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In this pa per, the fea si bil ity of high-level ra dio ac tive waste trans mu ta tion in ac cel er a tor
driven sys tem sub-crit i cal re ac tor as sem bly, has been stud ied for two zone's model and with
three dif fer ent core con fig u ra tions. The in ner zone has a fast neu tron spec trum and the outer
one has a ther mal neu tron spec trum. The subcritical core is cou pled with ex ter nal neu tron
source of en ergy 14 MeV (D-T source). The ef fects of high level waste iso topes sam ple (238Pu,
239Pu, 240Pu, 241Pu, 242Pu, 241Am, 243Am, 244Cm, and 245Cm) dis tri bu tion on the neu tron
spec trum and burnup per for mance in the in ner zone have been in ves ti gated and dis cussed, by
pro posed three core con fig u ra tions non-uni form, uni form, and spi ral. The burnup cal cu la -
tions have been per formed for one-year op er a tion cy cle for all the all pro posed mod els. This
work shows that one can ef fec tively trans mute most of the ac tual mi nor actinides iso topes in
the in ner fast spec trum zone of the pro posed sys tem, with op ti mal dis tri bu tion of these iso -
topes.
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IN TRO DUC TION

The rapid de vel op ment of nu clear power in many
coun tries (for ex am ple, China, In dia, Ko rea) [1], will
lead to more ac cu mu la tion of spent nu clear fuel in the
fu ture, and the ma jor con tri bu tors to the dis charged fuel
ra dio ac tiv ity are fis sion prod ucts, in clud ing the heavy
nuclides gen er ated in the core, iso topes of plu to nium
and iso topes of the so called mi nor actinides (MA), nep -
tu nium, am er i cium and cu rium. In a closed fuel cy cle, U 
and Pu are re cy cled and the MA be come, in due time,
the ma jor source of ra dio ac tiv ity, that long-term ra dio -
ac tiv ity gen er ated in nu clear re ac tors must be de stroyed
or safely de pos ited. Un til now, the only and the main
way of en vi ron men tal pro tec tion is de po si tion of spent
fuel. One of the prom is ing ways to de crease ra dio ac tiv -
ity of fuel cy cle and con se quent risks, is based on trans -
mu ta tion. Dur ing trans mu ta tion, ra dio ac tive nuclides
are trans formed un der neu tron ir ra di a tion into
short-lived or sta ble nuclides [2-8].

Trans mu ta tion of ra dio ac tive waste, es pe cially
heavy nuclides in fast neu tron spec trum [9] and ac cel -
er a tor driven sys tem [10, 11] is prom is ing and gives
rise to the idea of ra dio ac tive equiv a lence of han dling
with ra dio ac tive wastes [9, 12-15].

Usu ally, the ef fec tive ness of trans mu ta tion can
be char ac ter ized by the value of a which is de fined as
the ra tio of the neu tron cap ture cross-sec tion to  the 
fis sion  cross-sec tion  of  a given  iso tope  MA: a =
=.sc/sf [16]. If this value is less than unity, the trans -
mu ta tion can be con sid ered as ef fec tive. A good ex am -
ple of such con cep tion is pre sented for three Pu iso -
topes in fig. 1 which were pre pared us ing IAEA'
Nu clear Data Ser vices [17]. While 239Pu and 241Pu,
which are fis sile nuclides, have val ues of a less than
unity, prac ti cally in the whole neu tron spec trum, the
iso tope 240Pu has a <1 only for neu tron en ergy ex ceed -
ing the mean en ergy of fis sion spec trum, so, 240Pu can
be ef fec tively trans muted only in a sys tem which has a
neu tron spec trum with a large part of ex tremely fast
neu trons with en ergy >5 MeV. Usu ally such spec tra
ap pear in ADS which have the ex ter nal neu tron source 
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with en ergy ex ceed ing 10 MeV (D-T source – 14 MeV, 
spallation source – about 300 MeV in de pend ence on
primer par ti cle en ergy). Prac ti cally the same sit u a tion
can be ob served for all other transuranium iso topes.

On the con trary, long-lived fis sion prod ucts need
a large quan tity of ther mal neu trons to pro vide an ef fec -
tive trans mu ta tion due to cap ture re ac tion with a fol -
low ing con ver sion to a short-lived, or sta ble iso tope.
There fore, the ef fec tive ness of trans mu ta tion of a spent
fuel is de ter mined not only by the val ues of a but also by 
the neu tron spec trum of a given fa cil ity.

