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The subcritical re ac tor driven by ex ter nal neu tron source could ap ply as use ful in stru ment for
mod ern nu clear en ergy ap pli ca tions re quir ing high-level ir ra di a tion of dif fer ent ma te ri als by
the high-en ergy and high-in tense neu tron flux (e. g., nu clear waste trans mu ta tion,
radiopharmaceutical pro duc tion, etc.). The prop a ga tion of neu tron pulses through the
subcritical nu clear sys tem was con sid ered in the pres ent pa per. Sim ple ho mo ge neous
subcritical sys tems and a model of two-zone subcritical re ac tor were computationally in ves ti -
gated us ing Monte Carlo MCNP4c trans port code. The prop a ga tion of one ini tial neu tron
pulse and se ries of one hun dred neu tron pulses through the pre sented subcritical nu clear
mod els were sim u lated. In this study, the neu tron mul ti pli ca tion fac tor, the neu tron flux, the
en ergy am pli fi ca tion fac tor, the to tal en ergy of neu trons in ini tial pulse, etc. were ob tained and 
an a lyzed. The pre sented cal cu la tions have shown that the con sid ered pulse subcritical sys tems 
can be suc cess fully used as ef fec tive am pli fi ers of neu tron flux from the ini tial source. The
mod el ing re sults in di cate that there is an achieve ment of a sta ble, high level of neu tron flux
caused by the ac cu mu la tion of de layed neu trons from pre vi ous pulses in se ries of one hun dred 
pulses for both ho mo ge neous and het er o ge neous sys tems.
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IN TRO DUC TION – SOME GEN ERAL
CON CEPTS OF USES OF THE SUBCRITICAL
MUL TI PLY ING SYS TEMS

A great num ber of mod ern ap pli ca tions re quire
high-level ir ra di a tion of dif fer ent ma te ri als by a
high-en ergy and high-in tense neu tron flux (for ex am -
ple, prob lem of nu clear waste trans mu ta tion, pro duc -
tion of med i cal radionuclides for nu clear med i cine,
etc.) [1, 2]. The usual way to solve this prob lem lies in
ir ra di a tion of these ma te ri als by neu tron flux in side a
re search nu clear re ac tor or in side an in dus trial power
re ac tor. The sec ond way is used by pro vid ing the pos -
si bil ity of the ac cess to the nu clear re ac tor core dur ing
op er a tion of the re ac tor, which is highly prob lem atic.
So, the fur ther al ter na tive pos si bil i ties to solve this
prob lem are highly wel comed, es pe cially in the view
of prob lems with con tem po rary nu clear re ac tors. In
gen eral, most of the world's neu tron sources were built 
de cades ago, and al though the uses and de mand for
neu trons have greatly in creased through out the years,
just a few new neu tron sources have been built.

One of the al ter na tive pos si bil i ties to ob tain high
neu tron flux lies in the use of neu tron gen er a tors [3].
Neu tron gen er a tors are neu tron source de vices which
con tain lin ear ac cel er a tors that pro duce neu trons by
fus ing iso topes of hy dro gen to gether. The D-T nu clear
re ac tion is used in the ma jor ity of such de vices, where
fu sion of a deu teron 2H and a tri ton 3H nu clei (D + T) 
re sults  in  the  for ma tion of  al pha  par ti cle 4He and a
neu tron with ki netic en ergy of ap prox i mately 14.1
MeV. But, the yield of neu trons in the D-T re ac tion is
lim ited by the cur rent strength of the deu teron beam,
in side the ac cel er a tor tube of neu tron gen er a tor. Thus,
av er age neu tron yield in the ma jor ity of neu tron gen er -
a tors amounts to 108-109 neu tron/s, which is ab so -
lutely not enough for ap pli ca tion pur poses. But in ad -
di tion, there is some in for ma tion about neu tron
gen er a tors that pro duce av er age neu tron yield
~1013-1014 neu tron/s [4, 5].

An other al ter na tive pos si bil ity to ob tain high
neu tron flux, lies in the use of nu clear spallation pro -
cess. In nu clear phys ics, spallation is the pro cess in
which a heavy nu cleus emits a large num ber of nu cle -
ons, par tic u larly neu trons, as a re sult of be ing hit by a
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high-en ergy par ti cle, thus greatly re duc ing its atomic
weight. For ex am ple, pro tons or deu ter ons be ing ac -
cel er ated up to ul tra-high en er gies ~1 GeV may pro -
duce  a  large  num ber  of neu trons by the spallation
pro cess on heavy  metal  nu clei [2, 6] (en ergy of
~25-40 MeV is re quired to pro duce one neu tron). In
this con nec tion, Spallation Neu tron Source (SNS) at
US Oak Ridge Na tional Lab o ra tory, can be men tioned
as an ex am ple [7].

In gen eral, a lot of dif fer ent pro jects of
subcritical sys tems driven by pro ton ac cel er a tors, ex -
ist in the world. A subcritical re ac tor is a nu clear fis -
sion re ac tor con cept that pro duces fis sion with out
achiev ing crit i cal ity. In stead of a sus tain ing chain re -
ac tion, a subcritical re ac tor uses ad di tional neu trons
from an out side source. The neu tron source can be a
nu clear fu sion ma chine or a neu tron source, pro duc ing 
neu trons through spallation of heavy nu clei by
charged par ti cles such as pro tons ac cel er ated by a par -
ti cle ac cel er a tor. Such a de vice with a re ac tor cou pled
to an ac cel er a tor is called an ac cel er a tor driven sys tem
(ADS). Thus, an ADS is, in gen eral, a neu tron source
cre ated by cou pling a pro ton ac cel er a tor, a spallation
source and a subcritical core. For ex am ple, Eu ro pean
pro ject FREYA (Fast Re ac tor Ex per i ments for hy brid
Ap pli ca tions) in volves de vel op ment and cre ation of
ADS MYRRHA [8].

Let us also note that ex per i men tal low-power
subcritical as sem bly “YALINA-BOOSTER”, driven
by D-T neu tron gen er a tor, is al ready built in Joint In -
sti tute for En ergy and Nu clear Re search (Sosny,
Minsk, Belarus) [9]. The yield of neu trons in both
aforemen tioned cases is es sen tially lim ited by the cur -
rent strength of the par ti cle beam in side the ac cel er a -
tor, while in crease of the cur rent strength up to a value
needed for ap pli ca tions is a rather com pli cated prob -
lem [10]. Thus, subcritical source-in jected mul ti ply -
ing sys tems are to day pro posed as a vi a ble and ac cept -
able nu clear means for pro duc ing en ergy and
trans mut ing ac ti nide and fis sion prod ucts pro duced by 
con ven tional re ac tors [11]. A large ef fort is de voted
world wide to as sess ment of ADS, where source neu -
trons are pro duced by spallation re ac tions caused by
high en ergy pro tons im ping ing on a heavy-nu clide tar -
get.

