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This pa per pres ents anal y ses of en rich ments of ura nium taken out from Can ada Deu te rium Ura -
nium and pres sur ized wa ter re ac tors spent fu els and fis sile fuel breed ing from tho rium in two dif -
fer ent he lium cooled-ac cel er a tor driven sys tem de signs, DE SIGN A and DE SIGN B. In the be gin -
ning, the 235U per cent ages in the ura nium fu els taken out from the re ac tors spent fu els are 0.17 %
and 0.91 %, re spec tively. Both sys tem cores are fu elled with two dif fer ent mi nor actinides com po si -
tions ex tracted from PWR-MOX spent fu els. The DE SIGN A has one trans mu ta tion zone (en rich -
ment zone) sur round ing the fuel core and con tain ing tho rium or spent ura nium fu els, while DE -
SIGN B has a sec ond trans mu ta tion zone (fis sile fuel breed ing zone) sur round ing the first
trans mu ta tion zone and con tain ing only tho rium fuel. In brief, a to tal of ten cases formed by the
com bi na tions of ac cel er a tor driven sys tem de signs, mi nor actinides com po nents, and spent ura -
nium with tho rium fu els are ana lysed, which are six in DE SIGN A con tain ing one trans mu ta tion
zone and four in DE SIGN B con tain ing two trans mu ta tion zones. Lead-bis muth eutectic al loy, a
liq uid heavy metal, con sist ing of 45 % lead and 55 % bis muth is used as tar get ma te rial in the in ves -
ti gated ac cel er a tor driven sys tem. It is as sumed that the tar get is bom barded with 1.2383·1017 pro -
tons per sec ond and that the en ergy of each pro ton is 1000 MeV.  This means a pro ton beam power
of 20 MW. The 3-D and time-de pend ent neutronic anal y ses are con ducted by us ing the MCNPX
2.7 and CIN DER 90 nu clear code.  Both ac cel er a tor driven sys tem de signs are op er ated un til the
val ues of keff rise to 0.985 to de ter mine the lon gest op er a tion times that are the ef fec tive burn times
in all cases.
De pend ing on the de sign, mi nor ac ti nide com po si tion, and fuel type (spent UO2 and ThO2), the re -
sults ob tained at the end of cy cle ex hibit the ef fec tive burn times vary from 300 days to 2050 days,
the fuel en rich ments can reach up to 2.49-4.23 % and the val ues of gain reach up to 10.8-25.1.
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IN TRO DUC TION

Now a days, pres sur ized wa ter re ac tor (PWR)
and Can ada Deu te rium Ura nium re ac tor (CANDU)
re ac tors based on ura nium fuel pro duce the most of nu -
clear elec tric ity. Com mer cial nu clear re ac tors cause
the pro duc tion of highly ra dio ac tive ma te ri als as
high-level waste which mainly con sists of mi nor
actinides (MA) and long-lived fis sion prod ucts and
man ag ing these prod ucts is an is sue for most coun -
tries. Cur rently, most nu clear coun tries take the wait
and see ap proach for spent nu clear fuel man age ment.
On the other hand, these wastes (these spent fu els)
con tain sig nif i cant amounts of fer tile fuel which is not

able to pro duce en ergy di rectly but can trans mute into
fis sile fuel and gen er ate en ergy.

Firstly, Rubia et al. [1] sug gested ac cel er a tor
driven sys tem (ADS), which is an in no va tive re ac tor,
for in cin er a tion of nu clear waste, uti li za tion of tho rium,
and as an en ergy am pli fier. Many nu clear sci en tists sug -
gest that ADS can be an al ter na tive so lu tion to the deep
geo log i cal dis posal of nu clear waste. The same as trans -
mu ta tion of nu clear waste, these sys tems can gen er ate
large amounts of en ergy by us ing nu clear waste con -
tain ing valu able fuel. Fur ther more, they can breed fis -
sile fuel from fer tile fu els (such as 232Th) via neu tron
cap ture re ac tions.

Gohar et al. [2] per form a study on spent fuel
trans mu ta tion in a con cep tual ADS. They use MCNP
and Ser pent code for ana lys ing mi nor ac ti nide trans -
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mu ta tion and their re sults show that 25.1 and 24.5 tons
of mi nor actinides can con sume for 35 full power
years. Yapici [3-5] and Yapici et al. [6-8], ex am ine
spent fuel re ju ve na tion in fu sion-fis sion re ac tors by
us ing spent fu els dis charged from var i ous re ac tors. 
Yang et al. [9] study on mi nor ac ti nide trans mu ta tion
in ADS by us ing COUPLE3.0. Sup plier-to-burner
sup port ra tio in di cates what quan tity of sup plier re ac -
tors can be sup ported by a burner re ac tor and they find
that the ef fi cient trans mu ta tion sup plier-to-burner
sup port ra tio is 28. Rodrigues et al. [10] study on
ANICCA and sev eral codes for the trans mu ta tion of
MA, and they ac com plish a re duc tion of MA by
around 60 %. Liu et al. [11] work on the trans mu ta tion
of MA in a lead-cooled fast re ac tor (LFR), and they ex -
hibit that af ter MA trans mute in LFR, the frac tion of
plu to nium iso topes is about 85 %. Liu et al. [12] car -
ried out a study on the AP1000 re ac tor, and their re -
sults show that it can burn 44.0 kg MA nuclides af ter a
one-year fuel cy cle. Zhou et al. [13] use ADS fu elled
with spent PWR fu els, the trans mu ta tion of MA is
flex i ble in the ADS sys tem as seen in their re sults. 
Arslan et al. [14] per form a study on con cep tual he -
lium gas-cooled ADS fu elled with spent fuel ex tracted 
from CANDU and PWR which is in ves ti gated in three
dif fer ent cases. They use MCNPX 2.7 and CIN DER
90 for nu mer i cal anal y ses, and they ex hibit that sig nif -
i cant amounts of spent fuel can be trans muted in their
de sign.

