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1. Introduction 

In May 1977 the Royal Commission on Nuclear Power Generation 
requested the Director of INS to supply a "primer on thorium 
breeders" to help them in their deliberations. This report is 
provided in response to that request. The topic is becoming 
of increasing importance and could be treated at much greater 
length than in the present report, though I believe the basic 
principles have been included. 

Relevant topics in nuclear and reactor physics are outlined. 
These include the production of fissile from fertaLe nuclides; 
the physical basis underlying "thermal" and "fast" reactors, 
whether "converter" or "breeder"; the naturally occurring 
radioactive decay chain based on long-lived Th-232; the 
concomitant creation of U-232 in a thorium-fuelled reactor and 
its important bearing on fuel fabrication and safeguards. 

Development work is continuing on several types of reactors 
which could utilise thorium; each of these is briefly described, 
and its possible role assessed. Other topics briefly treated 
are thorium as a reactor fuel (including safety aspects), 
reprocessing, fabrication of recycle fuel and the relevance 
of the thorium cycle to efforts to reduce the availability of 
fissile material suitable for weapon production. 

It is concluded that previous arguments for development of 
the thorium cycle are still valid but are being overshadowed 
by those related to non-proliferation of nuclear weapons. As 
a result, development of thorium-fuelled reactors is likely 
to be accelerated at the expense of the plutonium-fuelled fast 
breeder. 

2. Fertile and Fissile Nuclides 

The structure and dynamic properties of each nuclide are 
dependent on the intorplay between the coulomb interaction, 
which attempts to force the protons apart, and the nuclear 
force which binds the neutrons and protons. These opposing 



forces are delicately balanced in thorium and heavier elements. 
"Fissile" nuclides, that is those which predominantly fission 
following absorption of a neutron, are made up of an even 
number of protons and an odd number of neutrons, in particular 
yTi ?Ti ?T9 2h 1 2 T 218 
~?,p> ^2 U* 9k*1 a n d 9^ P u" T h n n u c l i d " s y o T h a n d 92" 
are "fertile",in that capture of a neutron leads eventually to 
creation of one of the fissile nuclides, the process being 

232 233 
known as "conversion". Hence Th*is converted to U and 

U to Pu; in a high neutron flux two successive neutron 235 241 captures could also generate small amounts of U or Pu. 

The chain of events which result in conversion is similar 
pop 2*%R in Th and U, as shown in Fig.l. There are, however, 

differences in detail which are fundamental to reactor design 
and fuel management; some of these are mentioned in section 3. 

The"conversion ratio", CR, for a given reactor is defined 
_ p _ number of fissile nuclei formed by conversion 

number of fissile nuclei destroyed 
When greater than unity it is also called the "breeding ratio", 
because the reactor can "breed" more fissile fuel than it 
consumes. The concept of breeding, which seems almost magical 
at first acquaintance, has for many years appealed to the 
imagination of reactor physicists and energy planners. The 
rarj 
238, 

235 232 
rarity of U, in comparison with the abundance of Th and 

U, ensured that from the early years of nuclear reactors 
there has been a quest for breeder reactors which would 
multiply the energy available from those elements by 50 times 
or more. 

U-235, t n e only naturally occurring fissile nuclide, was 
at first the only source of neutrons for conversion, but as 
supplies of U-233 and Pu-233 are extracted from spent fuel 
they can be mixed with fertile material to make fuel rods in 
which further conversion can proceed. If the design of reactor 
and fuel are such that CR is less than 1 (for example in an 
LWR, which has CRvO.6), the number of fissile nuclei will 
decrease, so that before the start of the next fuel cycle the 
loss has to be made up by new fissile material. Reactors are 
designated as "converters", "advanced converters" (or "near 
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brooders"), or "breeders" depending whether CR is considerably 
less than, slightly less than, or greater than 1. 

It has been proposed that intense neutron sources available 
LII the future might allow breeding to bo u<:liLoved independently 
of fission reactors. If a successful fusion reactor based on 
the D-T reaction were developed, fast neutrons leaving the 
reaction chamber could be moderated,then absorbed in uranium 
or thorium. A Canadian proposal is that an intense beam of 
high-energy protons from a specially designed accelerator 
strike a circulating molten lead target to produce a high flux 
of neutrons. Though the necessary research has begun, such 
"electrical breeding", like the fusion reactor, is unlikely to 
be available during this century. 

3. Reactor Physics Considerations 

The feasibility of breeding with a given fissile nuclide 
depends on 11 , the average number of fission neutrons emitted 
for each neutron absorbed by the fissile material. Because 
some fraction of absorptions do not result in fission *7 is 
smaller than the average number emitted per fission. 
Measurements have shown that 7£ varies in a complicated way 
with the energy of the absorbed neutron, as shown in simplified 
form in Fig.2. 

One neutron is required to maintain the chain reaction, a 
second to create a new fissile? nucleus, and a small fraction 
of the neutrons is lost through unproductive absorption or 
leakage out of the core. For a conversion ratio of 1 it is 
therefore necessary that 77^, the average value of 77 over the 
neutron spectrum, be at least 2.2 '. 

The variation of 7£ with neutron energy is similar for the 
three main fissile nuclides, but the small differences between 
thorn are vital and have dictated the directions of research 
on breeder reactors. Comparison of Fig.2a and 2b shows thatt 
(a) There is no prospect of breeding with U-235 in either a 

"thermal" or "fast" spectrum} (A fast reactor contains a 
minimum of moderating material so that the neutrons retain 
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must of their initial energy until they are absorbed, 
whereas the moderator in a "thermal" reactor is intended 
to slow the neutrons to tnormal energies as quickly as 
possible). 

