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Mass at ten u a tion co ef fi cient of lead-based ce ram ics have been mea sured by ex per i men tal
meth ods and com pared with the o ret i cal and Monte Carlo sim u la tion re sults. Lead-based ce -
ram ics were pre pared us ing mixed ox ide method and the X-ray dif frac tion  anal y sis was done
to eval u ate the crys tal struc ture of the pro duced hand made ce ram ics.The ex per i men tal re sults 
show good agree ment with the o ret i cal and sim u la tion re sults. How ever at two gamma ray en -
er gies, small dif fer ences be tween ex per i men tal and the o ret i cal re sults have been ob served. By
add ing other ad di tives to ce ram ics and ob serv ing the changes in the shield ing prop er ties such
as flex i bil ity, one can syn the size and op ti mize ce ram ics as a neu tron shield.
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INTRODUCTION

Now a days ion iz ing ra di a tion is widely used for
med i cal and in dus trial ap pli ca tions. The harm ful ef fects
of in ci dent ra di a tion on liv ing tis sues of hu man body el e -
vate the risk of can cer. There fore, it is es sen tial to pro tect
peo ple against the ra di a tion ex po sure by us ing suit able
shield ing ma te ri als [1, 2]. The abil ity of shield ing ma te ri -
als in re duc ing the in ten sity of ra di a tion is ex pressed by
lin ear and mass at ten u a tion co ef fi cients.

Ce ramic ma te ri als are widely used in med i cine,
aero space and con struc tion in dus tries.Ce ram ics are
used to day as fem o ral heads and acetabular cups for
to tal hip re place ment, den tal im plants and res to ra -
tions, bone fill ers and scaf folds for tis sue en gi neer ing
[3-5]. Some of ce ram ics are used as elec tro lytes for
solid oxyde fuel cells [6]. They can also be used as ra -
di a tion shield ing for gamma rays. High melt ing tem -
per a ture, high chem i cal re sis tance in acidic or caus tic
en vi ron ments and high hard ness are some of the typ i -
cal prop er ties of ce ram ics which make them es sen tial
for our daily life style [7, 8]. High melt ing tem per a ture, 
high heat re sis tance and high chem i cal re sis tance are
the ad van tages of ce ram ics in com par i son with met als
and make them suit able for us ing as ra di a tion shield -
ing ma te rial in var i ous en vi ron ments and dif fer ent

places, es pe cially when us ing met als is un suit able. In
2004, Krasnyi et al., stud ied the chemical resistance of 
ceramic materials in acids and alkalis and showed that
co run dum ce ram ics and mullite ce ram ics have high
val ues of acid and al kali re sis tance [9]. More over, She
and Ohji have stud ied the char ac ter is tics of high po -
rous mullite ce ram ics and have shown that as the
sintering tem per a ture in creases from 1450 to 1650 °C
the flex ural strength in creases and a rel a tively high
sur face area is achieved which makes po rous mullite
ce ram ics suit able for high-tem per a ture ca tal y sis ap pli -
ca tions as cat a lyst sup ports [10].

In this pa per, the ca pa bil ity of us ing dif fer ent
lead-based ce ram ics as the gamma shield has been stud ied.

To com pare the gamma ray shield ing abil ity of
dif fer ent ma te ri als, a mass at ten u a tion co ef fi cient
(m/r) is in tro duced. This pa ram e ter de scribes the prob -
a bil ity of all pos si ble in ter ac tions be tween in ci dent
pho tons and mat ter in unit mass per unit area.De ter mi -
na tion of the ac cu rate value of mass at ten u a tion co ef fi -
cient is im por tant and es sen tial in many ap plied fields
such as nu clear phys ics and ra di a tion do sim e try [11].

 The mass at ten u a tion cofficient de pends on the
in ci dent gamma ray en ergy, the ef fec tive atomic num -
ber of the ma te rial (Zeff) and the den sity of the shield -
ing ma te rial [12-15]. High atomic num ber ma te ri als
such as lead have high at ten u a tion co ef fi cients and are
good  can di dates  to  be  used as the ra di a tion shield
[16, 17]. 
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Sev eral ex per i men tal and the o ret i cal works
were per formed on eval u at ing the mass at ten u a tion
co ef fi cients of dif fer ent ma te ri als with spe cific ap pli -
ca tions such as con cretes, semi-con duc tors, some
types of poly mers, al loys and steels [18-24].