Re serves of tho rium el e ment are ap prox i mately
three times more than re serves of ura nium el e ment. In
ADS or some types of re ac tors can be bred the 233U fis -
sile fuel from 232Th iso topes with neu tron cap ture re ac -
tions. Thus, tho rium is a can di date to be an at trac tive
fuel for nu clear re ac tors in the near fu ture and many re -
search ers work in ten sively on tho rium uti li za tion now -
a days. Bakir et al. [15] in ves ti gate tho rium uti li za tion in 
ADS by us ing it with mixed ox ide (MOX) spent fuel.
Their study shows that 233U of 155.1 g per day and 239Pu 
of 103.6 g per day can be bred in their con cep tual ADS.
Bakir and Yapici [16] in ves ti gate tho rium uti li za tion in
a D-T fu sion breeder re ac tor fu elled with a mix ture of
nat u ral UO2 and ThO2. They use MONTEBURN and
MCNP codes sep a rately, and they show that the
neutronic re sults are very near each other for both
codes. Their re sults also bring out that the D-T fu sion
re ac tor has high per for mance in terms of tho rium uti li -
za tion. Ali et al. [17] in ves ti gate tho rium fuel uti li za tion 
in ADS by us ing ura nium mononitride (UN), UO2 (seed 
fuel), and ThO2 fuel.  In their re sults re pro cessed seed
fuel and ThO2 fuel is the best op tion for 233U pro duc tion 
while tho rium fuel with the UN is the best case in terms
of the lon gest cy cle length.  Kral et al. [18] work on tho -
rium uti li za tion in ADS ex per i men tal by us ing
QUINTA spallation set-up and they val i date with
MCNP code.  They found that both re sults are in very
good agree ment and max i mum (n g) re ac tion is ob -
tained in the cen tre of their sys tem's tar get.  Zhu et al.

[19] com pare tho rium blan ket sys tem and peb ble bed
flu o ride salt-cooled high tem per a ture re ac tor (PB-
FHR) in terms of tho rium uti li za tion. In their re sults,
they found that the peb ble mix ing sys tem in PB-FHR
has a bit lower tho rium trans mu ta tion per for mance than 
the tho rium blan ket sys tem. Yang et al. [20] in ves ti -
gated tho rium-based mol ten salt fast en ergy am pli fier
(TMSFEA) for en ergy pro duc tion and tho rium uti li za -
tion and their re sults showed that they ob tain ef fi cient
tho rium uti li za tion in their sys tem. Qaaod et al. [21] in -
ves ti gated the trans uranic el e ments trans mu ta tion and
trans mu ta tion of dif fer ent con fig u ra tions of fuel el e -
ments with MA in an ADS. They de signed two-zone
model which com prises a fast neu tron spec trum and
ther mal neu tron spec trum for the in ner and outer zone,
re spec tively. They cou pled the subcritical core with an
ex ter nal deu te rium-tri tium source (14 MeV en ergy).
Their re sults showed that most of the ac tual mi nor ac ti -
nide iso topes trans muted ef fec tively in the in ner fast
spec trum zone of the ADS.

Un like our work in [14-16], this study pres ents the
en rich ment of ura nium fu els ex tracted from spent fu els
of PWR and CANDU re ac tors in an ADS fu elled with
only MA com pounds, with out us ing any en riched fresh
fuel and the pro duc tion of fis sile fuel from tho rium.

CONCEPTUAL ADS DESIGNS

The main pur pose of this study is, with out us ing
any en riched fresh fuel in an ADS, fu elled with MA
com po si tions, to en rich the ura nium fu els ex tracted
from spent fu els of PWR and CANDU re ac tors and to
pro duce fis sile fuel from tho rium. For this pur pose, two
dif fer ent he lium-cooled ADS (DE SIGN A and DE -
SIGN B), fu elled with MA com po si tions ex tracted from 
PWR-MOX spent fuel, are de signed con cep tu ally. The
ADS are re ac tors op er at ing sub-crit i cally and gen er ally
con sist of four parts: LBE-spallation neu tron tar get,
Sub-crit i cal fuel zone, Trans mu ta tion zone, and Re flec -
tor zone. Their main task is the trans mu ta tion of ra dio -
iso topes. As is ap par ent from fig. 1, two dif fer ent he -
lium-cooled ADS are de signed con cep tu ally as
DE SIGN A and DE SIGN B. Lead-Bis muth Eutectic al -
loy, a liq uid heavy metal, con sist ing of 45 % Lead and
55 % Bis muth is used in both ADS de signs as the
spallation neu tron tar get. The cores of both ADS de -
signs are fu elled with the MA com po si tions ex tracted
from PWR-MOX. While DE SIGN A has one trans mu -
ta tion zone (fuel en rich ment zone, FEZ1) sur round ing
the MA fuel core and in cludes ThO2 or spent UO2 fu els,
DE SIGN B has a sec ond trans mu ta tion zone (fis sile
fuel breed ing zone, FEZ2) sur round ing FEZ1 and in -
clud ing only ThO2 fuel. The trans mu ta tion zones of
both ADS de signs are sur rounded by re flec tor zone
(RZ) and sub se quently shield zone (SZ).

Fig ure 2 shows the cy lin dri cal fuel rods cladded
with zircaloy and lo cated into the zones cooled with
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he lium gas. Fuel rods are se lected sim i larly to PWR
fuel rods cladded with zircaloy [22]. Fur ther more, in
our subcritical stud ies, we pre fer the hex ag o nal place -
ment of the rods in the fuel zone. Pitch length (P) of cy -
lin dri cal  rods  ar rayed hex ag on ally is de ter mined as
1.5 cm and 2 cm in the mi nor ac ti nide zone (MAZ) and
the fuel en rich ment zones (FEZ), re spec tively. How
this de ter mi na tion is made is de scribed in the Cal cu la -
tion pro ce dure sub sec tion.

