the
most im por tant shield ing pa ram e ters [7, 8]. Now a -
days, the field of ra di a tion shield ing is ori ented to -
wards man u fac tur ing new ma te ri als such as com pos ite 
poly mers and en hanc ing their prop er ties against
gamma ra di a tion [9]. Their com pe tent prop er ties like
light ness, low cost, soft ness, sta bil ity, and elas tic ity
make them ben e fi cial al ter na tives com pared to lead in
the at ten u at ing ra di a tion [10]. Many stud ies in ves ti -
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gated the use of var i ous poly mers as a ba sic ma trix
with dif fer ent metal or metal ox ide fill ers. Aycik and
Belgin et al. [11] in spected lin ear low-den sity poly eth -
yl ene (LLD-PE) by vary ing the amounts of pow dered
fill ers PbO and WO3 as shield ing ma te ri als against
ion iz ing ra di a tion. They found that for higher filler
load ings, good at ten u a tion per for mance against
gamma ra di a tion was achieved. Mortazavi et al. [12]
de signed a neu tron shield com posed of high-den sity
poly eth yl ene with bo ron nanoparticles as a filler, they
con cluded that bo rated high-den sity poly eth yl ene
(HDPE) was more ef fec tive in shield ing than raw
HDPE. Afshar et al. [13] de vel oped HDPE com pos ite
loaded with W, MoS2 and B4C to study their ra di a tion
at ten u a tion ca pa bil ity. The 45 wt.% HDPE/W com -
pos ite frac tion dem on strated a good at ten u a tion of ra -
di a tion com pared to HDPE/Pb, HDPE/B4C and
HDPE/W com pos ites. Mahmoud et al. [14], fab ri -
cated, char ac ter ized nano and mi cro lead ox ide with
dif fer ent weight frac tions that were dis persed in high
den sity poly eth yl ene. They con cluded that the at ten u -
a tion co ef fi cients in creased with the in crease of PbO
con tent and the ra di a tion pa ram e ters (HVL, TVL, and
l) for HDPE/PbO nanocomposites re vealed better
per for mance in ra di a tion shield ing.

This study is in tended for de vel op ing new, low
cost, and light ra di a tion shield ing ma te ri als start ing
from HDPE and ZnO as a filler. Dif fer ent frac tions
(10, 20, 30, and 40 wt. %) of bulk and nano ZnO par ti -
cles were added iden ti cally to the HDPE ma trix. The
lin ear and mass at ten u a tion co ef fi cients in ad di tion to
other pa ram e ters such as HVL, TVL, l, and heavi ness
were cal cu lated and com pared to HDPE. Both bulk
and nano ZnO par ti cles were cho sen to en hance the at -
ten u a tion prop er ties of the com pos ites, whereas the
HDPE poly mer was used as a ma trix to re duce the
heavi ness of the com pos ites and pro vide their easy
man u fac tur ing and formability.

THE O RET I CAL BACK GROUND

Cal cu la tion of to tal mass at ten u a tion co ef fi cient,
lin ear at ten u a tion co ef fi cient, den sity, and
dis crep ancy

Better shield ing prop er ties against gamma ray
pho tons are ob tained by the ZnO nanoparticles, which
are highly dis persed within the poly mer ma trix. Their
high elec tron den sity in creases the prob a bil ity of in ter -
ac tion with gamma rays. The lin ear at ten u a tion co ef fi -
cient m [cm–1] of the ab sorber was cal cu lated ac cord -
ing to the fol low ing eq. [15]
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where N0 is the de tec tor count rate with out the poly mer 
tar get, Nx – the count rate with the poly mer tar get, and x 
[cm] the thick ness of the ab sorber. 

The mass at ten u a tion co ef fi cient mm [cm2g–1] is a 
widely used quan tity in ra di a tion cal cu la tions, rep re -
sent ing the ef fec tive ness of the ab sorber in ra di a tion
shield ing and is ob tained by the fol low ing equa tion

m m r= m (2)

The to tal mass at ten u a tion co ef fi cient, (m/r)com -

pound/mix ture  for any chem i cal com pound or mix ture of
el e ments, is given by the mix ture rule [16]
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where Ai is the atomic weight of the sam ple and ni is
the num ber of for mula units.

