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In this pa per, shield ing char ac ter is tics of three con crete sam ples with dif fer ent B4C, Fe3O4,
and BaSO4 con tents were ex am ined by de ter min ing their the o ret i cal and ex per i men tal mass
at ten u a tion co ef fi cients at pho ton en er gies of 15 MeV.  The mass at ten u a tion co ef fi cients mm

were the o ret i cally cal cu lated us ing the chem i cal com po si tions of sam ples with the XCOM
pro gram. Then the lin ear at ten u a tion co ef fi cients m were cal cu lated by know ing the mm val ues. 
Elekta Axesse ac cel er a tor was used to ex per i men tally de ter mine the lin ear at ten u a tion co ef fi -
cients m of sam ples with var i ous im pu ri ties. The m value of 0.4699 cm–1, 0.6072 cm–1, and
0.7194 cm–1 was ob tained for the blank sam ple, sam ple with mag ne tite, and sam ple with bar -
ite, re spec tively, at 15 MeV.  The re sults were com pared with co ef fi cients ob tained by XCOM
and in di cated a good agree ment be tween the two meth ods. The lin ear at ten u a tion co ef fi cient
was eval u ated to cal cu late the half- and tenth-value lay ers. Com pared to con ven tional con -
crete, the lin ear at ten u a tion co ef fi cient for con crete with the high est bar ite con tent in creased
by 53.1 %, and the thick ness of the half-at ten u a tion layer de creased by 34.7 %. Such a sam ple
can be used as a build ing ma te rial for med i cal cen ters and nu clear power plants.
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IN TRO DUC TION

En sur ing ra di a tion pro tec tion is a key fac tor hin -
der ing prog ress in work ing with sources of ra dio ac tive 
ra di a tion in many ar eas: med i cal phys ics [1, 2], do sim -
e try and ra di a tion pro tec tion [3, 4], in dus try and tech -
nol ogy [5-7], and ra di a tion bio phys ics [8, 9]. The en -
ergy cri sis is cur rently one of the press ing global
prob lems. The burn ing of fos sil fu els to gen er ate elec -
tric ity is no lon ger able to keep up with the de manded
vol ume of con sump tion, and, in ad di tion, the ac com -
pa ny ing emis sions of CO2 into the at mo sphere are one
of the main causes of global cli mate change on Earth.
One of the so lu tions to this prob lem is the use of a
highly ef fi cient re source – nu clear en ergy. World sta -
tis tics show that 13 % of the elec tric ity is pro duced by
nu clear re ac tors, and in coun tries such as France and
Swe den, this per cent age more than dou bles [10]. The
use and de vel op ment of this re source in other coun -
tries is con strained by the safety fac tor in the op er a tion
of nu clear re ac tors. As a new source of car bon-free

base elec tric ity that does not pro duce long-lived ra dio -
ac tive waste, fu sion can make a pos i tive con tri bu tion
to re source avail abil ity, car bon re duc tion, fis sion
waste dis posal, and safety is sues. Dur ing the con struc -
tion of med i cal in sti tu tions that planned to use mod ern
di ag nos tic and ther a peu tic equip ment with sources of
ra dio ac tive ra di a tion, it is also nec es sary to ac count for 
build ing ma te ri als' phys i cal and me chan i cal prop er ties 
and their ra di a tion-pro tec tive prop er ties. As a rule,
ma te ri als with high atomic num bers have the best
shield ing abil ity. Lead, iron, and ma te ri als con tain ing
these el e ments are good ra di a tion shields. How ever,
the use of only these ma te ri als in the con struc tion of
build ings due to their high cost is im pos si ble. In ad di -
tion, lead is toxic to hu mans and the en vi ron ment,
mak ing it less than ideal as a build ing ma te rial. There -
fore, less ef fec tive but cheaper shield ing ma te ri als,
such as sand, brick, ce ment, and con crete, are mainly
used. By chang ing the com po si tion of these ma te ri als,
it is pos si ble to in crease their abil ity to at ten u ate ra di a -
tion [11, 5].