While the MA ho mo ge neous load ing in crit i cal re -
ac tors has to be lim ited to avoid the de te ri o ra tion of some
safety re lated pa ram e ters (e. g. de layed neu tron frac tion,
Dopp ler and cool ant void co ef fi cients), the subcriticality
of the ac cel er a tor driven sys tem (ADS) al lows op er at ing
with rather high MA load ings. In the last de cade, within
the 5-7th Frame work Programmes (FP) of the Eu ro pean
Atomic En ergy Com mu nity (EURATOM), Ac cel er a tor
Driven Sys tems were in ves ti gated as the ref er ence so lu -
tion for MA trans mu ta tion [18].

In the pres ent study, the op tions for the ef fi cient
trans mu ta tion of trans uranic el e ments will be dis -
cussed, so the fo cus will be on Pu, Am, and Cm mainly, 
due to their long-term con tri bu tion to the radiotoxicity
of the spent nu clear fuel.

All Pu iso topes are ra dio ac tive and de cay by
emit ting par ti cles and gamma ra di a tion [13]. The Am
is gen er ally con sid ered as a prime can di date for trans -
mu ta tion be cause it is pres ent in rel a tively large
amounts in the spent fuel and is a sig nif i cant con trib u -
tor to gamma ac tiv ity and radiotoxicity, es pe cially af -
ter about 500 years cool ing time when the con tri bu tion 
of most fis sion prod ucts has de creased by sev eral or -
ders of mag ni tude. The 241Am and 243Am have rea son -
ably large neu tron cross-sec tions and are ame na ble to
de struc tion in an in tense and fast neu tron flux by a
com bi na tion of neu tron cap tures and fis sions. In ir ra -
di ated nu clear fuel, 241Am is the dom i nant nu clide,
though there are small but sig nif i cant quan ti ties of
242Am, and 243Am [19]. Note also that the quan tity of
241Am is in creased in time due to b-de cay of 241Pu
(half-life is 14.38 year).

The Cm makes a sig nif i cant con tri bu tion to
gamma ac tiv ity and radiotoxicity and is also a ma jor
con trib u tor for neu tron emis sions. Al though 242Cm
has a short half-life (163 days), it is con tin u ally gen er -
ated in ir ra di ated fuel from the de cay of 243Am (141
year half-life) [20]. 

It should be noted that there is an other con tri bu tion
to long term radiotoxicity – long-lived fis sion prod ucts
such as 129I, 99Tc and other. They also could be trans -
muted in neu tron field by neu tron cap ture with fur ther ra -
dio ac tive de cay. But the great est prob a bil ity of such pro -
cesses can be achieved, of course, in ther mal neu tron
spec trum. So we have some con tra dic tion: in or der to
trans mute all com po nents of the spent nu clear fuel we
need to have fast and ther mal neu tron spec tra si mul ta -
neously. It hap pens that such sit u a tion could be cre ated in 
a sin gle nu clear fa cil ity – a two- zone subcritical sys tem.

It is well known that the two-zone ADS of spe -
cial con fig u ra tion has some ad van tages com pared to
one-zone sys tem. In par tic u lar, the two-zone sys tem,
or in gen eral, multi-zone sys tems am plify neu tron flux
more ef fec tively from an ex ter nal source [21-24].
Usu ally, the de sign of such a sys tem con sists of neu -
tron source in the centrum of the sys tem cou pled with
ac cel er a tor. This neu tron source is sur rounded by the
subcritical re ac tor core which con tains two parts: in -
ner zone (the clos est to the neu tron source part) and
outer zone (phys i cally sep a rated from the in ner zone
by some mem brane). Such con fig u ra tion al lows cre at -
ing two dif fer ent neu tron spec tra in the con sid ered
zones if the in ner zone con tains suf fi ciently high-en -
riched fuel with no neu tron mod er a tor. The outer zone
can con tain the usual com po si tion for ther mal re ac tor.