The to tal lin ear at ten u a tion co ef fi cient of the
com pound can be de rived as fol lows
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where r is the ap par ent den sity of the sam ple de ter -
mined by the Ar chi me des tech nique. To cal cu late the
av er age den sity of the com pos ite sam ples based on
ASTM D 792-91 (ASTM, 1997) [17], three or ganic
liq uids (to lu ene, chloro ben zene, and eth a nol) and an
elec tri cal bal ance with a cal i brated pan (An a lyt i cal
bal ance, GR200, Ja pan) were used.  Af ter de ter min ing
their weights the com pos ites' den si ties were cal cu lated 
us ing the equa tion
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where rexp is the ex per i men tal den sity of the com pos -
ite, A – the weight of the com pos ite in air, B – the
weight of the com pos ite in the or ganic liq uid, and rL –
the density of the or ganic liq uid

Us ing the re la tion be low, the the o ret i cal val ues
of r for the com pos ites were cal cu lated and com pared
to the ex per i men tal vs.
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where rT is the the o ret i cal den sity of the com pos ite, M
[%] – the mass of the ma trix, rm – the den sity of the
ma trix, F [%] – the mass of the filler, rf – the den sity of
the filler.

The dis crep ancy D% val ues be tween m of
nanocomposites and bulk com pos ites are cal cu lated ac -
cord ing to the fol low ing equa tion
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Cal cu la tion of HVL, TVL,
heavi ness and re lax ation length

The HVL is de fined as the thick ness of an ab -
sorber re duc ing the ra di a tion level by a fac tor of 2, i.e.
to half of its ini tial level and is de ter mined by the fol -
low ing equa tion

HVL =
ln 2

m
(9)

Cor re spond ingly, TVL is de fined as the thick -
ness of an ab sorber needed to re duce the ra di a tion
beam to one-tenth of its ini tial value and is cal cu lated
by

TVL =
ln 10

m
(10)

where l is de fined as the av er age dis tance be tween
two suc ces sive in ter ac tions. It is also known as pho ton
mean free path, which is de ter mined by the equa tion

l
m

=
1

(11)

By as sign ing lead as stan dard and nor mal ized to
100 % the heavi ness of HDPE/ ZnO com pos ites was
cal cu lated us ing the equa tion

   Heaviness
Density of composite

Density of lead
= ×100[%] (12)

MA TE RI ALS AND METH ODS

Ma te ri als

Bulk ZnO (Mo lar weight 81.39 gmol–1, pu rity
98-100.5 %) was used with out fur ther pu ri fi ca tion.
ZnCl2 (Mw 136.3 gmol–1, pu rity >99 %) and NaOH
(Mw 40 gmol–1, pu rity >96 %) used in the syn the sis of
ZnO nanoparticles were sup plied by Sigma Aldrich.
HDPE  sup plied  with a den sity of 960  kgm–3 and  melt
flow in dex (MFI)  about 0.05  g/10 min  was  dried  at
90 °C ground by a me chan i cal grinder (HRPM-13,
Jiangsu, China) and crushed into pel lets was cho sen as
a base poly mer ma trix.

The ZnO nanoparticles syn the sis

Us ing the co-pre cip i ta tion method, ZnO
nanoparticles were syn the sized from 1M ZnCl2 and
dis tilled wa ter as pre cur sors. Af ter dis solv ing 30 g of
ZnCl2 in dis tilled wa ter, the so lu tion was mixed at a
con stant  stir ring  rate  for 30  minutes.  Then 4M
NaOH was added dropwise to the stirred so lu tion to
ad just the pH = 13. Later, the so lu tion was sub mit ted to 
the con stant stir ring at 80 ºC for 2 hours. Then it was
washed sev eral  times  with  hot  dis tilled  wa ter  to  set -
tle  the pH = 7 and then dried at 100 ºC for 18 hours.
The es tab lished pow der was cal cined af ter ward at 550  
ºC for 5 hours to ob tain ZnO nanoparticles, which

were ball-milled with a ra tio of 1:5 (pow der: balls) at
250 rounds per min ute for 10 minutes.

