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The ac cel er a tor driven sys tem is an in no va tive re ac tor which is be ing con sid ered as a ded i cated 
high-level waste burner. The func tion of the spallation tar get in ac cel er a tor driven sys tem is to 
con vert the in ci dent high-en ergy par ti cle beam to low-en ergy neu trons. One of the quan ti ties
of most in ter est for prac ti cal pur poses is the num ber of neu trons pro duced per pro ton in a
spallation tar get. How ever, this vi tal value de pends not only on the ma te rial, but on the size of
the tar get as well, due to the internuclear cas cade. The MCNPX 2.4 code can be used for
spallation tar get com pu ta tion. Some bench mark re sults have been com pared with MCNPX
2.4 sim u la tions to ver ify the code's po ten tial for cal cu lat ing var i ous pa ram e ters of an ac cel er a -
tor driven sys tem tar get.
Us ing the com pu ta tion method, neu tron in ter ac tion pro cesses such as loss, cap ture and (n,
xn) into a spallation tar get have been stud ied for W, Ta, Pb, Bi, and LBE spallation tar gets in
dif fer ent tar get di men sions. With rel a tive er rors less than 10%, the nu mer i cal sim u la tion pro -
vided by the MCNPX code agrees qual i ta tively with other sim u la tion re sults pre vi ously car -
ried out, qual i fy ing it for spallation cal cu la tions. Among the stud ied tar gets, W and Ta tar gets 
re sulted in a higher neu tron spallation yield us ing lesser tar get di men sions. Pb, Bi, and LBE
spallation tar gets be have sim i larly re gard ing the ac ces si ble leaked neu tron yield on the outer
sur face of the spallation tar get. By use of a thicker tar get, LBE can com pete with both W and
Ta tar gets re gard ing the neu tron yield pa ram e ter. 
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IN TRO DUC TION

Ac cel er a tor Driven Sys tem. Ac cel er a tor driven
sys tem (ADS) uti lize neu trons pro duced in a
spallation tar get by a high-en ergy pro ton beam to drive 
a blan ket as sem bly con tain ing both fis sion able fuel
and ra dio ac tive waste. The novel fea ture of ADS is the
pres ence of a neu tron spallation tar get in the core of
the re ac tor which al ways op er ates un der subcritical
con di tions.

The spallation tar get is ide ally con ceived as con -
sist ing of a high atomic mass ma te rial and high-den -
sity liq uid met als like lead and lead bis muth eutectic
(LBE) that fit this re quire ment ex tremely well [1].

There is a pow er ful in cen tive for im prov ing the
pre ci sion of code pre dic tions used to sim u late the pro -
duc tion of neu trons dur ing spallation re ac tions and the
trans por ta tion of high and low-en ergy neu trons within
the tar get ma te rial. More re al is tic codes would as cer tain 
the use of ADS in the fu ture. How ever, at the mo ment,

there is a need for val i dat ing the com pu ta tional tools
and nu clear data for the ex ist ing ADS ap pli ca tions.

The MCNPX 2.4 code. The con tin u ous en ergy of 
the Monte Carlo code MCNPX 2.4 can be used for
mod el ing neu tron trans port in crit i cal or subcritical re -
ac tors [2].

The MCNPX 2.4 code is a cou pling of two pre vi -
ous cal cu la tions codes: Los Alamos high-en ergy
trans port code (LAHET) [3] and the Monte Carlo
N-par ti cle trans port code (MCNP) [4]. It al lows the
treat ment of trans port ing prob lems in a large range of
en er gies, from a ther mal en ergy of 25 meV to a few
GeV.

LAHET gen er ates cross-sec tions for in di vid ual
pro cesses, trans port nu cle ons, pions, muons, and
antinucleons with an en ergy E < 20 MeV, while the
MCNP is able to model the trans port of neu trons (and
pho tons and elec trons) within the en ergy range of
10–11 MeV < E < 20 MeV. It uses li brar ies of eval u ated
data as a source for de ter min ing the cross-sec tions.