(b) Pu-239 could breed efficiently in a fast reactor but not 
in a thermal one. 

(c) U-233 would breed in a fast spectrum, though not as well 
as Pu-239, and might just do so in a thermal reactor. 

Such small differences in physical properties can be 
decisive in making a technology feasible or impossible. 

There are two reasons why the main emphasis on breeder 
development has been on the fast reactor fuelled with (U-238 + 
Pu-239) - the high 7^ for Pu-239 in a fast neutron 
spectrum and the large stockpiles of depleted uranium at 
enrichment plants. But the fast breeder has little resemblance 
to a thermal reactor, and huge development programmes have 

2 3) been necessary ' '. The high neutron flux and enormous power 
density led to materials-related and safety-related problems 
which have slowed progress, so that despite large investments 
of money and manpower no full-scale breeder has yet been built; 

3) 
the closest to realisation is the French Superphenix '. 
Although the (Th232-U233) cycle could also fuel a fast reactor 
there appeared to be few advantages to compensate for the 
lower breeding ratio. Until recently this option had not been 
seriously considered, but safeguards and safety considerations 
may lead to F» changed viewpoint. 

It was clear that a conversion ratio close to, or greater 
than unity could be attained with U-233 only in a thermal 
reactor extremely economical in its use of neutrons. If a 
fast reactor was technically feasible it could certainly b *eed , 
but it might not be possible to build a thermal breeder, in 
which case makeup fissile material would have to be supplied 
from elsewhere. In 1972 Perry and Weinberg ' wrote J "Most of 
tho world's nuclear energy community is now devoting ito effort 
to the development of the liquid-metal fast breeder. Yet 
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there is a small but persistent minority that continues to 
koep alive the spark of thermal breeding". This minority saw 
that a thermal breeder would make available a large resource 
of energy (thorium); was less of an extrapolation from 
»T>r.al»lishecl technology than tlu» t'a-st breedci ; <iiid would serve 
cis a backup generating system if for some reason the fast 
breeder proved to be unacceptable. 

The breeding ratio of a reactor is not its only relevant 
characteristic; an equally important measure of its efficiency 
is the "specific power" S, in MV(t)/kg of fissile material. 
The higher specific power in a thermal breeder would partially 
compensate for its lower breeding gain, that is, though it 
created fewer fissile atoms it needed fewer of them to do it. 
Hence the "doubling time" (the time required by one reactor to 
make enough fuel for itself and a twin reactor) might be 
comparable for a fast and a thermal breeder. 

Much attention has been paid to the economics of power 
1 k) generation by breeders ' . "The two great goals of nuclear 

breeding are efficient utilisation of uranium and thorium, 
and low cost energy. Unfortunately these two goals of nuclear 
breeders often do not go together." For most efficient 
breeding the fuel should be reprocessed at fairly short 
intervals to remove neutron-absorbing wastes, but the cost 
of power would be lower if the intervals could be lengthened. 
The optimum management scheme would dopend on the specific 
situation, particularly the price of uranium or thorium and 
the costs of reprocessing and providing any necessary makeup 
fuel. 

h. Thorium as a Reactor Fuel 

The energy available from complete fissioning of one 
tonne of thorium is 2170 MVf(t)-y$ if 50# of this could be 
made available and converted to electricity at 30J& efficiency, 
one tonne of thorium would provide 325 MW(o)~y. (Prom one 
tonne of natural uranium a CANDU ponoratos $.U MW(e)-y,) 

As thorium cannot sustain a fissile chain reaction it 
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must be spiked with 1.2 - 2^ of a fissionable nuclide, such 
as enriched U-235, or Pu-239 or U-233 which have been 
separated from spent reactor fuel. Th-232 has roughly three 
times the absorption cross-section of U—238, so more 
lissionable material must be present to sustain the reaction . 
in some reactor designs a pure thorium "blanket" may be 
segregated from the fuel "core" or "seeds". Whatever the 
design, thorium will absorb neutrons until U-233 builds up 
sufficiently to make a net contribution. 

Absorption of a neutron by Th-232 nuclei leads to formation 
of U-233, via two intermediaries, Th-233 and Pa-233» in a 
similar manner to creation of Pu-239 from U-238 (Fig.l). 
Unfortunately for reactor designers Pa-233 has a long half-
life of 27 days, so that it may exist long enough to absorb 
a neutron and be converted into non-fissionable U-23*». The 
higher the flux of neutrons in the fuel the more likely is 
this process, which wastes two neutrons. If V-2jk is further 
converted into U-235 which is eventually fissioned, four 
neutrons have been needed to produce about two - a net loss. 
The shorter half-life of Np-239 makes this effect much less 
important in uranium. 