To day, con crete is widely used for ra di a tion pro -
tec tion: it is cheap, easy to form struc tures of var i ous
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shapes, and a good ab sorber [12, 13]. Ra di a tion-pro -
tec tive con crete is a com pos ite with spe cial fill ers. It is
widely used for shield ing against gamma-rays and
neu trons due to its good shield ing prop er ties and is the
bi o log i cal bar rier of choice in nu clear re ac tors and
other nu clear in stal la tions. Var i ous au thors car ried out
stud ies to de ter mine the at ten u a tion co ef fi cients for
mul ti ple ma te ri als, such as poly mer com pos ites [14,
15], al loys [16], glasses [17, 18], and con cretes [19,
20]. Con crete was stud ied mainly at en er gies from 662
keV to 1332 keV [21-24]. How ever, de spite this, the
pro cess of ra di a tion dam age to ce ment, which is part of 
con crete, and the ef fect of dif fer ent con cen tra tions of
chem i cal el e ments on its ra di a tion re sis tance are still
in suf fi ciently stud ied. There fore, the study of ma te ri -
als used to pro vide ef fec tive ra di a tion pro tec tion is an
im por tant area.

This work aimed to study con crete sam ples with dif -
fer ent con tents of B4C, Fe3O4, and BaSO4 to test their ra di -
a tion re sis tance and sorp tion prop er ties to op ti mize the de -
sign of pro tec tive ma te ri als at a gamma-quan tum en ergy
of 15 MeV. These en er gies are of in ter est for con struct ing
op ti mal ra di a tion pro tec tion in nu clear med i cine cen ters
and at fu ture ther mo nu clear power en gi neer ing sta tions.
Above the point of 10 MeV, a sig nif i cant con tri bu tion is
made by the pro cesses of in ter ac tion of pho tons di rectly
with the nu cleus, that is, photonuclear re ac tions be gin to
oc cur. Ac cord ingly, not con sid er ing high-en ergy gamma-
-rays will sig nif i cantly un der es ti mate the risk for both per -
son nel and pa tients. A com par i son of dif fer ent con crete
sam ples was car ried out with a fo cus on the study of lin ear
at ten u a tion co ef fi cients in the field of pro tec tion against
gamma ra di a tion.

MA TE RIAL AND METH ODS

The stud ied con crete sam ples were made at Cairo
Uni ver sity, Egypt. The com po si tion and geo met ric char -
ac ter is tics of the sam ples are shown in tab. 1.

Fresh com mer cial or di nary (Type-I) Port land ce -
ment was used. Chem i cal anal y sis is shown in tab. 2.

The lin ear ab sorp tion co ef fi cients of gamma-
-rays were stud ied at the Elekta Axesse elec tron ac cel -
er a tor [25] at an en ergy of 15 MeV. The choice of this
en ergy is be cause: as a re sult of the deu te rium-tri tium
(DT) re ac tion, high-en ergy gamma quanta are emit ted, 
fig. 1 and as a re sult of ra di a tion ther apy in rooms with
a med i cal lin ear ac cel er a tor, the fol low ing types of ra -
di a tion are formed, fig. 2:
– pri mary beam – high-en ergy gamma quanta with

en er gies up to 30 MeV, di rected to the isocenter of
the lin ear ac cel er a tor (gan try ro ta tion point), which
means that when us ing the ro ta tional tech nique,
this beam can fall on four of the six walls of the cab -
i nets;
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Ta ble 1. Mix for ra di a tion shield ing

Sam ple de scrip tion
Blank
sam ple
(BS)

Sam ple 1
with

mag ne tite
(S1)

Sam ple 2
with
bar ite
(S2)

Com po si tion
[%]

Ce ment 30 30 30

Sand 70 0 0

Bo ron
car bide 0 15 15

Bar ite 0 0 55

Mag ne tite 0 55 0

SBR la tex [%] 10 10 10

Wa ter to ce ment ra tio 0.28 0.28 0.28

Den sity [gcm–3] 2.3 2.7 2.8

Di men sions 2 cm × 10 cm × 10 cm

Ta ble 2. Ce ment com po si tion

Com pound Weight [%]

