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Section 1 

INTRODUCTION 

The title of my lecture, though given in memory of Thomas Graham Young, 
would, I fear, not mean much to him. He would know nothing of nuclear power 
and would be curious about the word "proliferation". But he would be vitally 
interested in any discussion on energy because his father, James (Paraffin) Young, 
founded the Scottish shale oil industry and since he was named after 
Thomas Graham, the colloid chemist, he would have noted with pleasure the gel 
fabrication technique I shall mention later in the lecture. 

The growth of nuclear power throughout the world carries with it the 
possibility of proliferating nuclear weapons capability. This has been appreciated 
since the early days of nuclear power but in recent months has been highlighted 
by President Carter's initiative in calling for a new world wide examination of 
this matter. This initiative has also focussed the public debate throughout the 
Western world about the "plutonium economy", the wisdom of fuel reprocessing 
and the need for fast breeder reactors. The purpose of this lecture is to dis
cuss nuclear proliferation, analyse which problems are real and which are a 
misapprehension, and to suggest a way forward which retains the benefits of 
nuclear power while providing a more certain protection against undesirable 
proliferation. 

The present public debate on nuclear power covers a wide range starting 
from general questions such as, "Is it needed?" and, "Is it environmentally 
acceptable?", and going on to detailed questions about types of reactors, the 
handling and disposal of spent fuel, radioactivity hazards etc. It is not possible 
in just one lecture to deal with all these questions and I shall not attempt to do 
so. In particular, I shall not attempt today to deal with environmentally oriented 
questions concerning the use of plutonium: in my opinion all such questions can 
be answered satisfactorily. 

Even if I confine my attention to the question of nuclear proliferation 
then a general discussion is so complex, mixing technical, economic and political 
considerations that it is not possible to be comprehensive in the space of one 
lecture. This is because it is necessary to control a number of technologies 
if we wish to limit the spread of nuclear weapon capability. (Al) The current 
non-proliferation debate has concentrated heavily upon the need to control and 
limit the availability of plutonium. But it is foolish, and may be dangerous, to 
concentrate upon this one matter without giving simultaneous consideration to 
other equally important matters. For example, it is vital that early consider
ation be given to the spread of easy enrichment techniques for uranium isotopes. 
But it is simply not possible to talk about all these matters in one lecture and 
therefore, today, I shall set aside all these other matters to concentrate on a 
single issue — the need to control and limit the availability of plutonium. 

First we must understand the fears about plutonium and we must under
stand why those fears are an issue today. Since the end of the war we have 
known that plutonium in the form of Pu239 could be used to make atomic 
weapons and those scientists who have thought about it have realised that normal 
commercial grade plutonium could be used to make "crude" weapons. This 
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knowledge, coupled with general considerations of world security, led to the 
Non-Proliferation Treaty and the Safeguards Activities of the International Atomic 
Energy Agency (IAEA) and, at one time, governments thought that these "political 
instruments" were probably satisfactory — and certainly the best that could be 
negotiated — to ensure non-proliferation objectives. Why are these "political 
instruments" no longer thought to be sufficient? The answer seems to be a 
mixture of three reasons. First there is now a greater concern, by governments 
and by the public, about the dangers of plutonium getting into the hands of 
terrorists or sub-national groups. Second, there is concern that governments 
holding plutonium for civil purposes may get replaced by governments who decide 
to fabricate it into weapons. Third, there is concern that the need to protect 
plutonium from irresponsible use may necessarily involve measures which infringe 
the civil liberties of the individual. 

Each of these concerns could be debated at length. Some advocates of 
nuclear power argue that they are exaggerated or unreal; some opponents of 
nuclear power argue that they are so real and so intractable that nuclear power 
should be abandoned. It is not my purpose in this lecture to join in that particu
lar debate; I shall merely note that the concerns exist and consider what can be 
done about them within an evolving nuclear programme. However, it is worth 
making two points which, I hope, are non-controversial. 

A determined government anywhere in the world — while seeing itself to 
be both prudent and responsible — could equip itself with nuclear weapons 
whether it has civil nuclear power stations or not and whether it has plutonium 
or not. Therefore, there is merit to the argument that civil nuclear power 
should not be saddled with problems which are political and not actually related 
to nuclear power at all. Surely there is some significance to the fact that all 
nations which have, or are suspected to have, atomic weapons have not chosen 
to develop them from civil nuclear power facilities. 

On the other hand, it is true that nuclear power plans everywhere in the 
world have in the past been formulated against a general assumption that society 
would remain, or become, orderly and peaceful. Recent experience has not 
tended to verify that assumption. Therefore it does seem prudent to re-examine 
how the use of nuclear power ought to evolve given this changed and more 
pessimistic perception of the future stability of the world. That re-examination 
is bound to be difficult if we first try to define the problem in detail because we 
do not know what problem, in which place and at what future date ought to con
cern us . Are we concerned about terrorists, sub-national groups, temporary 
governments, irresponsible governments, frightened governments? Are we 
concerned about this century or next? How does our domestic policy reflect on 
the international scene? These questions are so general that we are obliged to 
give a general response; therefore, since this lecture is devoted to non-
proliferation aspects of plutonium, I have set myself the general objective of 
limiting the availability of plutonium and examining whaf technologies and policies 
would best do this. 
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We begin by examining the technical facts about the production and avail
ability of plutonium and that examination is set out in the next section of this 
lecture. Because I am examining an international question, not a domestic 
question, I shall use figures for thermal reactors that correspond to light water 
reactors (LWRs) and figures for fast reactors which correspond to the oxide 
fuelled and sodium cooled types. Furthermore, for simplicity, I shall not explain 
how different thermal or fast reactors change the figures somewhat. However, 
since I am addressing a British audience today, I must say explicitly that no 
figures I quote for thermal reactors have a direct relevance to the thermal 
reactors we have in this country at the moment. 