The MCNPX sim u la tion of spallation re ac tions
has three stages with a spe cial model used for each of
them. The first stage is the intra-nu clear cas cade (INC) 
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co in cid ing with the pre-equi lib rium stage. This is fol -
lowed by an equi lib rium evap o ra tion that com petes
with the fis sion chan nel (fis sion frag ments un dergo an
evap o ra tion stage that de pends on their ex ci ta tion en -
ergy). Af ter evap o ra tion, a de-ex ci ta tion of the re sid -
ual nu cleus fol lows, gen er at ing gammas. The
MCNPX code en ables us to choose dif fer ent mod els
for the de scrip tion of in di vid ual stages of the
spallation re ac tion. The pri mary aim of the study pre -
sented here is to eval u ate, via the com par i son be tween
the code out put data and ex per i men tal works, the un -
cer tainty of the MCNPX code.

Since gain ing a better knowl edge of neu tron
econ omy may have sig nif i cant con se quences re gard -
ing the de sign of high-in ten sity neu tron fa cil i ties, the
eval u a tion of the neu tron yield of cer tain heavy tar -
gets, while us ing the MCNPX code, has been in the fo -
cus of our work aimed at op ti miz ing spallation tar gets
for ADSR sys tems.

The spallation pro cess. Spallation is a nu clear
re ac tion in which a rel a tiv is tic light par ti cle like a pro -
ton or a neu tron hits a heavy nu cleus. The en ergy of the 
in com ing par ti cle usu ally var ies be tween a few hun -
dred MeV and a few GeV per nu cleon. Spallation is
thought to take place in two stages. In the first stage
(the intranuclear cas cade phase), the in ci dent pro ton
cre ates a high-en ergy par ti cle cas cade in side the nu -
cleus. Dur ing this intranuclear cas cade, some high-en -
ergy (>20 MeV) sec ond ary par ti cles and low-en ergy
(<20 MeV) cas cade par ti cles es cape from the nu cleus.
Af ter the intranuclear cas cade, the nu cleus is typ i cally
left in a highly ex cited state. In the sec ond stage (the
evap o ra tion phase), the ex cited nu cleus re laxes, pri -
mar ily by emit ting low-en ergy (<20 MeV) evap o ra -
tion neu trons [5].

In many ex ist ing codes, the intranuclear cas cade
(INC) model is used as a ba sis for first stage cal cu la -
tions. The de scrip tion of the nu cleon – nu cleus re ac tion
in terms of bi nary nu cleon – nu cleon col li sions in side
the nu cleus is the ba sic as sump tion of the model. In
prin ci ple, the ap proach of sin gle INC par ti cles is jus ti -
fied as long as the de Broglie wave length l of the cas -
cade par ti cles is smaller than the av er age intranuclear
dis tance in the nu cleus it self (»1.3 fm).

Intranuclear cas cade cal cu la tions fol low the his -
tory of in di vid ual nu cle ons in volved in nu cleon – nu -
cleon col li sions in a semiclassical man ner. In other
words, the momenta and co or di nates (tra jec to ries) of
these par ti cles are treated in a clas sic man ner. The only 
quan tum me chan i cal con cept in cor po rated into the
model is the Pauli prin ci ple. The first code of the INC
has been cre ated by Bertini [6] in 1963. Later on,
Bertini's con cept was used in other codes, as well, e. g
by Yariv in his ISABEL code [7].

The main fea tures of the stan dard INC ap proach
may be listed as fol lows: the ini tial po si tions of tar get
nu cle ons are cho sen ran domly, in a sphere of a  ra dius

R = 1.12 A1/3 fm, where A is the mass num ber of the tar -
get nu cleus.

The momenta of the nu cle ons are gen er ated in -
side a Fermi sphere of PF = 270 MeV/c. Neu trons and
pro tons are dis tin guished ac cord ing to their isospin. All
nu cle ons are po si tioned in a fixed and con stant, at trac -
tive po ten tial well of a V0 = 40 MeV depth, in side the
nu clear tar get vol ume. The depth value is taken as be ing 
a bit higher than the Fermi en ergy (EF » 38 MeV) so
that the tar get re mains sta ble dur ing the re ac tion [6].

MA TE RIAL AND METHOD

The spallation tar get is one of the most im por tant 
com po nents of ADS. Since a large amount of neu trons
is pro duced by the spallation re ac tion, one of the es -
sen tial con di tions for se lect ing the tar get ma te rial is
the neu tron pro duc tion rate.

In this study, the MCNPX code sys tem pack ages
have been used to re port an un cer tainty study on the
neu tron yield us ing the Bertini model for a lead tar get
ir ra di ated by 800 MeV pro tons.