Poly mer com pos ites fab ri ca tion

The HDPE com pos ites with 10, 20, 30, and 40
wt.% of ZnO filler were syn the sized by a com pres sion
mold ing tech nique. The HDPE was melted in a roll
mixer (XK400, Shandong, China) for 10 minutes. The
ap pro pri ate frac tions of ei ther bulk or nano ZnO par ti -
cles were added with con tin u ously mix ing for 15
minutes. Af ter that, the mix ture was ag i tated well to
ob tain a ho mo ge neous mix ture dis trib uted uni formly
within the poly mer ma trix. The ob tained spec i mens
were re moved from the mixer af ter mill ing pro cess
and then spilled into rect an gu lar  stain less-steel mold
of di men sions (25 cm × ´.25 cm × 0.3 cm) and
smoothed be tween two lay ers of ther mal tef lon. This
was fol lowed by hot press ing us ing a hy drau lic press
of 20 MPa at 170 °C for 15 minutes. Un der com pres -
sion, the ob tained sam ples were cooled by wa ter at 20
°C min–1. The pre pared com pos ites with 10, 20, 30,
and 40 wt. % ZnO filler were cut into disc spec i mens
of 8.5 cm di am e ter for the sub se quent ra di a tion shield -
ing test.

The X-ray dif frac tion

The crys tal lite size of the ob tained sam ples was
de ter mined us ing X-ray dif frac tion  (Model: D8 FO -
CUS BRUKER), em ploy ing Cu-ka ra di a tion (l =
0.154 nm) in a range 10° £ 2q £ 70°.

Gamma rays ac qui si tion and anal y sis

Us ing a multi-chan nel an a lyzer (MCA) the ex per i -
men tal gamma ray mea sure ments were de ter mined in the 
Ra di a tion Phys ics lab o ra tory (RPL), Fac ulty of Sci ence,
Al ex an dria Uni ver sity, Al ex an dria-Egypt. The most in -
tense peaks in the spec tra were ob served and treated by
us ing ISO 9001 Ge nie 2000 data ac qui si tion and anal y sis 
soft ware by Can berra. Four ra dio ac tive point sources
were used for the cal i bra tion pro cess 241Am, 133Ba, 137Cs, 
and 60Co. Sta tis ti cal un cer tain ties >1 % were achieved by 
in creas ing the ac qui si tion time. By ex ploit ing au to matic
peak search and peak area cal cu la tions, the ac quired
spec tra by the MCA of gamma rays were pro cessed. To
ex e cute the needed cal cu la tions, the peak ar eas,
real-time, start ing time, and live time were en tered into
charts for each spec trum. As shown in fig. 1, the gamma
ray spec trom e try is ac quired by the HPGe de tec tor that is
con nected to MCA. The ob tained spec trum from MCA is 
an a lyzed us ing the Can berra soft ware so that a very nar -
row beam can be ac quired while ne glect ing the ef fect of
de tec tor dead time [18]. The de tec tor was en closed with
lead blocks to re duce the back ground. 
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By es ti mat ing the trans mis sion of gamma rays
through the sam ples us ing five dif fer ent thick nesses (2 
mm, 4 mm, 6 mm, 8 mm, and 10 mm) the lin ear at ten u -
a tion co ef fi cient m [cm–1] and the mass at ten u a tion co -
ef fi cient mm [cm–2g–1] of poly mer com pos ites were de -
ter mined us ing the XCom soft ware. The ex per i men tal
at ten u a tion re sults were mea sured and com pared to the 
cal cu lated the o ret i cal re sults. The four ra dio ac tive
point sources (241Am, 133Ba, 137Cs, and 60Co) were
cho sen to emit (59.53, 356.01, 661.66, 1173.33, and
1332.50 keV) and these sources were pur chased from
Physikalisch-Technische Bundesanstalt in Braun-
schweig and Berlin. Us ing a well- cal i brated high pu -
rity ger ma nium cy lin dri cal de tec tor (HPGe) (Model
GC1520) with rel a tive ef fi ciency 15 % and en ergy
range (50 keV-10 MeV). The count rate (N) was cal cu -
lated from the net ar eas un der the spec tral lines 59.53,
356.01, 661.66, 1173.33, and 1332.50 keV. A lin ear
plot of ln N vs. x (thick ness) of each sam ple was pro -
vided to ob tain the best fit for m [cm–1].