For additional simplicity I have relegated to an Appendix a number of 
detailed discussions on technical matters. Throughout the text these are 
referenced as Al, A2 etc. 
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Section 2 

PLUTONIUM PRODUCTION AND ACCESSIBILITY 

Plutonium is produced in thermal reactors and, roughly speaking, each 
1000 MW of thermal nuclear reactor produces 250 kgs of plutonium each and 
every year of operation. However, that in itself is not a matter of direct and 
immediate concern because, as several American spokesmen have emphasised 
recently, the plutonium inside a reactor core is associated with so much radio
activity that it is completely "inaccessible" and not amenable to diversion. 
Similarly, when spent fuel is removed from the reactor it is so radioactive that 
the plutonium it contains may also be regarded as "inaccessible". I believe that 
it is primarily for this reason that the American administration are, at this 
moment, urging a careful evaluation of the "once-through fuel cycle". 

In this fuel cycle, sometimes called the "throw-away cycle" the spent fuel 
elements are removed from the reactor but left unreprocessed so that the plu
tonium they contain is left locked up in an intimate mixture of radioactive fission 
products and unburnt uranium. Before we judge the wisdom of this idea we need 
to understand the technical facts rather better but the simple idea of using the 
associated radioactivity to divide plutonium into "inaccessible" and other classifi
cations seem to me to be a valuable concept to which I shall now give quantitative 
consideration so that we can learn how to apply it. 

Fuel elements inside a reactor rapidly become radioactive (and furthermore 
in light water reactors, cannot be removed without closing down the reactor). 
Therefore, to a first approximation, we can assume that all plutonium actually in 
reactor cores is "inaccessible". However, once the fuel element has been 
removed from the reactor, it needs a more careful consideration to decide 
whether the pluluiiium it contains is "inaccessible". The radioactivity associated 
with a typical PWR fuel element falls off with time in a way shown in Figure 1. 
Initially it is extremely radioactive but much of that radioactivity decays rapidly. 
It falls by a factor of three hundred over the first year and a factor of two 
thousand over the first ten years. To decide whether this activity is enough to 
render the plutonium "inaccessible" we need to assess the hazard presented by 
that radioactivity to anybody attempting to handle the fuel element. Thi brings 
us to our first major difficulty. A spent fuel element presents a radioactive 
hazard which depends upon the radioactivity it contains, the knowledge of the 
people handling it, the sophistication of their equipment and the operational time 
at their disposal. There is therefore no simple "black and white" rule that 
determines whether plutonium in a spent fuel element is "inaccessible" or not 
taking account of the radiation effects alone. 

Furthermore, even if the radioactivity of the fuel element has decayed, it 
is still remarkably difficult to perform the handling and chemical steps needed 
to obtain plutonium from it. Finally we should note that if those steps have been 
carried out in a reprocessing plant then the plutonium in store might be a mix
ture of plutonium and uranium oxides — which would not be readily usable for a 
weapon — or it could be in the form of plutonium metal or oxide — which would 
be weapon usable. 
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We are therefore obliged to recognise at least four levels of protection 
given to the plutonium by associated radioactivity or chemcial form and I can 
summarise these as follows 

Level 4: Inaccessible plutonium 

This is the material contained in a fuel element which is either actually in the 
reactor or, after a full irradiation, has recently been removed from it. It is 
associated with so much radioactivity that the plutonium can only be obtained from 
it in a sophisticated, well designed, expertly operated, reprocessing plant — which 
in itself would take of the order of ten years to build. If the fuel element is not 
reprocessed in such a plant then after a few years the inevitable decay of the 
radioactivity in the fuel element carries the plutonium contained in it to a new 
category which I shall call "extractable" plutonium. 

Level 3: Extractable plutonium 

This is the material contained in a fuel element which was removed from the 
reactor some years ago. It is associated with sufficient radioactivity that it 
presents a formidable problem to any group wishing to separate the plutonium 
from the fission products, actinides, uranium and fuel can. It is not credible to 
think of a sub-national group actually obtaining separated plutonium from such 
fuel elements stored in most parts of the world. But it is not beyond the limits 
of imagination that such a group might be successful somewhere in the world 
provided they were dealing with a fuel element sufficiently old for the radio
activity to have decayed substantially. 

Level 2; Extracted plutonium 

This is the material which has gone through a reprocessing plant, has been 
separated from fission products and actinides and is stored as a dilute mixed 
plutonium/uranium oxide in a guarded building. It is not immediately usable in a 
weapon but needs to be separated from uranium and converted to plutonium metal 
(a step which in itself is difficult). 

Level 1; Separated plutonium 

This is material which has been separated from fission products, actinides and 
uranium and is stored in a guarded building. It is immediately usable in a crude 
weapon but would be best converted to metal for that purpose. 

Clearly the lower the level of protection given by radioactivity or chemical 
form (as outlined above) then the higher the degree of human organisation and 
physical protection needs to be. My definitions of Levels 1 and 2 plutonium are, 
I believe, quite clear. But I have not given a clear definition of when 
"inaccessible" plutonium becomes "extractable" plutonium because I do not think 
a clear definition can be made. I have actually used just two levels in a "black 
and white" description to simplify the real position which is really an infinite 
set of shades of grey. There has in recent months been some controversy 
in the USA about the ease (or difficulty) of obtaining plutonium from spent fuel 
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elements in some clandestine or hurriedly organised plan. I shall avoid that 
controversy and content myself with the simple statement that it is not credible 
to think of any but the most mature and experienced organisations obtaining plu
tonium out of recently irradiated fuel elements and equally it is not credible to 
think that all lesser organisations throughout the world would find it impossible to 
obtain plutonium out of thirty year old fuel elements. In this very general sense 
we must regard some plutonium in some old fuel elements stored somewhere in 
the world as "accessible". 