A lead tar get (di am e ter 20 cm, height 60 cm) has
been sim u lated by some re search ers as a bench mark
study us ing other par ti cle trans port codes, such as
HETC, SHIELD and so on (tab. 1).

To com pare the MCNPX sim u la tion data with
other sim u la tion data ob tained by dif fer ent au thors,
the neu tron yield per in ci dent pro ton of 800 MeV has
been cal cu lated for the Pb tar get. It was eval u ated in
two en ergy di vi sions (<20 MeV and >20 MeV).

This bench mark study has been pro posed to de -
ter mine the neu tron yield, num ber of leaked neu trons
of the tar get sur face, leaked neu tron spec tra, ax ial dis -
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Ta ble 1. Bench mark study of a lead tar get us ing different 
codes [8, 9]

Research group The used code

ANSALDO (Genoa) Moving source model + MCNP

JINR (Dubna) SITHA = Linear transport
eq.+ ENDL82

CDF (Paris) GEANT + FLUKA + GHEISHA

INFN (Milano) FLUKA + PEANUT

INR (Moscow) SHIELD = INC + DEECitation
+ BNAB

ENEA (Roma) HETC(NEA) + MCNP

IAERI (Japan) MNTC(JAERI) + MCNP

LANL (Los-Alamos) LAHET + MCNP

KFA (Julich) HERMES = HETC(KFA) + MORSE

KfK-1 (Karlsruhe) HERMES = HETC(KFA) + MORSE

KfK-2 (Karlsruhe) HERMES = HETC(KFA) + MCNP

KfK-3 (Karlsruhe) HERMES = HETC(KFA) + MCNP

PSI-1 (Villigen) HETC(PSI) + TWODANT

PSI-2 (Villigen) HETC(PSI) + 05R



tri bu tion of the leaked neu trons and, fi nally, the yield
dis tri bu tion of spallation prod ucts into the tar get ac -
cord ing to their mass num ber; for the fi nal anal y sis,
Bertini, ISABEL, and CEM mod els have been used.
The com par i son be tween the com pu ta tional data ob -
tained in this work and com pu ta tional bench mark
prob lems pre vi ously out lined by other au thors have
shown a rel a tive dis crep ancy.

Re gard ing tar get pa ram e ters, their ma te rial and
size de ter mine neu tron mul ti plic ity. In prin ci ple, the
heavier the tar get nu cleus is, the larger the amount of
neu trons be ing pro duced. The gain fac tor be tween heavy 
and light tar gets is around a fac tor of five [10]; how ever,
the radiotoxicity in duced in the spallation tar get can be
sig nif i cantly re duced when us ing lighter tar gets [11].

The choice of the op ti mum spallation tar get,
neu tron pro duc tion rate, un sta ble re sid ual nu clei pro -
duced, as well as tar get ther mal con duc tiv ity and its
ther mal re sis tance, are pa ram e ters of such im por tance
that they war rant spe cial at ten tion.

So, in the sec ond sec tion of this work, the neu -
tron yield per in ci dent pro ton of 1000 MeV en ergy has
been cal cu lated for Ta, W, Pb, Bi, and LBE tar gets and
the Bertini model used for the sim u la tions. 

Ac cord ing to tab. 2, a length of 200 cm has been
se lected for all the tar gets so as to min i mize the ax ial
neu tron leak age and neu tron yield cal cu lated for 5, 10,
20, 30, 40, 50, 70, and 100 cm ra dii of the cy lin dri cal
tar gets with a height of 200 cm. 

RE SULTS AND DIS CUS SION

Neu tron yield and leaked neu tron num ber
determination. Whereas the num ber of neu trons pro -

duced in side the spallation tar get and the num ber of
neu trons leaked from the tar get sur face are im por tant
pa ram e ters, both have been de ter mined in >20 MeV
and <20 MeV re gions of an 800 MeV pro ton beam.

The data ob tained by MCNPX mod el ing has
been com pared with the bench mark study (tab. 3).  Ac -
cord ing to tab. 3, most of the bench mark stud ies
showed the leaked neu tron num bers be ing un der es ti -
mated in com par i son to the ones pro duced in the tar get
for pro ton en er gies of  >20 MeV and  <20 MeV.