De spite the fact that many re search ADS pro -
jects con sider an ex ter nal neu tron source, based on
spallation re ac tion, au thors of the pres ent pa per think
that DT neu tron gen er a tors with high in ten sity
(1014-1015 neu trons/s) de serve al ter na tive con sid er -
ation in stead of high-en ergy pro ton ac cel er a tors, first
of all from the view point of cost pa ram e ter of neu tron
source.

An other im por tant ADS as pect is the dis con ti nu -
ity of the charged par ti cle beam in most ac cel er a tors,
which is a con se quence of the pul sat ing na ture of the
neu tron source in ADS. In this re gard, ques tions arise
about the for ma tion of the neu tron pulse for the source

(in the tar get) and of the pas sage of the neu tron pulse in 
the subcritical re ac tor – es tab lish ing the av er age neu -
tron flux, re lax ation times, the in flu ence of de layed
neu trons, etc.

There fore, within anal y sis of prop a ga tion of
neu tron  pulses  through  the  subcritical  sys tems  in 
the pres ent pa per, we will con sider monoenergetic
14.1 MeV neu trons from D-T re ac tion as ex ter nal par -
ti cles for subcritical re ac tor.

SOME AS PECTS OF PROP A GA TION OF
NEU TRON PULSE THROUGH THE
SUBCRITICAL NU CLEAR SYS TEM

We can also use the am pli fy ing prop erty of
subcritical mul ti ply ing sys tems in or der to en hance
neu tron flux of the ex ter nal source. The quan tity of
neu trons n in the steady-state subcritical mul ti ply ing
sys tem, within the frame work of the point model of
nu clear re ac tor, can be de ter mined by the ex pres sion

n q

l k
Mq M k k

t
=

-
= = + + +0

0
21, K (1)

This means that in a time t num ber of neu trons q0

emit ted by the ex ter nal source in creases k times. Here t
is the neu tron gen er a tion time, which is con nected to the 
life time  of  the neu trons in the sys tem t0 by the re la tion
t = t0/k, while k is, as usu ally, the ef fec tive neu tron mul -
ti pli ca tion fac tor. Once again, let us note that eq. (1) is
valid only for the steady-state subcritical sys tems in the
one-ve loc ity point ap prox i ma tion. Let us also note that
subcritical sys tems re quire an ex ter nal source to main -
tain a steady-state, and the re sult ing neu tron dis tri bu -
tion is dom i nated by source in jec tions, rather than by
the neu trons emit ted through the in ner mul ti pli ca tion
pro cess [11].

Gen er ally speak ing, the prop erty of the
subcritical sys tem to am plify neu tron flux of the ex ter -
nal source is used in most cases in the steady-state
subcritical sys tems [12, 13]. There fore, it would be of
great in ter est to in ves ti gate and an a lyze the prob lem of 
am pli fy ing prop er ties of the subcritical sys tem in the
case of pulsed neu tron sources. The ef fi ciency of the
subcritical sys tem to am plify neu tron flux of the
pulsed neu tron source, un til to now is in ques tion. Let
us note that pulsed neu tron sources (spallation
sources, neu tron gen er a tors or re ac tors) do not emit a
con tin u ous neu tron beam, but pulses. For spallation
sources this is an in trin sic fea ture, whereas re ac tors
can be forced to pro duce pulses – in or der to achieve a
higher neu tron flux den sity. Thus, in or der to in crease
the max i mum neu tron flux, spe cial pulsed re ac tors
were de vel oped. Spallation sources and neu tron gen -
er a tors, in gen eral, are pulsed be cause they run in con -
nec tion to a pulsed par ti cle ac cel er a tor.

Prop a ga tion of neu tron pulses through the
subcritical sys tem was widely in ves ti gated ear lier, in
con nec tion with the prob lem of crit i cal ity mea sure -
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ments in subcritical sys tems (see for ex. [14]). The re -
sults of those in ves ti ga tions show very clearly that
neu tron pulse is damped as it prop a gates through the
subcritical sys tem. Damp ing of pulse wave, ob vi ously, 
is de ter mined by the prop er ties of mul ti ply ing me -
dium, whereas the damp ing time pe riod is spe cif i cally
de ter mined by both prompt fis sion neu trons and de -
layed neu trons. In other words, neu tron pulse is
quickly damped dur ing the ini tial time in ter val ac cord -
ing to the law of ex po nen tial de crease, where the de -
crease co ef fi cient a is given by

a
b r

t
=

-
(2)

Here b is a por tion of de layed neu trons, r is nu -
clear re ac tiv ity of the sys tem. Af ter the fast de crease
caused by prompt neu trons, the long over ex tended tail
of the neu tron pulse is formed due to de layed neu trons.

If the fre quency R of prop a ga tion of neu tron
pulses sat is fies the re la tion a << R << l, where l is the
char ac ter is tic de cay co ef fi cient of the emit ter of the
de layed neu trons, with the max i mum life time, then the 
sys tem co mes to a steady-state (see, e.g., [14]). Let us
re mind that a sys tem in a steady-state has nu mer ous
prop er ties that are un chang ing in time. In this spe cific
case of the steady-state pro cess, the num ber of the de -
layed neu trons nd, within the in ter val be tween pulses,
co mes to a flat pla teau that is un chang ing in time. This
num ber of the de layed neu trons nd is de ter mined by
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Thus, in the case of a pulsed neu tron source, we
should ob serve am pli fi ca tion of neu tron flux, both
dur ing the time pe riod of prompt neu tron pulse and
dur ing the time pe riod of the de layed neu trons flat pla -
teau. The num ber of the prompt neu trons np, dur ing the 
prompt neu tron pulse, is de ter mined by

n t
q

pd =
-

ò
0t

b r
(4)

There fore, am pli fi ca tion of neu tron flux is
higher dur ing the time pe riod of the de layed neu trons
flat pla teau than dur ing the time pe riod of prompt neu -
tron pulse. The lat ter state ment is a con se quence of the
fact that num ber of the de layed neu trons dur ing the
time pe riod of the flat pla teau is, among other fac tors,
de ter mined by con tri bu tion of the de layed neu tron
tails aris ing from the pre vi ous neu tron pulses.