Some non-technical discussions assume that the plutonium in spent fuel 
elements is "inaccessible" indefinitely because those fuel elements are radioactive 
indefinitely. This is simply not true on the scale we are discussing. Of course 
it is true that the extraction of plutonium from spent fuel elements even after 
ten years storage is a complex technology if it must be done on a large scale 
with negligible releases of radioactivity to the environment. That is why 
reprocessing is an expensive operation. The reprocessing of just a few fuel 
elements to give a weapons capability is neither insurmountably difficult nor 
impossibly dangerous once the radioactivity has decayed and a technically skilled 
and well equipped group has either stolen or been given the fuel elements. 

Obviously the level of radioactive and chemical protection given to plu
tonium affects our assessment of the proliferation problem. It is also relevant 
to ask how it is distributed. 

Clearly if it were all on one or two sites then the proliferation risk is not 
large, but if it were distributed over many sites the risk of diversion or misuse 
is increased. Probably the number of sites where plutonium is stored, or is 
planned to be stored, is unknown. We can get an estimate of the number by 
looking at, first, the number of nations with nuclear reactors and, second, the 
total number of reactors. (Since every reactor has a spent fuel element store 
the number of sites containing plutonium must be somewhat larger than the 
number of reactors.) These numbers are shown in Figures 2 and 3 respect
ively. These figures demonstrate that the plutonium will be very widely distri
buted and, within the forseeable future, since all that plutonium will cease to 
be "inaccessible" the need for "human organisation and physical protection" to 
prevent proliferation will grow correspondingly. This idea may seem novel to a 
British audience because it is our policy in the UK not to store spent fuel 
elements at reactor sites for long periods of time. Elsewhere in the world, 
however, and particularly in the USA and in Canada, it is quite customary to 
store spent fuel at the reactor for many years. 

The considerations of the previous paragraphs drive me to the conclusion 
that a policy of using thermal reactors alone in the once-through cycle is not a 
satisfactory non-proliferation policy because, in essence, every fuel storage 
facility, wherever it is placed becomes a "plutonium mine". This means that 
each reactor cooling pond, each national fuel element store or each regional fuel 
element store becomes a "plutonium mine" and the plutonium in that mine becomes 
steadily more accessible as time goes on. In effect a storage policy sets off a 
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proliferation time clock. With this policy every nation with a nuclear power plant 
and a spent fuel element storage facilitv has set up a target for plutonium diver
sion and has established an option to contruct weapons in ways that are easier and 
easier to operate as the stored plutonium becomes associated with less and less 
radioactivity. 

These considerations drive me to a second conclusion; the current world
wide debate about the wisdom of reprocessing the fuel (which separates out the 
plutonium and uranium) may be misplaced. The real proliferation problem is to 
retrieve plutonium from the many storage facilities scattered around the world. 
Whether the fuel is then reprocessed or not is, in my opinion, not a proliferation 
issue but a matter for environmental and economic considerations. The crucial 
question, I suggest, must be to know exactly where the plutonium is and, if it is 
not associated with high radioactivity — ie if it is "extractable" to have it in as 
few locations as possible. The natural way to do that is to have a few very 
large reprocessing plants in the world and retrieve the plutonium into those 
plants before it ceases to be "inaccessible". 

I am anxious that this point be seen in proper perspective. We may 
assume, I believe, that plutonium in any form will be subject to IAEA safeguards. 
That, I believe, is not the point of our discussion. But we wish to examine how 
much we may depend upon automatic "radioactivity protection" — in other words — 
how much are we concerned with "extractabU" plutonium and how much 
"inaccessible" plutonium. I acknowledge that there is a real difference between 
plutonium/uranium oxide in a store and plutonium/uranium oxide in an old fuel 
element — this corresponds to the Levels 2 and 3 I described earlier — but the 
difference between these levels is not so large that we can happily leave plu
tonium at Level 3 scattered around the world in hundreds of locations. Once 
that point is recognised, it follows immediately, I suggest, that the emphasis 
for non-proliferation must be placed on the retrieval of fuel elements so we 
know unambiguously where the plutonium is and so that the number of sites in 
the world where we must rely on "human organisation" is limited. 

Nevertheless, the "once-through cycle and storage" policy does have 
attractions from the non-proliferation point of view. It avoids getting plutonium 
in Levels 1 or 2 distributed in the world and if only it were true th**t the plu
tonium in spent fuel elements were "inaccessible" for an indefinite length of 
time, or if we could retrieve the spent fuel elements into a small number of 
storage centres under international control, then indeed it would restrict the 
availability of plutonium in a dramatic way. These are two points which I expect 
the International Nuclear Fuel Study (INFCE) to look at carefully. 

It is important to get an assessment of the plutonium present in the world 
and I shall now attempt to do this. This step is difficult because we first need 
to make an assumption about the nuclear capacity installed throughout the world 
in future and there is a danger that any subsequent argument might depend upon, 
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or at least appear to depend upon, what that assumption was. I shall therefore 
take as my starting point three possible assumptions which are shown graphically 
in Figure 4 and represent the following scenarios. 

