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In this pa per the goal is to op ti mize a shield for the am er i cium-be ryl lium ra dio ac tive source,
which gen er ates a mixed neu tron and gamma-ray ra di a tion field, us ing two dif fer ent ma te ri -
als de signed with si mul ta neous mod er a tion and ab sorp tion of neu trons and gamma-ray
shield ing in mind: a new type of stain less steel and ep oxy resin (C21H25ClO5) com pos ite with
a 40  % NiO ad di tive. For this pur pose, MCNPX was used and the equiv a lent dose rate for
both types of ra di a tion was cal cu lated. Af ter  the op ti mi za tion  pro cess,  the  shield  vol ume 
ex pe ri enced a 54 % re duc tion while its weight, due to the use of a steel al loy, was in creased by
3.56 %. At a dis tance of 1 m from the cen ter of the source, the equiv a lent dose rate was re -
duced by 10.98 % in com par i son to that of the orig i nal sys tem.
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IN TRO DUC TION

Nu clear re ac tors are con sid ered the most pro lific 
and well-known neu tron sources, how ever, their most
im por tant and ob vi ous draw backs are high cost,
safety, and non-trans port abil ity. Iso to pic neu tron
sources, on the other hand, be cause of their low cost,
flex i bil ity, and por ta bil ity can be a suit able al ter na tive
[1]. Am er i cium-be ryl lium (Am-Be) is one of the most
widely used iso to pic neu tron sources with dif fer ent
ap pli ca tions in sci ence and in dus try such as neu tron
im ag ing, ir ra di a tion of sam ples, and neu tron cal i bra -
tion of de tec tors and mon i tor ing in stru ments [2].

Neu trons re leased by this source have a spec -
trum with a mean en ergy of about 4.5 MeV and max i -
mum en ergy of about 11 MeV [3]. The neu tron spec -
trum of this source is shown in fig. 1. The emit ted
neu trons are then fol lowed by 4.8 MeV gamma-rays.
These pho tons are re spon si ble for 37.5 % of the to tal
ac tiv ity of the source [1]. Con sid er ing their high pen e -
tra tion power and lack of elec tric charge, nec es sary
pro tec tive mea sures and shield ing must be pro vided to 
en sure the safety of per son nel from the harm ful ef fects 
of the ra di a tion fields gen er ated by these sources.
Shield ing against neu trons is more com plex than other 
types of ra di a tion since it in volves at ten u a tion of not
only pri mary neu trons but also the pro duc tion and at -

ten u a tion of sec ond ary par ti cles. These as so ci ated
prob lems in clude the pro duc tion of pho tons from neu -
tron in elas tic scat ter ing, neu tron slow ing down and
cap ture of ther mal neu trons which is lead ing to the
cap ture of gamma rays [4]. Shield ing against neu tron
sources is ac com plished through three log i cal steps
[5]:
(1) Neu trons must be ar ti fi cially pro duced, and when

ini tially formed, re gard less of their or i gins, they
are all cat e go rized as fast neu trons. Fast neu trons
have a very low ab sorp tion cross-sec tion, but their 
scat ter ing cross-sec tion is very high in many ma -
te ri als, es pe cially in ma te ri als with low Z such as
hy dro gen as they may lose a large frac tion of their
en ergy in in di vid ual in ter ac tions with them. The 
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Fig ure 1. Am-Be neu tron spec trum [1]



first step in shield ing against neu trons is to place a
hy dro gen-rich ma te rial near the source to force the 
neu trons to slow down to ther mal en er gies by in -
duc ing scat ter ing re ac tions.

(2) Ther mal neu trons have a much higher ab sorp tion
cross-sec tion, par tic u larly in ma te ri als such as bo -
ron and its com pounds. So the sec ond step in neu -
tron shield ing is the ab sorp tion of the mod er ated
neu trons by ma te ri als with a high neu tron ab sorp -
tion cross-sec tion.

(3) Af ter their mod er a tion and cap ture, gamma rays
are emit ted, so the third step is us ing a cer tain
amount of suit able ma te rial for shield ing against
gamma pho tons.