SiO2 20.33

A12O3 4.20

Fe2O3 3.76

CaO 68.16

MgO 1.13

SO3 1.37

Free Ca(OH)2 1.1

Loss on ignition 2.2

Fig ure 1. Gamma-ray spec trum; (a) which could be
mea sured from ITER DT plas mas (500 MW) – MCNP
cal cu la tions [26]; b) the o ret i cal spec trum for the deu te -
rium-tri tium fu sion re ac tion [27]



– scat tered ra di a tion em a nat ing from the pa tient's
body, the head of the lin ear ac cel er a tor, the walls
of the room, and equip ment, di rected at a right
solid an gle, with a wide en ergy range [28].

The mea sure ments were car ried out in a lab o ra -
tory lo cated based of the Sunkar Med i cal Cen ter
(Almaty, Kazakhstan). Fig ure 3 shows a di a gram of
the gen eral view of the ex per i ment, which in di cates
the place ment of the de tec tor and sam ples on the mov -
able ta ble on the axis of the gamma-ray beam. Fig ure 4
shows pho to graphs of the ex per i ments on ir ra di at ing
sam ples with gamma quanta.
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Fig ure 2. (a) Scheme of ra di a tion of var i ous types in
the room of a lin ear ac cel er a tor and (b) scheme of typ i cal
ra dio ther apy treat ment vault [28]

Fig ure 3. Scheme of the gen eral view of the ex per i ment
with the elec tron ac cel er a tor Elekta Axesse

Fig ure 4. Sam ples on the mov able stage of the Elekta Axesse elec tron ac cel er a tor



Lin ear ab sorp tion co ef fi cients for three con crete
sam ples with dif fer ent B4C, Fe3O4, and BaSO4 con tents
were ob tained. A new tech nique for mea sur ing lin ear at -
ten u a tion co ef fi cients at a lin ear med i cal ac cel er a tor was
pro posed and tested in [29]. The scheme and ge om e try of 
the mea sure ment method are shown in fig. 5. To mea sure
the ab sorbed dose of the gamma-ray beam, the de tec tor
was placed on a mov able ta ble and moved with an in -
crease in the thick ness of the test sam ple and by the cor re -
spond ing value equal to 2 cm. Thus, the air gap thick ness
h be tween the sam ple un der study and the source of
gamma rays re mained con stant and was equal to 95 cm.

The re cord ing sys tem con sisted of a Vented par -
al lel ion cham ber de tec tor with an ac tive mea sure ment 
area of 24.4 cm × 24.4 cm, in which 1020 sen sors were
lo cated, ar ranged in a 32 × 32 grid ex cept for the four
cor ner po si tions. Nom i nal sen si tiv ity – 2.4 nCGy–1.
Dose Rate De pend ence ±1.0 % [25]. The pro file of the
beam ob tained us ing the stan dard soft ware pack age of
the elec tron ac cel er a tor is shown in fig. 6.

To com pare the ex per i men tal data, the sam ples'
mass at ten u a tion co ef fi cients mm were also the o ret i -
cally cal cu lated us ing the XCOM pro gram de vel oped
by Berger et al. [30]. The pro gram cal cu lates the mass
at ten u a tion co ef fi cients de pend ing on the chem i cal
com po si tion of the ma te ri als.

The lin ear gamma at ten u a tion co ef fi cients were
cal cu lated us ing eq. (1), and the mean free path (MFP), 
half-value layer (HVL), and tenth-value layer (TVL)
were de ter mined us ing eqs. (2)-(4) re spec tively [11]

m m g= m (1)

MFP =
1

m
(2)

HVL =
ln 2

m
(3)

TVL =
ln 10

m
(4)

where m [cm–1] is the lin ear at ten u a tion co ef fi cient, µm

[cm2g–1] – the mass at ten u a tion co ef fi cient, and g [gcm–3]
– the con crete den sity.