1 Growth Scenario 

Energy use in the world continues to grow, nuclear power makes a major 
contribution to this so the total installed nuclear capacity grows steadily through 
many decades at a rate which is appreciable (but significantly less than the most 
extreme "growth advocates" would recommend). 

2 Plateau Scenario 

Energy use continues to grow but a combination of conservation measures 
and the development of ? Iter native energy sources allows the level of nuclear 
capacity to flatten off from about 2020 onwards at a total world capacity of 
2500 GW. 

3 Moratorium Scenario 

A limited moratorium on nuclear power is imposed, the energy needs of 
the world are met by some new unidentified source (or are simply not met). 
Reactors already ordered are completed but thereafter new reactors are 
built only to replace those withdrawn from service. The total world nuclear 
capacity is held at 350 GW. 

For fear the use of these three scenarios is misunderstood, let me 
emphasise that I believe the Growth Scenario is a reasonable assumption, the 
Plateau Sceanario is an unreasonable assumption and the Moratorium Scenario 
is an irresponsible assumption for the future. Nevertheless, it is not my task 
today to discuss energy or nuclear power needs but to discuss the proliferation 
issues associated with the various range of assumptions which might be made. 
Roughly speaking, the first Scenario corresponds to that of a nuclear advocate, 
the third Scenario to what a nuclear opponent might wish and the second 
Scenario to something inbetween. 

Let us first suppose that the nuclear capacity represented by the various 
curves in Figure 4 is produced by thermal reactors using fie once-through cycle. 
It is then a simple matter to calculate the total world inventory of plutonium and 
this is shown for our three appropriate assumptions in Figure 5. To put these 
figures in perspective we note that a critical mass of plutonium is roughly 10 kgs 
so the scale on Figure 5 corresponds to two million critical masses. (A2) This 
total inventory of plutonium is therefore vast compared to any quantity needed 
for weapons production. Furthermore, as we saw earlier, all this plutonium 
becomes "extractable" some years after it is produced. With a once-through 
cycle the problem of controlling the availability of plutonium is therefore poten
tially very large. 
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It is worth noting that even for the Plateau and Moratorium Scenarios, the 
amount of plutonium in the world, and therefore the amount of "extractable" plu
tonium in the world continues to grow indefinitely. This of course must happen 
because on a once-through cycle the plutonium is not used but simply accumulates 
indefinitely as a waste product. 

We conclude from this discussion that, on a wide range of assumptions 
about the future — whether we continue with nuclear power (which I believe to be 
necessary) or even if we declare a limited moratorium (which I believe to be 
irresponsible) with a once-through cycle we are obliged to accept vast quantities 
of "extractable" plutonium in the world with that plutonium being a waste product 
distributed in the world in a large number of plutonium "mines" ie stores of one 
kind o r another. Of course the spent fuel elements could be buried deep under
ground in irretrievable stores as the recent Ford/Mitre study suggested but, 
apart from doubtful economy — such a course of action neglects the economic 
value of both the plutonium and uranium in the fuel element — I do not easily see 
how such a store could be both available for use initially and irretrievable at a 
later date. In effect, I see such disposal as merely creating a deep plutonium 
"mine" — as distinct from the surface "mine" represented by a reactor spent 
fuel cooling pond. It is not my intention in this lecture to discuss the once-
through cycle in any further detail. The concept will be examined in depth by 
the International Teams set up on President Carter's initiative to study alternative 
fuel cycles. It is my present opinion that the concept will be found unsatisfactory 
on both economic and proliferation grounds separately u»t I hope that the Interna
tional Study will examine the concept with scientific care and attention, just as 
I hope that the Study will examine the arguments in this lecture and arguments 
from elsewhere, with an open mind. 

If indeed the international study confirms my opinion outlined above, what 
then should be done with the plutonium being produced as a waste product by 
thermal reactors? I suggest that the answer is simply, "Use it", because as 
we shall see later, using it can incinerate "extractable" plutonium and control 
the total of plutonium. This brings us to a discussion of how this can be done 
economically and usefully. 
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Section 3 

THE USE OF PLUTONIUM 

Let us first consider present day plans for using the plutonium produced in 
thermal reactors. In most countries, the overall r>lan has been to obtain plutonium 
from the spent fuel elements and use it either to fuel fast breeder reactors or in 
recycle to thermal reactors. From a non-proliferation point of view this has one 
immediate and very large attraction. It puts plutonium back inside the reactor 
where the high radioactivity rapidly makes it "inaccessible" but the use of plu
tonium in this way and, in particular, the use of plutonium in fast breeder 
reactors gives rise to fears best summed up by the emotional expressions 
"plutonium economy" and plutonium "traffic" (as distinct from "trade"). In a 
lecture of this kind it is not possible to give a lengthy discussion of both fast 
reactors and of the use of plutonium recycle into thermal reactors. Therefore, 
I shall assume that if the plutonium is to be used at all, it should be used in 
fast reactors. 

The use of plutonium in fast reactors has given rise to a good deal of 
controversy and argument. It has been argued, first, that the fast reactor 
breeds plutonium and, therefore, increases the scale of the proliferation problem 
and, second, that the necessary use of plutonium implies a large scale commit
ment to handling, processing and transporting plutonium and, therefore, an 
inevitable increase in the amount of "extracted" plutonium. In my opinion these 
two arguments need to be examined with very great care because they are either 
incomplete or misleading. Because these points seem to be so frequently mis
understood, we shall now discuss them with some care. 