The draw back of this ap proach is that it can of ten 
lead to an in crease in the vol ume and weight of the
shield to the point that in some cases, be cause of its
weight and vol ume, the source is con sid ered a fixed
one rather than a por ta ble one. Plus, this ap proach
com pli cates the de sign since, for each step of the pro -
cess, a dif fer ent suit able ma te rial must be cho sen and
pro vided in suf fi cient quan ti ties.

Re cent years have seen a growth in the de vel op ment 
and ap pli ca tion of ma te ri als with si mul ta neous shield ing
ca pa bil i ties in both neu tron mod er a tion and ab sorp tion
and gamma-ray shield ing. Poly mers, thanks to their flex i -
ble na ture, are of par tic u lar in ter est in this field since some
of their prop er ties can be en riched with the use of the right
ad di tives. The right choice of poly mer and ad di tive can re -
sult in a com pos ite ma te rial suit able for both neu tron and
gamma at ten u a tion. For ex am ple, the shield ing per for -
mance of ep oxy resin with a 40 % tan ta lum ad di tive was
tested against Am-Be 4.5 MeV neu trons and 1.25 MeV
60Co pho tons. The re ported neu tron ef fec tive re moval
cross-sec tion and gamma lin ear at ten u a tion co ef fi cient,
0.677 cm–1 and 0.43 cm–1 re spec tively, of this com pos ite,
were rather high in com par i son to other sim i lar ma te ri als
[6]. As an ex am ple, the neu tron ef fec tive re moval
cross-sec tion re ported for ep oxy resin with 5 % of B4C
was 0.345 cm–1 against 4.5 MeV neu trons [7], and the re -
ported gamma lin ear at ten u a tion co ef fi cient for tung sten
pow der filled ep oxy resin was 0.27 cm–1 against 60Co pho -
tons [8]. Ad vances in the sci ence of met al work ing and al -
loy de vel op ment have re sulted in the de vel op ment of steel
al loys that can act as both neu tron and gamma shields with
prop er ties su pe rior to that of 316LN stain less steel, an al -
loy with wide spread use in nu clear ap pli ca tions. In fact,
316LN has low ra di a tion ab sorp tion abil i ties against both
fast neu trons and gamma ra di a tions [9].

Some re search and stud ies have al ready shown the
po ten tial of poly mer com pounds in gamma-ray shield -
ing. Chaitali et al., mixed ep oxy resin poly mer spec i -
mens with four dif fer ent metal chlo rides (BiCl3, CdCl2,
CsCl and PbCl2) at three dif fer ent weight frac tions and
dem on strated im proved shield ing prop er ties against
gamma-ray pho tons rang ing from 0.05 ev up to 3 MeV
[10]. Abbas et al., loaded PVC sam ples with mi cro and
nano PbO/CuO par ti cles at dif fer ent weight frac tions be -
tween 10 % up to 40 % [11]. The mass and lin ear at ten u a -

tion co ef fi cients were mea sured as a func tion of
gamma-ray en er gies rang ing from 59.53 keV to 1408.01
keV em ploy ing dif fer ent sources. They con cluded, to
min i mize the use of lead as an ab sorber one can re place
the pure lead blocks with com pos ites loaded with a mix -
ture of CuO and PbO nano par ti cles [11]. In an other re -
search, two batches of con crete sam ple shields filled by
syn the sized PbO and PbO-H3BO3 nano par ti cles were
de vel oped for gamma and mixed neu tron-gamma fields,
re spec tively [12, 13]. Re sults showed that for the or di -
nary con crete re in forced with 5 wt. % nano PbO par ti -
cles, the HVL pa ram e ter was re duced by 64 % at 511 keV 
and 48 % at 1332 keV [12]. For both batches, the em -
ploy ment of a low con cen tra tion of fill ers up to 5 wt. %
was rec om mended [12] [13].