These di men sions are taken from ref. [22].
De pend ing on P, ri, and ro, the vol u met ric frac -

tions (VF) of fuel, clad and cool ant can be eas ily cal cu -
lated with eqs. 1(a)-1(c). VF ob tained from these cal -
cu la tions are given in tab. 1 as per cent age.
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Neu tron-in duced trans mu ta tion re ac tions 

Neu tron-iso tope re ac tion chain and de cay re ac -
tions, start ing from 232Th, are plot ted in fig. 3. From
this fig ure it can eas ily be ob served which path the
chain trans for ma tion (pro duc tion or de ple tion) re ac -
tions of iso topes with atomic num bers greater than or
equal to.
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    Fig ure 1.  Axisymmetric ver ti cal sec tion views of MCNP mod els of the con cep tual de signed ADS

Fig ure 2.  Hex ag o nal ar range ment of the fuel rods
in MAZ and FEZ (in ner ra dius, ri = 0.4699 cm and outer
ra dius, ro = 0.5461 cm

Ta ble 1. Vol ume frac tions

P [cm]
VF [%]

Fuel Clad Cool ant

1.5 35.60 12.48 51.92

2.0 20.02 7.02 72.96



Spallation neutron target

In an ADS, the spallation neu tron tar get is bom -
barded by high-en ergy pro tons, which in turn re lease
many high en er getic neu trons. The LBE is used in both
ADS de signs as the spallation neu tron tar get ma te rial. The
LBE al loy has very good chem i cal, neutronic, and ther mal 
prop er ties, and it, there fore, is one of the most widely used
tar get ma te ri als in ADS ap pli ca tions, [23-29]. The pro ton
en ergy, Ep, is as sumed as 1000 MeV. To de ter mine the op -
ti mum tar get ra dius, the per formed nu mer i cal anal y ses, by
chang ing tar get ra dius, bring out that 29.6 neu trons are re -
leased in LBE tar get hav ing a ra dius of 50 cm by a sin gle
pro ton of 1000 MeV.  This re sult is suit able with the lit er a -
ture [24, 28, 29], (see fig. 2 in [24]).

Sub-critical MAZ

The sub-crit i cal zone of an ADS is fu elled with
highly en riched fu els to ob tain more en ergy gain, G,
as well as ef fec tive trans mu ta tion of nu clear fu els. By 
fis sion re ac tions, this zone am pli fies en ergy and in -
creases the neu tron pop u la tion. In this study, two dif -
fer ent MA com po si tions dis charged from high
burn-up PWR- MOX spent fu els [30] are sep a rately
used in both ADS de signs. These MA com po si tions
hav ing a high fis sion ca pa bil ity like fis sile fu els are
de noted in [30] as MOX12 (33 GWd per tHM) and
MOX22 (50 GWd per tHM), where tHM means
tonnes of heavy metal.
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Fig ure 3.  Neu tron-iso tope re ac tion chain and de cay re ac tions start ing from 232Th



Trans mu ta tion zone

In the trans mu ta tion zone of an ADS, ra dio ac tive 
iso topes in nu clear fu els can be trans muted into other
iso topes by neu tron-iso tope re ac tions. Such as, fer tile
iso topes can be trans muted into fis sile iso topes. In ad -
di tion to these trans mu ta tions, if fis sile iso topes ex ist
suf fi ciently in the fuel, fis sion re ac tions can oc cur, and
fis sion en ergy can be re leased. In other words, in the
trans mu ta tion zone, a sig nif i cant amount of en ergy
can be pro duced as well as iso tope trans mu ta tion ob -
tained.

As is seen from fig. 1, the in ves ti gated ADS re -
ac tors, DE SIGN A and DE SIGN B, con tain one and
two FEZ, re spec tively.

DE SIGN A: 
In FEZ1, the fuel rods are in di vid u ally filled

with three dif fer ent fu els in each case as fol lows:
– UO2 ex tracted from CANDU spent fuel [31] (de -

noted as CANSF)
– UO2 ex tracted from PWR spent fuel [32] (de noted

as PWRSF),
– ThO2 fuel

DE SIGN B: 
In the FEZ1, the fuel rods are filled sep a rately

with two dif fer ent fu els in each case as
– CANSF
– PWRSF 

The to tal of ten in ves ti gated cases in clud ing six
dif fer ent cases in DE SIGN A and four dif fer ent cases
in DE SIGN B are sum ma rized in tab. 2.

Re flec tor zone

This zone is made of graph ite be ing a good neu -
tron re flec tor and mod er a tor ma te rial for nu clear re ac -
tors. More over, graph ite, hav ing a high tem per a ture re -
sis tant prop erty, is a fa voured ma te rial for nu clear
re ac tor ap pli ca tions. The re flec tor zone re flects and re -
turns the neu trons es cap ing from the sub-crit i cal mi nor
ac ti nide and trans mu ta tion zones.

Shield zone

This zone is made of bo ron car bide (B4C) hav ing 
a very great ra tio of the ab sorp tion cross-sec tion to
scat ter ing cross-sec tion. In nu clear re ac tor ap pli ca -
tions, B4C is a fa voured ma te rial for pre vent ing neu -
tron es cape [33-36]. The shield zone ab sorbs neu trons
es cap ing from the re flec tor zone thus pre vent ing neu -
trons from go ing out side of the ADS.

In ad di tion to the above ex pla na tions, den si ties
and frac tions of all iso topes used in the de signed ADS
are given in tab. 3. The atomic den si ties of iso topes can 
be eas ily cal cu lated by us ing these data. The fu els are
ox ide ma te ri als.