RE SULTS AND DIS CUS SION

The X-rays dif frac tion

Fig ures 2(a)-2(d) il lus trate the XRD pat terns of
HDPE, ZnO nanoparticles, HDPE/ ZnO nano-co
mposites and HDPE/ bulk ZnO com pos ites, re spec -
tively.  As shown in fig. 2(a), HDPE pos sesses an
orthorhombic, hex ag o nal crys tal struc ture with re flec -
tion planes (110), (200), and (020). An in ten sive peak
is dis played at 2q = 21.61º, fol lowed by other small
peaks at 24.02 º and 30.04 º, hav ing interplanar spac -
ing at   4.11, 3.7, and 2.97 Å (1 Å = 10–10 m), re spec -
tively [19]. Fig ure 2(b) dis plays the planes (100),
(002), (101), (102), (110), (103), (200) and (112) cor -
re spond ing to hex ag o nal (wurt zite) struc ture of   ZnO
nanoparticles of av er age crys tal lite size 27 nm es ti -
mated by Rietveld method us ing MAUD pro gram fit -

ting [20]. Three ma jor strong peaks at 2q = 31.86 º,
34.52 º and 35.74 º, ap pear and the sharp ness of the
peaks de picts the high de gree of crystallinity of the ox -
ide.

In fig. 2(c), 10 wt.%, 20 wt.%, 30 % and 40 wt.%
XRD pat terns of HDPE/ZnO nanocomposites are dis -
played. The sharp peaks of these com pos ites il lus trate
the pres ence of amor phous crys tal lite struc ture. All
dis played pat terns form a con junc tion be tween peaks
of HDPE and ZnO nanoparticles, with a change in in -
ten sity and peak width, while the peak po si tion re -
mains the same in the range. The iden ti fied peaks of
ZnO nanoparticles are de tected at 2q = 32.38º, 34.88 º,
and 36.86 º. For low wt.% of ZnO nanoparticles, the
planes (110) and (200) cor re spond ing to the HDPE re -
main un changed in di cat ing that the chem i cal and crys -
tal lite struc ture of HDPE ma trix has not changed. As
the filler con cen tra tion in creases the HDPE peaks are
at ten u ated and be come weaker for 30 and 40 wt.% of
ZnO nanoparticles. This il lus trates the good dis per -
sion of ZnO nanoparticles into the poly mer ma trix.
Fig ure 2(d) dis plays the anal o gous be hav ior of XRD
pat terns for HDPE/ bulk ZnO com pos ites. 

Mea sure ment of gamma ray at ten u a tion
pa ram e ters with dif fer ent en er gies

Ex per i men tally, the gamma ray at ten u a tion was
mea sured with and with out the poly mer sam ple. The
den sity of the sam ple is an im por tant pa ram e ter in the
at ten u a tion pro cess, where for heavy at oms more in -
ter ac tions with pho tons can oc cur per unit length of a
sam ple. It is more con ve nient and pre cise to use the
mass at ten u a tion co ef fi cient mm [cm2g–1] to de fine the
at ten u a tion be hav iour of a given sam ple. Ta ble 1 il lus -
trates the val ues of the mea sured lin ear at ten u a tion co -
ef fi cient m [cm–1], the o ret i cal m [cm–1] cal cu lated from
XCOM pro gram, mea sured den sity r, dis crep ancy
D% be tween the mea sured and the the o ret i cal val ues
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Fig ure 1. Di a gram of
mea sure ment set-up us ing the
HPGe detector



of m and the mass at ten u a tion co ef fi cient mm [cm2g–1]
for HDPE, 10, 20, 30, and 40 wt. % of HDPE/bulk
com pos ites at 59.53, 356.01, 661.66, 1173.25, and
1332.50 keV, re spec tively. It is clear, from the re sults
pre vailed by tab. 1 that the mea sured val ues of r in -
crease with the in crease of bulk ZnO con tent. This is
at trib uted to the dis per sion of HDPE with the bulk
ZnO hav ing a higher den sity (r = 5.61 gcm–3) com -
pared to HDPE, which con se quently in creases the
pack ing den sity of the com pos ite. The lig ands at -
tached to bulk ZnO par ti cles in flu ence their in ter ac -
tion with the HDPE ma trix, thus af fect ing the par ti cle
be hav ior and spa tial dis tri bu tion [21]. The data listed
in tab. 1 con firm that the in crease in ZnO bulk con tent
in creases the mag ni tude of m in all wt.% of the com -
pos ite sam ples at all en ergy ranges.

