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Lead-cooled fast re ac tors have mul ti lay ered de signs and large in ter nal tem per a ture dif fer -
ences, which cause chal lenges in sim u lat ing re ac tor phys ics. SuperMC, a large-scale in te -
grated soft ware sys tem for neutronics de sign, is in her ently able to ad dress com plex ge om e -
tries and multi-tem per a ture prob lems. The pur pose of this study is to ver ify the ap pli ca bil ity
of SuperMC to the lead-bis muth-cooled fast re ac tor RBEC-M. The multi-tem per a ture
cross-sec tion gen er a tion func tion of SuperMC was em ployed and showed good per for mance. 
Based on the ENDF/B-VII.1 li brary, the ef fec tive mul ti pli ca tion fac tor keff ob tained by
SuperMC showed good agree ment with those from pre vi ous works. The re la tion ship of keff

and 15N en rich ment ap plied to the fuel ma te rial was also stud ied, with the re sults show ing
that in creased 15N could sig nif i cantly im prove keff. The ax ial power pro file and ki net ics pa -
ram e ters for the bench mark were then cal cu lated and an a lyzed. This work thus ver i fied the
ap pli ca bil ity of SuperMC for com pre hen sive neutronics sim u la tions for lead-bis muth-cooled
fast re ac tors.
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IN TRO DUC TION

Lead-cooled fast re ac tors (LFR) are among the
most prom is ing ad vanced Gen er a tion IV nu clear sys -
tems for dem on stra tion and com mer cial iza tion [1, 2].
They show the ad van tages of ro bust fuel cy cling and
good safety per for mance, as well as new phys i cal char -
ac ter is tics. Mol ten lead and lead-bis muth mix tures, as
the pri mary cool ants of LFR, have low neu tron ab sorp -
tion. LFR op er ate with fast neu tron spec tra be cause the
neu trons are not slowed as ef fi ciently dur ing in ter ac tion 
with heavy nuclides. In ad di tion, LFR have high op er at -
ing tem per a tures of >500 °C. These spe cial fea tures re -
quire the per for mance of com pre hen sive neutronics
sim u la tions. Some neutronics anal y ses of LFR, such as
BREST-OD-300 [3] and the Eu ro pean Lead-Cooled
Train ing Re ac tor (ELECTRA) [4], have been re ported
pre vi ously. In this work, the sim u la tion of the lead-bis -
muth-cooled re ac tor RBEC-M is per formed. The
RBEC-M is a dis tinc tive re ac tor in clud ing three core re -
gions with lead-bis muth cool ants, mixed nitride fu els,

and multi-tem per a ture dis tri bu tions [5]. This sim u la -
tion was per formed us ing SuperMulti-func tional
Cal cu la tion Pro gram for Nu clear De sign and Safety
Eval u a tion (SuperMC) to ver ify the ap pli ca bil ity of
SuperMC to the RBEC-M.

SuperMC [6-8], de vel oped by the FDS Team, is
a large-scale in te grated soft ware sys tem for neutronics 
de sign. The sys tem adopts the Monte Carlo method for 
neu tron trans port anal y sis. It has con trib uted sig nif i -
cantly to many re search fields, in clud ing ma te ri als de -
vel op ment [9-12], the in no va tive de sign of ad vanced
re ac tors [13,14], and neutronics ex per i ments [15, 16].
The ver i fi ca tion and val i da tion of SuperMC for nu -
clear crit i cal ity safety and shield ing bench mark suites
were sys tem at i cally per formed pre vi ously [17, 18].
SuperMC has pow er ful 3-D geo met ric mod el ing ca pa -
bil i ties, sup port ing the cre ation and ed it ing of geo met -
ric shapes such as cu boids, cyl in ders, and spheres.
SuperMC's hi er ar chi cal mod el ing can fa cil i tate quick
and ac cu rate con struc tion of com plete re ac tor mod els,
which has been ap plied to some fis sion re ac tor cores
[19]. The lat est ver sion, SuperMC3.3, sup ports
multi-tem per a ture on-the-fly (OTF) func tions and can
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gen er ate cross-sec tions of mul ti ple tem per a tures to
meet the de mands of large tem per a ture vari a tions in
some fis sion re ac tors.

In this pa per, the mod el ing pro cess of the In ter -
na tional Atomic En ergy Agency (IAEA) RBEC-M
bench mark in SuperMC was first de scribed. Then the
neutronics cal cu la tions were car ried out us ing
SuperMC, and the re sults were an a lyzed and dis -
cussed.