RE SULTS AND DIS CUS SION

The the o ret i cal to tal mass at ten u a tion co ef fi cients 
are shown in fig. 7 for gamma-ray en er gies in the range 
from  0.001 to 10,000 MeV. In tro duc ing bar ite into con -
crete sam ples in creased the over all gamma at ten u a tion 
co ef fi cients  be low  0.5   MeV  and  above 5 MeV. This is 
most likely due to pair for ma tion and the pho to elec tric
ef fect, which can arise with an in crease in the atomic
num ber of a sub stance [31]. The the o ret i cally cal cu -
lated mass at ten u a tion co ef fi cients of the stud ied  sam -
ples  at  a  gamma-ray en ergy Eg  of 15 MeV are 0.02149, 
0.02364, 0.02695 cm2g–1 for the blank sam ple (BS),
sam ple with mag ne tite (S1), and sam ple with bar ite
(S2) sam ples, re spec tively. The model with bar ite (S2)
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Fig ure 5. Scheme and
ge om e try of mea sure ments

Fig ure 6. Gamma beam pro file



showed a 25.4 % more mass at ten u a tion fac tor than the
sam ple with out bar ite at 15 MeV.

Fig ure 8 shows the dependences of the the o ret i -
cally cal cu lated lin ear at ten u a tion co ef fi cients in the
sam ples at Eg = 15 MeV, by us ing eq. (1). When com par -
ing sam ples S1 and S2, the lin ear at ten u a tion co ef fi cients
in creased by 18 % due to the in crease in den sity val ues

with the ad di tion of bar ite. In Akkurt et al. [32], an in -
crease (16 %) was also found in con crete when the cal cite 
filler was com pletely re placed with bar ite filler.

The ex per i men tally found lin ear at ten u a tion co -
ef fi cients at Eg = 15 MeV for three con crete sam ples
with dif fer ent con tents of B4C, Fe3O4, and BaSO4, tab. 
1, are shown in fig. 9.

Ac cord ing to the ex per i men tal re sults, fig. 9, it
can be seen that the at ten u a tion of gamma quanta
through the ma te rial oc curs ex po nen tially with the
thick ness of the ab sorber. This at ten u a tion obeys the
Beer-Lam bert law [33] and strongly de pends on the
den sity of the shield ing ma te rial [34]. Fig ure 10 com -
pares the sam ples' the o ret i cally cal cu lated lin ear at ten -
u a tion co ef fi cients with those ob tained from ex per i -
men tal mea sure ments. The fig ure clearly shows that
the dif fer ences be tween the the o ret i cally cal cu lated
and ex per i men tal lin ear at ten u a tion co ef fi cients can
in crease the ra di a tion dose by an av er age of 4.8 %.

In gen eral, it can be con sid ered that an in crease in
den sity of 22 % gives the con crete an in crease in the lin -
ear at ten u a tion co ef fi cient m of about 53 %. Based on
the ob tained mea sure ment re sults, the mean free path,
half- and- tenth-value lay ers that are the most used
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Fig ure 7. To tal mass at ten u a tion
co ef fi cients vs. gamma-ray en ergy for
three sam ples

Fig ure 8. Gamma-ray lin ear at ten u a tion co ef fi cients for
three sam ples at 15 MeV

Fig ure 9. Ex per i men tal re sults of
mea sure ments on a lin ear ac cel er a tor with ex -
po nen tial fit tings



trans mis sion lay ers of the gamma rays in shield de sign
were cal cu lated, fig. 11. The at ten u a tion thick ness of
the sam ples de creased with the ad di tion of bar ite.

Com pared to con ven tional con crete, the lin ear
at ten u a tion co ef fi cient for con crete with the high est
bar ite con tent in creased by 53.1 %, and the thick ness
of the half-value layer de creased by 34.7 %. There -
fore, S2 con crete sam ples can better re place any ma te -
ri als cur rently used for the con struc tion of nu clear
power cen ters due to their prop er ties and low cost;
while con crete and brick are better used for the con -
struc tion of nu clear med i cine di ag nos tic cen ters.

