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A SURVEY OF THORIUM UTILIZATION IN THERMAL POWER REACTORS

Willem J. Oosterkamp

I INTRODUCTION

Brzi't has a natural interest in the thorium fuel cycle for nuclaar reactors as it has large
aroven my.grves of thorium and only  small yranium depotits In the thorium cycle, fissiie
U 233 5 iormed from Th 232 Thorium has been used in the cores of several power reactors in
the mid sixties (Indien Point'' 2' 260 MWe, ELK River 58 MWTh!3' Borax IV) The
experirentsl high tempersture resctors Peach Bottom (40 MWe)'45' AV A (15 MWei'E' and
Dragon {70 MWe)'? 8 9! gre thorium reactons and siso the 300 MWe prototype HTGR's of Fort
St Vren and Schmehausen''9.11! will use the thotium cycie A number of commerciai size
1200 WWe thorrum HTGR's have been ordered from Generali Atomic' ' <

Most work on the use of thorium in i:.ght and heavy wate: resctors has been discontinued
beciuse the low prices for uranium are arvi separstive work a number of years ago did not give
sny incentive to develop the thoriwr cycle further Due to the ever increasing prices of
urgrium the s‘tustion has changed now intamationally snd s renewed intarest in the utilization
of thorium cen be observed

Work on the utilization of thorium in high temperature reactors has buen carred to the
commerc:sl stage This is dus to the fact that uranium is not competetive in homogeneous
reactors like the HTGR The uranium resonances in 8 homogeneus resctor are poorly shiweided,
lsading 1o a low resonance escape probebility This mesns that » high ennchement is required to
schisve cnticality The resonances of thorium sre not so pronounced and the requirements of
tissile matanal are thus less

Water cooled reactors have much lower effective resonance intsgrals caused by the
selfshweiding of the heterogeneous fuel. The resonance integrals of thorum and uranium are for
this reactor type sbout the same Thorium .es a disadvantage & its thermal capture cross
section is sbout three times the value for uranium lesding 10 3 significant lower thermal
utilizstion snd thus requiring a higher fissele losding

Thus far fuel cycles have been mainly comperdd by the fuel cycie costs The cost of all
steps Of the fuel cycle mining, onrichment, fabrication and reprocessing wers mainty those at
tha time the studies wers made and the optimizat ons were accordingly ''3' Few consider the
longterm trends in the costs and only the work on fast breeders hes given sttention to the
avaiibility of resources 14!

The incentive to use thorium is ity potential to conserve the recources Urenium 233 that
iv bred from U Thorium is powntisily s better fusl in thermal reactors then Pu 239 that is bred
from U 238 U 233 doss not oocur naturatly and has 1o be converted in therms! or fast reactors
Uranium hss to be used to start up anc meintain non breeding reactors as U 236 is the only



naturally occuring fissile material 1t s thus not cbvious it thorium utiization will indeed
reduce the demand for uranium

The requ'rements of uranium are mainly given by the conversion ratic of the reactors in
the power system and depend on the layout of the resctor in this paper we will show that with
more emphasis on the conversion ratio, a substantial reduction of the ore requirements cen be
obtained and we will outhne under what conditions thorsum utilizetion will reduce the uradium
consumption

2 REACTOR TYPES
21 High Temperature Resctor

Thorium uthzation 1n h:gh temperature gas cooied resctors has reached a commercial
stage and has been we!l documentsd A comparison of the fuel cycle with uranium and thorium
has heen made by GA for prismatic fuel elements!'5! and for pebbels (Shuiten slements)‘ '8!
by Jilich From the work of Teuchert we have tsken Table | This shows thet the use of
thorium yives only 3 imited reduction on the uranium consuption

Tabie |

Cherecterntics of the fust cycle

1000MW,,, & MW/m'. 250 1060°C
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Cue tyc'e Low. enr, Thor um Th rececie Hi cony
NG Ny 0 foed barches 355 259 2558 10
Av_ fyei resigdence ' me days 848 1094 1113 630
Aversge hurn up Mwa’t 115 000 114 000 115000 78 000
Conversion ra1-0 054 0.56 G.60 090
Powe' peaking 2.8 26 25 1.3
Conrrol Rods Withdrawal D'k 0.020 0.018 0018 - 0.006
Xeo-COverrde 100 - 40% Dk rk 0018 -0.019 -0.018 -0 007
Figsi3 -nvenracy kg 345 Bt 360 620
supply g/d 916 783 129 1082
U-nat, requ rement kg/d 217 190 136
Seps arive work k~ SWU/u 160 169 120

e - - —— e ———— — -
Fuet cycte conts mitis/KWhy 242 1.92 1.84 am
Fabr.cation only milis/KWh, 0.49 0.41 0.41 120
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2.2  Light Water Resctors