CAL CU LA TION TOOLS AND PRO CE DURE

Cal cu la tion tools

To sim u late nu clear pro cesses in three di men sions,
neutronic anal y ses are per formed us ing the nu clear code
MCNPX 2.7 [37], writ ten by Los Alamos Na tional Lab -
o ra tory. Also, Los Alamos 150 MeV trans port li brary
(LA150) is used as a neutronic li brary.  Chadwick et al.
[38] de vel oped this li brary for com pu ta tional sim u la tions 
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Ta ble 3. Den si ties and frac tions of iso topes used in the
de signed ADS

Ma te rial Den sity
[gcm–3]

Iso topes Frac tion [%]

TAR GET

LBE
11.344 Pb 44.5

9.8 Bi 55.5

MI NOR AC TI NIDE ZONE MOX12 [1] MOX22 [1]

NpO2 11.38
237Np 4.5 4.4

16O

AmO2 11.50

241Am 62.5 58.3
243Am 24.3 26.1

16O

CmO2 10.55
244Cm 8.7 11.3

16O

FUEL EN RICH MENT ZONES CANSF [2] PWRSF [3]

UO2 10.974

234U 3.43822·10–3 2.02368·10–2

235U 1.66333·10–1 9.10655·10–1

236U 8.13407·10–2 3.84499·10–1

238U 9.97489·101 9.86846·101

16O

ThO2 9.88
232Th 100

16O

Cool ant and Clad

He 0.01648 4He 100

Zr 6.503 Zr 100

RE FLEC TOR ZONE

Graph ite 2.1 12C 100

SHIELD ZONE

B4C 2.52

10B 18.431
11B 81.569
12C

Ta ble 2. In ves ti gated MA com po si tion and fuel cases

DE SIGN
ZONE

MAZ FEZ1 FEZ2

A

MA
composition

MOX12

ThO2

No zone

CANSF

PWRSF

MOX22

ThO2

CANSF

PWRSF

B

MOX12
CANSF ThO2

PWRSF ThO2

MOX22
CANSF ThO2

PWRSF ThO2



of ADS. The time-de pend ent burnup/de ple tion can not
be cal cu lated in ADS op er at ing un der sub-critic mode by
MCNPX 2.7 code with out an ad di tional code. There fore, 
in ad di tion to this code and the LA150 li brary, the
time-de pend ent burnup/de ple tion cal cu la tions are per -
formed with the CIN DER 90 com puter code [39] in te -
grated with MCNPX 2.7. To eval u ate ac cu rately the out -
puts of these codes, they are post-pro cessed with
CBURN [40] in ter face com puter code.

Cal cu la tion pro ce dure

Our pre vi ous stud ies [28, 29] bring out that max -
i mum gain, G, is ob tained when Ep is 1000 MeV.  The
nu mer i cal cal cu la tions, there fore, are per formed for
an Ep of 1000 MeV. A con tin u ous uni form pro ton
source, hav ing a ra dius of 4 cm, bom bards the tar get
ma te rial (see fig. 1). The pro ton beam power of both
con cep tual ADS de signs is as sumed as 20 MW cor re -
spond ing to 1.2483 ·1017 pro tons hav ing each an en -
ergy of 1000 MeV.

At the time-de pend ent neutronic anal y ses, to ad -
just the low est ef fec tive neu tron mul ti pli ca tion fac tor
(keff) de vel op ing not un der 0.90 at the be gin ning of the
cy cle (BOC), a se ries of cal cu la tions is car ried out for

the pitch length by nu mer i cal trial-and-er ror ap proach
method. As a re sult of these cal cu la tions, the pitch
lengths are de ter mined as 1.5 cm and 2 cm in the MAZ
and FEZ, re spec tively.

The time-de pend ent neutronic cal cu la tions are
car ried out un til keffs reach up to 0.985 for all in ves ti -
gated cases, given in tab. 2, and thus the end of cy cle
(EOC) time is de ter mined for each case as fol lows:

De ter mi na tion of EOC times

Atomic den si ties are ex tracted for each in ter me -
di ate pe riod by means of CBURN in ter face com puter
code, us ing the fi nal time-de pend ent re sults from
MCNPX 2.7 and CIN DER, then writ ten as in put to
MCNPX2.7.  By run ning MCNPX in crit i cal cal cu la -
tion mode (with the KCODE op tion), keffs are cal cu -
lated for each in ter me di ate pe riod. The EOC times de -
ter mined by this way and be ing the lon gest op er a tion
times for all cases will be men tioned as the ef fec tive
burn times in this study. The de ter mined ef fec tive burn 
times by these pro cesses are given in tab. 4. Fur ther -
more, in this ta ble, other im por tant neutronic data ob -
tained from the nu mer i cal cal cu la tions in both DE -
SIGN A and B, also, are given as a sum mary.
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Ta ble 4. Sum mary ta ble for the most im por tant neutronic data ob tained from the nu mer i cal cal cu la tions in
DE SIGN A and B

FEZ MAZ BOC
EOC [d]

keff

Cu mu la tive fuel en rich ment,
CFFE [%]

233U
[kg]

MA
TF* [%] G BURNUP [GWd

per MTU]**

MAZ FEZ1 FEZ2

DE SIGN A

ThO2

MOX12
0 0.904 91.21 0 – 0 – 0 0

1250 0.985 86.12 3.07 – 104.783 9.21 10.8 25

MOX22
0 0.910 88.59 0 – 0 – 0 0

991 0.986 84.47 2.85 – 97.829 7.97 11.2 21

CANSF

MOX12
0 0.916 91.21 0.17 – – – 0 0

920 0.985 86.68 2.76 – – 7.98 18.4 29

MOX22
0 0.927 88.59 0 – – – 0 0

630 0.985 85.44 2.49 – – 5.91 17.9 20

PWRSF

MOX12
0 0.943 91.21 0.91 – – 0 0

530 0.985 87.94 3.38 – – 5.70 21.0 20

MOX22
0 0.952 88.59 0 – – – 0 0

300 0.985 86.37 2.95 – – 4.07 25.1 14

MOX22B*** 300 0.939 87.36 0.91 – – – 0 0

600 0.985 85.40 2.79 – – 3.04 20.8 11

DE SIGN B

CANSF

MOX12
0 0.907 91.21 0.17 0 0 – 0 0

2050 0.985 83.10 3.63 3.85 160.444 15.17 15.6 37

MOX22
0 0.915 88.59 0.17 0 0 – 0 0

1700 0.986 81.94 3.33 3.58 150.853 13.11 15.5 30

PWRSF

MOX12
0 0.913 91.21 0.91 0 0 – 0 0

1950 0.985 83.41 4.23 3.84 160.673 14.56 15.4 35

MOX22
0 0.922 88.59 0.91 0 0 – 0 0

1600 0.985 82.09 3.99 3.58 151.183 12.97 16.0 30

* TF is trans mu ta tion frac tion. The ini tial masses of MOX12 and MOX22 com po si tions are 5541.39 and 5550.08 kg, re spec tively.
** MTU stands for met ric ton of ura nium 
***At the sec ond cy cle (see the sec tions Cu mu la tive fis sile fuel en rich ment and Sam ple ad di tional anal y sis)