The long mean-life of Pa-233 greatly complicates the 
calculations needed for fuel management, since it makes the 
behaviour of thorium fuel sensitive not only to the local 
neutron flux but to the irradiation history of the fuel. It 
is also the origin of a negative feedback effect which tends 
to flatten the power distribution in a reactor and increase 
neutron leakage from the core,but allows, for a CANDU at least, 
more power to be extracted from a channel than if the fuel were 

6 7) 
natural uranium run at the same power density ' '. To 
minimise the nuisance of Pa-233 has been an aim of some 
designs of thermal breeder (see section 5-)» 

A quite different series of events, which begins with 
the absorption of a fast neutron by Th-232, ends with the 
creation of U-232 (fig.3). Though it has no important effect 
on reactor operation, this nuclide cannot be separated from 
U-233 by chemical means, and has fundamental importance for 
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tho fabrication and safeguarding of fuel containing U-233* 
Radioactive decay of U-232 provides a shortcut into *he 
naturally occurring decay chain, whose parent is Th-232 (Fig.lt), 
and the much shorter half-life of U-232 means that the 
intensity of the high eneî gy gamma rays II.SHI 13L—212 and 
Tl-208 is 200 times greater, even if the concentration of 
U-232 in thorium were only one part per Billion. The analogous 
effect in uranium fuel, decay of 86 y Pu-238 to U-23*»» does 
not lead to copious production of radium daughter products as 
the 200,000 year half-life of V-2Jk effectively breaks the 
chain. 

With the aid of Flg.k we can visualise the effects of 
chemical separations on thorium ore and spent thorium fuel. 
Chemical separation of pure thorium from ore, which would 
contain all the daughter products, would remove all nuclides 
following Th-228, but they would attain equilibrium once more 
in about two weeks (five half-lives of Ra-224). Hence large 
amounts of purified thorium would rapidly become radioactive 
and some shielding might be needed. Thorium freshly separated 
from spent fuel would contain an excess of Th-228 from decay 
of U-232 and would be stored for 10 or move years for this to 
decay to the "natural" level. If this were not done the 
shielding problem during fuel fabrication would be intensified. 

8) U-233 is a member of the neptunium series ' which does 
not occur naturally, and its radiations and those of its 
daughters are not significant. Although U-232 makes up only 
about 0.2% of the uranium from irradiated thorium and would 
need 10 years to grow into equilibrium with Th-228 and its 
daughter nuclides, it could provide lethal doses of gamma 
radiation within a few weeks of separation. Representative 

a) figures 'show how the time taken to receive a dose of 100 rad 
(at one foot from 30 kg of (U-233)02 containing 0.2# of U-232) 
decreases with the number of days following separation! 

Days since separation Working time at 1 ft 
for 100 rad 

0 2 days 
10 2.5 hours 
20 1.0 " 
100 15 minutes 

Concentration of U-232 in U-233 would incroase every time it 
was cycled through a reactor. 

http://Fig.lt
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The gamma ray activity from thorium and U-232 means that 
fuel fabrication must proceed under remote control from shielded 
working areas; in contrast, mixed oxide fuels containing 
uranium and plutonium can be prepared in unshielded glove-
boxes. Research continues on new methods for fabricating fuel, 
which would not only eliminate the dust-producing step of 
grinding pellets but would be more easily adapted to remote 
manipulation. The sol-gel process , which is likely to play 
an important part, is more easily carried out with ThO_ and 
(Th-U)02 mixtures than with U0 2 '. For fabrication by con
ventional techniques there is little to choose between urania 
and thoria. 

Transport of fresh thorium fuel would need to be in 
shielded containers, perhaps those used to transport spent 
fuel, and remote handling of fresh fuel rods would be needed 
at nuclear stations. Fission-product activity in spent fuel 
would swamp activity from U-232, which would decay with a 72 y 
half-life, but activity following decay of Th-232 would 
continue forever, as it would have in the original ore. 
Unless U-238 had been incorporated into the fresh fuel (for 
safeguards purposes), there would be no plutonium in spent 
fuel. 

The same nuclides result from fission of uranium and 
thorium and their distribution is little different, so the 
amount and properties of separated waste products would be 
very similar. The environmental statement on the light-water 

9) breeder ' concludes that the change from uranium to thorium 
fuel would not affect the environmental impact of the reactor. 

The properties of thorium metal, oxide and carbide as 
1 11 12) reactor fuels have been investigated for many years ' * . 

Thoria is 10% less dense than urania but has better thermal 
conductivity and fission product retention as well as a much 
higher melting point (3290°C v. 2750°C). Lewis"' reported 
that for the same dimensions, cladding and power density, 
thoria had a lower fission product release than urania, and 
could operate at a lower peak temperature for the same power 
density. 
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Thorium and uranium metals have been recommended as 
suitable for use in LVDRs and LMFBRs (see section 5) hut as 
the melting points are so much lower than the oxides (Th 
1700°C, U 1130°C) a change to the metal is unlikely for 
tsitf'et} reasons; carbide fuel has excellent properties and is 
suitable for reactors cooled by organic fluid, sodium or 
helium, but not water. 

5- Thorium-fuelled Reactors 

For the reasons discussed in section 3» most proposals 
for utilisation of thorium involve thermal reactors operating 
as "breeders" or "near-breeders", where the chosen mode could 
depend as much on economics of power production as the 
characteristics of the reactor. Two of the proposals - the 
light-water breeder reactor (LVBR) and the thorium-fuelled 
CANDU-PHW - are modifications of reactors presently fuelled 
with uranium, while the molten-salt reactor and the high 
temperature gas-cooled reactor were intended from the first to 
use thorium. The liquid-metal-cooled fast reactor could use 
thorium with high effectiveness in the breeding blanket and 
with some loss of breeding potential in the core as well. 