There exist a reistive large amount of informetion on the use of thorium in light water
resacton from the prototypes in *he eerly sixties This informgtion 15 however not too periinent
now as the cladding of the fusl slements used in thess resctors consisted of stainless swet.
Stainiaes swel is Not now used & it has ¢ high absomption cross section The favorite materisl
now is Zircaloy A zirconium glioy with an extreme low capture cross section The more recent
work of Zorzoli''7 '8 19! tocy0ees on the use of Th metais & » replacement for ursnium oxide
and stremee fuel cycle costs Alow fuel cycle cost is obtained and the uranium demand is
significently reduced, Linand Zoiotsr 120! have done some zero dimensional burnup caiculstions
compering UO,. ThO; and Th metal using the code LEOPARD'2"’' Their results ere of o
prelimingry neture snd are given in Table !

Tabie 11

P W R Fusl Cyols Chersswristios

VO; Puo 4 ™G, U0, ™U
Inmiel uniform lopding T U} 2.740 3.681 4583
Net U (MT)* 6028 x 1¢° 7.189 x 10° 895t x 10°
Sepertrve work (Kgi* 4.083 x 10° 9.324 x 10* 11.161 x 10°
Conversion a0 of firgt cycie 081 076 o
Moke uo requirement pev yesr - M U ' 0.449 0.318 0178
Nat. U (MT)® 0.824 x 10° 0618 x 10° 0.344 x 10°
Sepwretve work (Kg)* 1.018x10*"" 0798 10° 0.446 x 10°
Coversion 8110 of s8cond Cycle 0.67 0.79 0.84

® 0.2 wio U-238 in Hitusion plant tas.
* * Includes envichment of reg/cied urenius,

The light wamer Dresder resctur program is intended 10 deveicp s thermsl breeder
reactor!22.23) on the beis of the existing light water reactor tacknology A conversion ratio of
neerly one is obtasined which impliss that axcept for the initisl losding, practically no new fuel
is neaded. But the compiexity of the sesd and blankast concept and specifically the movable seed
reactivity control meks it very doubtfull if 8 high svailability can be obtained.

2.3 - Hesvy water Resctors

Some work has been performed on hesvy watsr resctors to obtasin breeding using the
thorlum cycis. For the suspension power reactor!24) ¢ homogeneous fusied heavy water reactor
¢ cohversion ratio of 90 is pressurized hesvy wetsr resctor - a concept similar to the standard
PWR but modersted and covied with hesvy wasr and larger distances between fuel
pins - conversion ratios ciose to 1.08 for thorium losdings have been obtained!28! Work on s
similer reactor type has been performed by Siemens in Germany'?8) The large pressure vessels
for these rescton can possibiy be made from prestressed concerts'27) The natursl uraniun
cycle for these reector is not stirsctive ss the burnup reach only 4 MWd/kg



Thotum utihzat'on o heavy water moderated orgenic cooied resctors of the pressure
tube type CANDU QRGEL have been extens vely studied'29 30 31 3233} g0 ottery o hign
conversion rat:on with low fuel cycie costs One can start CANDU  type reactors with natural
yranrum reprocess the fuel and use the piutonium in thorium elements 50 as to start s U 233
Th cycle But this way though promsing takes sbout 30 years to build the necessary
inventories 28!

2 4 - Moiten Sait Bresder Reactor

An advanced and interesting thermal converter is the moiten sait breeder reactor! 3% 36
it combnes a low inventory with sn high conversion ratio [t 18 likely that with this systam
thermal breeding wili be possible The MSBR consists of s graphits matrix «1n which 8 mocture of
ithwum uranium and thorium fluorides are passed through The high conversion ratio 1
obtained by online reprocessing of the fuel mixture. thus removing virtuslly all fission products
The reactor has no structursl matanal end the moderator does not shsorb neutrons These
factors explain the high conversion catioc Some basic problems, it sesms, require & lot of
development work

One 15 a corrosion resistent alloy for the reactor vessel and piping a the fission products
in the fluoride solution can be aggressive