NU MER I CAL RE SULTS 

Ef fec tive neu tron mul ti pli ca tion fac tor

In nu clear re ac tors, the ef fec tive neu tron mul ti -
pli ca tion fac tor, keff, be ing a very im por tant pa ram e ter
for the sustainability of re ac tor op er a tion is de scribed
as the ra tio of neu tron num bers in one gen er a tion to
neu tron num bers in the pre ced ing gen er a tion.

To ob tain op ti mum neutronic val ues, both ADS
de signs are op er ated dur ing the cor re spond ing ef fec -
tive burn time of the case. As is ap par ent in tab. 4,
while DE SIGN A loaded with the MOX22 com po si -
tion can be op er ated in the PWRSF case dur ing the
short est ef fec tive burn time, 300 days, DE SIGN B
loaded with the MOX12 com po si tion can be op er ated
in the CANSF case dur ing the lon gest ef fec tive burn
time, 2050 days. Fur ther more, in the same spent fuel
cases in DE SIGN B, the ef fec tive burn times in the
MOX12 case are rel a tively long, about 1.2 times lon -
ger than those in the MOX22 case. This ra tio var ies
from 1.26 to 1.77 in DE SIGN A. In other words, in
both de signs, the cases fu elled with MOX12 com po si -
tion have the ef fec tive burn time lon ger than those fu -
elled with MOX22 com po si tion in all fuel cases.
More over, it can be said that in gen eral, in both de -
signs, the ef fec tive burn times in the PWRSF cases are

rel a tively shorter than those in the ThO2 and CANSF
cases. Briefly, these re sults point out that in all fuel and 
MA com po si tion cases, DE SIGN B can op er ate much
lon ger than DE SIGN A with out new re fu el ling.

Fig ures 4(a) and 4(b) show the in creases in keff
in all fuel and MA cases in DE SIGN A and B dur ing
the cor re spond ing ef fec tive burn time of the case, re -
spec tively. One can see in these figs. that all keff pro -
files in crease to 0.985. How ever, these in creases are
slightly curvilinear in DE SIGN A i. e., quasi-lin ear in
DE SIGN B.

Cu mu la tive fis sile fuel en rich ment

The cu mu la tive fis sile fuel rich ness in di cat ing
the qual ity of nu clear fuel is de fined as the ra tio of the
sum of atomic den si ties of fis sile fu els to the sum of
atomic den si ties of at oms with atomic num bers greater 
than or equal to 90.

In DE SIGN A, the in creases in CFFE val ues in
all fuel and MA cases dur ing the cor re spond ing ef fec -
tive burn time of the case are plot ted in fig. 5(a). As to
DE SIGN B, those in the MOX12 and MOX22 cases
are sep a rately plot ted in fig. 5(b) and 5(c), re spec -
tively. As can be ob served from these fig ures, all pro -
files of CFFE rise curvilinearly. 
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Fig ure 4(a). In creases in ef fec tive neu tron mul ti pli ca tion fac tors in all fuel and MA cases dur ing the cor re spond ing
ef fec tive burn time of the case



In ad di tion to figs. 5(a)-5(c), the CFFE val ues in all 
in ves ti gated cases at the be gin ning and end of the cy cle
are given in tab. 4. In DE SIGN A, the fuel en rich ment
pro cesses in the ThO2, CANSF, and PWRSF cases are
in di vid u ally con ducted in one zone (FEZ1). While the
CFFE val ues in the ThO2, CANSF, and PWRSF cases
rise to 3.07 %, 2.76 %, and 3.38 % in the MOX12 case,
re spec tively, those rise to 2.85 %, 2.49 %, and 2.95 % in
the MOX22 case, re spec tively. As to DE SIGN B, un like
DE SIGN A, the spent fuel en rich ment and fis sile fuel
breed ing are car ried out si mul ta neously in two sep a rate
zones, FEZ1 and FEZ2.

These en rich ments are as
– In FEZ1: While the CFFE val ues in the MOX12 case

in crease up to 3.63 % and 4.23 %   in the CANSF and
PWRSF cases, re spec tively, those in the MOX22 case 
in crease up to 3.33 % and 3.99 %, re spec tively.

– In FEZ2: While the CFFE val ues in the MOX12 case
cases in crease up to 3.85 % and 3.84 % in the CANSF 
and PWRSF cases, re spec tively, those in crease up to
the same value, 3.58 %, in the MOX22 case.

As to MAZ, it is ap par ent from tab. 4, the CFFE
val ues in this zone de crease on the con trary to those in
FEZ1 and FEZ2 in all cases dur ing their ef fec tive burn
times. De pend ing on the MA com po si tion and fuel type,
the pro por tional amounts of these de creases vary be -

tween ap prox i mately 2.51 % with 5.58 % and 7.34 %
with 8.89 % in DE SIGN A and DE SIGN B, re spec tively.
As can be seen, the pro por tional de creases in CFFE in
DE SIGN B are greater than those in DE SIGN A. The
rea son for this, DE SIGN B is op er ated lon ger than DE -
SIGN A. More over, the pro por tional de creases in CFFEs 
in MOX12 cases are greater than those in the MOX22
cases. Still, all CFFE val ues are high (above 80 %).