Brief descriptions of these reactors and their fuel 
cycles follow. 
5.1 Molten-salt Reactor (MSR) 

This reactor existed only as an 8 MV(t) experimental 
version, which operated at Oak Ridge National Laboratory from 
1965 to 1969 * . The fuel is a molten mixture of metal 
halides, mostly BeF, and LiF, which circulates through a 
graphite core and a heat exchanger to generate steam. The 
fissile or fertile material is dissolved ThFV, VF. or PuP,. 
Separation of fission products is achieved in. an integral 
chemical plant beside the reactor, so that the complete fuel-
salt inventory would be processed on a cycle of about 10 days. 
Pa-233 would also be separated and stored until it had 
decayed into U-233» which would then be returned to the fuel. 
Neutron losses by absorption into fission products and Pa-233 
are therefore minimised, so that the MSR would have the 
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highest breeding ratio of any thermal breeder. 

The MSR, which was the first reactor to be fuelled with 
U-233, is an ingenious concept, and excellent progress was 
made in devising the chemical separation procedures and 
minimising corrosion of pipework. The vapour pressures are 
not high but the safety and safeguards aspects of such a 
reactor are unique. Much development work would be needed 
before this reactor could be commercialised, but there has 

17) been a recent call ' for this to be done. 

5.2 High Temperature Gas-cooled Reactor (HTGR) 

Prototype HTGRs have been built in USA, Europe and U.K. 
and a recent collaborative agreement between ¥. Germany and 
USA is likely to make an important contribution. High 
temperature of the helium coolant leads to high efficiency 
(k0% or more), which would be even higher if the 'Standard 
steam turbine were replaced by a direct cycle gas turbine. 
The HTGR is also looked to as a source of high temperature 
heat for industrial operations such as steel making. The 
first commercial station, the 300 MV(e) Port St Vrain 1 8' 2 0' 
has encountered several problems which have slowed the approach 
to full power, and an order for a 2300 MV(e) twin station was 
finally cancelled '. 

Fuel for American and British HTGRs consists of micro
spheres of uranium or thorium oxide or carbide coated with 
two or three layers of carbon (or two of carbon and one of SiC) 
which acts as the cladding. These fuel particles are bonded 
with low-density carbon into fuel "sticks" 12 mm in diameter, 

21) 
which are loaded into holes in the graphite moderator '. 
There may be two types of fuel - a fertile particle and a 
fissile particle of different diameters so that they can be 
separated before reprocessing. The reactor is shut down for re
fuelling. 

The HTGR requires highly enriched fuel, either U-235 or 
its equivalent in U-233 or Pu, hence to make the fuel cycle 

22 economic, high burnup of the fuel is necessary. Fortescue 
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estimates that a conversion ratio of 0.95 for the thorium 
cycle could be achieved. 

The reactor core is contained in a pro-stressed concrete 
vi's.vol, uhiclt is regarded as extremely safe because the steel 
tendons are shielded from high temperatures and neutron damage. 

An alternative form of HTGR is the "pebble-bed" reactor, 
represented by AVR and TTHT-30O in ¥.Germany -*» '. The 
carbon-coated microspheres are incorporated into graphite 
spheres 6 cm in diameter, and the moderator consists of 
graphite balls mixed randomly with the fuel. The fuel and 
moderator are continuously cycled, passing from the bottom of 
the core to a burnup-measuring device, which either discharges 
a spent pebble or returns it to the top of the core. The 
composition of the core can be changed over a period of time 
by selective addition and removal of the spheres. 

The helium coolant flows upward through the core and is 
cooled by a steam generator above the core. AVR has operated 
for several years with coolant temperature of 950 C 5'. The 
temperature coefficient is strongly negative, which allows 
power to be controlled by varying the throughput of helium. 

5.3 Light-water Breeder P.eactor (LVBR) 

This reactor is based on the PVR, but has a re-designed 
core and control system to improve neutron utilisation. The 
designers believe that a conversion ratio of unity is possible, 
and a three-year experiment at the modified Shippingport 

q) reactor is underway to test the concept . 

The new core has no control rods, which waste neutrons, 
but instead has islands of enriched fuel ('feeeds") which can 
be raised or lowered relative to the rest of the core, a 
"blanket" of lower enrichment and a surrounding reflector 
containing no fissile material. The reflector is entirely Th0 2, 
but the viankot and seed have been spiked with (U-233)02 in the 
proportions 3% and 6% respectively. The seed composition and 
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geometry are optimised for neutron production and energy 
generation, while the surrounding blanket is optimised to 
minimise neutron losses and enhance the production of U-233, 
any neutrons vhich escape from the blanket are captured by 
tlie reflector. The reactor is controlled by moving tho seeds 
relative to the blanket, to change the fraction of neutrons 
which arc absorbed in thorium. This concept is not new but has 
been tested in two experimental reactors. 

It is proposed that operation of the LVHR be in two 
9) phases ': 
(a) An initial "pre-breeder" phase lasting about eight 

years, during which the seeds would be spiked vith U-235 and 
U-233 would accumulate in all sections of the core; 

(b) an asymptotic breeder phase, in which the reactor 
would be fuelled with U-233 and would end each fuel cyclo 
(lasting 2 to 3 years) with 1-2% more fissile material that 
at the beginning. 

The present Shippingport core, which will have a capacity 
of 60 NV(e), will test only the breeder phase, as the U-233 
has been derived from irradiation of thorium in the Hanford 
and Savannah River reactors. After three years of operation 
the core will be removed for analysis, and the future of the 
LWBR will depend on the measured conversion ratio. 