A large amount of tritium s formed by the reaction Li"(n.a)T"' sbout 2 4 KCi/d, and
uniess su:table measures are takein an excessive amount of the tritium could reach the
atmosphere hv diffusion through the heat axchangers 1nto the steam system

Soiutions 10 these problems do exst, but they require sxisnsive testing on an
engineerng scale In the opinion of this suthor the development ¢! the MSBR s isgging behing
the liqu'd meta! fast breeder reactor by about a decade and will probably not be in commaercial
operation before the next century

3 PHYSICS CONSIDERATIONS

As an example of the effects that are invoived 1 the transition from the uranium cycie 1o
the thonium cycle we will have a more detaisd jook at the light water reactors First
approximations are used to demonstrate the effects that are nvolved The resuits, though
basically correct should be treated with some care as second order effects can significantly
modify them Ihisws particubrity truefor conversion ratios close to unity. Smail changss in this
number iead to large changes in the fuel consumption

3 1 - Conversion Rstio

The bas'z quantity governing the fuel consumption is the conversion ratio In compering
the conversion ratio of thorium and urenium reactors one should be careful to separate the
effects of U 233 and Pu 239 from other effects ike change in enrichment, burnup, cledding
absorpt.on, absorption in moderator and control requirements

The number of neutrons that are avaiisbie for conversion per sbsorption in a fissionstle
atom are given by 1 1 of that isotope We have Iisted 1.8 1) together with the fission cross



section and the ratio of sbsorption to fission for the most important 1sotopes n table 111
Tabie 111

Thermel Properties of Some Fisstle Isotopes

oy n a
U233 276 23 1
u23s 2717 20 2
Pu 239 786 18 4
Pu 241 766 22 2

Figures 1 10 4 grve graphs of some of these gquantities

in the standard Light water resctor. plutonium s but up during the irradiation and
contributes sbout 30% 10 the fiusions The averasge n u thus 1 g =2 Tha fast fissions in
urenium ncrease the number of neutrons availsble to breeding to €n -1 = 11 This number s
reduced to 6 by capture «n cladding, coolant. frssion products and control sbsorber In
replacing uranium 238 with Th 232, we will have severai compensating effects First of aii the
fast fission bonus s practicaliy i0st becsuse Th 232 has a iower fast fission cross section,
secondly because the n of U 233 15 so much higher than that of Pu 239 we obtain for
en 1=11 The reducton cue t0 capture in the intermediate 1sotope Ps 233 is not very
ssignificant We can thus conclude that the conversion ratio of a light water resctor without
recycling is not affected by the substitution of U 238 by Th 232 for the same enrichment,
bu rnup etc

32 Critical Mass

What one wouid do :n an sisting hight water reactor is to substitute the UQO; in the rael
pins with & mixture of ThO; and highly enriched UO, a1 was done in the sarly light water
reactors ThO; behaves very similar 10 UO; so that this would not present significant
problems

The sbsorption of thorium in standard LWR's is abcut 20% higher than that of U-238
which is caused by thermal absorption cross section that is three times higher The effect of the
thermal absorption 15 somewhst compensated by an effective resonance integral that is only
75% of that of U.238

The increass in absorption together with the loss of fast fissions means that the fissile
mass has to be increeded by 20% in order for the system to remain critical as the density of
ThO; it only 80% of UO; Thmetasl has a 20% higher demsity and, if that is used, the
snrichment should be increased by 680%



This increzse in ennchment necessary tor Th meta) resuits 1n 8 conversion retio of 75a
value close 10 that obtasned by Zorzoh'?8) when his values sre extrapolated to burnups of
30 MWd/kg The same conversion rat:0 can be obtained for 2 ursnium system by reducing the
fue! 10 moderator rati0 because the ncrease 1n conversion ratio 15 & result of & change n
enrichment

33 Recyching

We wiil now consider the effect of recyciing the fuel We will consider two types of
reactors. one type we call a convertor that not only produces electricity but converts fertile
isotopes 10 fissile eg U 238 10 Pu239 The other type we call 3 burner that bums converted
fissile material both of 11self and of true converters

The net production of bred fuet in a converter s
Pﬂ,_,x{ltwas)n fl « (1 + abif JCR, noabu}/x ("
where

5 indicates U 238

b indicates bred material. e g, Pu 238 or U 233

f 18 the fraction of the power genarated in the bred fuel
X 15 the power per kg of fissioned material

CR_ 1s the conversion ratio

The first term s the total production and the sscond term 13 the loss of bred masterisl by
fission and absarption in the converter itself