In this study, some lead-based ce ram ics have
been pre pared with the pur pose of mea sur ing the ra di -
a tion shield ing pa ram e ters. The at ten u a tion co ef fi -
cients of pre pared ce ram ics were mea sured us ing the
stan dard gamma sources such as 137Cs, 22Na, and 60Co. 
Fi nally, mea sured re sults were com pared with the re -
sults ob tained by Monte Carlo sim u la tion and those
cal cu lated us ing the exisiting li brary data.

THEORY

When a gamma ray passes through the mat ter, the
vari a tion of gamma ray in ten sity against thick ness of
the ab sorber ma te rial is given by the Beer Lam bert law

I I x= -0 exp( )m (1)

where I0 is the num ber of par ti cles of ra di a tion counted 
dur ing a cer tain time du ra tion with out any ab sorber, I – 
the num ber of counted ra di a tion dur ing the same time,
which passes through an ab sorber (lo cated be tween
the ra di a tion source and the de tec tor) with a thick ness
of x, and m – the lin ear at ten u a tion co ef fi cient of the ab -
sorber. The lin ear at ten u a tion co ef fi cient (m) shows the 
prob a bil ity of pho ton in ter ac tion per unit path length
of in ci dent pho ton when it passes through the mat ter. It 
de pends on the den sity of me dium which pho ton
passes through. A more use ful pa ram e ter which is in -
de pend ent of the den sity of the me dium is called mass
at ten u a tion co ef fi cient (mm). It is the ra tio of m/r that
shows the av er age num ber of pho ton in ter ac tions in
the me dium of unit mass per unit area [25]
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where r is the den sity of ma te rial [kgm–3]. The ac cu -
rate value of mass at ten u a tion co ef fi cient is es sen tial to 
ob tain shield ing and dosimetric pa ram e ters used in
many ap plied fields such as ra di a tion pro tec tion and
ra di a tion do sim e try. In ad di tion, the to tal mass at ten u -
a tion co ef fi cient (m/r)C for any chem i cal com pound or
mix ture of el e ments is given by mix ture rule [26]
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in which wi is the weight ing frac tion of each el e ment in 
mix ture and (m/r)i  – the mass at ten u a tion co ef fi cient
of the ith con stit u ent el e ment. For a chem i cal com -
pound, the weight frac tion is given by
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where Ai is the atomic weight of the ith el e ment and ai is
the num ber of the el e ment in the re lated chem i cal for -
mula of the com pound. In this work, con sid er ing at ten -
u a tion co ef fi cient of each el e ment, which is avail able
in nu clear data li brar ies, the the o ret i cal value of the
mass at ten u a tion co ef fi cient for a mix ture or com -
pound was com puted us ing a FOR TRAN pro gram.
This pro gram is based on the mix ture rule to cal cu late
the par tial and to tal mass at ten u a tion co ef fi cients for
all el e ments, com pounds and mix tures at stan dard as
well as se lected en er gies.

EXPERIMENTAL

Production of ceramic samples

In this re search, the mixed ox ide method has
been used for pre par ing pow ders of ce ram ics with for -
mula (Pb0.9Ba0.1)AO3, in which the el e ments Mg, Zn,
Cu, Fe, and Mn are de noted by A. Sam ples were made
disc-shaped, of 0.025 m in di am e ter with thick nesses
rang ing from 0.002 to 0.006 m [27, 28]. Ta ble 1 shows
the el e men tal com po si tion used to make 0.04 kg of dif -
fer ent ce ram ics in ves ti gated in this study. The den sity
of each sam ple was mea sured by ar chi me des prin ci ple
us ing wa ter as the im mer sion fluid. Fig ure 1 shows
0.002 m-thick hand made sam ples of dif fer ent types of
ce ram ics in ves ti gated in this work.