Pro tons have a par al lel an gu lar dis tri bu tion in -
side the beam. Ad di tion ally, the ini tial di rec tion of the
pro ton beam is par al lel to the axis of the tar get cyl in der 
and has a uni form spa tial dis tri bu tion over the cir cu lar
base of the tar get cyl in der.

The sta tis ti cal un cer tainty as so ci ated with the
Monte Carlo trans port sim u la tion re sults pre sented in
this pa per, is less than 4%. 

As seen in fig. 1, MCNPX cal cu la tions for the to -
tal neu tron yield have an ac cept able agree ment with
the bench mark data in most of the cases, with an av er -
age dis crep ancy of 8.63%; MCNPX over es ti mates
bench mark data, with the ex cep tion of the 2, 6, and 7
group data.
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Ta ble 2. Tar get ma te rial characteristics

Mat.
Phase state of
the spallation

target at 454 °C

Melting
point
[°C]

Density
[gcm–3]

Range of
1400 MeV

protons [cm]
181Ta Solid 3017 16.60 58.39

W Solid 3420 19.30 50.37

Pb Liquid 327.5 10.44 95.35
209Bi Liquid 271 9.83 101.55

LBE Liquid 123 10.11 98.60

Ta ble 3. Com par i son of the bench mark study and MCNPX cal cu la tions for neu tron pro duc tion and leak age in the lead
tar get; (tar get di men sions: ra dius = 20 cm, height = 60 cm) [9]

Research group
Number of produced neutrons in the target Number of leaked neutrons of the target surface

En > 20 MeV En < 20 MeV Total En > 20 MeV En < 20 MeV Total

ANSALDO (Genoa) 0.21 10.32 10.53 – – –

JINR (Dubna) 0.72 19.47 20.19 0.66 17.33 17.99

CDF (Paris) 1.06 8.43 9.49 – – –

INFN (Milano) – – – – – –

INR (Moscow) 2.28 19.46 21.74 0.88 15.43 16.31

ENEA (Roma) 0.95 18.75 19.70 1.3 19.73 21.03

IAERI (Japan) – – – 0.77 19.77 20.54

LANL (Los-Alamos) 2.5 15.79 18.29 1.17 15.02 16.19

KFA (Julich) 1.98 14.59 16.57 0.90 13.37 14.27

KfK-1 (Karlsruhe) 1.98 14.59 16.57 0.80 13.06 13.95

KfK-2 (Karlsruhe) 1.98 14.94 16.92 – – –

KfK-3 (Karlsruhe) 1.98 14.69 16.67 – – –

PSI-1 (Villigen) 0.11 16.36 16.47 1.5 12.37 13.83

PSI-2 (Villigen) 0.11 16.52 16.63 1.5 14.47 15.97

This work 2.3494 16.375 18.725 1.0748 15.4386 16.5134



Pro duced and leaked neu tron
spec tra from the tar get sur face

Neu tron spec tra are the other dif fer en tial pa ram -
e ter of a spallation tar get that should be taken into ac -

count. As seen in fig. 2, the leaked spec tra are softer
than the neu tron spec tra pro duced in the lead tar get. 

Com pu ta tional neu tron spec tra ob tained in this
work had more agree ment with the KFA, LANL, and
KfK-1 data.

The ax ial dis tri bu tion of the leaked neu trons was
de ter mined us ing MCNPX code cal cu la tions. These re -
sults were then com pared to those ob tained oth er wise.
The ax ial dis tri bu tion of the leaked neu trons achieved
by the MCNPX code proved to be well-matched with
KFA, LANL, and KfK-1 data (fig. 3).

Yield dis tri bu tion of spallation prod ucts. Other
im por tant pa ram e ters stud ied in this work are the
spallation prod ucts pre dicted by MCNPX. The re sid -
ual nu clei pre dic tion for the Pb cy lin dri cal tar get was
es ti mated to be of a 20 cm ra dius and a 60 cm thick -
ness. The pre dic tion ob tained by var i ous intranuclear
cas cade (INC) mod els in the MCNPX code, such as
the Bertini, ISABEL, and CEN codes, were com pared
to each other and to the LANL data, as well. 
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Fig ure 1. Com par i son of to tal neu tron yield achieved
some bench mark study and MCNPX code; the lead
tar get di men sion: ra dius = 20 cm, height = 60 cm

Fig ure 2. Com par i son of neu tron spec tra achieved some bench mark study and MCNPX code; the lead tar get di men sion:
ra dius = 20 cm, height = 60 cm [9].