The net consLption of a burner, assuming that the bred material is recycled, 1t gven by
Cher = {CRy N (Y +apl/X (2)
where
CR,, 1s the conversion ratio of the burner

~rom these equations we can now caiculate the relaton between the number of
converters and the number of burners

In Table IV we have given tha values for the thorium and ursnium cycle The standard
case 1s a thorium converter with the same anrichment as the standard PWR The high conversion
case is a thorrum metal fed standard PWR with an adjusted enrichement and the squivelent
uranium reactor As a varant on the U Th metal react we have included a Pu-Th metsl
reactor,

The different conversion ratios of the burner reflact the distinct properties of U.235,
U 243 and Pu 239 The large consuption of plutonium in the burner in the ursnium cycle, is »
strileing fact Thus is due to the low conversion ration and to the high a of plutonium. If ve heve



» power system with converters and burners «n the relation a3 given 1n Table |V we can cailculate
the sverage fuel consumption per reactor as grven in Table V

Table IV

Frogduction and Coreumption of Resctor Fuel

Standw d Swunded Hgh Corveruon

U cycle Thcycie Ucycie Tr cycle Py Th cycie
cR, 6 6 7% %5 65
CR, .45 7% 60 0 90
P et K0y 160 240 300 360 480
(PN LT 17 800 220 520 90 90
Ratio of comverte
Burne 5 1y 32 14 15

Teble V

Aversge Fusl Consumption psr Resctor. Py consumption * “$30/kg U0, end $47/5WU

et o o o i e+ am - s

Standed Stenderd High Canversion

U cycle U cycle U cycte Th cycle Pu Thcycle
U 236 500 320 400 130 B810°
U304410 gy} 100 64 80 ps-]
Ennchment (SWU) 66 100 50 40
Coats**110° $ 1y} 6 58 48 24

- - e T o v——— W B s gk M

it can be obeerved that the reduction in ursnium contumption s substantisl, for the thorium
cycle This s offset by the encressed enrichment costs as it 18 twice expensive to obtain 93%
entiched materisl than 3% enriched.

For the high conversion system a factor of four reduction is achived in ore consumption
and nesrly a factor of two in separative work requirements

it is pomibla to stan the thonum cycle with plutonium es 8 fuel and a nice reiationship
between Pu thorium snd U 233 thorium reectors is obtained. it takes however, 15600 kg or
ten/discherges of present day light water resctors for the ioading of 8 Pu thorium converter, snd
eight dischargers of this convertor are needed to load 8 U-233-thorium bumer.

it is thus evident that long time periods sre involved in building up U-233-thorium
burners using plutonium as an intermediata fuel



34 The use of 20% enriched ursnium

Thus far we have assumed that 93% enriched ursmum would be avaiisble This might not
be the cawe ard the ennichment couid be limitevi to 20% There are two possibilities to build up
the U 233 tharium cycie under this conditions

One 15 to use plutonum ss an intermediate stap To produce the 870 kgly fissile
plutonium that ate needed for 8 Pu Th metal reactor the output of five conventional light water
reactors 1s needed in equilibrium conditions one stancard light water reactor produces enough
fissile matenial to sustain one U 233 Th metal bumer intermediate Pu conwertsr |f highly
ennched matersal s avarlabie. one LWR uranium converter could sustain four burners This is a
loss of a factor cf four 1n cre consuption and 8 factor of two in seperative work

The other possibility s to use the uranium at the maximum permisibie sn7ichement.
Then, plutonium s produced together with U 233 The overall enrichment for 8 Th-metal
reactor has to be of the order of 6% Thus 30% ~f the heavy metal 1s U 238 The captire cross
section of U 238 increases by a factor of two due 10 the dilution and conssquent reduction in
self shielding of the resonances Thus about 50% of the praoduction of fissile material wili be in
the form of plutonium

To obtain an idea of the mass balances invoived we assume that the bred U-233 can be
kept separate from the U 238 by a separation of fissidle material Then, we sssume that we
construct a system of ten light water reactors as converters, twenty thorium burners sipplied
with the U 233 fuel from the converters, one plutonium converter supphied with the plutonium
of the ten uranium converter and five thorium burners fueled from the plutonium converter.
Thus one light water reactor can sustain 3 5 thorium burners

It 15 obvious that heavy penaities are invoived should the uranium enrichment be limited
to 20% It probably does meen that the thorium cycie can not aconomically be developped.