DE SCRIP TION OF THE BENCH MARK

The IAEA bench mark prob lem [20] was de rived
from the 900 MWt RBEC-M re ac tor core de sign, pro -
posed by the Rus sia Re search Cen ter Kurchatov In sti -
tute (RRC KI). Re ac tor so lu tions, in clud ing hex ag o nal 
fuel as sem blies (FA), lat eral and ax ial blan kets, wide
fuel rod lat tices, and high 15N en rich ment, fa cil i tate
im prove ment of breed ing pa ram e ters and re ac tiv ity ef -
fects [21]. The R-Z model with di men sional pa ram e -
ters (in cen ti me ters) of the RBEC-M bench mark is
shown in fig. 1(a); the ho mog e nized model com prises
fif teen phys i cal zones, in clud ing three core zones. The 
core zones have 253 FA which are di vided into three
parts based on fuel vol ume frac tions. The con fig u ra -
tion of the RBEC-M core is pro vided in fig. 1(b).

Mixed ura nium-plu to nium nitride fuel (U0.863 +
+.Pu0.137)N is ap plied in all core zones; the clad ding
and the struc tural ma te rial are fer rit ic/martensitic
stain less steel (12 % Cr-Si). The pe riph ery of the core
is sur rounded by ra dial blan kets of 10 cm in height and
lat eral blan kets com pris ing pel lets of de pleted ura -
nium nitride. The up per and lower ends of the re ac tor
are a 50-cm-tall chim ney and a gas ple num, re spec -
tively. In ad di tion, the downcomer chan nel for cool ant
cir cu la tion is lo cated at the outer side. For each phys i -
cal zone, the com po nent-wise tem per a tures (in
kelvins) of el e ments are sum ma rized in tab. 1. De -
tailed nu clide den si ties (in 1/barn·cm) are given in Ref
[20].
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Fig ure 1. Bench mark model of RBEC-M core

Ta ble 1. Tem per a tures [K] of phys i cal zones of the RBEC-M re ac tor

Phys i cal zone Fuel Steel Cool ant

Core-1 1200 800 700

Core-2 1100 800 700

Core-3 1000 800 700

Ax ial blan ket of Core-1 900/700* 800/600* 800/600*

Ax ial blan ket of Core-2 900/700* 800/600* 800/600*

Ax ial blan ket of Core-3 900/700* 800/600* 800/600*

Lat eral blan ket 700 600 600

Top of fuel as sem blies 600 800

Gas ple num 600 600

Top of as sem blies of lat eral
blan ket 600 600

Downcomer 700 700

Chim ney 800 800

* Tem per a tures in top/bot tom of the phys i cal zones



SIM U LA TION METH ODS

Mod el ing

The com puter-aided de sign (CAD)-based mod -
el ing built into SuperMC en ables con ve nient and ac -
cu rate con struc tion of the re ac tor model. Geo met ric
en ti ties can be cre ated and ed ited via a graph i cal user
in ter face (GUI). More over, hi er ar chi cal geo met ric
func tion al ity al lows mod u lar and ef fi cient mod el ing
by the es tab lish ment of geo met ric re la tion ships, such
as sim i lar ity and fill ing, of a re ac tor model. With this
method, the RBEC-M bench mark geo met ric model
should be di vided into three lay ers. Thir teen ho mog e -
ni za tion re gions (with the three core zones treated as
one re gion) are con sid ered as the up per layer; the three
core zones and lat eral blan ket are filled with dif fer ent
FA in a hex ag o nal lat tice. The core as sem bly in fig.
2(a) shows the mid dle layer; the fig ure de picts that the
hor i zon tal lay out of core ex hib its dif fer ent core ar eas.
The fill ge om e try in each as sem bly is the bot tom layer.
Fig ure 2(b) shows a quar ter of the en tire re ac tor
model.