Gen er ally speak ing, the pre vi ous an a lyzed pic -
ture of prop a ga tion of neu tron pulses through the
subcritical sys tem lacks many im por tant de tails. Firstly,
as a se quence of the use of one-ve loc ity ap prox i ma tion,
we did not take into ac count neu tron mul ti pli ca tion due
to fast neu trons. This would prob a bly make a sub stan -
tial dif fer ence in the case of neu tron source de vices
which use the D-T nu clear re ac tion pro duc ing neu trons
with a ki netic en ergy of ap prox i mately 14.1 MeV. An -

other ex am ple of the sig nif i cance of tak ing into ac count
the fast-neu tron mul ti pli ca tion ef fect, co mes from the
use of spallation neu tron sources, which can pro duce
neu trons with the en ergy up to 300 MeV, de pend ing on
the en ergy of pro tons or deu ter ons be ing ac cel er ated up
to high en er gies, as men tioned above. Fast mul ti pli ca -
tion fac tor for the spallation neu trons may con sid er ably
ex ceed the value 1.2, which is typ i cal for fast neu tron
re ac tors. Sec ondly, the pre vi ous anal y sis does not take
into ac count the neu tron pulse prop a ga tion in space,
whereas knowl edge of the spa tial dis tri bu tion of the
neu tron flux in the re ac tor core is needed to choose the
best and op ti mal lo ca tion of tar gets and de tec tors.
Thirdly, the pre vi ous dis cus sion does not make clear the 
pic ture of sat u ra tion at tain ment, which is ob served in
the pro cess of prop a ga tion of pulse group through the
subcritical sys tem. Fourthly, the pa pers [15-17] dem on -
strated how the am pli fi ca tion fac tor is af fected by the
pres ence of two dif fer ent ma te rial zones in the sys tem.
More over, this in flu ence is mainly de ter mined by the
mul ti pli ca tion fac tor of each zone. How ever, ac cord ing
to our cal cu la tions, the am pli fi ca tion fac tor is also sub -
stan tially af fected by the ma te rial com po si tion of each
zone. The lat ter fact is ex plained by neu tron mul ti pli ca -
tion due to fast neu trons, as pre vi ously men tioned.

MOD ELS FOR CAL CU LA TION
AND METH ODS

In this study we in ves ti gate some gen eral phys i -
cal prop er ties and char ac ter is tics of the pulsed
subcritical am pli fier of neu tron flux, within the frame -
work of dif fer ent de sign mod els of nu clear re ac tor,
start ing with some sim pli fied ho mo ge neous mod els of
the subcritical re ac tor, and fin ish ing with more re al is -
tic het er o ge neous re ac tor model, which is close to ac -
tual con struc tion of the fu ture subcritical re search re -
ac tor driven by high-in ten sity neu tron gen er a tor.
These mod els have been de vel oped in the frame work
of the re search and de vel op ment pro ject of the
subcritical re search nu clear re ac tor at In sti tute for Nu -
clear Re search of the Na tional Acad emy of Sci ences
of Ukraine and at In sti tute for Safety Prob lems of NPP
of the Na tional Acad emy of Sci ences of Ukraine.

It is rea son able to in ves ti gate and an a lyze the
prop a ga tion of neu tron pulses through the nu clear
subcritical sys tem with the help of com pu ta tional ex -
per i ment that com pletely sim u late the sys tem un der
con sid er ation. Sim u la tion ex per i ment of this kind
should in volve a choice of sim u la tion method, and
also to tal def i ni tion and spec i fi ca tion of the pro to type
sys tem, in clud ing nu clide com po si tion of the sys tem,
its ge om e try, char ac ter is tics of pulsed neu tron source,
bound ary con di tions, and so on.

The fol low ing con sid er ations should be taken
into ac count in the course of the choice of the sim u -
lated sys tem.

Firstly, the sys tem un der con sid er ation must be
subcritical enough to meet the re quire ments of reg u la -
tory au thor i ties for the to tally safe nu clear re ac tor sys -
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tems. It means that the ef fec tive mul ti pli ca tion fac tor
of the sys tem should not ex ceed the value keff = 0.97.
The o ret i cally, we can also con sider the pro to type sys -
tem with a higher value of the quan tity keff, pri mar ily to 
es ti mate pos si ble ben e fits of such in crease.

Sec ondly, the quan tity of fis sile ma te rial (such as 
235U) should be as min i mal as pos si ble. Con se quently,
cer tain steps must be taken to re duce the amount of fis -
sile ma te rial in or der to make sys tem more cheap and
safe. Among these steps we can men tion the use of the
most ef fec tive neu tron re flec tors, be ryl lium com ing
up in the first place due to ef fi ciency of nu clear re ac -
tion (n, 2n) in side this ma te rial. We should also use the
most op ti mal ra tio of the fis sile ma te rial quan tity to the 
mod er a tor ma te rial quan tity. As a re sult, the most ef -
fec tive ra tio of the amount of 235U nu clei to the amount 
of hy dro gen nu clei is 1:500, ac cord ing to ref er ence
books (see, e. g., [18]).

Thirdly, it is ad van ta geous to use the prop erty of
some heavy nu clei, first of all of 238U, to be fis sion able
due to ab sorp tion of fast neu trons with en ergy higher
than fis sion thresh old. Let us re mind that 238U is
known to be the most com mon iso tope of ura nium
found in na ture. It is not fis sile, but is a fer tile ma te rial:
it can cap ture a slow neu tron and af ter two beta de cays
be come fis sile 239Pu. Though 238U is fis sion able with
fast neu trons, it can not sup port a chain re ac tion be -
cause in elas tic scat ter ing re duces neu tron en ergy be -
low the range where fast fis sion of one or more
next-gen er a tion nu clei is prob a ble. In sum mary, the
ini tial slow down of the neu trons should be per formed
in side of the heavy ma te rial, such as 238U or 232Th. The 
sec ond ary slow down of the neu trons should then be
per formed in side of the good mod er a tor mixed with
the fis sile ma te rial. It is im por tant to note that an a lyt i -
cal anal y sis of such a sys tem, in the frame work of the
one-ve loc ity ap prox i ma tion, is im pos si ble.