The first point to make is that a fast reactor incinerates the initial charge 
of plutonium which is put into it and it continues to incinerate the plutonium 
oearing fuel put into it each and every hour of its operation. The fast reactor 
also produces plutonium and it is possible to operate it so that it either produces 
slightly more or slightly less than it incinerates. Therefore, in principle, it is 
possible to control the total amount of plutonium arising from the operation of 
the fast reactor. This is in sharp contrast to the situation with thermal reactors 
(operated without recycle) which, as we have seen earlier, steadily produce more 
and more plutonium as a waste product each year. It follows from this that the 
use of fast reactors instead of thermal reactors, can immediately put a brake 
on the growth of plutonium in the world. What is even more important however 
is that each fast reactor can be used to decrease the total amount of "extractable" 
plutonium in the world provided we choose to make its fuel out of the old plu
tonium obtained from thermal reactor spent fuel. Both these points are very 
attractive from a non-proliferation point of view and, in order to understand 
them better, it is worthwhile to consider the operation of a fast reactor in a 
little more detail so that we may understand the options which are available to us. 

Let us start by reviewing the wellknown operation of the thermal reactor. 
(A3) The fuel of a thermal reactor is based upon a small amount of uranium 235 
mixed with uranium 238. In the course of the operation of the reactor, some of 
the uranium 238 is converted to plutonium. Some of that plutonium is itself 
incinerated within a few months of being produced but the net effect is that when 
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the spent fuel is removed from the reactor it contains plutonium which was not 
present in the fuel element initially. For this reason the thermal reactor is a 
plutonium producer and, roughly speaking, 1% of the fuel input is converted to 
plutonium each year. 

The fast reactor operates rather differently. (A3) It has a reactor core 
in which the fuel is placed and, surrounding it there is a blanket which can absorb 
the neutrons which escape from the core. The fuel which is put into the core 
contains a high percentage of plutonium oxide which is mixed with uranium oxide, 
typically 20% plutonium oxide and 80% uranium oxide, and in the initial years of 
the operation of the fast reactor, that plutonium would be taken from stocks built 
up from the operation of thermal reactors ie it would be taken from the stocks 
of extracted or extractable plutonium. During the course of operation of the 
fast reactor, the initial plutonium in the fuel is incinerated and some of the 
uranium 238 in the fuel is converted to plutonium. These two processes are 
roughly in balance and the operation of the reactor is "fine tuned" with the use 
of control rods. If one looks only at the core of the fast reactor, it would 
produce slightly less plutonium than it incinerates and therefore the core alone 
would be an incinerator of plutonium in total. The main effect of the fast 
reactor would then be, from a non-proliferation point of view, to take a stock of 
"extractable" or "extracted" plutonium and put it into the reactor core where it 
immediately becomes "inaccessible" and where it could be left "inaccessible" for 
some years after it had been removed from the core. In effect, the core of the 
fast reactor is acting as an incinerator of plutonium in total and a rapid converter 
of "extractable" into "inaccessible" plutonium. 

However, for the fast reactor that is not the end of the story because we 
must now consider what happens in the blanket surrounding the core. Present 
plans are to make that blanket out of uranium oxide. The uranium 238 
in the blanket gets converted to plutonium in the course of the operation of the 
reactor and, therefore, when the blanket is removed from the fast reactor it 
contains plutonium that was not there originally. Hence the blanket of the fast 
reactor is a net plutonium producer and, in practice, the rate at which plu
tonium is produced in the blanket slightly exceeds the net rate it is incinerated in 
the core. Therefore, overall in the course of the operation of the fast reactor, 
it produces a slight excess of plutonium. As a result of this, as the spent fuel 
is taken out and as new plutonium bearing fuel is put in, there is a net excess 
of plutonium produced which, after a suitable time known as the doubling time, 
accumulates sufficiently for the reactor to "breed" another reactor. In principle, 
one could control the composition of the blanket of the fast reactor so that 
overall the reactor did not produce an excess of plutonium and, therefore, would 
not "breed" at all. In practice this option has not been considered very seriously 
in the past, basically because the nuclear industry has not thought it plausible to 
give serious attention to the Plateau and Moratorium Scenarios as described in 
Figure 4. 
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The crucial point which must be understood is that the operation of the 
fast reactor centres around a rather delicate balance between the plutonium 
produced in the blanket, the plutonium produced in the core and the plutonium 
incinerated in the core. Therefore, from a very basic point of view, there is 
no comparison between the two reactor types for non-proliferation purposes. The 
use of thermal reactors alone increases the amount of plutonium and the amount 
of "extractable" plutonium in the world indefinitely. The use of fast reactors 
limits the total world production of plutonium and, because the plutonium is used, 
it automatically becomes associated with a high degree of radioactivity and there
fore gets converted from an "extractable" to an "inaccessible" form. These 
simple facts, though wellknown within the nuclear industry, are so often mis
understood by the general public and so often inadvertently misrepresented by non
technical articles that it seems important to re-emphasise their importance and 
I do not therefore apologise for doing so with very simple but accurate analogies. 

The "fast breeder reactor" does not, in fact, breed fast. It simply uses 
fast neutrons and breeds rather slowly while incinerating plutonium. In particular 
the fast breeder reactor does not use plutonium to "breed" plutonium like rabbits 
breed rabbits. The analogy is much closer to the way human beings breed human 
beings in full knowledge of birth control techniques. Rabbits breed rapidly until 
some outside agency, perhaps a disaster like myxomatosis, stops them. Human 
beings can control their reproduction rate so that, roughly speaking, the birth 
rate matches the death rate. In practice, the total human population can increase, 
decrease or stay static depending on what society considers desirable. In exactly 
the same way, the plutonium produced in a fast reactor roughly matches the rate 
at which it is incinerated and a more detailed examination of the economies of 
the fast reactor fuel cycle would show that, once established, there would be 
strong economic pressures to adjust the balance between plutonium produced and 
plutonium incinerated in such a way that the net production (or destruction) would 
match that required by the energy demands of society. 