4 REPROCESSING AND REFABRICATION

It has been observed'37’ that the lack of a large scale fac)lity for thorium reprocessing has
been a principal barrier to the development of the thorium cycie

Reprocessing of thorum based fuels can be done at existing faciities optimized tor
uranium and plutonum recovery but the cost i1s much higher A plant optimized for thorium
recovery can be made competitive to those of ursnmm plutonium!38) Wark is in progress in
the United States and Germany to come to large scale reprocessing of HTGR fuel The German
Jupitar plant will use, after a head end that removes the bulk of the graphite, s Thorex solvent
{(13M HNO,, 1M A1(NO;); 06 M HF ) and extracts uranium, thorium snd plutonium isotopss
from this solvent with TBP39 {Fig B) This 1s & modified form of the well known pyrex
process Inthe U S a similar scheme will be used!4%) These process can be adapted for water
reactor fuel by a different head end to remove the bulk of the cleddirg

A problem for the fabrication of fuel elements containing recycie fuel is the radioectivity.
in the uranium cycle this is due to the a activity of the plutonium isotopes and glove box
handling is considered to be sufficient



For the thorwum cyclie there are some added probiems due to the buildup of U 232
(Fig. 8) The decay chan (Fig 7) invoives the production of 7 rays with energ:es over one MeV
that require hesvy sheiding (Tebie VI} Feed U 232 deceys 1o Th 228 with s haiflife of 2y its
daughters have short hatf ‘ives (< 1 d) Thus low radiation ievels can be chernicaly obtained by
removing Th 228 from the uranum teed before reprocessing s done Th 228 cannot be
pa sted from the thorium itseif s0 that one has 1o wart 5 docade till the Th 228 has decayed
betore the thorum can be reused Under these conditions giove box handling is sutficient and
no refabrcation penalty s incurred with respect to plutenium

Experence has been obtained on a piot plant scale by the Babcock and Wilcox Company
on the fabrication of U 233 for weter cooled reactors'®'! as seen in Fig 8

The radioactive neture of the uranium 233 and the recycie thorium made it seem
wor thwivie to consicer a cicse coup'ing between reprocessing and refabrication in which the
used fuel ;3 onty partisity Cecontam:nated and the fabrication :s done remotadly

Two such facitities have been constructed. the thorwum uranum recycle facility (TURF)
ot Osk Ridge'3' and "programma ciclo ursnium tosio (PCUT)” in italy TURF has been
dengned mainly for HTGR elements whereas PCUT 4 2) was designed for light and heavy water
fuel slements.

Essentially, in these faciities 1t 15 used the Sol-Gel prccess. s used for the oxide
production which is then wibratory compacted in the fusl elements for water resctors These
steps  Bare wvery much suited to remote handling (Fig 8)

5 PROPERTIES OF THORIUM METAL AMD THORIA

The properties of thor'um. its atloys and compunds have been reported by Peterson et
343" Thoria behaves very much the same as uramum dioxide snd does not pose particuler
problems (Table Vii) Metaliic thorsum (Table VIH) s very atractive because it has a higher
demty then UQ, asnd siso has a high therms! conductivity Its wrradation behavious is
considerad to be excelent and burnups of J0 MWd/kg shouid be obtained provided the
maximum temperature s not much gresterthan 650 C'44! The large swalling sbove80°C
(Figs 100 V1) s probably caused by the aggiomeration of fission products in pores and it is not
cleor whether the sweiling levels of B% AV/V per % burnup wiil be exceeded at temperature
sbove 1000 C

6 COMCLUSIONS

The thorium cycle offars substantial sevings in urarhium consumption and seperative work
for reactor with s high conversion rat:0 The reector that can be used sre of a standard type and
will need only slight modifications A very intereting type is the Th metal pressurized water
reactor into which ~visting pressurized water résctors can be converted

Fuel fsbrication facilities to bo set up in Brasil shou'd be able to handle slightly
radioactive fuel and provide for removal of Th 228 from uranium

Reprocessing plants should be optimized for a large through put of thorium even if
initially the uranium cycle will be used

A limit on the enrichment of feed uranium will at least double the urarium consumption