Ho mo ge neous cal cu la tion mod els

We start the con sid er ation with the fol low ing
sim ple con fig u ra tions of ho mo ge neous sys tems. The
point neu tron source is placed in the cen ter of a spher i -
cal subcritical nu clear as sem bly and it emits ei ther a
sin gle pulse of the monoenergetic neu trons with the
en ergy of 14 MeV and du ra tion of about 10–8 s, or a
group of such pulses with interpulse pe riod, i. e. pulse
rep e ti tion in ter val, of about 10–4 s. Subcritical nu clear
as sem bly is a ho mog e nized fuel sys tem, and is built up
from a num ber of con cen tric spher i cal lay ers. The in -
ner layer of the as sem bly is com posed of ei ther nat u ral
ura nium or de pleted ura nium, which is fis sion able by
fast neu trons. Let us re mind that around 99.3 % of nat -
u ral ura nium is 238U, while de pleted ura nium has even
higher con cen tra tion of 238U. The next (ex ter nal) layer
of the as sem bly is com posed of wa ter so lu tion with the 
dis solved 235U, where the ra tio of the amount of 235U

nu clei to the amount of hy dro gen nu clei is 1:500, or so. 
The layer thick nesses are cho sen on the ba sic prin ci ple 
that the ef fec tive mul ti pli ca tion fac tor of the sys tem
should not ex ceed unity. On the other hand, the layer
thick nesses and, re spec tively, de sign of the as sem bly
are cho sen on the prin ci ple that the am pli fi ca tion fac -
tor of neu tron flux com ing from the source should
reach a max i mum value.

Het er o ge neous cal cu la tion model

It is also of great in ter est to study prop a ga tion of
neu tron pulses through the re al is tic subcritical nu clear
sys tem close to ac tual nu clear re ac tor. For this pur -
pose, we shall use the sug gested neutronic de sign
model of two-zone re search subcritical nu clear re ac -
tor, which is de vel oped in the frame work of the State
Pro ject of the Na tional Acad emy of Sci ences of
Ukraine Study of non-lin ear and sto chas tic prop er ties
of mul ti ply ing nu clear sys tems [19-22]. De sign model
of this re ac tor is a two-zone subcritical sys tem driven
by high-in ten sity neu tron gen er a tor (see fig. 1). The
in ter nal zone of the pro posed re ac tor has fast neu tron
spec trum, while the ex ter nal zone of the re ac tor has
ther mal neu tron spec trum. Such a de sign of the re ac tor 
core al lows to per form dif fer ent types of re search in -
ves ti ga tions on trans mu ta tion of the whole spec trum
of ra dio ac tive wastes, i. e. both on trans mu ta tion of
mi nor actinides in the in ter nal zone with fast neu tron
spec trum [23-25], and on trans mu ta tion of long-lived
fis sion prod ucts in the ex ter nal zone with ther mal neu -
tron spec trum [26]. A great va ri ety of dif fer ent ex per i -
ments and stud ies could also be avail able at such a re -
search fa cil ity. It is also of great im por tance that
well-op ti mized two-zone subcritical sys tem makes it
pos si ble to scale down a re quest to the ex ter nal neu -
tron source and to bring down the cost of the
subcritical re search re ac tor, as dem on strated in [27,
28].

Geo met ri cal and ma te rial char ac ter is tics of the
subcritical re ac tor sys tem are cho sen on the ba sis of
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Fig ure 1. The scheme of the two-zone re search
subcritical re ac tor



sim u la tion, in ves ti ga tion and op ti mi za tion of the sys -
tem per formed in [20-22, 24]. The ef fec tive mul ti pli -
ca tion fac tor of the sys tem takes the value keff @0.97.
Ex ter nal deu teron beam trav els through a vac uum tube 
in the cen ter of the sys tem. This vac uum tube is made
of stain less steel SS304 [29]. Tri tium-sat u rated ti ta -
nium tar get is placed in the cen ter of the vac uum tube.
The tar get di am e ter co in cides with the in ner di am e ter
of the tube and amounts to 5 cm [30]. The pro cesses
oc cur ring in a tar get un der deu teron bom bard ment,
namely the D-T nu clear re ac tion, pro duce neu trons
with a ki netic en ergy of ap prox i mately 14 MeV. As a
re sult, we get an in tense 14 MeV neu tron source in the
cen ter of the subcritical sys tem. Ti ta nium tar get is
placed on a cop per base cooled by wa ter, and in turn,
wa ter cool ing pipes are placed in the lower part of the
cen tral tube, un der the tar get.

The in ter nal zone with fast neu tron spec trum,
sur round ing the cen tral tube, is placed in the tank
made of stain less steel SS304. Thick ness of the steel
wall of the tank amounts to 1 cm. The in ter nal fast zone 
of the sys tem is com posed of the re ac tor WWER-1000
short ened fuel pins cooled by the he lium cool ant. The
whole in ter nal zone has a di am e ter of 45.3 cm and
height of 50 cm. The ex ter nal ther mal zone of the sys -
tem, sur round ing the fast zone, is also com posed of the 
re ac tor WWER-1000 short ened fuel pins, but cooled
by the wa ter cool ant. The whole ex ter nal zone has a di -
am e ter of 73.6 cm and the same height of 50 cm. Clad -
ding of the fuel el e ment of the re ac tor WWER-1000
has a di am e ter of 0.91 cm, while fuel pel let has a di am -
e ter of 0.786 cm. Chem i cal com po si tion of the clad -
ding is zir co nium-1 % ni o bium al loy.

Cal cu la tion re sults show that op ti mal en rich -
ment of ura nium in the in ter nal fast zone is 15-20 % in
235U, while op ti mal en rich ment of the ura nium in the
ther mal zone com prises 4 % in 235U. There fore, fuel of
the fuel el e ments in the fast in ter nal zone is ura nium
di ox ide, which has 235U con cen tra tion of 15 %. Fuel of 
the fuel el e ments in the ex ter nal ther mal zone is ura -
nium di ox ide with en rich ment of 4 % in 235U. Fuel pins 
in both zones of the subcritical re ac tor are ar ranged in
a square lat tice with lat tice pitch 1.275 cm. Such type
of ar range ment of fuel pins into as sem blies, based on a
square lat tice, is typ i cal for ther mal nu clear re ac tors.
Ef fi cient be ryl lium re flec tor of 10 cm thick ness is
placed on the out side bor der of the re ac tor core. Tri -
tium pro duc tion, des tined for sat u ra tion of the neu tron
gen er a tor tar get, takes place in the lith ium units, which 
are al lo cated at the top and at the bot tom of the be ryl -
lium re flec tor (see fig. 1). Tri tium is pro duced, as
usual, in nu clear re ac tion by neu tron ac ti va tion of 6Li.
This is pos si ble with neu trons of any en ergy, and is an
exo ther mic nu clear re ac tion yield ing tritons ac cord ing 
to the scheme [28]

6 4Li He+ ® + +n T E (5)

CAL CU LA TION METHOD
AND MCNP CODE

The com pu ta tional ex per i ment lies in di rect sim -
u la tion of source neu tron trans port through an a lyzed
re ac tor sys tem with the help of Monte Carlo method.
This method is im ple mented in MCNP code, which
was de vel oped in the Los Alamos Na tional Lab o ra tory 
(LANL, N. Mex., USA) [31, 32].