In contrast to this, the use of thermal reactors in a once-through cycle is 
analogous to a mythical race of human beings that has a higher birth rate and 
where nobody ever dies. In that situation, the population of the world is obliged 
to increase indefinitely and, in the same way, using thermal reactors alone 
without recycle obliges the total amount of plutonium in the world to grow 
indefinitely. 

Clearly if nobody ever died then we would have no hope of controlling or 
limiting the total human population; death is absolutely essential to bring the 
population in balance. In exactly the same way fast reactors are essential to 
control and limit the plutonium in the world. Plutonium creation and destruction 
is so analogous to the human population problem that it is surprising that the 
opposite impression is so prevalent. As just one example, from many mislead
ing statements, I shall quote the "Nuclear Proliferation Factbook" published by 
the Library of Congress. Page 196 contains the statement 

17 



" . . . breeder reactors which produce much more plutonium per year 
than comparable light water reactors." 

This statement is correct if the word "produce" is synonomous with "create" but 
it would have conveyed more balance and the opposite sense if it had added that 
breeder reactors also incinerate plutonium and the net balance between creation and 
incineration is usually smaller than the plutonium produced by thermal reactors 
and, as we have seen earlier, can even be negative, ie more incineration than 
creation. 

In practice, the simple facts of this basic argument appear to get lost in 
disputes between nuclear advocates and nuclear opponents about the basic energy 
assumptions which should be made in the future. The nuclear advocate does not 
stress his ability to control and limit the total plutonium inventory because he is 
so confident that Scenario 1 or something like it is going to be required that he 
stresses his ability to operate fast reactors to produce as much plutonium as is 
required. The opponents of nuclear power disregard the argument because they 
are distrustful of Scenario 1 actually arising and fear fast reactors will produce 
plutonium unnecessarily. 

I can sum up this part of the discussion with a few simple statements. 
Plutonium production and destruction is very analogous to the birth and death of 
human beings. Thermal reactors alone produce birth and no death whatever and 
therefore are "unnatural" compared to everyday experience. In partioilar, with 
thermal reactors alone, the population grows, and grows, and grows . . . 
indefinitely. Fast reactors incinerate plutonium and therefore, roughly speaking, 
in our analogy ensure that birth and death are roughly in balance. In this sense 
they are "natural" compared to everyday experience. Also fast reactors make 
"birth control" available. There is no technical guarantee that the birth control 
methods will be used, but we cannot expect to find a "technological fix" to either 
the proliferation problem or the human population problem. But without the 
option of birth control and if no human being ever died, the population problem 
would be beyond our "natural" appreciation. 

It also is of some interest to note that from the very beginning of the 
nuclear power programme in the UK, it has been planned that plutonium would be 
used in this way. In that sense the arguments given in this lecture are at least 
twenty years old. It is only in the last few years that there has been a sugges
tion that plutonium should not be used. 

It has been said frequently that a decision to build fast reactors is 
momentous and far reaching because such a decision would lead us into the use 
of plutonium. For the reasons outlined above, it is my personal view that a 
decision not to build fast reactors, leading to the non-use of plutonium, would be 
a far more momentous and a far more worrying decision. As I see it therefore, 
the proper question to ask is not, "Shall we build fast Teactors?" but instead, 
"When shall we build them?". This comment has some relevance to the 
domestic situation in the UK but is primarily directed to the situation elsewhere 
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in particular to the USA, where a large production of plutonium in thermal 
reactors is already inevitable and where there is a serious imbalance between 
that rapid implementation and the slow down in the US fast reactor plans. 

Let us now see in outline how these various arguments can be used to 
predict the world inventory of total plutonium and total "inaccessible" plutonium 
in the future. Obviously these inventories will depend upon which of the three 
scenarios we choose in Figure 4 and it will also depend upon the rate at which 
we introduce fast reactors to replace thermal reactors. It now seems inevitable 
that fast reactors will not be installed at the early date once thought possible and 
I have, therefore, made some plausible, and hopefully realistic, assumptions in 
Figure 6 where I first reproduce the total capacity curves for the three scenarios 
illustrated in Figure 4 and I have apportioned that total power between thermal 
and fast reactors throughout the first half of the next century. The total world 
plutonium inventory on these assumptions is then shown in Figure 7 where I have 
reproduced again the inventories shown in Figure 5 for thermal reactors with 
once-through cycles only and I have then shown how that total inventory is 
affected by the introduction of fast reactors instead of thermal reactors on the 
time scale indicated in Figure 6. To understand these curves carefully, let us 
start by looking at the Plateau Scenario in Figure 7. This shows quite clearly 
that with thermal reactors alone, the totai plutonium inventory increases 
indefinitely even when the total nuclear capacity of the world has been stabilised. 
However, the introduction of fast reactors enables us to limit the total plutonium 
inventory. This fact is also shown up quite clearly if we look at the Moratorium 
Scenario in Figure 7. This is not so obvious if we examine the Growth Scenario 
in Figure 7 because in that case we adjust the fast reactor fuel cycle so as to 
"breed" plutonium as rapidly as possible to match the demand for it. In that 
case therefore, the total plutonium inventory is not very different whether we use 
thermal reactors alone or a mixture of thermal and fast reactors. 