The pre sented scheme of a two-zone subcritical
sys tem driven by a D-T neu tron gen er a tor is stud ied as
the ba sis for de vel op ment of a re search subcritical re ac -
tor, which will be used in par tic u lar to study the trans -
mu ta tion of the en tire spec trum of nu clear waste (MA
and long-lived fis sion prod ucts). Re gard ing the choice
of ex ter nal neu tron sources, it is well-known fact that
pro ton ac cel er a tors are very ex pen sive. The op tion of
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Fig ure 1. The dis tri bu tion of the
value of al pha de pend ing on the
neu tron en ergy of plu to nium 
iso topes (239Pu, 240Pu, and 241Pu)



D-T neu tron gen er a tor is a good so lu tion for de sign ing a 
real re search subcritical re ac tor, to be used for ex per i -
ments and test ing of dif fer ent schemes for ra dio ac tive
waste trans mu ta tion, tak ing into ac count the pos si bil ity
to de velop pow er ful neu tron gen er a tor with in ten sity
1×10–14 s–1 [25, 26]. More over, the pre sented scheme of
a two-zone subcritical sys tem driven by a D-T neu tron
gen er a tor will have a rel a tively small cost, and it will be
pos si ble to be built and op er ated by a coun try with a
small gross do mes tic prod uct such as Ukraine and
Egypt.

The pur pose of this pa per is to study the ra dio ac -
tive waste trans mu ta tion in the in ner re gion of the
subcritical core mod eled into two re gions, in ner zone
and outer zone. Be sides, it aims to in ves ti gate the fea -
si bil ity of dis tri bu tion of the Pu, Am, and Cm sam ples
in side the in ner zone by pro pos ing three dif fer ent con -
fig u ra tions and cal cu lat ing the burn up for each model
with the use of Monte Carlo N-par ti cle trans port code
MCNPX.

DE SCRIP TION OF THE
SUBCRITICAL CORE

Since the op er a tional life of the VVR-M re search
nu clear re ac tor (Kyiv, Ukraine) is near com ple tion, the
Acad emy of Sci ences of Ukraine is con sid er ing dif fer -
ent con cepts of re search nu clear re ac tors to re place the
VVR-M in fu ture. One op tion is a subcritical re ac tor
driven by an ex ter nal neu tron source. Main geo met ri cal
and ma te rial char ac ter is tics are based on the pre vi ous
in ves ti ga tions and pa pers per formed at In sti tute for
Safety Prob lems of NPP (Kyiv, Ukraine) and In sti tute
for Nu clear Re search (Kyiv, Ukraine) [27, 28].

The fast neu tron re gion (In ner zone), with 15 cm
ra dius and 16 cm as ex ter nal ra dius sur round ing the
cen tral tube, is con tained in a tank made of  stain less
steel; this re gion is com posed of short ened fuel pins
from VVER-1000 re ac tor [29] and it uses He as a cool -
ant, the fuel el e ment pitch is 1275 cm, ra dius of pin's 
clad ding  is  0.455  cm, ra dius of pin's fuel is 0.393 cm;
spe cif i cally, the fuel in the fuel el e ments is ura nium di -
ox ide with 20 % en riched 235U, the fuel den sity is
10.96 gcm–3, clad ding ma te rial of fuel el e ments is zir -
co nium +1 % ni o bium, the di am e ter of fuel el e ment is
0.786 cm, the di am e ter of clad ding ma te rial is 0.91 cm.

In ner zone is sur rounded by the ther mal re gion
that is also com posed of short ened fuel pins of
VVER-1000 re ac tor. The en riched ura nium di ox ide
with 4 % en rich ment level serves as a fuel in the ther -
mal neu tron re gion; den sity of the fuel is 10.96 gcm3,
the fuel el e ment pitch in this re gion is 6 cm, ra dius of
pin's clad ding is 0.455 cm, ra dius of pin's fuel is 0.393
cm. The clad ding ma te rial of fuel el e ments is zir co -
nium + 1 % ni o bium. The square lat tice of fuel el e -
ments is used in both zones. Around each fuel el e ment
there is a gas space that helps to re move the heat. Let

the value of the outer zone ra dius be equal to 63 cm.
So, in this case H  = 126 cm, be cause Rout = H/2 (in this
case we will have min i mum leak age). So we ob tained
keff = 0.97 ± 0.00063 for our base model.

For the source def i ni tion, the charged par ti cles
(deu ter ons) move from top to bot tom of the cen tral
tube of the sys tem and fi nally hit the ti ta nium tar get
sat u rated with tri tium. Fu sion of a deu te rium and a tri -
tium nu cleus (D-T nu clear re ac tion) re sults in the for -
ma tion of a He-4 nu cleus and a neu tron with a ki netic
en ergy of ap prox i mately 14.1 MeV. The in ten sity of
neu tron source was cho sen to be 3.2×1014 s–1, which
was shown in [26] that the D-T neu tron gen er a tor can
be cre ated with ap prox i mately such in ten sity and the
power of the pro posed ADS model is 4 MW. 