Multi-tem per a ture on line pro cess ing

To sat is fac to rily model the tem per a ture range
through out all phys i cal zones of RBEC-M bench -
mark, the nu clear cross-sec tions at seven tem per a tures 
(600, 700, 800, 900, 1000, 1100, and 1200 K) should
be ob tained. Cur rent re leased nu clear da ta bases can -
not han dle the multi-tem per a ture char ac ter is tics of the
bench mark. In such a case, we can em ploy a nu clear
data pro cess ing code, such as NJOY, to pro cess the nu -
clear data files and pre-gen er ate the li brar ies cov er ing
the re quired tem per a tures. This method is offline with
the dis ad van tages of high mem ory and time con sump -
tion [22]. SuperMC's multi-tem per a ture OTF func tion 
with a novel Dopp ler broad en ing method [23] en ables
the on line anal y sis of tem per a ture dis tri bu tions of the
model and gen er a tion of cor re spond ing cross-sec -
tions, and no ex tra mem ory is re quired in neu tron
trans port cal cu la tions. Its im ple men ta tion in
SuperMC3.3 is shown in fig. 3. This func tion was used 
to pro duce the multi-tem per a ture li brary based on the
ENDF/B-VII.1 ac cord ing to the real tem per a ture of
each re gion.

RE SULTS AND DIS CUS SION

This work em ploys SuperMC to eval u ate the
crit i cal ity per for mance of RBEC-M, in clud ing the ef -
fec tive mul ti pli ca tion fac tor keff, ax ial power dis tri bu -
tion, and ki net ics pa ram e ters. To per form crit i cal ity
cal cu la tions, the source is de fined as 30000 par ti cles
per cy cle for 500 cy cles with the 50 ini tial cy cles

skipped by the source-mod el ing mod ule of SuperMC.
The com put ing plat form is an Intel Xeon E5-2650
server with 20 cores. The on line gen er a tion func tion is
ver i fied in the ef fec tive mul ti pli ca tion fac tor cal cu la -
tion, and sub se quent sim u la tion is per formed based on
that func tion.

Ef fec tive mul ti pli ca tion fac tor

Based on the ENDF/B-VII.1 li brary, the keff cal -
cu la tion re sults with SuperMC and avail able re sults in
the IAEA re port [20] for the RBEC-M re ac tor bench -
mark are pro vided in tab. 2.

As shown in tab. 2, in this cal cu la tion, the keff re -
sults are fully ac cepted for SuperMC com pared with
other codes. The dis crep an cies in keff among these
codes are rel a tively large, and it can be in ferred that
dif fer ent li brar ies sig nif i cantly af fect the re ac tions of
some key nuclides [24], such as 208Pb, 238U, and 239Pu.
Li brary data pre-pro cess ing could also cause the dis -
crep ancy. In this work, the re sults cal cu lated with the
li brary pro duced by NJOY and by the SuperMC OTF
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Fig ure 2. Geometric model of RBEC-M



func tion were com pared. The rel a tive dif fer ence Dkeff

was cal cu lated with the equa tion
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s s s= + -( ) ( )NJOY SuperMC OTF2 2 (2)

It  can  be  ob tained  that  Dkeff  =  –0.024 % and  s =
= 0.016 %. The Dkeff re sult was within a ± 3s in ter val
[25], which proves the ac cu racy of the SuperMC-OTF.
To fur ther eval u ate the per for mance of SuperMC-OTF,
the cal cu la tion times with the two meth ods are pro vided
in tab. 3. 

It can be seen from the ta ble that the SuperMC-OTF
cross-sec tion gen er a tion method is nearly equiv a lent in ef -
fi ciency to the trans port cal cu la tion us ing the broad ened
cross-sec tion by NJOY. The broad en ing time re sults show
that the cross-sec tion broad en ing ef fi ciency, us ing the
SuperMC-OTF, is more than 100 times that of NJOY. Ac -
cord ingly, the OTF cross-sec tion gen er a tion in SuperMC
is an ef fec tive, pre-pro cess ing method and is used for the
rest of the cal cu la tions.

In LFR de sign, a higher keff cor re sponds to a
lower power grade of Pu en rich ment in the fuel, which
in di cates greater econ omy in fuel load ing [26]. The keff

per for mance is af fected (more or less) by frac tions of
key nuclides in the core re gion [27]. Some stud ies
have in ves ti gated the re la tion ship be tween keff and
208Pb [25, 26] in cool ant. Higher 15N en rich ment of

nitride fuel ma te rial has been ap plied to RBEC-M re -
ac tors to im prove keff per for mance. Ni tro gen is used
with 99.9 % en rich ment of 15N, while 15N in na ture has 
the en rich ment of only 0.4 %. How ever, a cor re spond -
ing nu mer i cal anal y sis has not yet been pro vided. In
or der to study the ef fect of high 15N en rich ment on keff,
11 dif fer ent frac tions of 15N were sim u lated; the re -
sults are as plot ted in fig. 4.