X-ray diffraction analysis and
phase evaluation

The phase evo lu tions and crys tal struc ture of the
ce ramic pow ders were stud ied by X-ray dif frac tion
(XRD, Model Philips X'pert, Cu Ka radiation). Fig ure 2
shows the XRD pat terns of (Pb0.9Ba0.1)MgO3 and
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Table 1. Values of chemical compositions (10–3 kg) for 0.04 kg of ceramic samples

Composition
Ceramics

(Pb0.9, Ba0.1)ZnO3 (Pb0.9, Ba0.1)FeO3 (Pb0.9, Ba0.1)MgO3 (Pb0.9, Ba0.1)CuO3 (Pb0.9, Ba0.1)MnO3

PbO 25.62 26.42 29.48 25.76 26.5

Ba(NO)3 3.32 3.42 3.82 3.34 3.42

Mg(NO)3 – – 37.62 – –

Fe(NO)3 – 53.14 – – –

CuSO4 – – – 20.46 –

ZnO 10.38 – – – –

MnO2 – – – – 11.46



(Pb0.9Ba0.1)FeO3 ce ram ics. The XRD re sults re veal the
ex is tence of a phase with tetragonal struc ture for ce ramic
pre pared by the mixed ox ide method. The re sults were
sum ma rized in tab. 2.

SEM image analysis

A typ i cal microstructure of (Pb0.9Ba0.1)CuO3

and (Pb0.9Ba0.1)ZnO3 are de ter mined by scan ning
elec tron mi cros copy (SEM) im ages. The SEM im ages
sur face and his to gram graphs of sam ples are shown in
fig. 3. Ac cord ing to the fig. 3(a) and fig. 3(c),the
shapes of the most par ti cles were found poly he dral.

Measurement of mass
attenuation coefficients

Fig ure 4 shows the ex per i men tal setup used in the
pres ent work. Mea sur ing the gamma-ray at ten u a tion co -
ef fi cient was per formed us ing CsI (Tl) scin til la tion de -

tec tor with the di men sions of 2"×2" and en ergy res o lu -
tion of 6.91% (662 keV) and 5.06% (1173 keV).The de -
tec tor was con nected to the scin til la tion coun ter with
multi-chan nel an a lyzer (MCA) fa cil ity, which was con -
nected to an ad vanced com puter sys tem. As afore men -
tioned three ra dio ac tive gamma sources in clud ing 60Co,
137Cs, and 22Na were used. The spec trom e ter has been
cal i brated us ing gamma rays with en er gies of 662 keV of
137Cs source and 1173, and 1332 keV of  60Co source.
Ce ramic sam ples were placed in di vid u ally be tween the
gamma ray source and the de tec tor. The dis tances of ra -
dio ac tive source and de tec tor win dow from the sam ple
were 0.001 and 0.3 m, re spec tively. The ex per i men tal
set-up was ar ranged in such a way that gamma rays pass -
ing di rectly through the sam ple with out any in ter ac tion
have the great est chance of achiev ing the de tec tor. Ac tu -
ally, the rel a tively large dis tance be tween the sam ple and
de tec tor causes that pho tons which in ter acted within the
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Fig ure 1. Disks sam ples of all ce ram ics

Fig ure 2. The XRD pat tern of the ce ramic pre pared at
700 °C; (a) (Pb0.9 Ba0.1)MgO3, (b) (Pb0.9 Ba0.1)FeO3

Table 2. The structure parameters of ceramic powders calcined at 700 °C

Ceramics 2q hkl Structure Lattice parameter [nm] Volume of cell [nm3]

(Pb0.9, Ba0.1)MgO3

28/835 102 Tetragonal a = b = 3/96 182/079

29/345 110 P4/nmm c = 11/611

30/105 104

(Pb0.9, Ba0.1)FeO3

29/190 101 Tetragonal a = b = 4/52 235/97

32/475 110 P4/nmm c = 11/550

46/560 104

Fig ure 3. SEM im ages of the sur face and par ti cle size
dis tri bu tions of the ce ram ics; (a, b) (Pb0.9 Ba0.1)CuO3,
(c, d) (Pb0.9 Ba0.1)ZnO3

Fig ure 4. Pho to graph of ex per i men tal set-up



sam ple and de vi ated from the ini tial beam, can not reach
the de tec tor.

For each eval u a tion, the spec tra were ob tained
for a pe riod of 600 sec onds with vary ing thick ness of
ce ramic sam ple. The same pro cess was car ried out for
all of sam ples.The num bers of counts reach ing the de -
tec tor with and with out the sam ples un der study were
re corded. For eval u at ing the en ergy peaks of each en -
ergy beam, the area un der neath the peaks (num ber of
counts) was in te grated.