The main ob jec tive of cur rent re search is the im -
prove ment of an Am-Be be ryl lium shield us ing ep oxy
resin with 40 % NiO and a new type of high al loyed
stain less steel. Both ma te ri als were de vel oped with si -
mul ta neous shield ing against neu trons and gamma-ray
pho tons in mind and both showed ex cep tional per for -
mance in com par i son to sim i lar ma te ri als used for ra di -
a tion shield ing. The main ob jec tives are re duc tion in
vol ume, equiv a lent dose rate, and sim pli fi ca tion of the
shield struc tural con fig u ra tion.  Model val i da tion and
dose cal cu la tions were ac com plished us ing the
MCNPX Monte Carlo code.

MA TE RI ALS AND METH ODS

Ref er ence sys tem

The ref er ence sys tem was taken from the work of
Moadab and Kheradmand Saadi [14] and con sists of a
cyl in der with a 23 cm height and 21.75 cm ra dius. At the
cen ter of the shield is an Am-Be be ryl lium neu -
tron-gamma source with a 3 cm height, 2.5 cm di am e ter,
to tal ac tiv ity of 5 Ci, and neu tron and gamma in ten si ties
of 1.23×107 and 7.31×106 par ti cles per sec ond, re spec -
tively. A hol low in com plete cyl in der of poly eth yl ene
(C2H4) with a thick ness of 5.5 cm sur rounds the source
and acts as its pri mary mod er a tor. This cyl in der is com -
pleted by two trun cated graph ite cones in the up per and
lower re gions which act as neu tron re flec tors and have a
height of 5 cm and a ra dius of 6.75 cm. The sec ond ary
mod er a tor which sur rounds the first one is an other in -
com plete cyl in der with a thick ness of 10 cm and con sists
of C2H4-5%Bi. C2H4-75 %Bi with a thick ness of 1.5 cm
and Mg(BH4)2 with a thick ness of 2 cm act as a
gamma-ray shield and neu tron ab sorber re spec tively and
are re peated in ra dial and ax ial di rec tions [14]. Fig ure 2
shows the layer con fig u ra tion of the shield and tab. 1
shows the com po si tion of each layer.

In volved ma te ri als

The poly mer used for this work is ep oxy resin
+40 % NiO. This com pos ite was pre pared by mix ing
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the ad di tive, hard ener (C9H10O3), and com mer cially
avail able nickel ox ide pow der at a con stant speed for
10 min utes at 500 rounds per min ute un til they were
ho mo ge neous. The re sult ing mix ture was then poured
into a cy lin dri cal sil i cone rub ber mold and dried at
room tem per a ture. The sam ple was then coated with a
soudal calofer so dium sil i cate seal ant, a so dium sil i -
cate-based high-qual ity as bes tos-free seal ant used in
high-tem per a ture en vi ron ments up to 1500 °C to in -
crease its tem per a ture re sis tance against high tem per a -
ture. This sam ple has a den sity of 3.40 gcm–3 and its
chem i cal com po si tion is shown in tab. 2 [15]. This
com pos ite will re place C2H4, C2H4-5 % Bi, and
Mg(BH4)2 dur ing the op ti mi za tion pro cess.

High al loyed stain less steel was pre pared us ing a 
nano-sized pow der of the el e ments shown in tab. 3 and 

the pow der-met al lurgy method. Ma te ri als were mixed
for 15 min utes. When it be came ho mo ge neous, the
mix ture was heated at 350 °C and then pres sur ized at
600 MPa pres sure. The formed sam ple was then an -
nealed at 1300 °C for 3 hours, then hard ened by a
faster cool ing pro cess. This al loy has a den sity of
10.45 gcm–3 [11].

The three main com po nents of this al loy are Ni,
Cr, and W. Based on the per cent ages of these el e ments, 
this al loy is closer to the steels of the austenitic class.
The high con tent of these el e ments has given this steel
in creased heat re sis tance and ra di a tion shield ing prop -
er ties. Stain less steels tend to crack af ter weld ing but
this has not been ob served for this new al loy [11].