COM PUTER TOOLS AND MODEL

Subcritical core has been mod eled us ing the
Monte-Carlo ra di a tion trans port code MCNPX [30];
two-re gion model has been con structed as il lus trated in
fig. 2. The in ner zone con sists of 392 fuel el e ments; 52
of which have been re placed by Pu, Am, and Cm sam -
ples (Pu, Am, Cm) O2 within MgO, with a den sity of
6.077 gcm–3 [31]. The se lected ini tial com po si tion of
actinides el e ment is pre sented in tab. 1.

Three core mod els have been con sid ered. In
these mod els, the se lected ac ti nide sam ple (Pu, Am,
and Cm) el e ments are loaded in side the in ner zone in
three dif fer ent dis tri bu tions as:
– Non-uni form dis tri bu tion model. The se lected

actinides sam ple el e ments sur round the tar get at
the core cen ter as shown in fig. 3(a).

– Uni form dis tri bu tion model. The el e ments are dis -
trib uted evenly in the core as shown in fig. 3(b).

– Spi ral dis tri bu tion model [32]. The el e ments are
dis trib uted spi rally around the tar get as shown in
fig. 3(c).

A. A. Al Qaaod, et al.: Com pu ta tional Study on Dis tri bu tion Fea si bil ity of ...
296 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2020, Vol. 35, No. 4, pp. 294-303

Fig ure 2. The 3-D view of MCNPX model for two re gions



RE SULTS AND DIS CUS SIONS

The neu tron flux char ac ter is tics
and cap ture-to-fis sion ra tio

The prob a bil ity that an ab sorbed neu tron causes
fis sion is very im por tant in di ca tor/pa ram e ter to in ves ti -
gate the fea si bil ity of Pu, Am, and Cm trans mu ta tion. In
terms  of  cross-sec tions,  this  prob a bil ity is de fined as,
a = sc/sf, which is re ferred to the cap ture-to-fis sion ra -
tio, as was men tioned in the in tro duc tion sec tion. The
lower  ra tio sim ply means that an ab sorp tion re ac tion
will re sult in the fis sion rather than in the ra dio ac tive
cap ture. The ra tio de pends strongly on the in ci dent neu -
tron en ergy. In the fast neu tron re gion, the ra tio de -
creases. So the fea si bil ity of MA trans mu ta tion should
be de scribed by the ra tio of cap ture-to-fis sion re ac tion
rate (rather than the ra tio of cross-sec tions only) which
is taken into ac count for the neu tron spec tra
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where N is the num ber den sity of a given nu clide, j(E)
– the neu tron flux en ergy de pend ence (neu tron spec -
trum), and sc and sf – the cor re spond ing cross-sec -
tions respectively.

The neu tron spec tra are de ter mined by the neu -
tron source and by pres ence or ab sence of the mod er a -
tor. In subcritical sys tem, the dis tance to ex ter nal neu -
tron source plays also the es sen tial role. In two-zone
subcritical sys tem, the outer zone can in flu ence the
spec trum of in ner zone in de pend ence of the ma te rial
of the mem brane which sep a rates in ner and outer
zones. If this mem brane can ab sorb the ther mal neu -
trons dif fus ing from outer zone to the in ner zone (for e. 
g. Cd), we could achieve harder spec trum in the in ner
zone and there fore more ef fec tive MA trans mu ta tion.
For the pre lim i nary in ves ti ga tion of the pro posed
model, the neu tron en ergy spec tra have been de scribed 
for the two zones to dem on strate the dif fer ence of the
ther mal and fast neu tron re gion as il lus trated in fig. 4.
Then, neu tron spec tra for dif fer ent con fig u ra tions of
load ing (uni form, non-uni form, spi ral), for dif fer ent
dis tances from cen tral source of neu trons with the en -
ergy 14 MeV be fore the ir ra di a tion (be gin ning of cy cle 
– BOC) and af ter ir ra di a tion (end of cy cle – EOC), are
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Ta ble 1. Ini tial com po si tion se lec tion of ac ti nide sam ples
el e ments [30]

El e ment wt.% Iso tope wt.% Half-life (y)

Plu to nium 23.48 238Pu 5.06 8.77×101

239Pu 37.91 2.41×104

240Pu 30.31 6.56×103

241Pu 13.21 1.43× 101

242Pu 13.51 3.7×105

Am er i cium 30.63 241Am 66.67 4.33×102

243Am 33.33 7.37×103

Cu rium 6.12 244Cm 90 1.81×101

245Cm 10 8.50×103

Mag ne sium 19.37 Mg-nat. 100 –

Ox y gen 20.39 O-nat. 100 –

Fig ure 3. Sche matic view of a hor i zon tal cross-sec tion in three mod els (from left to right): (a) non-uni form, (b) uni form
and (c) spi ral

 Fig ure 4. Neu tron en ergy spec tra at in ner and outer zone



shown in fig. 5. All spec trum re sults, in all cases, are
nor mal ized for one source neu tron, and the flux from
MCNPX tally re sults is di vided by the log a rithm of en -
ergy dif fer ence, which is known as the flux per unit
leth argy. 