The said prod ucts spread over two re gions of the
nuclides chart (fig. 4). 

The up per right part cor re sponds to the heavy,
pro ton-rich res i dues pro duced by evap o ra tion
(spallation-evap o ra tion prod ucts); the cen tral part cor -
re sponds to the me dium-mass res i dues pro duced by
fis sion (spallation-fis sion prod ucts).

As can be seen in the re sults pre sented in fig. 4,
the data achieved by the Bertini model, over lapped the
LANL data more sharply than the oth ers.

Ac cord ing to fig. 4, the yield es ti ma tion of
spallation prod ucts us ing dif fer ent mod els of the
intranuclear cas cade re sulted in more agree ments for
the Bertini and ISABEL mod els, with a rel a tive dis -
agree ment of less than 5%. 

Re sid ual nu clei pro duc tion us ing the Bertini
model in ser tion for MCNPX runs has been com pared
with data ob tained by other com pu ta tion codes (fig. 5).

The re sults achieved through the use of dif fer ent
codes showed MCNPX code data as well-matched to the
LANL and KFA data for es ti mat ing the re sid ual nu clei
yield.

In ac cor dance with fig. 5, PSI and INR ob tained
data ex hib ited no tice able dis agree ments with the
MCNPX re sults, es pe cially for nu clei 40 < A < 180.

Over all, code cal cu la tions over lap most of the
bench mark prob lems in rel a tive dis crep an cies of less
than 10%.

Cal cu la tion of the neu tron yield of spallation
tar gets us ing the MCNPX code. The di men sions of the
tar get play an im por tant role in neu tron yield be cause
of the fact that the en hance ment of the tar get ra dius in -
creases the pro duc tion of sec ond ary par ti cles in volved 
in an other spallation or (n, nx) re ac tion.

An in crease in the ra dius re sults in a de crease in
the neu tron yield via the ab sorp tion pro cess. Thus, an
op ti mized ra dius should be sug gested for the
spallation tar get.
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Fig ure 3. Com par i son of ax ial leaked neu tron spec tra achieved some bench mark studies and MCNPX code; the lead
tar get di men sion: ra dius = 20 cm, height = 60 cm [9]

Fig ure 4. Re sid ual nu clei pro duc tion in a Pb tar get by a
0.8 GeV pro ton beam; the lead tar get di men sion:
ra dius = 20 cm, height = 60 cm

Fig ure 5. Com par i son of re sid ual nu clei pro duc tion in a
Pb tar get by a 0.8 GeV pro ton beam us ing MCNPX code
and bench mark stud ies us ing other codes; the lead tar get 
di men sion: ra dius = 20 cm, height = 60 cm



Dif fer ent spallation neu tron pa ram e ters, such as
the es caped neu tron yield (n, nx) and neu tron ab sorp -
tion yield into the spallation tar get, have been stud ied
for dif fer ent spallation tar gets of a 200 cm height and
dif fer ent ra dii (5, 10, 20, 30, 40, 50, 70, and 100 cm).

Where the atomic num ber and den sity of tan ta -
lum and tung sten are close to each other dur ing a
spallation pro cess, an ap prox i mately sim i lar be hav ior
can be pre dicted. It also seems that lead, bis muth, and
lead-bis muth al loys ex hibit sim i lar i ties in pro spec tive
neu tron yield val ues. MCNPX out puts for cal cu lat ing
the pa ram e ter showed W and Ta ac com plish ing more
to tal neu tron yields than Pb, Bi, and LBE of iden ti cal
di men sions. How ever, W and Ta pro duce less neu tron
leak age than Pb, Bi, and LBE of iden ti cal di men sions.
On the other hand, leaked neu trons from a W or Ta sur -
face are no tice ably poor be cause of their high neu tron
ab sorp tion cross-sec tions (fig. 6).

Tung sten has a higher mass den sity so that its neu -
tron yield over es ti mates LBE in iden ti cal ra dii of the
tar gets. In case of a tung sten tar get, max i mum leaked
neu trons are ob tain able up to a 10 cm ra dius and more
thick ness will not ex ceed the leaked neu tron yield no -
tice ably. In con trast, the LBE neu tron yield un der goes
an ob vi ous en hance ment, even up the 50 cm tar get ra -
dius (fig. 7). 