As the 15N frac tion in creases, the keff value is in -
creased, with a nearly lin ear re la tion ship from 10 % to
90 %. For ev ery 10 % in crease in the 15N en rich ment,
the keff value is in creased by about 290 pcm (per cent
mille, 10–5). The ap pli ca tion of 15N thus sub stan tially
im proves the keff. When the frac tion of 15N is >90 %,
the im prove ment is lim ited. Com pared with the 99.9 % 
en rich ment in the bench mark, the keff value is only de -
creased by 6.6 pcm when the en rich ment is re duced to
99 %. Be cause 99 % en rich ment of 15N is more eas ily
achieved than 99.9 % [28], us ing 99% en rich ment of
15N is rec om mended as it has lit tle ef fect on keff, as well 
as a lower cost.

Ax ial power pro file

The ax ial core power pro file is an im por tant ref -
er ence fac tor for nu clear en gi neers to con trol re ac tors.
The power dis tri bu tion, cal cu lated us ing SuperMC
code, is a nor mal ized re sult; to ob tain an ab so lute
value that can be com pared, the tally re sults must be
mul ti plied by the source strength fac tor – Q, which is
es ti mated by the equa tion

Q
E

N=
Power

(3)
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Fig ure 3. Flowchrt of 
SuperMC-OFF

Ta ble 2. The keff cal cu la tions with dif fer ent codes

Code Li brary keff

SuperMC ENDF/B-VII.1
with OTF 1.00049 ± 0.00011

SuperMC ENDF/B-VII.1
with NJOY 1.00025 ± 0.00012

Gidropress/KINRZ ENDF/B-VI 1.0084

RRC KI/MCNP-5 ENDF/B-VI 1.00375

RRC KI/MCNP-5 ENDF/B-VII 0.99514

ANL/TWODANT ENDF/B-V.2 0.99937

Ta ble 3. Per for mance of cal cu la tion with SuperMC-OTF 
and NJOY

Method Trans port
cal cu la tion time [s]

Broad en ing
time [s]

SuperMC-OTF 2968.2 15.303

NJOY 2926.2 2074.1
Fig ure 4. The  keff with re spect to the orig i nal de sign in
the bench mark



where E rep re sents the ther mal fis sion en ergy and N is
the num ber of neu trons pro duced per fis sion. Many
fis sion nuclides are pres ent in the bench mark with the
fol low ing ther mal fis sion en er gies ob tained from the
ENDF/B-VII.1 li brary [29]: 201.46 ± 0.10 MeV for
235U, 208.51 ± 0.17 MeV for 238U, 200.92 ± 0.24 MeV
for 238Pu, 204.76 ± 0.14 MeV for 239Pu, 213.63 ± 0.23
MeV for 240Pu, 216.11 ± 0.23 MeV for 241Pu, 218.20 ±
1.133 MeV for 242Pu, and 214.78 ± 0.24 MeV for
241Am. There fore, us ing the ther mal fis sion en ergy
will cause dis crep an cies in the power value, es pe cially 
for the power peak, among dif fer ent cal cu la tions. In
this re search, the weighted fis sion en ergy 207 MeV
was used ac cord ing to the fis sion rates in the var i ous
iso topes.

Fig ure 5 de picts the ax ial core power pro file,
which is de ter mined at the cen ter of each core zone.
The power dis tri bu tion cal cu lated with SuperMC is in
good agree ment with the IAEA re sults. With the
midplane of the core as the axis, the power dis tri bu tion
on the left and right side is al most sym met ri cal. On the
left side, the tran si tions of ev ery curve are near the ma -
te rial bound aries. A sud den change in power oc curs
be tween the gas ple num and blan kets, with a sharp

climb in power be tween the blan kets and core zones.
Be cause of the sym me try of the three core zones, the
power dis tri bu tion is par a bolic in these re gions with
the power peak ap pear ing in the midplane of the core.
Un der care ful ob ser va tion, some slight dif fer ences ap -
pear be tween the lower and up per bound ary of the
core. Un like the lower bound ary, the up per bound ary
in cludes FA tops, which could re duce the neu tron leak -
age. There fore, the power near the core up per bound -
ary is higher than that at the lower bound ary.

Re ac tor ki net ics pa ram e ters

Re ac tor ki net ics pa ram e ters, such as the ef fec -
tive de layed neu tron frac tion beff and the neu tron gen -
er a tion time L, are phys i cal pa ram e ters of great rel e -
vance to the re ac tor safety op er a tion. Higher beff and L
can sub stan tially im prove the ki netic re sponse of the
re ac tor. Ta ble 4 shows the re sults for these pa ram e ters
ob tained by SuperMC and RRC KI [30]. Typ i cal pa -
ram e ters [31] for fast re ac tors are also given in the ta -
ble.