The LWBR concept is strongly supported by the Energy 
Research and Development Administration (ERDA), who state in 
their national energy plan ': "Successful operation of this 
LWBR core in a light-water reactor will provide the basic 
technology which would make available for power production 
about 50% of the energy in the thorium reserves, a source of 
energy many times greater than known fossil reserves. The LWBR 
concept is the only known approach for increasing the fuel 
utilisation of light-water reactors significantly beyond the 
one or two percent achievable with present types". 

It is proposed that if the LWBR experiment is successful 
such cores could be installed In present or future LWRs. 



j*h Thorium-fuelled CANDU-PHW Reactors 

Extensive studies on the thorium cycle in CANDU reactors, 
which have been under way for some years, have been summarised 

27) by S. Hatcher and others • Questions relating to feasibility 
have boon satisfactorily answered, though detailed study of 
many aspects is still needed. 

To begin the breeding cycle the fissile material would be 
plutonium (as 1-2% in ThO^), unless cheap enriched uranium 
were available ( from laser enrichment, for example). If the 
conversion ratio proved to be less than 1, small amounts of 
fissile material "topping" would be needed. Computer simulations 
show that breeding might be feasible but more accurate nuclear 
data are needed. 

The Canadians estimate that by 1995 the complete thorium 
cycle could be demonstrated to the point where commercial 

27 \ implementation could begin '. The CANDU system would then 
have the flexibility to operate on either the uranium or 
thorium cycle,depending on economics and the availability of 
fuel. No new prototype reactor will be required, but there is 
a need for studies of spatial control of neutron flux through
out the core and fuel management, complicated as they are by 
the effects of Pa-233. It is believed that a pilot reprocessing 
plant will be committed in 1977, but further information is 
being sought from AECL. Improved methods for fabricating fuel 
are under investigation. 

27) The computer studies described by S.R. Hatcher et al. 
show that the thorium cycle in CANDU reactors offers the 
possibility of conserving uranium even in a rapidly growing 
system. The optimum fuel cycle strategy depends on the growth 
rate and the price of uranium, as well as other fuel cycle costs. 

5.5 Llauid-metal-cooled Fast Breeder (LMFBR) 

The nuclear programmes in USA, Europe and Japan have 
proceeded on the assumption that the LMFBR would eventually 
become the dominant reactor, fuelled by plutonium from spent 
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LWR fuel and depicted uranium from the stockpiles at enrichment 
plants. But the future of this reactor is now unclear, because 
its cost is increasing and there is increasing concern regar
ding the large amounts of plutonium in fresh fuel, which could 
bo subject to diversion and theft. 

A fast breeder could operate on U-233, though at a lower 
breeding ratio, and with a thorium blanket could generate 
enough U-233 to maintain itself and two or three converter 

28) reactors as well * An intermediate proposal is that it 
operate with an uranium-plutonium core but a thorium blanket; 
this in itself would not obviate proliferation problems but 
could reduce them as it would be fissioning plutonium produced 
by other reactors. 

Alternatively, a LMFBR could be fuelled with a mixture 
of U-238 and U-233; this is known as a "hybrid" cycle which 

29 1 I has been shown to have a number of advantages . With a 
thorium blanket such a reactor would operate with a high 
breeding ratio, avoidance of Pa-233 build-up in the core, and 
a negative sodium void coefficient which would enhance safety . 

Although the U-Pu cycle has up to now dominated the 
thinking of LMFBR designers, new circumstances may lead to 
consideration of the thorium or a hybrid cycle. 

5.6 Svnergetic Combinations of Reactors 

There have been proposals in the past for systems in 
which one type of reactor produces fuel for a different type; 
the LWR-LMFBR combination was the obvious one, and the Canadian 
proposal for CANDU-PHW reactors to provide plutonium for a. 
CANDU-BLV is similar. With the future of plutonium recycle 
not assured, consideration is being given to other possi
bilities based on the thorium cycle. 

22) Fortescue ' proposed that fast breeders, which had been 
regarded as the "future workhorses", should be relegated to 
the role of factories making fuel for advanced converters 
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burning V-2'J'J. This was a simpler technical objective for the 
breeder hence there vas a greater likelihood that it could be 
achieved. 

Ho believed that the best combination would be based on a gas-
con led fast brt'cder, with a core of natural (or depleted) 
uranium spiked with plutorcium, but a blanket of thorium. The 
core could breed sufficient plutonium to maintain itself while 
enough U-233 would be created in the blanket to "top up* three 
HTGRs of the same thermal power. The combination could 
operate on natural fuel supplies alone, needing neither isotope 
enrichment nor spent fuel from other reactors. Such a strategy 
would make a useful impact on conservation of fuel supplies 
much more quickly than any strategy based on reactors operating 
in isolation from others. A general treatment of symbiotic 
reactor strategies has been put forward by Schlueter"^'. 

The Canadian forward plan does not include a fast breeder, 
so there would be no source of U-233 apart frost thorium-
fuelled CANDUs. Topping-up, if required,.would probably be 
with plutonium, but the fraction in fresh fuel would be very 
small. Such an arrangement would be a symbiosis of uranium-
burning and thorium-burning reactors. 

6. Safety Aspects of Thorium Fuel 

In almost all respects, the use of thorium fuel should 
enhance reactor safety. 