In or der to de ter mine I and I0, the net area un der the 
photopeak was taken into ac count. Con sid er ing I and I0

as the mea sured count rates in de tec tor with and with out
the ab sorber with thick ness of x, re spec tively, the lin ear
at ten u a tion co ef fi cient can be ex tracted from the graph,
which in di cates the lin ear de pend ency of the log a rithm
of (I0/I) on the ce ramic thick ness. Ob served points were
seen to be closely dis trib uted around the line, hav ing pos -
i tive slope. This line was as sessed by fit ting the ex per i -
men tal data by the least square method. The line slope
was used to de ter mine the lin ear at ten u a tion co ef fi cient.
The mass at ten u a tion co ef fi cient was also ob tained by di -
vid ing the lin ear at ten u a tion co ef fi cient of the sam ples by 
their den si ties.

SIMULATION

Com puter codes based on the Monte Carlo
method were used for cal cu lat ing mass at ten u a tion co -
ef fi cients of dif fer ent types of con crete, heavy metal
ox ide glasses and poly mers [12, 29-32]. In the pres ent
study, Monte Carlo N-Par ti cle trans port code
(MCNP-4C) de vel oped by Los Alamos Na tional Lab -
o ra tory has been used to per form the sim u la tions.
MCNP is a gen eral multipurposes code which can be
used ef fec tively to cal cu late mass at ten u a tion co ef fi -
cients of dif fer ent types of mix tures and also has a
wide range of ca pa bil i ties which makes it use ful for
med i cal and in dus trial pur poses [33-37]. The Monte
Carlo method is based on gen er at ing ran dom num bers
to sim u late any prob lem hav ing proba bil is tic in ter pre -
ta tion such as pho ton trans port through the mat ter. In
the method, the rules of pho ton trans port are used to
cre ate prob a bil ity dis tri bu tions. The code uses
cross-sec tion li brar ies to pro duce probility dis tri bu -
tions based on the phys i cal rules of pho ton trans port.
The step size of pho ton in ter ac tion be tween two in ter -
ac tion and type of pho ton in ter ac tion that may oc cur
are pro duced by us ing ran dom num bers gen er ated by
the ap pro pri ate prob a bil ity dis tri bu tions. Due to the
sta tis ti cal na ture of the Monte Carlo method, a large
num ber of par ti cles should be tracked to ob tain rea -
son able fi nal re sults.

In this work, the ge om e try shown in fig. 5 was
sim u lated us ing MCNP-4C code. As it can be seen in
this fig ure, the ce ramic sam ple shown as a disk was
sim u lated be tween the point iso tro pic gamma source

and CsI scintilation de tec tor. Cylinderical shell of lead
with  in ner  di am e ter  of  2 inch and outer di am e ter of
16 inch was sim u lated be tween the sam ple and de tec -
tor. The num ber of ra di a tions reached to the de tec tor
with out any in ter ac tion was de ter mined by cal cu lat ing
F1 tally on the de tec tor sur face. The at ten u a tion co ef -
fi cient can be ob tained by in sert ing the as sessed re sults 
into eq. (1).

RESULTS AND DISCUSSION

Mass and lin ear at ten u a tion co ef fi cients of dif fer -
ent lead-based ce ram ics have been in ves ti gated ex per i -
men tally us ing stan dard gamma sources. Fig ure 6
shows the lin ear de pend ency of Ln(I/I0) vs. the thick -
ness of (Pb0.9Ba0.1)ZnO3 ce ramic for dif fer ent gamma
ray en er gies. In this fig ure the slope of the fit ted line
shows the lin ear at ten u a tion cofficient (m). The same
pro ce dure was car ried out to ob tain the value of lin ear
at ten u a tion co ef fi cient for other ce ram ics as well.

Ta ble 3 shows the re sult ing val ues of mass at ten u -
a tion co ef fi cient (m/r) at dif fer ent en er gies, us ing ex -
per i men tal, the o ret i cal and sim u la tion meth ods. As it
can be seen in this ta ble the ex per i men tal re sults are in
good agree ment with the o ret i cal and sim u la tion re sults.