One can ob serve the no tice able dif fer ences in
the spec tra for dif fer ent load ing con fig u ra tions only in

the re gion of res o nances, which are in suf fi cient for
trans mu ta tion prob lems, when the high en ergy part of
the spec trum plays the main role. One can ob serve also 
the in suf fi cient dif fer ences in the spec tra be fore and
af ter ir ra di a tion. The dis tance to the source plays more
im por tant role, and one can ob serve the vis i ble in -
crease of ther mal neu trons at the large dis tance
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Fig ure 5. Neu tron spec tra at BOC and EOC for dif fer ent con fig u ra tions and dif fer ent lo ca tions in inner zone



(14.025 cm) to the cen ter of the core in spite of the
mod er a tor ab sence. This ef fect can be ex plained by the 
pen e tra tion of the ther mal neu trons from the outer
zone be cause the stain less steel mem brane be tween
outer and in ner zone is prac ti cally trans par ent for ther -
mal neu trons. This ex pla na tion is con firmed by cal cu -
lat ing the neu tron spec tra in the in ner zone for two
cases, one with the pres ence of fuel pins in the outer
zone and the other in the case of ab sence of these fuel
pins. The neu tron flux, changed as we can see in fig. 6,

which means an ob serv able con tri bu tion ex ists from
the outer zone to the in ner one. Nat u rally, the study of
the neu tron spec tra could not al low us to make the con -
clu sion about the op ti mal con fig u ra tion of load ing
with out per form ing de tailed cal cu la tions of the quan -
tity of trans muted nuclides. For fur ther in ves ti ga tion,
the to tal neu tron flux dis tri bu tion in all pins in the in -
ner zone and through x-di rec tion from the cen ter, has
been cal cu lated, as well as for all three con fig u ra tions
(uni form, non-uni form, and spi ral). The re sults are
shown in fig. 7, and the rel a tive er ror was less than
0.03. Based on these cal cu la tion re sults, it's clear that
the non-uni form con fig u ra tion pro vides a higher flux
com pared to the other two dis tri bu tions, this means a
higher trans mu ta tion po ten tial of actinides sam ple in
this con fig u ra tion.

The ra tio of cap ture to fis sion re ac tion rate for
each iso tope and at dif fer ent lo ca tions (dis tance from
the cen tral tube), has been cal cu lated and il lus trated in
tab. 2. The re sults show that the ra tio de pends on the
dis tance from the core cen ter and the iso tope, as ob -
served in gen eral view for all the iso topes: the ra tio of
cap ture to fis sion rate in creases when the tar get po si -
tion is far from the cen ter, in the case of 238Pu the fis -
sion rate slightly ex ceeds the cap ture at 5.1 and 6.375
cm, af ter these points the ra tio ex ceeds unity. While
the iso topes 239Pu and 241Pu show less than unity val -
ues for the ra tio at all cho sen dis tance points, the prob -
a bil ity to un dergo fis sion is low for iso topes 240Pu and
242Pu, as can ob served from the ra tio val ues.

Burnup per for mance

The burnup- keff curves are a very im por tant fac tor
in the choice of the best model that sat is fies the re ac tiv ity
and con trol re quire ments in the subcritical sys tem dur ing
the whole fuel cy cle. So, in the re sults of this cal cu la tion,
as is shown in fig. 8, it is clear that ev ery model has prac -
ti cally the same Dkeff dur ing one-year cy cle, but the uni -
form model ap pears as the most con ve nient for the re ac -
tiv ity and re ac tor safety is sues due to the small est ini tial
value of keff. It is also ev i dent that the non-uni form and
spi ral con fig u ra tions are prac ti cally the same as for their
in flu ence to keff and to trans mu ta tion ef fec tive ness due to
prac ti cally the same neu tron spec tra. In ad di tion, the
burnup of the trans uranic el e ment sam ple, with op er a tion 
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Fig ure 6. Neu tron spec tra in the in ner zone in cases of
pres ence and ab sence of outer zone fuel pins