The Monte Carlo method sim u lates the trans port
of par ti cles (neu trons, pho tons, elec trons) through me -
dia sub jected to all pos si ble in ter ac tions be tween par -
ti cles and nu clei of me dia. The interactability of a spe -
cific type is formed on the base of mac ro scopic
cross-sec tions. These cross-sec tions are cal cu lated in
ac cor dance with the mac ro scopic data of a spe cific
task and in ac cor dance with the eval u ated mi cro scopic
cross-sec tion li brar ies. With the help of this method
we can trace a spe cific par ti cle (e. g. neu tron) from its
gen er a tion to ab sorp tion or leak age from the sys tem.
Af ter ac cu mu la tion of the data for a cer tain num ber of
par ti cle his to ries, the user can ob tain par ti cle dis tri bu -
tion in the sys tem and cal cu late other phys i cal quan ti -
ties.

The Monte Carlo method pre vails over de ter -
min is tic meth ods of trans port equa tion so lu tions be -
cause it is well-suited for re ac tor sys tems with com -
plex struc ture and ge om e try [33]. The ac cu racy of
ob tained re sults for Monte Carlo method de pends on
ac cu racy of in put pa ram e ters and, of course, sta tis ti cal
un cer tainty of sim u lated pro cess. This un cer tainty can
be re duced by in creas ing the num ber of par ti cle his to -
ries. As a rule, the ac cu racy for Monte Carlo cal cu la -
tions can reach 1-3 % in com par i son with ex per i men -
tal data.

RE SULTS AND DIS CUS SION

Re sults for the ho mo ge neous
subcritical sys tems

The MCNP4c code can ap ply for two types of
cal cu la tions: the es ti ma tion of neu tron mul ti pli ca tion
fac tor and the solv ing of tasks with dif fer ent types of
neu tron sources. There is an op tion of sim u la tion for
time-de pend ent tasks in the sec ond type of cal cu la -
tions. Ini tially, we launch se ries of crit i cal ity tasks for
ob tain ing of the neu tron mul ti pli ca tion fac tor for dif -
fer ent re ac tor sys tems. There af ter, the sim u la tion of
pulse prop a ga tion in nu clear re ac tor and ob tain ing of
the am pli fi ca tion fac tor of subcritical sys tem is car ried 
out in the most in ter est ing subcritical con fig u ra tions
un der con sid er ation. Thus, cal cu la tions for both the
ho mo ge neous and the het er o ge neous sys tems were
done with the help of MCNP4c Monte Carlo trans port
code, which em ploys the ENDF/B-VI nu clear data li -
brary.
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The spher i cal sys tems for MCNP sim u la tion had 
the fol low ing con di tions: the first in ter nal sphere is
nat u ral ura nium with dif fer ent ra dii R, and the sec ond
ex ter nal spher i cal layer is wa ter so lu tion of 300 g 235U
with dif fer ent ra tios of con cen tra tions NU/NH = 1:500;
1:600; 1:400. These two neu tron mul ti pli ca tion zones
are en closed into the outer spher i cal be ryl lium re flec -
tor with dif fer ent thick nesses d. The cal cu la tion re sults 
for neu tron mul ti pli ca tion fac tor for the 1st and the 2nd

cases are pre sented in tabs. 1 and 2 cor re spond ingly.
The val ues of neu tron mul ti pli ca tion fac tor keff

for the subcritical sys tem with the ra tio of num ber of
235U at oms to num ber of Hy dro gen at oms in wa ter so -
lu tion H/U = 400 and the ra dius of the in ter nal sphere
of nat u ral ura nium R = 5 cm, were also cal cu lated.
These val ues com prise keff = 0.939, 0.968, 0.984 for
the be ryl lium re flec tor thick nesses d = 20, 30, 40 cm,
re spec tively. 

Ta bles 1 and 2 show that with in creas ing thick -
ness of the be ryl lium re flec tor, the neu tron mul ti pli ca -
tion fac tor in creases, as ex pected. More over, the ob -
tained re sults show the de crease of the neu tron
mul ti pli ca tion fac tor fol low ing the in crease of the
thick ness of in ter nal sphere with nat u ral ura nium. The
pre sented re sults also con firmed the well-known con -
clu sion about optimality of ra tio NU/NH = 1:500, from
view point of ef fi ciency of neu tron mod er a tion.

Five re ac tor sys tems A-E (see tab. 3) were se -
lected for study of the sim u la tion of the neu tron pulse
prop a ga tion through subcritical zone. This par tic u lar
choice of the sys tems A-D to be an a lyzed was made on
the ba sis of tabs. 1  and 2, cal cu la tions in a way to meet
the re quire ment of the slight subcriticality of the sys -
tems (keff ~ 0.98-0.99) and pos si bly to obey the rule of
op ti mal H/U ra tio. In ad di tion, the sys tem E (only in -
ter nal zone – wa ter so lu tion) with keff = 0.999 was
brought up into con sid er ation for ob tain ing more in -
for ma tion with re gard to the de pend ence of en ergy
am pli fi ca tion fac tor vs. the in crease of neu tron mul ti -
pli ca tion fac tor keff. The thick nesses of wa ter so lu tion
is cho sen on the ba sic prin ci ple that the ef fec tive mul -
ti pli ca tion fac tor of the sys tem should not ex ceed
unity.

For the cal cu la tion of pulse prop a ga tion through
con sid ered subcritical sys tems, for both the ho mo ge -
neous and the het er o ge neous sys tems, the fol low ing
char ac ter is tics were used: the num ber of neu trons for
one pulse npul = 1014 neu trons, the pulse width is equal
to 10–8 s, and the neu tron en ergy is 14 MeV. The neu -
tron an gu lar dis tri bu tion of the ini tial pulse is cho sen
to be iso tro pic. Time dis tri bu tion of the ini tial pulse is
stepwise. The av er age num ber of neu tron his to ries,
used in sim u la tions, was cho sen to be not less than one
mil lion, de pend ing on the ob tained un cer tain ties of
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Ta ble 1. The value of neu tron mul ti pli ca tion fac tor keff for subcritical sys tem with ra tio of num ber of 235U at oms to num ber
of hy dro gen at oms in wa ter so lu tion H/U = 500. R1 – the ra dius of the in ter nal sphere of nat u ral ura nium.
R2 – the outer ra dius of the sec ond ex ter nal spher i cal zone. d – the thick ness of the be ryl lium re flec tor