To minimise neutron capture in Pa-233 a thorium-fuelled 
reactor will be designed to have lower neutron flux and power 
density than a similar reactor fuelled by uranium, and the 
negative feedback behaviour of Pa-233 (section k) will limit 
the ratio of maximum-to-average power density. The Doppler 
coefficient of reactivity is more negative for Th-232 than for 

Q) 
U-238 , so the reactor would be more stable in operation. 
In the ovent of a loss-of-coolant accident the higher melting 
point of ThO_ and its better thermal conductivity would lead 
to a smaller releaso of fission products than from U0-. 
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One safety-related feature of the thorium cycle becomes 
relevant, remarkably enough, when the reactor is shut down for 
long periods. As Pa-233 decays to U-233 over a period of 
weeks the reactivity of the fuel increases by 5-10^» the shut
down system vould be designed to cope with this, so it should 

9) 
not be a problem. Neither the LVBR study ' nor the investi
gations of the thorium-fuelled CANDU ' has been able to 
identify any special safety problems related to the use of 
thorium. 

Safety of a LMFBR could be enhanced by adoption of the 
thorium cycle, firstly because thorium in the blanket has a 
more negative Doppler coefficient than U-238, secondly because 
a core containing U-233 rather than plutonium would have a 
negative sodium void coefficient ' . If plutonium were to be 
fissioned in such a reactor (Th-Pu)02 fuel would more readily 
provide a negative void coefficient than (U-Pu)0_ fuel. 

7. Reprocessing. Fuel Fabrication, and Safeguards 

Breeder and advanced converter reactors will be a success 
only if the complete fuel cycle is available. There must be 
a reprocessing plant to separate fissile and fertile material 
from spent fuel, and a fabrication plant to incorporate these 
into re-load fuel, along with whatever fissile topping or 
fresh fertile isotope is needed. A ban on commercial repro
cessing would therefore eliminate all types of reactor other 
than those viable on a once-through uranium, or (uranium • 
thorium) cycle. 

Fuel reprocessing is based on aqueous solvent extraction, 
developed initially for the uranium cycle. This process is 
suitable for thorium oxide fuel, so long as an appropriate 
head-end process is applied to bring the fuel into solution . 
The initial steps in reprocessing HTGR fuel involve crushing 

31) 
of the elements and burning to remove carbon ', so special 
precautions would be needed to prevent escape of radioactive 
gases. India, which has large thorium reserves, commissioned 
a pilot line in 1970 3 K A plant built specifically for 
thorium reprocessing would be somewhat different from present 
designs, and costs would be expected to be similar for uranium 
and thorium cycles '. 
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To minimise neutron wastage in fission products it would 
be necessary to reprocess thorium fuel from water-cooled 
reactors at lower burnup than uranium fuel, so the volume of 

9) fuel to be processed would be larger; the LVBR assessment ' 
estimates a throughput per year two to three times greater. 
Iff OR fuel, with its high fissile content, would be reprocessed 

1 31) at very high burnup , J '. U-233 would pass to the fuel 
fabrication plant (which would be much smaller than a re
processing plant and might well be contiguous to it), while 
separated thorium would be stored for a decade or so until 
most of the Th-228 had decayed. Fission products would be 
solidified, stored or disposed of by the same methods as for 
uranium waste products. 

The high gamma-ray activity from daughter products of 
U-232 (present at about O.ljfc level in U-233) would require 
that fabrication of reload fuel proceed in well-shielded cells. 
There has been much research on new methods for making fuel, 
particularly to eliminate grinding of the ceramic pellet, 
which produces toxic dust. Use of the sol-gel process , 
for which thoria is especially suited, would not only achieve 
this but would be more easily adapted to remote manipulation '. 

Uranium-233 is a suitable material for nuclear weapons, 
with a critical mass about 10# greater than that of plutoniunr * t 

but it is not known if it has been used for this purpose. 
35l However, Fieveson and Taylor ' pointed out that U-233 could 

be "denatured" by the addition of about six times its weight 
of natural or depleted uranium; it would still be suitable for 
reactor fuel but useless for a weapon. The two isotopes could 
not be separated by chemical means, and any group or nation 
with an isotope separation plant would have access to 
enriched U-235. Denaturing of plutonium is not feasible as 
there is no natural source of non-fissile plutonium isotopes, 
while added uranium could be chemically separated. 

Irradiated fuel of the type proposed would contain some 
plutonium, though less than 20% of that present in spent fuel 
from an LWR. To deal with this plutonium the authors made 



further far-reaching proposals: 
(a) that all reprocessing and fabrication be undertaken 

within internationally-controlled centres which would supply 
denatured fuel to all nationally-controlled reactors outside 
tin- contro; 

(b) that the centres contain fast breeders which would 
fission separated plutonium in t-ie core and generate, in a 
thorium blanket, sufficien" U-233 for make-up in the fuel for 
national reactors. 

Figure 5 summarises their proposal, which appears to have 
a great deal of merit. 

The development of "proliferation-resistant" fuel cycles 
similar to the above was advocated by a group reporting to 

36) President Carter ', though they recommended that scientists 
and engineers be allowed flexibility in selecting the most 
promising technologies for this purpose. Some public 
statements of President Carter have mentioned the thorium 
cycle and it seems likely that denatured U-233 will become an 
important ingredient in his nuclear power policy. 