Table Vi

lmportant Properties of Thorium snd Uranium Dioxides

Praperty Walue for ThO, mference Value for UO;(241
Crystal structure Facecentred cubic (CaF 3 typel Face centred cubc (CaF ; type)
Spade group OpFm3m Oy Fm3m
Lattice paramete (A) 5.5974 at 26°C (32 5.4704 ot 20°C
5.6448 at 942°C 5.5246 at 848 C
Theorstica! density lou:mj ) 10.00 10 96
Interatomic distances (A
M-M 3.958 3.868
20 2.799 2.738
MO 2.424 2.368
Terma) properties
Meiting point (°C) 3300 £ 100 <30) 2760 t 30
Spectral smusivity (A = 0.65 um) 0.53 at 300°C 10 0.21 at 800°C 133) 0.416 1 0.026 ‘nesr m.p.|
0.2 rc 0.66 ot 1300°C depending on ssmple Nistory i34) 0.850 ot 127°C
0.370 2 1947°C
Therme! conductivity {Wicm deg C) 0.103 at 100°C 0.034 1 800°C 0.106 »t 100°C
0.088 4t 200°C 0.031 st 1000°C 0.G91% ot 200°C
0.080 at 400 C 0.026 st 1200°C 136) 0.0860 s1 400°C
0.044 1 600°C 0.0482 st 600°C
0.0376 #1 800°C
0.0351 at 1000°C
Heat capecity (cei/maoie deg C) 17.080 + 18,06 *17 -2 5166010° 1 T? 128) 1845 - 2431000" Y7 2272000%1/7?

{298 0 1200°C)
Debye tempersture (K)

200

870°K
< 600°K
{300-600° K}

]
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Table VH

Physical and Mechanica! Properties of Thorium Metal

Lartice parameter, A

Facecenterad cubic structure up 10
1400°C{2550° F)

Body ceritered cubic structure 1400 C
(2550°F) to meiting point

Density, g/'cm’

Theoretical

Calcium reduced {as cast)

Arc melted iodide

Meiting point, °C(°F)

Boiling pont, °C(°F}

Heat of vaporization, Kcal/mole
Heat of fusion, Kcal/mole

Elastic constants (26°C, 77 F)
Modulus of elasticity psi

Shear modulus, psi

Poison's ratio

Compressibility, cm’ /dyne
Thermai conductivity, 100 650°C
{212 1200°F) cal/sec/cm’ /°C/cm
Coefficient of linear expansion (av ), “C '
25-200°C(77-390°F)

25 1000°C(77-1830°F)

Electrical resistivity, uohmcr
Calcium reduced metal

Estimated for pure thorium
Self-diftusion; cosfficients, cm” /sec
1100-1400°C{2010 2650°F)
1450.1550° (2640-2825°F)

2,(25°C, 77°F) =5 086 ¢ 0.001
@, (1450°C, 2640°F) = 4 11 1 0 01

11.72

115 116

11 66

1680 1750 (3075 3180}
3300 4500 (5275 8130)
130177

<46

10.3x 10°
41x 10
027
164x10!'?

0.080-0.108

110x10°°
1256x10°°

18
13-14

2x10°'%2x10°"*
2x10°%1x 10’




RADIATION ENERGIES OF THORIUM DECAY PRODUCTS!?

Aipha decoy
Isotope Mev Mev

u-232 53 006,029
Th-232 40,42
T™h-228(RdTh) 54 c 09
Ro- 224(Thx) 57,54 025
fn-220(Tn) 53
Po-216{ThA) 68
B-212(ThC) <1 0290 14
Po-22(ThC') 88

Beto decov

Isctope

Ra-228(Ms Th))
Ac-228(Ms Th,)

Pb-21 AThB)

B-212{Th C)

T1-208(ThC™)

Mev

8]0 87
155

033(88%)
057 8o}

225

Mev

097
WA 1!
0%

033
006

02490%)
0306%%)

0i2{%

Q18(F%)

0 72018%)
08Xi6%)
1 036%)
1 35(6%)
1 61t )
1 8OIIC%)
262(40%)
058(40%
0 S1(20%)

HIA )

£l
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FIG 6 PRODUCTION OF U-232 oand U-233
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Fabricotion of Thorium Fuel elements

u-232
Th-228(R4TV Th-232
1 90yr \ 1 39210° yr
J
Ac-228(Ms Thy)
613

Ra-224(Tha)
X N}

3.64 days
Ro-228(Me THi)

L 6Tyr

Rn-22C(Tn)
549 sec
Po-212(Th) {
32107 esc Po-2i6(ThA)
] \ 0 18 sec
[ B8:-212(ThC)
| 608 min \
Pb-208(ThD) Pb-212(The!
Stable 10 6 hr
Ti-208(ThC)
31 mn

Fig 7 . Decoy scheme for thorium en U-232
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