 Fig ure 7 clearly in di cates that the W tar get has a
mark edly higher neu tron loss due to the cap ture pro -
cess than the LBE in iden ti cal ra dii.

How ever, the high den sity and mass num ber of
tung sten can be con cluded in a higher neu tron yield as

a re sult of more spallations and (n, nx) re ac tions oc cur -
ring in side the tar get.

Liq uid tar gets are more pref er a ble since they are
more flex i ble and with stand me chan i cal and ther mal
shocks better.

As for thick tar gets, high-en ergy par ti cles es cap -
ing from the nu cleus over the course of an INC can in -
duce fur ther spallation re ac tions and gen er ate
intranuclear cas cades. This per tains chiefly to neu -
trons, be cause they do not lose their en ergy through
ion iza tion losses. Thus, among all emit ted par ti cles,
neu trons pen e trate into the tar get ma te rial to the great -
est de gree. For some tar get ma te ri als, low-en ergy
spallation neu trons (i. e., low-en ergy cas cade plus
evap o ra tion neu trons) can en large neu tron pro duc tion
by (n, xn)-re ac tions. Tar get ma te ri als with a higher
den sity, such as W and Ta, can thus pro vide a higher ef -
fi ciency of (n, xn) (fig. 8).

 A pro duc ible net neu tron yield de pends not only
on the tar get's mass den sity, but is also af fected by the
neu tron loss into the tar get through the cap ture pro -
cess. Pb, Bi, and their al loy, LBE, have poorer neu tron
cap ture cross-sec tions than W and Ta. There fore, tar -
get di men sion can be ex panded with out no tice ably de -
creas ing the num ber of neu trons via the cap ture pro -
cess (fig. 9).

As has been men tioned, of the three stud ied tar -
gets, Ta and W pro vide the high est neu tron yield into
the spallation tar get. The neu tron yield pro duced in a
W tar get grew by 6% for a thick ness be tween 40-50
cm, while above 50 cm, the neu tron yield curve be hav -
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Fig ure 6. Com par i son of neu tron in ter ac tions in a Pb, Bi, W, Ta, and LBE tar gets by a 1 GeV pro ton beam us ing MCNPX
code; height: 200 cm 



ior seems to be lin ear. Clearly, af ter achiev ing max i -
mum thick ness, the neu tron yield will de crease as a re -
sult of the in abil ity of low en ergy neu trons to keep up
the spallation pro cess or con trib ute to (n, nx) re ac -
tions. The neu tron yield pro duced in a Ta tar get rose
for 3% within the 40-50 cm thick ness range. This
means that the lin ear be hav ior of the curve is ac ti vated
above the thick ness of 40 cm.  Pb, Bi, and LBE ex hib -
ited highly sim i lar be hav ior in re la tion to var i ous de -
grees of thick ness; even up to a thick ness of 100 cm,
their curves did not show any signs of lin ear be hav ior.
A strik ing re sult of the cal cu la tion is that a LBE 50 cm
thick can pro vide the same neu tron yield as the one
pro duced in a 20 cm thick W tar get.

A 100 cm thick ness of all com pared tar gets has
re sulted in ap prox i mately iden ti cal neu tron yields, the
max i mum dis crep ancy amount ing to 6.5%  (fig. 10).  

Over all, Ta and W cre ate the high est neu tron
yield into the tar get. But, their high neu tron ab sorp tion
cross-sec tions al low max i mum leak age within a 10 cm 
thick ness, with a 22.5 n/p. De spite their lower neu tron
yields, within the 50 cm range, Pb, Bi, and LBE pro -
duce the max i mum leaked neu tron yield of 30 n/p.

LBE ex hib its char ac ter is tics sim i lar to Pb and
Bi. Hence, its low melt ing point, 123.5 °C, makes it a
choice of in ter est in view of liq uid tar get han dling in
ADSR sys tems.
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Fig ure 7. Com par i son of neu tron yield in W and LBE tar gets by a 1 GeV pro ton beam us ing MCNPX code; height: 200 cm 

Fig ure 8. Com par i son of neu tron num ber pro duced via
(n, nx) in W , Ta, Pb, Bi, and LBE tar gets by a 1 GeV 
pro ton beam us ing MCNPX code; height: 200 cm 

Fig ure 9. Com par i son of neu tron loss num ber via cap -
ture in W, Ta, Pb, Bi, and LBE tar gets by a 1 GeV pro ton
beam us ing MCNPX code; height: 200 cm



CON CLU SIONS

As a pow er ful com pu ta tional tool, MNCP 2.4 can
pro vide pre cise es ti ma tions for the de ter mi na tion of the
best di men sions for dif fer ent spallation tar gets which
can re sult in max i mum con tained neu tron yields.