R1 [cm] R2 [cm]
keff

d = 20 cm d = 25 cm d = 30 cm d = 40 cm

0 11.123 0.989 – 1.015 1.027

1 11.126 0.988 – 1.014 1.024

2 11.145 0.983 – 1.012 1.024

3 11.196 0.973 – 1.003 1.016

4 11.293 0.957 0.980 0.990 1.000

5 11.451 0.942 – 0.974 0.986

6 11.677 0.919 – 0.954 0.964

7 11.979 0.896 – 0.931 0.941

Ta ble 2. The value of neu tron mul ti pli ca tion fac tor keff for subcritical sys tem with ra tio of num ber of 235U at oms to num ber
of hy dro gen at oms in wa ter so lu tion H/U = 600. R1 – the ra dius of the in ter nal sphere of nat u ral ura nium.
R2 – the outer ra dius of the sec ond ex ter nal spher i cal zone. d – the thick ness of the be ryl lium re flec tor

R1 [cm] R2 [cm]
keff

d = 20 cm d = 30 cm d = 40 cm

0 11.818 0.976 1.0013 1.0119

1 11.821 0.974 1.0012 1.0117

2 11.840 0.971 0.998 1.0084

3 11.882 0.965 0.992 1.003

4 11.969 0.954 0.980 0.989

5 12.109 0.938 0.968 0.979

6 12.313 0.922 0.953 0.963

7 12.586 0.899 0.930 0.942



cal cu la tions, with larger num bers used for het er o ge -
neous cal cu la tions ac cord ingly – at least five mil lion
neu tron his to ries for het er o ge neous case (see later). It
is also im por tant to pro vide the in for ma tion on max i -
mal sta tis ti cal un cer tain ties of the cal cu lated re sults.
Here, we note that max i mal stan dard de vi a tion for crit -
i cal ity cal cu la tions does not ex ceed the value of
0.0005, whereas max i mal stan dard de vi a tion, for time
do main anal y sis and the ex ter nal source cal cu la tions,
does not ex ceed the value of 0.001.

The fol low ing pa ram e ters were es ti mated in the
MCNP cal cu la tions: the num ber of neu trons that cross
sphere 1 (sphere of nat u ral ura nium) – ns1, the num ber
of neu trons for sur face unit of sphere 1 – js1, the av er -
aged neu tron flux in spher i cal zone 1 –  j1 , the num ber
of neu trons that cross sphere 2 (sphere of wa ter so lu -
tion of 235U) – ns2, the num ber of neu trons for sur face
unit of sphere 2 – js2, av er aged neu tron flux in spher i -
cal zone 2 – j2 , the to tal num ber of fis sions in sphere
with wa ter so lu tion of  235U – Nf, the fis sion en ergy, re -
leased in sphere with wa ter so lu tion of  235U– Qf, en -
ergy am pli fi ca tion fac tor G = Qf/Qpul, where Qpul – the
to tal en ergy of neu trons in ini tial pulse. Ob tained re -
sults are pre sented in tab. 4. Let us re mark here that
spa tial av er ag ing of the quan ti ties given in tab. 4
means vol ume or sur face av er ag ing for the cor re -
spond ing vol ume zone, or sur face quan ti ties, re spec -
tively, whereas time av er ag ing is un der stood in this
case as av er ag ing on the in fi nite time in ter val.

The typ i cal time dependences of pulse prop a ga -
tion through subcritical as sem bly are pre sented in figs. 
2 and 3 for Sys tem E with keff = 0.999. The time in figs.
2 and 3 is pre sented with us ing of shakes – spe cial unit

of time mea sure ment for MCNP code (1 shake = 10–8

s). The damp ing of av er aged neu tron flux, in the zone
of wa ter so lu tion of 235U, is dem on strated in fig. 2. The 
neu tron pulse prop a ga tion across the outer spher i cal
sur face with wa ter so lu tion of 235U, is dem on strated in
fig. 3. Let us also note that the cal cu lated neu tron flux
for all com puter time anal y sis sim u la tions was nor -
mal ized, or rather av er aged, in such a way that all neu -
tron his tory sim u la tion re sults are fall ing into the same
time in ter val/bin of the width of 1 shake form a sin gle
uni fied av er aged re sult. All the be low fig ures in the
pres ent pa per are pre pared with the help of MCNP
plot ter [31]. Ob vi ously, the times of damp ing are dif -
fer ent for ev ery con sid ered sys tem and de pend on keff.

V. Babenko, et al.: The Pulsed Subcritical Am pli fier of Neu tron Flux Driven ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2019, Vol. 34, No. 1, pp. 1-12 7

Ta ble 3. Ge om e try and ma te rial com po si tion of the subcritical sys tems con sid ered for sim u la tion of the neu tron pulse
prop a ga tion. Wa ter so lu tion is cho sen with the op ti mal ra tio NU/NH = 1:500 from the view point of the ef fi ciency of neu tron
mod er a tion

Sys tem In ter nal zone Ex ter nal zone R1 [cm] R2 [cm] d [cm] keff

A Nat u ral ura nium Wa ter so lu tion 4 11.293 25 0.980

B Nat u ral ura nium Wa ter so lu tion 4 11.293 30 0.990

C Nat u ral ura nium Wa ter so lu tion 5 11.451 40 0.986

D De pleted ura nium Wa ter so lu tion 4 11.456 25 0.981

E Wa ter so lu tion – 11.123 – 23.1 0.999

Ta ble 4. The pa ram e ters of pulse subcritical ho mo ge neous as sem blies

Pa ram e ters Sys tem A keff = 0.980 Sys tem B keff = 0.990 Sys tem C keff = 0.986 Sys tem D keff = 0.981 Sys tem E keff = 0.999

ns1(neu trons) 4.715·1015 7.768·1015 9.506·1015 4.964·1015 7.196·1016

js1(neu trons per cm2) 2.345·1013 3.863·1013 3.026·1013 2.469·1013 4.628·1013

j1 [cm–2] 2.509·1013 3.981·1013 3.088·1013 2.611·1013 6.936·1013

ns2 (neu trons) 3.341·1016 5.783·1016 5.087·1016 3.652·1016 –

js2 [cm–2] 2.085·1013 3.608·1013 3.087·1013 2.279·1013 –

j2 [cm–2] 2.355·1013 4.004·1013 3.309·1013 2.529·1013 –

Nf (fis sions) 2.822·1015 4.843·1015 3.995·1015 3.069·1015 4.934·1015

Qf [MeV] 5.104·1017 8.760·1017 7.227·1017 5.551·1017 8.926·1017

G 364.6 625.7 516.2 396.5 637.57

Fig ure 2. The time de pend ence of the av er aged neu tron
flux in zone of wa ter so lu tion of  235U for Sys tem E with
keff = 0.999 in case of one ini tial pulse



For ex am ple, the to tal time for damp ing of neu tron
pulse in Sys tem D is 0.04 s, and in Sys tem C is 0.12 s.
The ob tained re sults for sim u la tion of Sys tem E with
keff = 0.999: en ergy am pli fi ca tion fac tor G = 1351 and
to tal time for damp ing of neu tron pulse is 0.21 s. 