Ta ble 2 il lus trates the ex per i men tal val ues of lin -
ear at ten u a tion co ef fi cient m [cm–1], mass at ten u a tion
co ef fi cient mm [cm2g–1], and den sity r [gcm–3] for
HDPE, HDPE/ZnO nanoparticles and HDPE/ bulk
ZnO com pos ites at  en er gies 59.53, 356.01, 661.66,
1173.33, and 1332.50 keV, re spec tively. The lin ear
and mass at ten u a tion co ef fi cients for the sam ples de -
crease as the pho ton en ergy in creases. This be hav ior is 
re lated to the abil ity of the com pos ite to at ten u ate ra di -

a tion and its per me abil ity. For the same wt.% the lin ear 
and mass at ten u a tion co ef fi cients are higher for the
ZnO nanoparticles filled com pos ite com pared to the
bulk ZnO com pos ite. This in di cates that ZnO
nanoparticles are better than bulk ZnO in shield ing
per for mance.

Fig ures 3(a)-3(b) dis play the vari a tion of lin ear
at ten u a tion co ef fi cient m [cm–1] val ues of HDPE and
the bulk and nano ZnO com pos ites vs. pho ton en er -
gies, re spec tively. For all the se lected com pos ite ma te -
ri als, the va ri ety of m with the in ci dent pho ton en ergy is 
al most the same. Two main en ergy re gions could be
char ac ter ized: the low en ergy re gion, Eg < 0.4 MeV
where m de creases sharply and high en ergy re gion, Eg
> 0.4 MeV, where m de creases slightly. These re gions
are at trib uted to the pho ton ab sorp tion mech a nisms for 
dif fer ent pho ton en er gies [22]. By in creas ing the
gamma ray en ergy the in ter ac tion cross-sec tions are
de creased. At low en er gies, the pho to elec tric ef fect is
dom i nant, whereas the Compton scat ter ing over laps
with the pho to elec tric ef fect within the en ergy range
(100 keV to 1.33 MeV). But above this range of en ergy 
pair pro duc tion is sig nif i cantly higher [23]. There is
only com plete ab sorp tion of the in ci dent gamma pho -
tons in case of the pho to elec tric ef fect, rather than
Compton scat ter ing and pair-pro duc tion where pho -
tons are not com pletely ab sorbed. The dis crep ancy
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Fig ure 2. The XRD pat terns of (a) HDPE, (b) ZnO nanoparticles, (c) HDPE/ ZnO nanocomposites, and (d) HDPE/ bulk
ZnO com pos ites, re spec tively



Z. Alsayed, et al.: Study of Some Gamma Ray At ten u a tion Pa ram e ters for New ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2019, Vol. 34, No. 4, pp. 342-352 347

Ta ble 1. The ZnO wt.%, the mea sured val ues of den sity, lin ear, mass at ten u a tion co ef fi cients, and the the o ret i cal val ues
es ti mated by the XCOM pro gram of HDPE and HDPE/ZnO bulk com pos ites at 59.53, 356.01, 661.66, 1173.25, and
1332.50 keV

Sam ple En ergy [keV]
Lin ear at ten u a tion co ef fi cient [cm–1]

D [%]
Den sity of
com pos ites

[gcm–3]

Mass at ten u a tion
co ef fi cient
[cm2g–1]Mea sured XCOM

HDPE

59.53 0.174 0.167 3.898

0.887

0.196

356.01 0.103 0.101 2.042 0.116

661.66 0.08 0.078 2.459 0.090

1173.23 0.062 0.060 4.189 0.070

1332.50 0.058 0.056 4.044 0.065

10 wt.% Bulk
ZnO com pos ite

59.53 0.331 0.321 2.969

1.041

0.318

356.01 0.112 0.117 –4.200 0.108

661.66 0.0886 0.090 –1.681 0.085

1173.23 0.0704 0.069 2.578 0.068

1332.50 0.064 0.064 –0.453 0.061

20 wt.% bulk
ZnO com pos ite

59.53 0.502 0.473 6.109

1.104

0.455

356.01 0.124 0.122 1.455 0.112

661.66 0.096 0.094 2.265 0.087

1173.23 0.074 0.071 3.577 0.067

1332.50 0.068 0.067 1.589 0.062

30 wt.% bulk
ZnO com pos ite

59.53 0.713 0.675 5.593

1.231

0.579

356.01 0.132 0.134 –1.785 0.107

661.66 0.102 0.103 –0.824 0.083

1173.23 0.08 0.078 2.278 0.065

1332.50 0.075 0.073 2.327 0.061

40 wt.% bulk
ZnO com pos ite

59.53 0.902 0.857 5.277

1.282

0.703

356.01 0.142 0.138 2.935 0.111

661.66 0.107 0.105 1.743 0.083

1173.23 0.084 0.080 5.101 0.065

1332.50 0.078 0.075 4.134 0.061

Ta ble 2. The HDPE/ ZnO com pos ites filler wt.%, den sity, [r], dis crep ancy D%, lin ear and mass at ten u a tion co ef fi cients at
dif fer ent en er gies