Al though the nu mer i cal precisions are dif fer ent,
both ki net ics pa ram e ters ob tained by SuperMC are
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Fig ure 5. The RBEC-M ax ial power distribution



con sis tent with the RRC KI re sults. As shown in the ta -
ble, the RBEC-M re ac tor ex hib its a slightly higher de -
layed neu tron frac tion than typ i cal fast re ac tors. Con -
sid er ing the de layed neu trons, the av er age life time of
fis sion neu trons l is de fined by

l = +beff L (4)

Be cause beff is much larger than L, l de pends
mainly on beff. In the RBEC-M re ac tor, the larger beff
im plies a lon ger av er age time in ter val be tween two
gen er a tions of neu trons, thereby de lay ing changes in
neu tron den sity. This yields a slower power ex cur sion
when in tro duc ing the same re ac tiv ity jump. 

CON CLU SIONS

Ad vanced LFR show new neutronics char ac ter -
is tics. In this work, the lead-bis muth RBEC-M re ac tor
was used to ver ify the ad vanced re ac tor phys ics code
SuperMC. Mod el ing, cal cu la tion, and vi su al iza tion
were all per formed us ing SuperMC. 

Com pared with the IAEA re port on the RBEC-M
re ac tor, good con sis ten cies were achieved for keff and
power pro file. Based on the ENDF/B-VII.1 li brary, the
rel a tive dif fer ence of keff as cal cu lated with the li brary
pro duced by NJOY and by the SuperMC-OTF func tion
was within a ±3s in ter val. The cal cu la tion re sults also
showed that SuperMC-OTF broad en ing ef fi ciency is
more than 100 times that of NJOY. In ad di tion, the keff

ef fect of 15N ap pli ca tion was an a lyzed; in creased 15N
showed ben e fi cial im prove ments in keff per for mance.
Re ac tor ki net ics pa ram e ters of the ef fec tive de layed
neu tron frac tion beff and the neu tron gen er a tion time L
were cal cu lated and com pared with those of typ i cal fast
re ac tors to re flect the ki netic re sponse per for mance of
the RBEC-M. 

In this work, hi er ar chi cal mod el ing and on line
cross-sec tion gen er a tion in SuperMC yielded great ef -
fi ciency im prove ments in re ac tor sim u la tion. In the fu -
ture, fuel burnup anal y sis of the RBEC-M bench mark
will be per formed with SuperMC.
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Huej DING, ]uen GAN, Li|uen HAO, \ing SUNG, Jican VU

VERIFIKACIJA  I  PRIMENA  SuperMC3.3  PROGRAMSKOG  SISTEMA
NA BRZI  REAKTOR  HLA\EN  OLOVOM  I  BIZMUTOM

Brzi reaktori hla|eni olovom imaju vi{eslojne strukture i velike unutra{we
temperaturne razlike, {to predstavqa izazove za simulaciju fizi~kih procesa reaktora.
SuperMC, veliki integrisani softverski sistem za prora~un neutrona, izvorno je sposoban da
re{i slo`ene geometrije i probleme sa vi{estrukom temperaturom. Svrha ovog rada je da proveri
primenqivost SuperMC programa na brzom reaktoru RBEC-M hla|enim olovom i bizmutom.
Kori{}ena je funkcija SuperMC programa za generisawe temperaturno zavisnih preseka i pri
tome je pokazala dobra svojstva. Na osnovu ENDF/B-VII.1 biblioteke, efektivni faktor
umno`avawa neutrona keff izra~unat SuperMC programom dobro se slagao sa efektivnim 
faktorima iz prethodnih radova. Tako|e je prou~avana i veza izme|u keff i 15N oboga}ivawa koja je
primewena na gorivi materijal, a rezultati pokazuju da pove}awe 15N mo`e zna~ajno poboq{ati
keff. Zatim su izra~unati i analizirani aksijalni profil snage i kineti~ki parametri za
referentnu vrednost. Ovim radom je tako verifikovana primenqivost SuperMC programa za
sveobuhvatne simulacije neu tron brzih reaktor hla|enih olovom i bizmutom.

Kqu~ne re~i: RBEC-M, brzi reaktor, reaktor hla|en olovom i bizmutom, SuperMC, reaktorska
..........................kinetika, fizika reaktora