There fore, the ob tained re sults show that con sid -
ered subcritical sys tems with suf fi ciently small
amount of fis sile ma te rial (~300 g  235U) could be used
as ef fec tive am pli fier of source neu tron even in the
case of one pulse.

It is log i cal to as sume that the en ergy am pli fi ca -
tion fac tor from the se ries of pulses (pro vid ing that the
pulse rep e ti tion fre quency would be suf fi ciently high
and the time be tween fol low ing pulses would be much
less than the time for damp ing of neu tron pulse) should 
greatly ex ceed the am pli fi ca tion fac tor for one pulse.
Cal cu la tion re sults for the se ries of pulses, given be -
low, con firm these as sump tions. The sim u la tion of
prop a ga tion of one hun dred pulses, with rel a tive pulse
du ra tion of 10–4 s through the Sys tem B, is car ried out.
The av er aged neu tron fluxes across the spheres 1 and
2, see fig. 4 (the cal cu lated neu tron flux nor mal ized on
time in ter val = 100 shakes), and 5 (the cal cu lated neu -
tron flux nor mal ized on time in ter val = 10000 shakes),
the en ergy am pli fi ca tion fac tors, were cal cu lated.

Fig ure 5 shows that the num ber of neu trons and,
there fore, am pli fi ca tion fac tor in creases sig nif i cantly
in the case of one hun dred pulses com pared with the
case of a one pulse. Be sides, the sat u ra tion was not
reached af ter one hun dred pulses. The in crease of am -
pli fi ca tion af ter se ries of one hun dred pulses is caused
by the ac cu mu la tion of de layed neu trons from pre vi -
ous pulses.

Thus, us ing of the subcritical sys tems for am pli -
fi ca tion of neu tron pulses from ex ter nal neu tron
source could be ap pli ca ble, be sides, the value of am -
pli fi ca tion could be enough for prac ti cal ap pli ca tion
(for ex am ple, pro duc tion of radiopharmaceuticals).

Re sults for the het er o ge neous
subcritical sys tems

The cal cu la tion of pulse prop a ga tion through the
con sid ered subcritical het er o ge neous sys tems the fol -
low ing char ac ter is tics have been used: the num ber of
neu trons for one pulse npul = 1014 neu trons, the pulse
width equal to 10–8 s, and the neu tron en ergy 14 MeV.
At least five mil lion neu tron his to ries were mod eled for
all cal cu la tions. At first, the prop a ga tion of one neu tron
pulse through the pre sented subcritical model (see fig.
1) was done and the av er aged neu tron fluxes in in ter nal
and ex ter nal zones, due to one pulse for time in ter val =
=.100 shakes, are shown in fig. 6 (the cal cu lated neu -
tron flux nor mal ized on time in ter val = 1 shake) and fig.
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Fig ure  3. The time de pend ence of the neu tron flux across 
outer bound ary sphere 1 of wa ter so lu tion of 235U for
system E with keff = 0.999 in case of one ini tial pulse

Fig ure 4. The time de pend ence of av er aged neu tron flux
across sphere 1 of nat u ral ura nium for Sys tem B in case
of one hun dred neu tron pulses. The fig ure shows the
time in ter val for the last five pulses of se ries

Fig ure 5. The time de pend ence of av er aged neu tron flux
in zone of wa ter so lu tion with  235U for Sys tem B in case of 
one hun dred neu tron pulses



7 (the cal cu lated neu tron flux nor mal ized on time in ter -
val = 1 shake).

The com par i son of ho mo ge neous subcritical
sys tem (see fig. 2) and het er o ge neous subcritical sys -
tem (see fig. 6) dem on strate that there is a de creas ing
of level of neu tron flux for the case of het er o ge neous
model. The figs. 6 and 7 also show that there is a lit tle
peak of av er aged neu tron flux at first 10 shakes for het -
er o ge neous model. This ef fect is ex plained by the time
of pas sage of pulse from the tar get to the in ter nal and
ex ter nal zones.

Sec ondly, the prop a ga tion of one neu tron pulse
through the pre sented subcritical model was done for
time in ter val = 10000 shakes. The av er aged neu tron
fluxes for in ter nal and ex ter nal zones are shown in fig.
8 (the cal cu lated neu tron flux nor mal ized on time in -
ter val = 100 shakes) and fig. 9 (the cal cu lated neu tron
flux nor mal ized on time in ter val = 100 shakes) re spec -
tively. 

The figs. 8 and 9 show that there are dif fer ences
be tween the av er aged neu tron fluxes in the in ter nal
and ex ter nal zones with re gard to time and to the level
of neu tron flux. The av er aged neu tron flux is higher
im me di ately af ter the pulse in the in ter nal zone than in
the ex ter nal zone. But the av er aged neu tron flux is
higher at the flat pla teau of pulse (af ter 4000-5000
shakes) in the ex ter nal zone than in the in ter nal zone. It 
could be ex plained by the fact that there is more in -
tense ther mal-neu tron fis sion, due to ther mal neu tron
spec trum, in the ex ter nal zone.

The sim u la tion of prop a ga tion of one hun dred
pulses, with pulses duty cy cle 10–4 s through the het er -
o ge neous subcritical sys tem, is also car ried out within
the scope of the pre sented pa per. The av er aged neu tron 
fluxes for in ter nal and ex ter nal zones for time in ter val
= 1000000 shakes are shown in fig. 10 (the cal cu lated 
neu tron  flux  nor mal ized  on  time  in ter val = 10000
shakes) and fig. 11 (the cal cu lated neu tron flux nor -
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Fig ure 6. The time de pend ence of av er aged neu tron flux
in the in ter nal zone of subcritical re ac tor in case of one
neu tron pulse

Fig ure 7. The time de pend ence of av er aged neu tron flux
in the ex ter nal zone of subcritical re ac tor in case of one
neu tron pulse

Fig ure 8. The time de pend ence of av er aged neu tron flux
in the in ter nal zone of subcritical re ac tor in the case of
one neu tron pulse

Fig ure 9. The time de pend ence of av er aged neu tron flux
in the ex ter nal zone of subcritical re ac tor in the case of
one neu tron pulse



mal ized on time in ter val = 10000 shakes), re spec -
tively.