Sam ple En ergy [keV]
Lin ear at ten u a tion co ef fi cient [cm–1]

D [%]
Den sity of ZnO
NPs com pos ites

[gcm–3]

Mass at ten u a tion
co ef fi cient of ZnO 

NPs [cm2g–1]
ZnO NPs

com pos ites
Bulk ZnO
com pos ites

10 wt.%

59.53 0.422 0.331 21.563

1.063

0.397

356.01 0.118 0.112 5.084 0.111

661.66 0.096 0.0886 7.708 0.090

1173.23 0.077 0.0704 8.571 0.072

1332.50 0.071 0.064 9.859 0.067

20 wt.%

59.53 0.516 0.502 2.713

1.067

0.483

356.01 0.134 0.124 7.462 0.126

661.66 0.104 0.096 7.692 0.097

1173.23 0.082 0.074 9.756 0.077

1332.50 0.074 0.068 8.108 0.069

30 wt.%

59.53 0.71 0.713 –0.422

1.116

0.636

356.01 0.137 0.132 3.649 0.123

661.66 0.111 0.102 8.108 0.099

1173.23 0.087 0.08 8.0459 0.078

1332.50 0.081 0.075 7.407 0.073

40 wt.%

59.53 0.945 0.902 4.550

1.224

0.772

356.01 0.152 0.142 6.578 0.124

661.66 0.121 0.107 11.570 0.099

1173.23 0.094 0.084 10.638 0.077

1332.50 0.086 0.078 9.302 0.070



val ues D% listed in tab. 1, con firm the close agree ment
be tween the mea sured lin ear at ten u a tion co ef fi cients
and XCOM data re sults.

The mm de pends on both the in ci dent pho ton en -
ergy and filler wt.%; mm in creases when filler wt.% in -
creases, but de creases with the in crease of in ci dent pho -
ton en ergy. This may be as cribed to the in crease of ZnO
con tent within the poly mer ma trix and the good dis per -
sion of the filler within HDPE. For all in ves ti gated
gamma ray en er gies, a sig nif i cant in crease is ob served
in m and mm val ues for the com pos ites filled with ZnO
for the same wt.%. The prob a bil ity of in ter ac tion be -
tween the com pos ite sam ples and the pho ton beam is
en hanced due to the high elec tron den sity and high sur -
face area of ZnO nanoparticles that are uni formly dis -
trib uted within the poly mer ma trix. So it is con firmed
that both com pos ites con tain ing bulk ZnO and ZnO
nanoparticles im prove HDPE as a shield ing ma te rial,
but the better at ten u a tion per for mance is cred ited to the
com pos ites con tain ing ZnO nanoparticles. 

The re lax ation length, l, is cal cu lated and listed
in tabs. 3 and 4 for all the com pos ite sam ples at the
pho ton en er gies 59.53, 356.01, 661.66, 1173.25, and
1332.50 keV, re spec tively. It rep re sents the av er age
dis tance be tween two suc ces sive in ter ac tions so that
the shield ing prop er ties of the fab ri cated sam ples can
be com pared eas ily. Better shield ing prop er ties of the
ma te ri als are at tained by those hav ing less re lax ation

length. Fig ures 4(a)-4(b) show the vari a tion of the re -
lax ation length, l, with pho ton en er gies for the
HDPE/ZnO com pos ite sam ples. It is ob vi ous that at
the lower en ergy range pho tons can lose their en ergy at 
a shorter dis tance, whereas the high en ergy pho tons
need a lon ger dis tance. Also, from both figs. 5 and 6, it
can be no ticed that the sam ples with high ZnO wt.%
show the shorter re lax ation length, which con firms
their per for mance in gamma ray at ten u a tion shield ing
over the en ergy range 59.53, 356.01, 661.66, 1173.25,
and 1332.50 keV, re spec tively.