Fig ure 7. To tal neu tron flux in 8 pins in the in ner zone
through the x-di rec tion of non-uni form, uni form, and
spi ral con fig u ra tions

Ta ble 2. Ra tio of cap ture to fis sion re ac tion rate (aR) for each iso topes, of Pu, Am, and Cm in in ner zone

Rin [cm] 238Pu* 239Pu* 240Pu* 241Pu* 242Pu* 241Am* 243Am* 244Cm* 245Cm*

5.1 0.90 0.43 23.98 0.26 16.79 10.96 22.81 4.92 0.12

6.375 0.97 0.43 24.28 0.25 16.57 12.12 23.86 2.79 0.13

7.65 1.04 0.43 27.17 0.26 20.54 12.33 27.64 4.39 0.13

8.925 1.16 0.47 28.67 0.28 20.67 14.42 36.13 6.39 0.13

10.2 1.27 0.50 36.46 0.29 28.19 16.68 31.83 7.09 0.13

11.475 1.67 0.52 49.47 0.30 27.42 20.00 38.12 7.57 0.13

12.75 2.16 0.53 80.47 0.32 32.90 25.76 41.76 8.25 0.13

14.025 3.30 0.55 89.80 0.33 32.54 35.74 51.07 10.58 0.14

*Sta tis ti cal rel a tive er ror less than 0.07



time for the three mod els, has been cal cu lated and the re -
sults are il lus trated in fig. 9. One can see that the rate of
in crease of burnup over the op er a tion cy cle for the uni -
form case is larger than in the other two cases. This pref -
er ence for the uni form model through the burnup op er a -
tion is due to the sym met ric dis tri bu tion of the fuel and
the actinides sam ples in the in ner zone, which al lows to
ben e fit from wide spec trum of neu trons to burn the fis -

sion able iso topes of Pu, Am, and Cm (see the large part
of ther mal neu trons at 14.025 cm in fig. 5).

The change in mass through the burnup pro cesses
of Pu, Am, and Cm nuclides for the three con fig u ra tion
mod els, non-uni form, uni form, and spi ral, has been cal -
cu lated for the pe riod of one year, and is ex pressed in
terms of trans mu ta tion/ac cu mu la tion rate, as il lus trated
in tab. 3. The re sults show the fol low ing.
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Ta ble 3. The rel a tive change of mass for each iso tope in three mod els, non -uni form, uni form, and spi ral re spec tively, for one
year op er a tion cy cle

Iso tope Con fig u ra tion Ini tial mass [g] Fi nal  mass [g]
M M

M
in fin

in

-
[%]

238Pu

Non -uni form 235 240.3 –2.26

Uni form 235 247.5 –5.32

Spi ral 235 241.1 –2.60

239Pu

Non -uni form 1761 1750 0.61

Uni form 1761 1738 1.31

Spi ral 1761 1749 0.68

240Pu

Non -uni form 1408 1446 –2.70

Uni form 1408 1445 –2.63

Spi ral 1408 1445 –2.63

241Pu

Non -uni form 613.6 583.2 4.95

Uni form 613.6 584 4.82

Spi ral 613.6 583.6 4.89

242Pu

Non -uni form 627.6 630.2 –0.41

Uni form 627.6 633.7 –0.9

Spi ral 627.6 630.4 –0.45

241Am

Non -uni form 4039 4033 0.15

Uni form 4039 4009 0.74

Spi ral 4039 4030 0.22

243Am

Non -uni form 2019 2001 0.89

Uni form 2019 1991 1.39

Spi ral 2019 2000 0.94

244Cm

Non -uni form 1090 1063 2.48

Uni form 1090 1073 1.56

Spi ral 1090 1065 2.29

245Cm

Non -uni form 121.1 122.2 –0.91

Uni form 121.1 122.2 –0.91

Spi ral 121.1 122.3 –0.99

Fig ure 8. The keff vari a tion with burnup for non-uni form,
uni form, and spi ral actinides dis tri bu tion mode

Fig ure 9. Burnup of an actinides sam ple for non-uni form,
uni form, and spi ral mod els in one-year op er a tion cy cle