As we mentioned earlier, the contrast between thermal and fast reactors 
becomes even more dramatic if we look not at the total amount of plutonium but 
at the total amount of "extractable" plutonium on our various assumptions. The 
corresponding curves are shown in Figure 8. Let us start again by examining 
the Plateau Scenario. As we have seen, if we use thermal reactors alone, the 
total amount of plutonium and the total amount of "extractable" plutonium grows 
indefinitely. However, if we replace thermal reactors by fast reactors the the 
total plutonium inventory is stabilised and the total amount of "extractable" or 
"extracted" plutonium is reduced to a low figure. 

Therefore, the argument as I have developed it so far shows that on 
proliferation grounds alone, it might be very wise to introduce the fast reactor 
so as to control the total plutonium inventory of the world to whatever is the 
minimum required and to reduce the amount of "extractable" plutonium to the 
minimum possible. 
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into the "extractable" category 
after 5 years cooling. 
(2) In the case of the thermal 
and fast reactor there is no 
"extractable" plutonium. All fuel, 
both thermal and fast, is 
reprocessed at less than S years 
cooling. 

13) It will be observed that up to 
about 2008 the amount of 
"extracted" plutonium in the fast 
reactor and thermal reactor case 
somewhat exceeds the amount of 
"extractable" plutonium for the 
"thermal reactor only" case. The 

reason for this is that for the par
ticular case studied prompt 
reprocessing after 9 months delay 
is assumed. Thus, the plutonium 
is separated from its radioactivity 
early and placed into store. In 
practice, thermal reactor fuel is 
not being processed at such an 
early date and the thermal + fast 
reactor case will not cross the 
"thermal reactor alone" curve. It 
should also be noted that by 
carefully optimizing the 
introduction of the fast reactor, 
the amount of "extracted" 
plutonium can be considerably 
reduced compared with the case 
studied. 



So far in our discussion, we have seen that the introduction of fast reactors 
limits the total world inventory of plutonium and greatly limits the world inventory 
of "extractable" plutonium. From a non-proliferation point of view, both these 
steps are highly desirable. However, we must now turn our attention to matters 
which, from the same point of view, make fast reactors less attractive and these 
matters concern the handling of plutonium in the reprocessing plant, the fabrica
tion of it into fast reactor fuel and its shipment to the fast reactor. It is on 
these matters that the main concerns have been expressed about the use of fast 
reactors and the next section therefore turns to a discussion of these matters. 
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Section 4 

FAET REACTOR FUEL 

From a non-proliferation point of view, we have to balance the advantages 
of the fast reactor which we have just rehearsed in section 3, against two main 
disadvantages. 

In order to start off a fast reactor programme, it is first necessary to 
obtain plutonium from the spent fuel of thermal reactors. Typically this means 
that the spent thermal reactor fuel is first stored perhaps for five years, perhaps 
for ten years, perhaps for longer, and is then sent to a reprocessing plant for 
the plutonium, uranium and fission products to be separated into individual 
product streams. Typically the uranium is then recycled into the thermal 
reactor fuel cycle and the plutonium is stored at the reprocessing plant until it 
is required for use. While it is in store at the reprocessing plant, it is 
"extracted" plutonium and the first possible objection to the use of plutonium is 
that, in that form, it might be divarted to a weapons purpose. 

Next, when the plutonium is used in fast reactor fuel it is mixed with 
depleted uranium and fabricated into fast reactor fuel which is then dispatched to 
the reactor. During this process, which might typically take about three months, 
the plutonium is not accompanied by radioactivity of any appreciable amount and 
therefore, in the nomenclature I am using throughout, is "extracted". 

The crux of the argument against fast reactors and the use of plutonium 
is, therefore, as I understand it, first that the reprocessing of the fuel to extract 
pure plutonium is the same technology whether the plutonium is used for 
weapons or civil purposes and therefore a spread of know-how for civil purposes 
automatically spreads the know-how for weapons purposes. Second, that while 
the plutonium is in store at the reprocessing plant, it is "extracted" in the 
sense defined in this lecture. Third, that the fabrication of fast reactor fuel 
familiarises operators with the handling of plutonium and, therefore, inevitably 
familiarises them in a small part of the technology needed for weapons and, 
finally, while the fast reactor fuel is in transit to the fast reactor it might be 
diverted to irresponsible purposes. 

In my opinion there is considerable room for doubt about this argument. 
If plutonium is left in spent fuel elements for a long time it is "extractable", it 
has Level 3 protection (which gets less and less each year) and is a useless waste 
product. If plutonium is used in fast reactors it is a valuable asset to be 
retrieved, converted to Level 2 protection and then put into the reactor which 
converts it to Level 4 protection. It is my personal view that the world is less 
likely to abuse a valuable asset than a useless waste product and I therefore 
distrust the balance of the argument of the previous paragraph. Nevertheless, 
in this uncertain world, the argument has a substance which cannot be ignored. 
What then can we do about it? 

There appears to be a general consensus that secure methods of control
ling availability to plutonium can be devised even for material which is techni
cally "extracted" in the way defined in this lecture but the worry about the 
"plutonium economy", as I understand it, is that there is a reluctance to rely 
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upon management methods and organisational control on a worldwide basis and 
into the indefinite future. In order to give proper consideration to this matter , it 
seems to me essential to ask whether this is indeed a permanent problem which 
will be with us indefinitely or whether it i s a temporary problem concerned with 
the transition from thermal to fast reac tors . My stimulus to do this comes from 
a remark of Sir John Hill, "We should not judge the problems of tomorrow with 
the technology of today". Let us see where that thought leads u s . 