Two im por tant pa ram e ters must be con sid ered
when de sign ing a new shield ing ma te rial, HVL and
TVL. Fig ures 5 and 6 show the changes of HVL and
TVL val ues with the wt.% of ZnO con tent at en ergy
1173.23 keV. Both HVL and TVL val ues de crease
with the in crease in ZnO wt.% con tent. Also, the vari a -
tion of HVL and TVL for all sam ples are elu ci dated in
tabs. 3 and 4. These val ues are use ful for se lect ing the
best ra di a tion shield ing sam ple that has a higher con -
tent of ZnO nanoparticles.

The heavi ness per cent age of HDPE with bulk
and nano ZnO com pos ites was cal cu lated com pared to
lead as a stan dard (100 %) as il lus trated in fig. 7.  The
heavi ness per cent age of 40 wt.% sam ple is 9.8 % for
nano ZnO and 10.8 % for bulk ZnO. The val ues ob -
tained con firm that the ob tained HDPE/ZnO com pos -
ites are much lighter com pared to lead. In ad di tion to

Z. Alsayed, et al.: Study of Some Gamma Ray At ten u a tion Pa ram e ters for New ...
348 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2019, Vol. 34, No. 4, pp. 342-352

Fig ure 3. Lin ear at ten u a tion co ef fi cients of HDPE with
(a) bulk and (b) nano ZnO com pos ites vs. en ergy

Fig ure 4. Re lax ation length of HDPE with (a) nano
ZnO and (b) bulk ZnO com pos ite ma te ri als vs. pho ton 
en ergy



their high per for mance in ra di a tion shield ing, these
com pos ites are flex i ble and non-toxic.

CON CLU SION

New light and con sid er ably low-cost ma te ri als
for gamma ray ra di a tion shield ing were suc cess fully

fab ri cated from HDPE and ZnO as a filler. XRD re -
sults con firm the crystallinity of ZnO nanoparticles of
av er age crys tal lite size 27 nm, which is well dis persed
within HDPE. The val ues of lin ear and mass at ten u a -
tion co ef fi cients de crease with the in crease in pho ton
en er gies but in crease with ZnO filler con tent. Heavi -
ness, half-value layer, and tenth-value layer de crease
with the in crease in ZnO filler con cen tra tion. The re -

Z. Alsayed, et al.: Study of Some Gamma Ray At ten u a tion Pa ram e ters for New ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2019, Vol. 34, No. 4, pp. 342-352 349

Ta ble 3. The ex per i men tal val ues of HVL, TVL, and l of HDPE and HDPE/ZnO nanocomposites

Sam ple En ergy [keV] HVL [cm] TVL [cm] l [cm]

HDPE

59.53 3.984 13.233 5.747

356.01 6.730 22.355 9.709

661.66 8.664 28.782 12.500

1173.23 11.180 37.138 16.129

1332.5 11.951 39.700 17.241

10 wt.% nano

59.53 1.643 5.456 2.370

356.01 5.874 19.513 8.475

661.66 7.220 23.985 10.417

1173.23 9.002 29.904 12.987

1332.5 9.763 32.431 14.085

20 wt.% nano

59.53 1.343 4.462 1.938

356.01 5.173 17.183 7.463

661.66 6.665 22.140 9.615

1173.23 8.453 28.080 12.195

1332.5 9.367 31.116 13.514

30 wt.% nano

59.53 0.976 3.243 1.408

356.01 5.059 16.807 7.299

661.66 6.245 20.744 9.009

1173.23 7.967 26.466 11.494

1332.5 8.557 28.427 12.346

40 wt.% nano

59.53 0.733 2.437 1.058

356.01 4.560 15.149 6.579

661.66 5.728 19.030 8.264

1173.23 7.374 24.496 10.638

1332.5 8.060 26.774 11.628

661.66 6.796 22.574 9.804

1173.23 8.664 28.782 12.500

1332.5 9.242 30.701 13.333

Fig ure 5. The HVL, TVL, and l val ues of HDPE/ZnO
nanocomposites mea sured at en ergy 1173.23 keV

Fig ure 6. The HVL, TVL, and l val ues of HDPE/bulk
ZnO com pos ites mea sured at en ergy 1173.23 keV



lax ation length in creases with pho ton en er gies but de -
creases with ZnO wt.%. The com pos ites con tain ing
ZnO nanoparticles as a filler show su pe rior per for -
mance in ra di a tion shield ing for all in ves ti gated en er -
gies. The ZnO nanoparticles were in volved in in creas -
ing the in ter ac tion prob a bil ity with gamma rays by
ef fec tively in creas ing the elec tron den sity. The fab ri -
cated HDPE/ZnO com pos ites are lighter com pared to
lead, eas ily man u fac tured, non-toxic, and highly rec -
om mended for man u fac tur ing com fort able, pro fes -
sional out fits for all staff work ing in ra di a tion fa cil i ties 
and around ra di a tion-based equip ment.
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Ta ble 4. The ex per i men tal val ues of HVL, TVL, and l of HDPE and HDPE/ZnO bulk com pos ites