Plu to nium Iso topes. The 239Pu is usu ally con sid -
ered as the ma jor iso tope which con trib utes to the
radiotoxicity and pro lif er a tion risk, which has a rel a -
tively large amount and a half-life of 24100 years. The
re sults in tab. 3, show the trans mu ta tion rate in all the
pro posed mod els, but the best value is the case of uni -
form model where 1.306 % of the to tal mass (the ini tial 
mass 1761 gm) has been trans muted. These re sults are
also iden ti cal with cap ture-to-fis sion ra tio re sults (tab.
2), which gives the ini tial in di ca tion that 239Pu has
high prob a bil i ties to fis sion. Of course, this is a well
known con clu sion which is in di cated in ev ery hand -
book on nu clear en gi neer ing, and a big per cent age of
239Pu trans mu ta tion in the case of uni form model can
be ex plained by the large part of ther mal and epi ther -
mal neu trons at 14.25 cm and a very big fis sion
cross-sec tion for 239Pu in epi ther mal re gion.

Also in the case of 241Pu we have a good per cent -
age for trans mu ta tion rate, but there is no sig nif i cant
dif fer ence among the three mod els. While in the case
of 238Pu, 240Pu, and 242Pu, the ac cu mu la tion of ex tra
amount of these iso topes was dom i nant, with dif fer ent
rates in the three mod els (the neg a tive sign in the tab. 3
in di cates ac cu mu la tion). The non-uni form dis tri bu -
tion for 238Pu and 242Pu achieved low ac cu mu la tion
with 2.255 % per year and 0.414 % per year, re spec -
tively. On the other hand, there are no sig nif i cant dif -
fer ences be tween the three dis tri bu tions re gard ing
240Pu. The ac cu mu la tion can be eas ily ex plained from
the heavy metal trans mu ta tion chains [33] shown in
fig. 10. In ad di tion to the 239Pu (n, fis sion) re ac tion
men tioned above, we can con clude also, based on the
chain di a gram that the sig nif i cant amount of 239Pu
con verted to 238Pu through the path way 239Pu (n, 2n),
where we have a high ac cu mu la tion rate of 238Pu
(5.319 %) in the case of uni form model.

Am er i cium iso topes. The two cho sen iso topes
241Am and 243Am in this study, are the prime can di dates
to trans mu ta tion, as we have men tioned pre vi ously.

From the cal cu la tion re sults in tab. 3, the mass of both
iso topes, 241Am and 243Am, has been de creased in all
mod els, but the uni form is the best op tion for the trans -
mu ta tion, where the high rates of 0.743 % per year and
1.387 % per year, re spec tively, are achieved.

Cu rium iso topes. Are also ma jor con tri bu tors to
gamma and neu tron emis sions, es pe cially the iso topes
244Cm and 245Cm, where they ap pear in a rel a tively
large amount in spent fuel, for in stance, in this study
we have 1090 g of 244Cm, and 121.1 g of 245Cm. The
non-uni form model achieves a high trans mu ta tion rate
for 244Cm, on the other side, we have a lit tle bit ac cu -
mu la tion for 245Cm, al though the cap ture- to fis sion
ra tio in di cates a high prob a bil ity of fis sion. Of course,
this ac cu mu la tion for 245Cm out come from trans mu ta -
tion part of 244Cm to 245Cm due to ini tial mass of 244Cm 
is five times greater than 245Cm, and by the tra jec tory
244Cm (n, g), as we can see from the di a gram in fig. 10.

The ex act be hav ior of trans mu ta tion ef fi ciency
re mains am big u ous, as it is hy poth e sized that sev eral
fac tors con trib ute to the MA trans mu ta tion ef fi ciency
at in ner (fast) zone of two-zone subcritical sys tem in -
clud ing en ergy of neu tron source, dis tance to ex ter nal
neu tron source, the im pact of outer (ther mal) zone on
the pe riph ery of the in ner (fast) zone, etc. Nev er the -
less, from the point of view of trans mu ta tion ef fi ciency 
for two-zone subcritical sys tem, non-uni form and spi -
ral con fig u ra tions of fuel el e ments with MA are more
ef fec tive. One should re mem ber that it is pos si ble to
trans mute the long lived fis sion prod ucts in the outer
zone of such a subcritical sys tem. The ef fec tive ness of
such trans mu ta tion will be stud ied in the next ar ti cle.
Also, the fi nal con clu sion on ef fec tive ness of trans mu -
ta tion/ac cu mu la tion of dif fer ent com po nents of ther -
mal re ac tor spent fuel will be made in the next ar ti cle,
tak ing into ac count the ac cu mu la tion and trans mu ta -
tion of MA in the work ing fuel of both zones of con sid -
er ing ADS.
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Fig ure 10. Nuclides chain [33]



CON CLU SIONS

The main goal of pres ent pa per is to study the
pos si bil i ties of trans uranic el e ment trans mu ta tion in a
two-zone subcritical sys tem, con sist ing of an in ner
zone with a fast neu tron spec trum and an outer zone
with a pre dom i nant ther mal neu tron spec trum. An ad -
di tional goal is the study of trans mu ta tion with dif fer -
ent con fig u ra tions of fuel el e ments with MA in side the
in ner (fast) zone.