CON CLU SION

As a re sult, ex per i men tal lin ear at ten u a tion co ef -
fi cients of sam ples with var i ous im pu ri ties were ob -
tained, fig. 10, and it was shown.

·  good agree ment be tween the ex per i men tally
ob tained lin ear co ef fi cients and the o ret i cally cal cu -
lated val ues with the XCOM pro gram, which in turn
shows the pos si bil ity of us ing the Elekta Axesse ac cel -
er a tor to study ma te ri als for fu ture ther mo nu clear
power en gi neer ing and nu clear med i cine

·  a good ab sorber of 15 MeV gamma rays is con -
crete (S2) with a high con tent of BaSO4, fig. 11.

Thus, the pri mary bar rier for ra di a tion pro tec tion
must be made of con crete en riched with heavy ma te rial
such as bar ite. At the same time, a com par i son of the o -
ret i cally cal cu lated and ex per i men tally mea sured lin ear
at ten u a tion co ef fi cients showed dif fer ences of 4.8 % on
av er age, which must be con sid ered when us ing these
ma te ri als in con struc tion and es ti mat ing the ex pected
ra di a tion dose. Such sam ples should also be stud ied for
ra di a tion re sis tance from neu tron ra di a tion.
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Fig ure 10. Ex per i men tally ob tained and the o ret i cally
cal cu lated lin ear at ten u a tion co ef fi cients at Eg = 15  MeV

Fig ure 11. Mean free path (a), half-value layer (b),
and tenth-value (c) layer for gamma-ray at 15 MeV
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Julija ZARIPOVA, Vja~eslav DJA^KOV, Tatjana GLADKIH,
Mirgul BIGELDIJEVA, Nasr Ahmed Nasr DIAB

ISTRA@IVAWE  SVOJSTAVA  ZA[TITE  OD  GAMA  ZRA^EWA
MODIFIKOVANIH  KONSTRUKTIVNIH  MATERIJALA  ZA

NUKLEARNU  ENERGETIKU  I  NUKLEARNU  MEDICINU

U ovom radu ispitivane su karakteristike za{tite tri uzorka betona sa razli~itim
sadr`ajima B4C, Fe3O4 i BaSO4, odre|ivawem wihovih teorijskih i eksperimentalnih masenih
koeficijenata slabqewa pri energijama fotona od 15 MeV. Maseni koeficijenti slabqewa mm  
teoretski su izra~unati XCOM programom kori{}ewem hemijskog sastava uzoraka. Zatim su
linearni koeficijenti slabqewa m izra~unati poznavawem vrednosti mm. Elekta Axesse akcelerator
kori{}en je za eksperimentalno odre|ivawe linearnih koeficijenata slabqewa  uzoraka sa
razli~itim primesama. Vrednosti m od 0.4699 cm–1, 0.6072 cm–1 i 0.7194 cm–1 dobijene su na 15 MeV, za
uzorak bez primesa, uzorak sa magnetitom i uzorak sa baritom, respektivno. Rezultati su upore|eni
sa koeficijentima dobijenim XCOM    programom i pokazali su dobru saglasnost izme|u dve metode.
Linearni koeficijent slabqewa upotrebqen je da se izra~unaju slojevi koji slabe zra~ewe dva i
deset puta. U pore|ewu sa konvencionalnim betonom, linearni koeficijent slabqewa betona sa
najve}im sadr`ajem barita pove}an je za 53.1 %,  a debqina sloja poluslabqewa smawena je za 34.7 %.
Takav uzorak mo`e se koristiti kao gra|evinski materijal za medicinske cen tre i nuklearne
elektrane.

Kqu~ne re~i: beton, za{tita od zra~ewa, linearni koeficijent slabqewa, sloj poluslabqewa

 