Sim u la tion

In or der to cal cu late the to tal equiv a lent dose rate,
the MCNPX Monte Carlo code and its sur face flux tally, 
F2, were used. Since Am-Be be ryl lium gen er ates a
mixed field of ra di a tion, two sim u la tions must be con -
ducted: in the first sim u la tion, the source was con sid -
ered a pure neu tron source. Neu tron par ti cles were
tracked for three dif fer ent en ergy ranges: ther mal neu -
tron (0.5 eV and be low), fast neu trons (0.5 MeV and
above), and epi ther mal neu trons be tween these two
ranges along side re sul tant gamma-ray pho tons from
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Fig ure 2. Layer con fig u ra tion
of the shield

Ta ble 1. Layer com po si tion of the shield

Layer num ber Ma te rial

1 C2H4-75 %Bi

2 Mg(BH4)2

3 C2H4-75 %Bi

4 C2H4-75 %Bi

5 Mg(BH4)2

6 C2H4-75 %Bi

7 Graph ite

8 Graph ite

9 C2H4

10 C2H4-5 %Bi

11 C2H4-75 %Bi

12 Mg(BH4)2

13 C2H4-75 %Bi

Ta ble 2. Ep oxy resin-40 %NiO chem i cal com po si tion

El e ment wt %

C 38.5

H 3.8

Cl 5.5

O 20.8

Ni 31.4

Ta ble 3. Chem i cal com po si tion ra tios of high al loyed
stain less steel [11]

El e ment wt %

Ni 30

Cr 15

Mn 1

C 0.5

Mo 1

W 20

Fe 31.47

V 0.015

S 0.015

Re 1



neu tron in ter ac tions with dif fer ent lay ers of the shield.
In the sec ond sim u la tion, the source was con sid ered a
pure gamma source, and the pho tons emit ted from it
were tracked. To con vert the cal cu lated flux to dose,
ANSI-6.1.1-1991 flux-to-dose con ver sion fac tors were 
used [16]. To re duce the sta tis ti cal er rors, both sim u la -
tions were run for 10 mil lion his to ries. To tal dose is cal -
cu lated by sum ming up these three val ues: to tal neu tron
dose, gamma dose from neu tron in ter ac tions with dif -
fer ent lay ers of the shield, and gamma dose emit ted di -
rectly from the source it self.

RE SULTS AND DIS CUS SIONS

Model val i da tion

The MCNPX in put file was val i dated by first
sim u lat ing the ref er ence shield from the work of 
Moadab and Kheradmand Saadi [14] and then com -
par ing the re sults with avail able data from the ref er -
ence sys tem. The re sults are shown in fig. 3.

The re sults are in good agree ment with the avail -
able data, how ever, the small dif fer ence in the val ues
may be due to dis crep an cies in the neu tron en ergy
spec trum as well as MCNPX data li brar ies. From these 
re sults, one can con clude that since the high est share
of the to tal dose be longs to fast neu trons, the fo cus of
the op ti mi za tion pro cess must be on better mod er a tion
be cause this fact points to ward weak ness in the neu -
tron mod er a tion of the shield.

Op ti mi za tion pro cess

Pre vi ous sim u la tion runs showed that by pre -
serv ing the di men sions, the best struc tural con fig u ra -
tion had been achieved by re plac ing the pri mary and

sec ond ary mod er a tors from the ref er ence shield with a
sin gle in com plete cyl in der of ep oxy resine+40 % NiO, 
gamma ab sorber with high al loyed stain less steel, and
the neu tron ab sorber with ep oxy resine+40 % NiO
again. Ta ble 4 shows the cal cu lated dose rates for this
con fig u ra tion and its rel a tive dif fer ence in com par i son 
to the ref er ence shield. All dose units are in mSvh–1.