The figs. 10 and 11 show that there are not es sen -
tial dis tinc tions be tween the av er aged neu tron fluxes
in the in ter nal and ex ter nal zones with re gard to time
and to the level of neu tron flux. In ad di tion, the com -
par i son of ho mo ge neous subcritical sys tem (see fig. 
5) and het er o ge neous subcritical sys tem (see figs. 10
and 11) dem on strate that there is a de crease of level of
neu tron flux for the case of het er o ge neous model.

CON CLU SIONS

There fore, the con sid ered pulse subcritical am -
pli fier of neu tron flux could com bine, on the one hand,
the ad van tages of subcritical as sem bly driven by ex -
ter nal neu tron source with, on the other hand, the ad -
van tages of con ven tional pulse nu clear re ac tor. Such
sys tems will main tain the fol low ing ad van tages of tra -
di tional ADS, that op er ate in a steady state mode:
subcritical (safe) op er at ing mode; the pos si bil ity for
trans mu ta tion of nu clear waste from con ven tional nu -
clear re ac tors, the po ten tial use of dif fer ent types of
nu clear fuel. Also, such sys tems will main tain the fol -
low ing ad van tages of pulse re ac tor: high power and
high-in ten sity neu tron flux for short time in ter vals.
The pro posed pulse sys tems can be used for a num ber
of re search goals and ex per i ments. It should also be
em pha sized that con struc tion of a pulsed neu tron
source driven by high-in ten sity neu tron gen er a tor
could be cheaper and eas ier than con struc tion of con -
ven tional ADS driven by lin ear pro ton ac cel er a tor in a
steady state mode. Also, there is a sig nif i cant ex pe ri -
ence for con struc tion and op er a tion of high-in ten sity
neu tron gen er a tors in In sti tute for Nu clear Re search
(Ukraine) [30].

Thus, we have con sid ered a subcritical sys tem
that can be de scribed as a booster in which the power
pulse is ini ti ated by the ini tial neu tron pulse, or a se ries
of neu tron pulses, from ex ter nal source, and the neu -
tron mul ti pli ca tion in the core is re duc ing dur ing the
damp ing fis sion chain re ac tion af ter power cut off. In
this case, the neu tron pulse width is lon ger than the ex -
ter nal source width to the or der of t/(1-k), where t –
life time of prompt neu trons, k – ef fec tive neu tron mul -
ti pli ca tion fac tor. The num ber of neu trons gen er ated in 
a pulse ex ceeds the num ber of neu trons of the source
by 1/(1-k) times.

The pre sented cal cu la tions have shown that the
con sid ered pulse subcritical sys tems can be suc cess -
fully used as ef fec tive am pli fi ers of neu tron flux from
ini tial source. Thus, the cal cu lated am pli fi ca tion fac -
tor, from se ries of neu tron pulses, greatly ex ceeded the 
am pli fi ca tion fac tor from one neu tron pulse, which,
how ever, is quite nat u ral. In gen eral, the con ducted in -
ves ti ga tions and the ob tained re sults show that us ing
of MCNP code al lows a re li able cal cu la tion of re al is tic 
subcritical nu clear sys tems and prop a ga tion of the se -
ries of neu tron pulses from ex ter nal neu tron source
through these sys tems. In other words, we could con -
sider the tem po ral dy nam ics of oc cur ring pro cesses in
the subcritical sys tem.

The ho mo ge neous and het er o ge neous subcritical
sys tems were con sid ered in the pres ent pa per. The neu -
tron-phys i cal model of two-zone subcritical re ac tor with
dif fer ent neu tron spec tra was de vel oped with the help of
MCNP4 Monte Carlo code. The prop a ga tion of one neu -
tron pulse and se ries of one hun dred neu tron pulses
through dif fer ent subcritical mod els was cal cu lated. The
mod el ing re sults in di cate that there is an achieve ment of
a sta ble, high level of neu tron flux, caused by the ac cu -
mu la tion of de layed neu trons from pre vi ous pulses in se -
ries of one hun dred pulses, for both ho mo ge neous and
het er o ge neous sys tems. The pre sented re sults in di cate
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Fig ure 10. The time de pend ence of av er aged neu tron flux 
in the in ter nal zone of subcritical re ac tor in the case of
one hun dred neu tron pulses

Fig ure 11. The time de pend ence of av er aged neu tron flux 
in the ex ter nal zone of subcritical re ac tor in the case of
one hun dred neu tron pulses



that the zone with ther mal neu tron spec trum has a good
po ten tial for am pli fi ca tion of neu tron flux due to more in -
tense ther mal-neu tron fis sion.   
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IMPULSNI  POTKRITI^NI  POJA^AVA^  NEUTRONSKOG  FLUKSA
POKRETAN  GENERATOROM  NEUTRONA  VISOKOG  INTENZITETA

Potkriti~ni reaktor pokretan eksternim neutronskim izvorom mo`e na}i svoju
upotrebu kao koristan in stru ment u modernoj primeni nukelarne energije koja zahteva ozra~ivawe 
razli~itih materijala neutronskim fluksevima visokih energija i intenziteta (na primer, kod
transmutacije nuklearnog otpada, u proizvodwi radiofarmaceutika, itd). U ovom radu razmatrano
je prostirawe neutronskog impulsa kroz potkriti~ni nuklearni sistem. Primenom Monte Karlo
MCNP4c transportnog programskog paketa ispitan je jednostavan model homogenog potkriti~nog
sistema i model dvozonskog potkriti~nog reaktora. Za ove modele simulirano je prostirawe
jednog inicijalnog impulsa neutrona i serije od sto impulsa. Prikupqeni su i analizirani
rezultati za multiplikacioni faktor neutrona, neutronski fluks, faktor poja~awa energije i
ukupnu energiju neutrona u inicijalnom impulsu. Analiza prikazanih prora~una pokazuje da se
razmatrani impulsni potkriti~ni sistemi mogu uspe{no koristiti kao efektivni poja~ava~ i
neutronskog fluksa od inicijalnog izvora. Rezultati modelovawa ukazuju na ostvarivawe
stabilnog neutronskog fluksa visokog nivoa izazvanog akumulacijom zakasnelih neutrona od
prethodnih impulsa iz serije od sto uzastopnih impulsa i kod homogenih i kod heterogenih sistema.

Kqu~ne re~i: sistem pokretan akceleratorom, Monte Karlo prora~un, impulsni
..........................istra`iva~ki reaktor, D-T neutronski gen er a tor