The MA trans mu ta tion has been stud ied re peat -
edly in var i ous fast spec tra with dif fer ent neu tron
sources in subcritical sys tems. A fea ture of this work is 
the rather low en ergy of the neu tron source and the
pres ence of an outer (ther mal) zone at the pe riph ery of
the fast zone. The ef fect of this zone, which lies in the
trans fer of ther mal neu trons into in ner (fast) zone is
sub stan tial enough, and it af fects largely on the con fig -
u ra tion of fuel rods with a uni form MA. This is con -
firmed by the faster burnup of fis sile iso topes near the
bor der with the outer (ther mal) zone and the prac ti cal
ab sence of trans mu ta tion of even plu to nium iso topes.
There fore, from the point of view of trans mu ta tion ef -
fi ciency, non-uni form and spi ral con fig u ra tions of fuel 
el e ments with MA are more ef fec tive. It should be
noted that the in tro duc tion into the outer (ther mal)
zone of fuel el e ments, with fis sion prod ucts that well
ab sorb ther mal neu trons, can change the con clu sions
about the ef fi ciency of MA trans mu ta tion, es pe cially if 
the ab sorb ing fuel el e ments are placed near the bound -
ary be tween the outer (ther mal) and in ner (fast) zones.

Based on the aforementiones re sults, the fol low -
ing con clu sions can be made:

· In terms of trans mu ta tion ef fi ciency, non-uni form
and spi ral con fig u ra tions are more ben e fi cial for
the case of two-zone subcritical sys tem. In other
words, MA trans mu ta tion in harder neu tron spec -
trum is pref er a ble, which is an ev i dent re sult.

· The in ner (fast) zone of two-zone subcritical sys -
tem can trans mute most of the ac tual MA iso topes
in the in ner zone of two zone sys tem, driven by
usual neu tron gen er a tor with suf fi ciently small
neu tron en ergy ~14 MeV. Thus, this subcritical
sys tem can be ef fec tively used for in ves ti ga tion of
the MA trans mu ta tion pro cesses in the in ner zone
with a fast neu tron spec trum.

· Such a small neu tron en ergy is proved to be in suf fi -
cient to trans mute even iso topes of Pu – they are ac -
cu mu lated rather than trans muted, es pe cially tak -
ing into ac count the ac cu mu la tion of plu to nium
iso topes in the usual fuel of a given subcritical sys -
tem.
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PRORA^UN  RASPODELE  IZVODQIVOSTI  TRANSMUTACIJE  RADIOAKTIVNOG 
OTPADA  U  SISTEMU  SA  AKCELERATORSKIM  POGONOM

Prou~ena je izvodqivost transmutacije visokoradioaktivnog otpada u potkriti~nom
reaktorskom sklopu pokretanom akceleratorskim sistemom ‡ za dvozoni model sa tri razli~ite
konfiguracije jezgra. Unutra{wa zona ima spektar brzih neutrona, a spoqa{wa spektar termi~kih
neutrona. Potkriti~no jezgro povezano je sa spoqa{wim neutronskim izvorom energije 14 MeV (D-T
izvor). Na osnovu pretpostavqene tri osnovne konfiguracije neuniformne, uniformne i spiralne,
istra`eni su i razmotreni efektri raspodele izotopa (238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 241Am, 243Am,
244Cm, i 245Cm) na raspodelu neutronskog spektra i performanse izgarawa u unutra{woj zoni. Za sve
predlo`ene modele izvr{eni su prora~uni izgarawa za jednogodi{wi operativni ciklus. Ovaj rad
pokazuje da se mo`e efikasno transmutovati ve}ina stvarnih sporednih izotopa aktinida uz
optimalnu distribuciju ovih izotopa u unutra{woj zoni brzog spektra pretpostavqenog sistema.

Kqu~ne re~i: izgarawe, neutronski spektar, aktinid, transmutacija otpada, sistem
......................... pokretan akceleratorom, ja~ina fisije