It is seen that there are dif fer ences of about 1-9%,
and up to 20% in the ZnO2 case, be tween ex per i men tal
and sim u la tion re sults at pho ton en er gies 1173 and 1332 
keV. The same dif fer ences be tween the ex per i men tal
and sim u la tion re sults have been ob served in sev eral
stud ies pre vi ously [38-40]. The re sults re ported by
Icelli et al. show dif fer ences of about 7-26 % for sim ple
com pounds and much greater dif fer ences for com plex
com pounds [40]. In ad di tion, a study per formed by
Sogut et al. shows that the to tal mass at ten u a tion co ef fi -
cient val ues of Fe and Cu in the chem i cal form are dif -
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Fig ure 5. The as sumed ge om e try sim u lated by MCNP
code; (a) three-di men sional, (b) two-di men sional



fer ent from that of pure el e ments by 6-17 % [38]. There -
fore, it is seen that in com par i son with sim i lar stud ies,
the dif fer ences be tween our the o ret i cal and ex per i men -
tal re sults seems to be in ac cept able range. The dif fer -
ences are due to the in di vid ual char ac ter is tics of struc -
ture of mol e cules, mo lec u lar bond ing and chem i cal
ef fects of com pounds, which are not con sid ered in the o -
ret i cal method of cal cu lat ing mass at ten u a tion co ef fi -
cient by mix ture rule [38, 40].

Re gard less of ob served dif fer ences be tween the -
ory, sim u la tion and ex per i ment, mea sured val ues of
mass at ten u a tion co ef fi cients for dif fer ent ce ram ics
are close to each other. This is be cause ce ram ics have
sim i lar struc tural com po nents con tained Pb and Ba
which play main role in de ter min ing at ten u a tion co ef -
fi cient. How ever, slight dis crep an cies be tween at ten u -
a tion co ef fi cients of dif fer ent ce ram ics are due to dif -
fer ences in one com po nent of ce ram ics. As it is seen in
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Fig ure 6. Plot of ln(I0/I) vs. thick ness x for ce ramic (Pb0.9 Ba0.1)ZnO3 us ing (a) 22Na, (b) 137Cs, and (c) 60Co sources

Table 3. Theoretical, simulations and experimental values of mass attenuation coefficients m/r (10–1m2kg–1) for all of the
ceramic samples

Energy
[keV] Method

Ceramics

(Pb0.9Ba0.1)ZnO3

(r = 5.72)
(Pb0.9Ba0.1)FeO3

(r = 5.95)
(Pb0.9Ba0.1)MgO3

(r = 6.22)
(Pb0.9Ba0.1)CuO3

(r = 5.12)
(Pb0.9Ba0.1)MnO3

(r = 5.62)

511

Theo. 0.121 0.092 0.093 0.121 0.091

Sim. 0.119 ± 0.001 0.110 ± 0.001 0.107 ± 0.001 0.123 ± 0.001 0.107 ± 0.001

Exp. 0.123 ± 0.001 0.104 ± 0.0007 0.101 ± 0.0008 0.118 ± 0.0011 0.102 ± 0.0008

662

Theo. 0.093 0.076 0.077 0.094 0.076

Sim. 0.083 ± 0.001 0.077 ± 0.001 0.076 ± 0.001 0.089 ± 0.001 0.076 ± 0.001

Exp. 0.084 ± 0.001 0.077 ± 0.001 0.072 ± 0.001 0.089 ± 0.001 0.075 ± 0.001

1173

Theo. 0.059 0.054 0.054 0.058 0.054

Sim. 0.065 ± 0.002 0.053 ± 0.002 0.051 ± 0.009 0.054 ± 0.007 0.049 ± 0.004

Exp. 0.076 ± 0.002 0.057 ± 0.002 0.054 ± 0.001 0.056 ± 0.002 0.054 ± 0.002

1332

Theo. 0.054 0.050 0.050 0.053 0.050

Sim. 0.054 ± 0.004 0.052 ± 0.003 0.050 ± 0.003 0.052 ± 0.004 0.050 ± 0.001

Exp. 0.058 ± 0.002 0.052 ± 0.002 0.049 ± 0.002 0.048 ± 0.002 0.047 ± 0.002



tab. 3, ce ram ics con tain ing Zn and Cu have higher at -
ten u a tion co ef fi cient val ues and ce ram ics which con -
tain Mg, Mn, and Fe have lower at ten u a tion co ef fi -
cients. It can be ex plained by the strong in flu ence of
atomic num ber of the me dium on the rel a tive prob a bil -
i ties of pho ton in ter ac tions [41].