Trans mu ta tion frac tion: The ra tio of the net atomic 
den sity (N), trans muted dur ing op er a tion time (t), of an
iso tope to an atomic den sity of that at the BOC is de fined
as the trans mu ta tion frac tion (TF).  Ac cord ing to this def -
i ni tion, TF can be cal cu lated as fol lows

TF
N t N

N
=

-( ) ( )

( )

0

0
(2)

The cal cu lated to tal TF of MA com po si tions in
this way are given in tab. 4.  In DE SIGN A, these frac -
tions vary from 5.70 % to 9.21 % and from 4.07% to
7.97 % in the MOX22 and MOX12 cases de pend ing
on the fuel type, re spec tively. In DE SIGN B, on the
other hand, the ranges of change are no tice ably short
in the same cases and are from 15.4 % to 15.6 % and
15.5 % to 16 %, re spec tively.  As is seen from these re -
sults, the TF val ues in DE SIGN B are greater than in
DE SIGN A be cause of the lon ger ef fec tive burn times
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Fig ure 4(b). In creases in ef fec tive neu tron mul ti pli ca tion fac tors in all fuel and MA cases dur ing the cor re spond ing
ef fec tive burn time of the case
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Fig ure 5(a). In creases in CFFE in all fuel and MA cases dur ing the cor re spond ing ef fec tive burn time of the case

Fig ure 5(b). In creases in CFFE in all fuel and MOX12 cases dur ing the cor re spond ing ef fec tive burn time of the case



of DE SIGN B.  Fur ther more, the MOX12 com po si tion 
has a greater ef fect on fuel en rich ment and fis sile fuel
breed ing than the MOX22 com po si tion.

The re sults bring out that the MOX12 com po si -
tion has a more ef fect on the in crease of CFFE than
MOX22 com po si tion in both de signs as well as that
the in creases in CFFE in DE SIGN B are higher than
those in DE SIGN A be cause DE SIGN B has a lon ger
ef fec tive burn time. Fur ther more, the fuel en rich ment
and fis sile fuel breed ing pro cesses are car ried out si -
mul ta neously in two sep a rate zones: the en rich ment of
spent fu els (CANSF and PWRSF) in FEZ1and the fis -
sile fuel breed ing from 232Th in FEZ2This means DE -
SIGN B may be more ef fi cient than DE SIGN A in
terms of fuel en rich ment and fis sile fuel breed ing.

The re sults of per formed anal y ses bring out that in
all fuel cases in DE SIGN A, the en riched fu els, ThO2,
CANSF, and PWRSF, can be re used in PWR and
CANDU re ac tors af ter an en rich ment pro cess of one or
two years. As to DE SIGN B, al though an en rich ment
pro cess of one year is suf fi cient for re us ing of CANSF
and ThO2 in the CANDU re ac tor, an en rich ment pro cess
of four years is re quired for re us ing in PWR. Briefly, DE -
SIGN A is more suit able than DE SIGN B in terms of re -
us ing the en riched fu els in short time.

Sug ges tions: We sug gest that at the EOC, both
re ac tors can con tinue to op er ate by re mov ing only the
en riched UO2 and ThO2 fu els from the re ac tors and re -

plac ing them with new spent UO2 and ThO2 fu els. Fur -
ther more, at the EOC, the ra dio ac tive iso topes ex cept
for the iso topes of cool ant and clad ma te rial oc cur ring
dur ing the ef fec tive op er a tion time and be ing not mi -
nor ac ti nide must be taken out from the rods of burned
MA com po si tions for ob tain ing high per for mance.

En ergy gain

The en ergy gain, G, be ing one of the other im por -
tant ADS pa ram e ters, is de scribed as the ra tio be tween
the to tal en ergy pro duced by fis sion re ac tions in the
ADS per pro ton to Ep, and cal cu lated as fol lows

G
R f f

p

=
E

E
(3)

where Rf and Ef are the num bers of fis sion re ac tions
and en ergy amount re leased from one fis sion re ac tion
(200 MeV), re spec tively.

Fig ures 6(a) and 6(b) show the in creases in G in all
fuel and MA cases in DE SIGNs A and B dur ing the cor re -
spond ing ef fec tive burn time of the case, re spec tively. All
G pro files rise quasi-lin early. More over, in DE SIGN A,
the G pro files in the PWRSF and CANSF cases rise more
sharply with re spect to ThO2 cases Also, as is ap par ent in
tab. 4, while the val ues of G in DE SIGN A at the EOC
vary in a wide range of 10.8 and 25.1 de pend ing on the
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Fig ure 5(c). In creases in CFFE in all fuel and MOX22 cases dur ing the cor re spond ing ef fec tive burn time of the case
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Fig ure 6(a). In creases in gain in all fuel and MA cases dur ing the cor re spond ing ef fec tive burn time of the case

Fig ure 6(b). In creases in gain in all fuel and MA cases dur ing the cor re spond ing ef fec tive burn time of the case



MA com po si tion and fuel type, these val ues are around
15-16, and rel a tively lower in DE SIGN B than in DE -
SIGN A. This means that DE SIGN A has more per for -
mance than DE SIGN B in terms of en ergy mul ti pli ca tion.