Fig ure 4 shows the struc ture of this new shield with 
the di men sions of the ref er ence. Lay ers 2, 5, 9, and 11 are
made of ep oxy resine+40 % NiO, and lay ers 1, 3, 4, 6, 10, 
and 12 are made of high al loyed stain less steel de scribed
in this pa per. To re duce the vol ume of the shield, only the
thick ness of layer 9 could be re duced. Any fur ther re duc -
tion in the thick ness of the outer lay ers of the shield
would com pro mise its abil ity to re duce the ra di a tion lev -
els.  By re duc ing the thick ness of layer 9 by 7  cm,  the  to -
tal equiv a lent  dose  value  for  this con fig u ra tion was in -
creased from 11.48 mSvh–1 to 16.27 mSvh–1, 18.65 % less 
than the rec om mended value and 10.98 % less than the
ref er ence sys tem. The shield vol ume ex pe ri enced a 54 %
re duc tion and went from 34164.5 cm3 to 15720.33 cm3,
while its weight, due to the use of a steel al loy in stead of a
poly mer-based ma te rial, was in creased by 3.59 % and
went from 113.8461 kg to 117.9009 kg. The shield to tal
ra dius de creased from 21.75 cm to 14.75 cm, but its
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Fig ure 3. Com par i son be tween data avail able from the ref er ence shield and sim u la tion re sults

Ta ble 4. Dose rate com par i son be tween the ref er ence
shield and the new struc tural con fig u ra tion

Ra di a tion type Ref er ence
shield

New
con fig u ra tion

Rel a tive
dif fer ence

[%]

Ther mal neu trons 0.22721 0.0100497 95.57

Epi ther mal neu trons 0.5637 0.481299 14.61

Fast neu trons 16.2975 9.93903 39.008

To tal neu tron dose 17.0867 10.4304 38.95

(n, g) 0.4865 0.738161 51.72

gamma-ray 0.7096 0.312182 56.005

To tal dose 18.2828 11.480743 37.20



height re mained at 23 cm. Fig ure 5 com pares the equiv a -
lent dose rate val ues of the ref er ence sys tem with the op -
ti mized one.

CON CLU SION

In this pa per, a new high al loyed stain less steel
and ep oxy resin poly mer com pos ite was used to op ti -
mize an Am-Be be ryl lium shield con tainer. Both ma te -
ri als were de vel oped with the goal of si mul ta neous
shield ing against fast neu trons and gamma-rays. Pri -
mary, sec ond ary, and neu tron ab sorb ers of the orig i nal
sys tem were re placed by ep oxy resin+40 % NiO while
the gamma-ray ab sorber was re placed by high al loyed
steel. The re sults showed that by us ing these ma te ri als, 
and af ter re duc ing the vol ume, the to tal equiv a lent
dose rate and vol ume were re duced by 10.98 and 54 %
re spec tively. How ever, due to the use of a steel al loy
in stead of a poly mer, shield weight was in creased by
3.59 %. The sys tem pro vides better pro tec tion and is
more mo bile in this con fig u ra tion.
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OPTIMIZACIJA  [TITA  AMERICIJUM–BERILIJUMSKOG  KONTEJNERA  OD
NOVOG  VISOKOLEGIRANOG  NER\AJU]EG  ^ELIKA  I  KOMPOZITNIH

MATERIJALA,  KORI[]EWEM  MCNPX  PROGRAMA

Namera je da se optimizuje {tit americijum-berilijumskog radioaktivnog izvora, koji
stvara me{ovito poqe neutrona i gama zra~ewa, koriste}i dva razli~ita materijala ‡ nove vrste
kompozita od ner|aju}eg ~elika i epoksidne smole (C21H25ClO5) sa 40 % NiO aditiva. U tu svrhu
kori{}en je MCNPX pro gram  i izra~unata je ekvivalentna ja~ina doze za obe vrste zra~ewa. Nakon 
procesa optimizacije, zapremina {tita smawena je za 54 %, dok je wegova te`ina, zbog upotrebe
~eli~ne legure, pove}ana za 3.56 %. Na udaqenosti od jednog metra od centra izvora, ja~ina
ekvivalentne doze smawena je za 10.98 % u odnosu na originalni sistem.

Kqu~ne re~i: americijum-berilijumski izvor, optimizacija {tita, visokolegirani ner|aju}i
.........................~elik, epoksidna smola, MCNPX pro gram