It is also ob vi ous from tab. 3 that the mass at ten u -
a tion co ef fi cients strongly de pend on the pho ton en -
ergy. By in creas ing the pho ton en ergy, the mass at ten -
u a tion co ef fi cients  of  the  in ves ti gated  com pounds
are re duced.  Fig ure  7  shows  at ten u ated  spec trum  of 
dif fer ent gamma sources in the pres ence of
(Pb0.9Ba0.1)ZnO3 ce ramic in com par i son with the
non-at ten u ated spec trum. It can be seen that for co balt
source, which has higher en ergy pho tons than ce sium
and so dium, the at ten u a tion power of ce ramic is small.
This find ing is in com pli ance with the fact that the
prob a bil ity of pho ton in ter ac tion with mat ter de -
creases by in creas ing pho ton en ergy.

Ac cord ing to tab. 3, (Pb0.9Ba0.1)ZnO3 and (Pb0.9

Ba0.1)MgO3 ce ram ics have the high est and low est
gamma at ten u a tion co ef fi cients, re spec tively. In tab. 4, 
the av er age mass at ten u a tion co ef fi cients of
(Pb0.9Ba0.1)ZnO3 over ex per i men tal, the o ret i cal and
com pu ta tional val ues are com pared with those of the
pure lead. 

Given tab. 4, com par ing (Pb0.9Ba0.1)ZnO3 ce -
ramic with pure lead il lus trates that at higher en er gies

the mass at ten u a tion co ef fi cient of (Pb0.9Ba0.1)ZnO3

ce ramic is even higher than that of lead. This is be -
cause of the pres ence of other high-Z el e ment within
the ce ram ics, which in creases the prob a bil ity of
gamma in ter ac tions.

CONCLUSIONS

In the pres ent work, mass at ten u a tion co ef fi -
cients of some lead-based ce ram ics were mea sured.
More over, these data were also de ter mined us ing
Monte Carlo MCNP-4C code and com pared with the -
o ret i cal data taken from nu clear li brary. Ac cord ing to
the ob tained re sults, ex per i men tal, com pu ta tional and
the o ret i cal data were found to be very close to each
other. More over, (Pb0.9Ba0.1)ZnO3 ce ramic pro vided
good at ten u a tion prop er ties, which makes it a good
choice to be con sid ered as a gamma shield. The prom -
is ing re sults of this re search show the suit abil ity of us -
ing Pb-based ce ramic to shield gamma ra di a tion.
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Fig ure 7. Spec trum of gamma-rays of sources with out at ten u a tion and at ten u ated by ce ram ics (Pb0.9 Ba0.1)ZnO3 with
thikness of 5 mm; (a) 22Na source (b) 137Cs source, and (c) 60Co source

Table 4. Mass attenuation coefficients for some common
gamma shields and ceramics studied in this research

Energy [keV] PBZ (A = Zn) Lead

511 0.123 0.141

662 0.084 0.112

1173 0.076 0.055

1332 0.058 0.0511
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TEORIJSKO  I  EKSPERIMENTALNO  ODRE\IVAWE  MASENIH
ATENUACIONIH  KOEFICIJENATA  KERAMIKA  NA  BAZI

OLOVA  I  WIHOVO  PORE\EWE  SA  SIMULACIJOM

Izvr{eno je pore|ewe masenih atenuacionih koeficijenata keramika na bazi olova
odre|enih eksperimentalnim putem sa vrednostima dobijenim teorijskim modelom i Monte Karlo
simulacijom. Keramike na bazi olova pripremane su metodom me{anog oksida, a procena kristalne
strukture ru~no napravqenih keramika obavqena je difrakcionom analizom X-zra~ewa.
Eksperimentalni rezultati dobro se sla`u sa teorijskim vrednostima i vrednostima dobijenim
simulacijom. Me|utim, za dve vrednosti energija gama zra~ewa, uo~ene su male razlike izme|u
eksperimentalnih i teorijskih rezultata. Dodavawem aditiva keramici i posmatrawem promena u
za{titnim osobinama kao {to je fleksibilnost, mogu se sintetizovati i optimizovati keramike
pogodne za za{titu od neutrona.

Kqu~ne re~i: atenuacioni koeficijent, CsI(Tl) detektor, keramika na bazi olova, MCNP-4C