High energy gamma radiation arising from the inevitable 
U-232 contamination of U-233 will make application of safe
guards and accountancy techniques much simpler than with U—235 
or mixtures of Pu isotopes. Smuggling of U-233 out of a plant 
would be almost impossible because as little as 1 mg could be 

9) 
detected by a doorway monitor '. Heavy shiolding needed 
during fabrication and transport would reduce the risk of 
theft, while the deadly radiation associated with large 
quantities of unshielded material would be likely to dissuade 
the well-informed terrorist and strike down the ignorant. 

In summary, it is oasy to see why knowledgeable groups 
in USA ' and UK ' which are reluctant to see tho advent of 
the fast breeder, whose fresh fuel would contain large 
quantities of plutonium, show less concern regarding tho thorium 
cycle and the thermal breeder or advanced converter. 
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8. Thorium Resources 

Th-232 is not stable but its half-life of 14 billion 
years almost puts it in this class; all other thorium isotopes 
are much shorter-lived and occur in minute traces only because 

8) 
they are participants in the natural radioactive decay chains . 

The present demand for thorium is so small that sufficient 
is available as a by-product of the refining of rare earths. 
Information on thorium reserves is therefore sparse. Thorium 
abundance in the earth's crust is about J tines that of 
uranium, but how this ratio is reflected in mineable resources 
depends on the geochemistry of the two elements. 

39) ko) 
Searl and Piatt ' quote Finch ', who points out that 

although in igneous rocks uranium and thorium are closely 
associated, in the sedimentary cycle they separate. The 
primary thorium minerals are resistant to oxidation and weather 
out to form economically important placers. Thorium does not 
enter ground water, rarely forms secondary minerals, and thus 
occurs in fwer geologic environments than uranium. 

It is likely that increasing demand for thorium would 
lead to discovery of many new deposits. The greatest amounts 
known so far occur in beach placers (India and USA), Pre-
Cambrian conglomerates (Canada) and igneous rocks (Greenland). 
Over 2 million tons have been identified » the bulk having 
by-product or co-product status. 

Thorium occurs in New Zealand as traces in the mineral 
monazite, in the ilmenite sands of Vestland. The quantities 
are small and it is unlikely they could become an economic 
source of thorium. 
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9. Conclusions 

For many years there have been three main reasons for 
developing thorium-fuelled reactors, and a fourth has recently 
risen to prominence. These are: 
1. Thorium could become a large energy resource to back up 

the limited supplies of uranium,which would become 
increasingly expensive unless fast breeders became 
available in large numbers. 

2. Calculations suggested that for some types of reactor, 
particularly the MSR and the HTGR, thorium could provide 
electricity at lower cost than the uranium cycle . 

3. Some engineers have always doubted the ultimate 
acceptability of the fast breeder, whether for safety 
or economic reasons, and regarded the thermal breeder 
as an insurance policy. For example, a 1972 review 
concludes: "It will be interesting to see whether by the 
1980s, when the full returns on fast reactors are in, 
the nuclear community will be grateful for the protection 
afforded by its thermal breeder insurance policy, or will 
consider thermal breeders to have been an unfruitful 

h) diversion frcm the main line of development" '. 
k. The problem of the large amounts of fissile plutonium in 

fresh fuel for fast breeders, which has been stressed 
recently in UK and USA 3 7' 3 ', has slowed fast reactor 
development and may eventually halt it, at least in 
some countries. 

At present there is much confusion on the merits of 
various nuclear fuel cycles but it seems likely that development 
of thermal breeders and the thorium fuel cycle will be 
stimulated at the expense of plutonium-burning fast breeders. 
Development of the HTGR, LVBR and thorium-fuelled CANDU-PHW 
will certainly go ahead, with a smaller chance that the NSR 
will be commercialised. Reprocessing will be essential for the 
success of these reactors but there will be strong pressure to 
bring under international control all plants necessary for 
recycling nuclear fuel. We may be at the beginning of a new 
era in world affairs. 
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12. Notes on Papers Appearing After Completion 
of Main Report 

12.1 Advanced Fuel Cycles in Heavy-Vater Reactors. 
J.S. Foster and E. Critoph, Trans.Am.Wucl.Soc. 25:187»1977» 

This paper contains results additional to those of 27) Hatcher et al. . A valuable table lists basic data for eight 
reference fuel cycles, including natural uranium (once-through, 
or with plutonium recycle), and six cycles based on thorium 
(three with plutonium topping and three with enriched uranium 
topping). These are intended to cover the complete range of 
fuel cycles likely to be considered, and have annual uranium 
requirements per GW(e)-y which range from l68 tonnes to zero. 

Based on these postulated cycles, calculations have been 
made of the total electrical energy which could be generated 

5 from the estimated Canadian uranium reserves wliich total 3*10 
tonnes. A selection from these results is the following! 

Cycle Total energy Ratio to 
(GW(e)-y) (a) 

(a) Natural uranium once-through 1,800 1.0 
(b) Plutonium recycle 3,500 1.9 
(c) Thorium cycle - high burnup 6,900 3*8 
(d) Self-sufficient thorium cycle 79,000 kk 

(in (d) the energy is limited only by the assumed 
thorium supply). 

It is emphasised that the thorium cycle would provide 
stability in energy costs, firstly because an increase in the 
price of uranium would have little effect, secondly because 
more energy could be generated from a limited amount of uranium, 
thus reducing the demand. 