The neu tron yield ob tained by the MCNPX code
for lead tar gets showed that the data have an ac cept -
able agree ment with the bench mark data ob tained by
au thors us ing dif fer ent com pu ta tional codes, the av er -
age dis crep ancy amount ing to 8.63% in most cases.

Among dif fer ent bench mark stud ies car ried out
on neu tron spec tra emerg ing from a lead spallation tar -
get, KFA, LANL, and KfK-1 data had more agree ment
with the neu tron spec tra ob tained in the pres ent work.
Re sults show that the MCNPX code is well-matched
with LANL and KFA data in es ti mat ing the re sid ual nu -
clei yield. Over all, the code cal cu la tions over lap bench -
mark prob lems in rel a tive dis crep an cies of less 10%.

Sim u la tion data show that W and Ta ex hibit sim -
i lar neutronic be hav ior and that, al though they pro -
duce the high est neu tron yield, be cause of their high
neu tron cross-sec tions, their es caped neu tron yield no -
tice ably de creases in ra dii higher than 10 cm.

The study pre sented here has shown that Pb, Bi,
and LBE ex hibit sim i lar neutronic be hav ior and that,
up to a 50 cm ra dius, there is not much rel a tive dis crep -
ancy be tween the to tal and the es caped neu tron yield.

Re gard ing the com plex i ties of an ADS tar get,
LBE is sug gested be cause of its low ab sorp tion
cross-sec tion and highly ac ces si ble neu tron leak age
from the tar get sur face.
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Fig ure 10. Com par i son of neu tron yield in W , Ta, Pb, Bi,
and LBE tar gets by a 1 GeV pro ton beam us ing MCNPX
code; height: 200 cm
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Sejed AMIR HOSEIN FEXI,  Zoreh GOLAMZADEH

MCNP  SIMULACIJA  NEUTRONSKIH  PRORA^UNA  META  ZA  SPALACIJU

Sistem upravqan akceleratorom, novi je oblik reaktora o kome se razmi{qa kao
namenskom sagoreva~u radioaktivnog otpada visokog nivoa. Funkcija spalacione mete u sistemu je
da konvertuje upadni snop ~estica visokih energija u niskoenergetske neutrone. Jedna od veli~ina
koja je od najve}eg interesa za prakti~nu primenu je broj neu trona proizveden  po jednom protonu u
spalacionoj meti. Me|utim, usled internuklearne kaskade, broj neutrona zavisi ne samo od
materijala ve} i od veli~ine mete. Programski paket MCNPX 2.4 kori{}en je za prora~un
spalacionih meta. Rezultati nekih test primera upore|eni su sa MCNPX 2.4 simulacijom kako bi
se potvrdila mogu}nost ovog programskog paketa za prora~un raznih parametara mete.

Ra~unarskom simulacijom prou~avani su procesi interakcije neu trona kao {to su gubitak,
zahvat i (n, xn) interakcije u spalacionoj meti, za materijale W, Ta, Pb, Bi i olovno-bizmutnu
eutekti~ku sme{u (LBE) i za razli~ite dimenzije meta. Sa relativnom gre{kom mawom od 10%,
simulacija koju daje programski paket MCNPX sla`e se sa rezultatima drugih simulacija koje su
ranije obavqene – ~ime se kvalifikuje za prora~une spalacije. Mete od W i Ta stvarale su ve}i broj 
neutrona pri spalaciji, upotrebom meta mawih dimenzija. Pb, Bi i LBE mete pona{ale su se sli~no u 
pogledu mogu}eg doprinosa stvarawu neutrona na spoqa{wim povr{inama mete. Kori{}ewem
debqe mete, LBE se mo`e porediti sa metama od W i Ta u pogledu prinosa neutrona.

Kqu~ne re~i: MCNPX program, test primer, prinos neutrona, meta za spalaciju