Tho rium uti li za tion

In a nu clear re ac tor core in clud ing 232Th iso -
topes, if these iso topes re act with neu trons un der fa -
vour able con di tions, they trans form into the fis sile
233U iso topes with two con sec u tive neg a tive beta
(elec tron) emis sions af ter 27 days as fol lows

232 232

233 2

Th n Th

Pa

21.83 min

27  days

+ ¾ ®¾ ¾ ®¾¾¾

+ ¾ ®¾¾¾-

g

b 33 U+ -b
(4)

In this study, to ana lyse in de tail the tho rium uti -
li za tion and, ac cord ingly, the fis sile 233U pro duc tion, a
to tal of six cases con tain ing ThO2, two cases in DE -
SIGN A and 4 cases in DE SIGN B, are con sid ered. 
Fig ures 7(a) and 7(b) de pict the in crease in the ra tios of 
mass of 233U, pro duced from 232Th, to a mass of 232Th  
in all cases of fuel and MA com po si tions in DE SIGN A 
and B dur ing the cor re spond ing ef fec tive burn time of
the case, re spec tively. One can see from these fig ures,
that in both de signs, the pro files of these ra tios rise
curvilinear in all fuel and MA com po si tion cases, and

that the MA com po si tion and fuel dif fer ences do not
sig nif i cantly af fect ra tio pro files in the same de sign. In
DE SIGN A, the mass ra tio pro files reach up to 3.17 %
and 2.94 % in the MOX12 and MOX22 cases, re spec -
tively. These val ues are slightly higher (ap prox i mately 
30 %) in DE SIGN B, namely, the mass ra tio pro files
reach up to about 4 % and 3.7 % in the MOX12 and
MOX22, re spec tively.

In ad di tion to the mass ra tio pro files, at EOC, the
masses of pro duced 233U in all in ves ti gated cases are
pointed in tab. 4 as kg. The ini tial masses of 232Th are
3495.80 kg and 4369.74 kg in DE SIGN A and B, re -
spec tively. While the pro duced 233U ac cu mu lates up to 
about 105 kg and 98 kg in MOX12 and MOX22 cases
in DE SIGN A, re spec tively, that ac cu mu lates up to
about 160 kg and 150 kg in the same MA com po si tion
cases in DE SIGN B. The rea son for this high dif fer -
ence is that the ini tial mass of 232Th in DE SIGN B is
greater than that in DE SIGN A, (ap prox i mately 25 %). 
While the mass of 232Th in DE SIGN B is only 1.25
times greater than that in DE SIGN A, the 233U pro duc -
tion in DE SIGN B is 1.5 times greater than that in DE -
SIGN A be cause the trans mu ta tion time in DE SIGN B
is lon ger than that in DE SIGN A. This means that DE -
SIGN B has a higher 233U pro duc tion per for mance
than DE SIGN A in terms of the pro duced mass.

Fuel burnup

An other im por tant pa ram e ter in ADS is fuel
burnup which is in di cated as the to tal pro duced en ergy
per unit met ric fuel mass loaded in the be gin ning, and
its unit is ex pressed mostly as GWd per MTU or MWd
per MTU. The fuel burnup can be cal cu lated de pend -
ing on the op er a tion time and fis sion en ergy re leased
in ADS as fol lows

BURNUP BURNUP
Fission Power

MTU
( ) ( )t t t t+ = +D D

(5)
where MTU is met ric ton of ura nium.

Fig ures 8(a) and 8(b) pres ent the ac cu mu la tions
of the BURNUP in all cases of fuel and MA com po si -
tion in DE SIGN A and B dur ing the cor re spond ing ef -
fec tive burn time of the case, re spec tively. As is seen
from these fig ures the pro files of BURNUP quasi-lin -
early rise in all in ves ti gated cases. One can see that,
while the fuel type very much af fects BURNUP pro -
files in DE SIGN A, these pro files are hardly or not af -
fected in both fuel and MA com po si tion cases in DE -
SIGN B.

In DE SIGN A, while BURNUPs in MOX12 ac -
cu mu late up to about 25, 29, and 20 GWd per MTU in
the ThO2, CANSF, and PWRSF cases at EOC, re spec -
tively, those in MOX22 ac cu mu late up to 21, 20, and
14 GWd per MTU, re spec tively. As to DE SIGN B,
while BURNUP in MOX12 ac cu mu late up to about 37 
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Fig ure 7(a). In creases in ra tios mass of 233U to mass of
232Th in all cases of fuel and MA com po si tions dur ing the
cor re spond ing ef fec tive burn time of the case
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Fig ure 7(b). In creases in ra tios of mass of 233U to a mass of 232Th in all cases of fuel and MA com po si tions dur ing the
cor re spond ing ef fec tive burn time of the case

Fig ure 8(a). Ac cu mu la tion of BURNUP in all fuel and MA cases dur ing the cor re spond ing ef fec tive burn time of the case



and 35 GWd per MTU in the CANSF and PWRSF
cases, re spec tively, at EOC, those in MOX22 in crease
to about 30 GWd per MTU in both fuel cases. As ex -
pected, the BURNUP val ues in DE SIGN B are higher
than in DE SIGN A due to DE SIGN B hav ing a lon ger
ef fec tive burn time.

Sample additional analysis

In line with our sug ges tion, sam ple anal y sis is
per formed by re fu el ling as de scribed in sec tion 4.2 for
the case of MOX22 and PWRSF in DE SIGN A. This
burned MA com po si tion is de noted as MOX22B. The
neutronic data from this anal y sis, also, are given in tab. 
4. At the end of the sec ond cy cle, the keff value reaches
up to 0.985 again in 300 days. Mean while, the CFFE
value rises to 2.79 % and an ad di tional, to tal MA trans -
mu ta tion of  3.04 %  is  ob tained. How ever,  this TF is
25 % lower than in the 1st cy cle. The val ues G and
BURNUP, also, are ap prox i mately 20 % lower than in
the 1st cy cle.  In brief, the sig nif i cant amounts of fuel
en rich ment and MA trans mu ta tion take place in the 2nd

cy cle, al beit at 20-25 % lower per for mance than in the
1st cy cle.

CONCLUSIONS

To per form the en rich ment of CANDU and
PWR spent fu els, as well as the pro duc tion of fis sile
fuel from tho rium, two dif fer ent ADS with one and
two trans mu ta tion zones and fu elled with the MA
com po si tions are de signed con cep tu ally. Two dif fer -
ent MA com po si tions are in di vid u ally used in the core
of both ADS de signs as fuel. The neutronic anal y sis
re sults ob tained from ten dif fer ent fuel en rich ment and 
fis sile fuel pro duc tion cases, formed this way in the
ADS, are pre sented briefly be low.