12.2 Thorium as a Substitute for Uranium 
H. Hunt, Atom 2j£ i k8f 1977-
Because this brief article is easy to read and is more 

readily available than serious p pers on the subject, it will 
receive far more attention than it deserves. It is best 
described in the words of Bertrand Russell* "What is true is 
not new, and what is new is not true". 
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Hunt tries to show that in an expanding supply system, 
uranium consumption by a system of CANDUs fuelled by natural 
uranium and thorium would be significantly greater than in 
sortc (undefined) system which includes LMFBRs. This would 
not necessarily be so, as it would depend upon the variation 
of growth rate with time and the basic characteristics of 
the various breeder reactors (reactor doubling time and 
specific power). As a specific example, Pig.13 of Ref.27 shows 
that for a reasonable growth scenario in Canada (l5Ĵ /y to year 
2000, 6j4/y to 2030 and zero thereafter), the cumulative 
uranium requirement would eventually be greater for a system 
containing LMFBRs than for one based on thorium—fuelled 
CANDUs with enriched uranium makeup. Recent work by many 
people has resulted in proliferation of such simulations, but 
the paper described in section 12.4 (below) outlines a mathe
matical treatment which brings some order into the subject. 

Hunt states that for all thermal breeder systems there 
is an initial period during which uranium demand is greater 
than if standard LWRs had been built instead, in order to 
provide the initial fissile material for the breeders. This 

9) 27) is a well-known effect, treated in ' and . It is, however, 
an investment for the future since it leads in the long run 
to a much lower cumulative uranium requirement. 

It is further stated that "relief to uranium demand 
which the use of thorium could offer would be correspondingly 
delayed". He implies that such a delay would not occur if 
the LMFBR were built instead, but on present evidence this is 
hard to accept. Even if each government concerned suddenly 
adopts a favourable attitude to the fast breeder, technical 
progress will continue to be slow and expensive, if we can 
judge from the programme in USA. It is most unlikely that the 
LMFBR could be commercialised before the 1990s and perhaps 
not even then. 

His statement that the thorium/U-233 cycle has "no 
important safeguard advantages over the use of the uranium/ 
plutonium fuel cycle" is not correct, as shown in section 7. 
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12-3 Uranium Requirements for Fuel Cycles in Expanding 
Nuclear Power Systems. S. Banerjee and H. Tamm, 
Trans. Am. Nucl. Soc. 26 : 280, 1977 

This paper reports on a series of computer simulations 
b-isnil on one scenario for installed nuclear capacity, which is 
clearly related to the situation in USA, though this is not 
made explicit. New types of reactors were assumed to be 
installed from 1995 on. Four combinations were studied: 
A. Once-through LVRs only; 
B. LVRs and LMFBRs; 
C. LVRs plus self-sufficient thorium-fuelled CANDUs (with no 

enriched uranium available for the first fuel charge); 
D. As for C. but with enriched uranium available. 

Cumulative uranium requirements to the year 2030 were 
(in 10 tonnes): 

A. - 7.81; B. - 2.k6; C. - 3-77; *>. - 3.03. 

The authors conclude that in an expanding system the 
savings in uranium consumption from the introduction of LMFBRs 
rather than CANDUs are not large (from 19JL to 35%t as above), 
and the savings would be even smaller for growth rates higher 
than in the scenario (where they averaged about h%/y). 

Their complete study, based on many simulations, shows 
that if the installed capacity of the new type dv> l>les faster 
than the reactor doubling time, then the initial fissile 
inventory required to introduce the new type dominates the 
uranium requirements. However, for slowly expanding systems, 
the effect of conversion or breeding ratios dominates. 

These conclusions are in agreement with those of the 
following paper, derived by a technique of greater generality. 

12.k Relationship Between Nuclear Growth Rates and 
Breeder Doubling Times. Y.I Chang, C.E. Till, Trans. 
Am.Nucl. Soc. 26, : 283, 1977. 

The authors note that "... system studies aimed at 
quantifying the benefits of alternative reactor concepts and 
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fuel cycles by comparing total uranium resource requirements 
can lead to sharply differing conclusions as a result of quite 
plausible differences in the pattern of nuclear growth and 
reactor parameters assumed for the studies". Masses of 
numerical information had led to confusion rather than 
enlightenment, so a new technique had been developed. 

A growing nuclear system could be characterised by an 
energy doubling time (EDT), and the breeder reactor by a 
reactor doubling time (ROT) and a specific inventory SI. (This 
is the inverse of the "specific power" defined on p.7). They 
assumed that breeder reactors were introduced after time t Q at 
a rate set by EDT, then derived an equation for the cumulative 
externally supplied fissile requirement to time t; this 
quantity is proportional to SI and is a function of the ratio 
EDT/RDT and the time interval (t-tQ) in units of EOT. In the 
figure this function is plotted for representative values of 
the parameter EDT/RDT. 
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They conclude that the total resource requirement is a 
strong function of EDT/RDT, particularly for values less 
than about 0.5, and for growth periods greater than one or 
two doubling periods. Certain specific assumptions regarding 
minluur growth - a rapid initial period sensitive mainly to 
initial core inventories, and zero thereafter so that reactor 
doubling time characteristics are unimportant - can show 
thermal near-breeders equivalent to fast breeders in resource 
utilisation. The paper goes on to illustrate the use of the 
figure to reconcile contradictory results from apparently 
similar system studies. 