Sam ple En ergy [keV] HVL [cm] TVL [cm] l [cm]

HDPE

59.53 3.984 13.233 5.747

356.01 6.730 22.355 9.709

661.66 8.664 28.782 12.500

1173.23 11.180 37.138 16.129

1332.5 11.951 39.700 17.241

10 wt.% bulk

59.53 2.094 6.956 3.021

356.01 6.189 20.559 8.929

661.66 7.823 25.989 11.287

1173.23 9.846 32.707 14.205

1332.5 10.830 35.978 15.625

20 wt.% bulk

59.53 1.381 4.587 1.992

356.01 5.590 18.569 8.065

661.66 7.220 23.985 10.417

1173.23 9.367 31.116 13.514

1332.5 10.193 33.862 14.706

30 wt.% bulk

59.53 0.972 3.229 1.403

356.01 5.251 17.444 7.576

661.66 6.796 22.574 9.804

1173.23 8.664 28.782 12.500

1332.5 9.242 30.701 13.333

40 wt.% bulk

59.53 0.768 2.553 1.109

356.01 4.881 16.215 7.042

661.66 6.478 21.519 9.346

1173.23 8.252 27.412 11.905

1332.5 8.887 29.520 12.821

Fig ure 7. Heavi ness per cent age val ues of dif fer ent HDPE 
and HDPE/ZnO com pos ite ra di a tion ab sorb ers
com pared to lead as a stan dard (100%)



an a lyzed the re sults. The fig ures were ar ranged by M.
S. Badawi and Z. Alsayed.
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ISTRA@IVAWE  PARAMETARA  SLABQEWA  GAMA  ZRA^EWA  NOVIH 
ZA[TITNIH  MATERIJALA  SASTAVQENIH  OD  NANO  ZnO

POME[ANOG  S  POLIETILENOM  VISOKE  GUSTINE

Ekstenzivna upotreba zra~ewa brzo se {iri svetom, ukqu~uju}i obimne oblasti poput
medicinskih, industrijskih, istra`iva~kih i nuklearnih postrojewa. Zbog toga je potreba za
prou~avawem materijala za za{titu od zra~ewa i wihovih svojstava hitnija nego ikad. U ovom radu
osnovna podloga i nano ZnO me{ani su svaki put u istom odnosu (10-40 masenih procenata), sa
polietilenom visoke gustine kao polimer matriksom i okarakterisani su difrakcijom
rendgenskih zraka. Rezultati su potvrdili dobru disperziju osnovnih i nano ZnO ~estica unutar
polimerne matrice. Pripremqeni kompozitni uzorci kori{}eni su sa razli~itim debqinama kao 
gama za{titni materijal, a wihova ja~ina izra~unata je i upore|ena sa olovom. Kori{}ewem HPGe
detektora eksperimentalno je izmeren maseni koeficijent slabqewa uzoraka pri specifi~nim
energijama (59.53, 356.01, 661.66, 1173.33, i 1332.50 keV) razli~itih radioaktivnih ta~kastih izvora
(241Am, 133Ba, 137Cs, i 60Co). U zavisnosti od dobijenih vrednosti proceweni su linearni
koeficijent slabqewa, debqina poluslabqewa, debqina slabqewa deset puta, koeficijent
te`ine i du`ina relaksacije. Koriste}i XCOM bazu podataka, teorijski su izra~unate vrednosti
koeficijenta lineranog slabqewa, masenog koeficijenta slabqewa i drugi parametri za osnovni
ZnO pome{an sa polietilenom visoke gustine. Dobijeni rezultati upore|eni su sa
eksperimentalnim vrednostima. Pokazalo se da je za{tita od zra~ewa nano ZnO pome{anog sa
polietilenom visoke gustine perspektivnija i efikasnija za gama zra~ewe.

Kqu~ne re~i: nano ZnO, osnovni ZnO, polietilen visoke gustine, kompozitni uzorak, maseni
..........................koeficijent slabqewa, materijal za za{titu od zra~ewa