· In both ADS de signs, the MOX12 com po si tion
makes a greater pos i tive ef fect on the neutronic
val ues than the MOX22 com po si tion.

· In DE SIGN A, the low est and high est ef fec tive
burn times are 300 days and 1250 days. These
times are 1600 and 2050 days in DE SIGN B. This
means that DE SIGN B can op er ate much more
time than DE SIGN A with out re fu el ling.

· In DE SIGN A, the en riched fu els, ThO2, CANSF,
and PWRSF, can be re used in PWR and CANDU
re ac tors af ter an en rich ment pro cess of 1 or 2
years. In DE SIGN B, al though an en rich ment pro -
cess of 1 year is suf fi cient for re us ing of CANSF
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   Fig ure 8(b). Ac cu mu la tion of BURNUPs in all fuel and MA cases dur ing the cor re spond ing ef fec tive burn time of the case



and ThO2 in the CANDU re ac tor, an en rich ment
pro cess of 4 years is re quired for re us ing in PWR.

· While en ergy gain in DE SIGN A at EOC var ies in
a wide range of 10.8 and 25.1 de pend ing on the
MA com po si tion and fuel type, this value is rel a -
tively lower, around 15-16 in DE SIGN B than DE -
SIGN A.

· In DE SIGN A, the ra tios of mass of 233U, pro -
duced from 232Th to mass of 232Th, reach up to 3.17 
% and 2.94 % in the MOX12 and MOX22 cases,
re spec tively. In DE SIGN B, these ra tios reach up
to about 4 % and 3.7 % in the same MA cases.

· The BURNUP val ues quasi-lin early in crease to 21 
and 37 GWd per MTU in DE SIGN A and B, re -
spec tively.

Con se quently, both ADS re ac tors have a good
neutronic per for mance and can pro duce a sig nif i cant
amount of en ergy, as well as en rich ing spent fuel and
pro duc ing fis sile fuel from tho rium.

As known, nu clear waste man age ment is one of
the most im por tant is sues for nu clear power plants. 
ADS can be a so lu tion to these waste prob lems.  We
would like to em pha size that the re sults of this study
will con trib ute to the so lu tion of nu clear waste man -
age ment and will light the way for de signs of ADS
con sum ing and trans mut ing mi nor ac ti nide hold out in
the spent fu els of con ven tional ther mal re ac tors as well 
as en ergy pro duc tion. At the same time, the ura nium
fu els in the spent fu els and tho rium fer tile fu els would
be en riched in the ADS with out us ing any fresh fis sile
fuel (en riched ura nium, plu to nium, etc.,).
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Bu{ra DURMAZ, Gizem BAKIR, Alper Bugra ARSLAN, Husejin JAPIXI

NEUTRONSKA  ANALIZA  SISTEMA  POKRETANOG  AKCELERATOROM
NAPAJANIM  MINORNIM  AKTINIDOM  I  DIZAJNIRANIM  ZA  OBOGA]IVAWE 

ISTRO[ENOG  GORIVA  I  PROIZVODWU  FISIBILNOG  GORIVA

U radu je prikazana analiza oboga}ivawa uranijuma izva|enog iz istro{enih goriva
CANDU i PWR reaktora, i dobijawe fisionog goriva iz torijuma u dva helijumom hla|ena sistema
pokretana akceleratorima razli~itih dizajna: DIZAJN A i DIZAJN B. Na po~etku, procenti
235U u uranijumskim gorivima, izva|enim iz istro{enih goriva CANDU i PWR reaktora, iznose
0.17 % i 0.91 %, respektivno. Oba akceleratorom pokretana jezgra napajaju se sa dva minorna
aktinida razli~itog sastava ekstrahovanih iz PWR-MOX istro{enog goriva. DIZAJN A ima
jednu zonu transmutacije (zonu oboga}ivawa) koja okru`uje gorivno jezgro i sadr`i goriva od
torijuma ili istro{enog uranijuma, dok DIZAJN B ima drugu zonu transmutacije (zonu
oboga}ivawa fisibilnog goriva) koja okru`uje prvu zonu transmutacije i koja sadr`i samo
torijumsko gorivo. Ukratko, analizirano je ukupno 10 slu~ajeva formiranih kombinacijama
dizajna akceleratora, komponentama minornih aktinida i istro{enim uranijumom sa torijumskim
gorivima, a to ~ini {est slu~ajeva u DIZAJNU A koji sadr`i jednu transmutacionu zonu i ~etiri u 
DIZAJNU B koji sadr`i dve transmutacione zone. Eutekti~ka legura olovo-bizmut, te~ni te{ki
metal, koji se sastoji od 45 % olova i 55 % bizmuta, koristi se kao materijal meta u ispitivanom
akceleratorom pokretanom sistemu. Pretpostavqa se da je meta bombardovana sa 1.2383×1017

protona u sekundi i da je energija svakog protona 1000 MeV. [to zna~i da je snaga protonskog snopa
20 MW. Trodimenzionalne i vremenski zavisne neutronske analize sprovedene su kori{}ewem
MCNPX 2.7 i CIN DER 90 nuklearnog koda. Oba dizajna sistema rade sve dok keff ne dostignu vrednost 
0,985, da bi se odredila najdu`a radna vremena koja su efektivna vremena sagorevawa u svim
slu`ajevima.
U zavisnosti od dizajna, sastava minornog aktinida i tipa goriva (utro{eni UO2 i ThO2),
rezultati dobijeni na kraju ciklusa pokazuju da efektivno vreme izgarawa varira od 300 dana do
2050 dana, oboga}ewe goriva mo`e dosti}i  2.49-4.23 % i vrednosti dobitka u energiji 10.8-25.1.

Kqu~ne re~i: sistem pokretan akceleratorom, termi~ki reaktor, oboga}ivawe utro{enog 
..........................goriva, kori{}ewe torijuma