We therefore turn from the question of how fast reactors a re to be 
launched, into the question of how they a re to be maintained in operation as we 
approach the middle of the next century. The way plutonium is handled then will, 
in fact, be very different from the way in which it is handled when fast reac tors 
are first launched. The reason for this is not difficult to see . At the moment, 
there is no worldwide established large scale civil use for plutonium and there is 
in effect a plutonium glut. Because there is no immediate use for it, it is bound 
to become "extractable" in the way described in section 3 . But, if we have 
successfully launched fast reactors and we have overcome any problems that 
might a r i se during the interim period of switching from thermal to fast reac tors , 
then the situation would be very different, the plutonium would then have a high 
market value and be essential for the continued operation of fast r eac tors . For 
this reason it has always been contemplated that the established fast reactor fuel 
cycle would be very different in kind from the thermal reactor fuel cycle. Once 
fast reactors a r e established, there is a high incentive to get a rapid turn around 
of the plutonium so that it is obtained from the fast reactor fuel and from the 
fast reactor blanket and refabricated into new fast reactor fuel as rapidly as 
possible. The present judgement is that this can be done after the fast reactor 
fuel has been out of the reactor for only nine months. This means the reproces
sing plant will be handling "Level 4" ie "inaccessible" plutonium and clearly that 
must be done by an appropriately experienced organisation. 

If the input to the fast reactor reprocessing plant is "inaccessible" plu-
tonium then greater care needs to be taken in the handling of i t . We would not 
be surprised if the new fast reactor fuel which is fabricated from it were radio
active (simply because the separation of plutonium, uranium and fission products 
can never be rigorously 100% perfect). Depending exactly how far the radioactivity 
is recycled therefore; it may be more accurate to describe the plutonium in the 
fresh fast reactor fuel as "extractable" rather than "extracted". Therefore, for 
these reasons, the extraction, fabrication and transport of plutonium bearing fast 
reactor fuel might well become more remote because of the growing radioactivity 
associated with the plutonium. For this and other reasons, therefore, the 
Atomic Energy Authority has developed successfully a chemical technique of 
fabricating fast reactor fuel which lends itself more easily to remote and 
automatic fabrication techniques and which is substantially different from the 
ceramic technique now in use . 

We have not so far contemplated fabricating new fast reactor fuel which 
was associated with so much radioactivity that it remained "inaccessible" in the 
technical sense described in section 2 of this lecture. However, with this new 
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fabrication technology, there is no reason in principle why we should not do so. 
We could therefore plan to modify the fast reactor fuel cycle so as to make the 
separation of plutonium from highly radioactive fission products incomplete and, 
return a substantial quantity of radioactivity into the freshly fabricated fast 
reactor fuel. Preliminary studies by my colleagues in the Atomic Energy 
Authority suggest that this can be done to such a significant extent that the plu
tonium in the new fast reactor fuel remains "inaccessible" in the way defined in 
section 2. In other words, fast reactor fuel could be fabricated so that for about 
a year it had a radioactivity content high enough to make it lethal to anyone 
attempting to divert it. If this were done, the plutonium in the fast reactor fuel 
cycle would become "inaccessible" throughout its lifetime. Furthermore, the 
technology used in the reprocessing part of this cycle would be substantially 
different from that required for the production of usable material for weapons 
and the technology used for the fabrication of the fuel would be very significantly 
different from the technology used for the fabrication of weapons. Indeed because 
the plutonium is now associated with so much radioactivity, it would be absolutely 
essential to co-locate the reprocessing and refabrication plants and then there is 
no reason, in principle, why the two steps should not be combined into one. If 
that were done, the plutonium in the spent fuel coming out of the fast reactor 
would be "inaccessible" throughout its time in the combined reprocessing and 
refabrication plant. It would also be "inaccessible" and not easily amenable to 
organised or clandestine diversion while in transit back to the fast reactor. 

There would be three main disadvantages associated with this idea to set 
against its advantages from a non-proliferation point of view. First, the deliberate 
inclusion of high radioactivity in the fuel would need additional precautions to 
limit the levels of routine exposure of technicians in the industry to radioactivity. 
Second, the need for remote fabrication would increase the cost of the fuel and 
this would have an impact on the economies of fast reactors. Third, the com
missioning and run up to power of a new fast reactor would be hindered by 
having such high radioactivity present from the start. 

It is not obvious to me that it will be necessary to render plutonium 
"inaccessible" throughout the fast reactor fuel cycle. For the reasons i have 
given it must probably move from the "extracted" (Level 2) category towards the 
"extractable" (Level 3) category. That ought to be enough for the few brief 
months it is not actually "inaccessible". Personally I am content to leave that 
decision to be taken in the light of the world situation in the next century. All I 
wish to stress here is that the option to render plutonium "inaccessible" exists 
once it is being turned around rapidly. Furthermore there is room for a good 
deal of judgement on how much radioactivity can or should be returned with the 
new fast reactor fuel. 

However, the main point which I wish to make is a simple one. The 
dangers which have been advertised as belonging inevitably to the "plutonium 
economy" and to plutonium "traffic" are not in fact inevitable and, if the world 

2>6 



does not move to a state of more stable order over the course of the next 50 
years, then the normal evolution of the technology will move us towards a 
situat; .1 like this where the availability of plutonium is very limited. 

So that this new proposal can be understood properly let me repeat this 
point. We have seen that plutonium is "inaccessible" when it first emerges from 
thermal reactors. It becomes "extractable" as it is subsequently kept in storage. 
When it is first fabricated and sent to a fast reactor, it is "extracted" because 
there is simply no opportunity to associate high radioactivity with it. BUT THIS 
IS A LIMITED INTERIM PROBLEM. 

When fast reactors are well established and plutonium comes exclusively 
from fast reactors and goes into fast reactors then we can, if we wish, render 
it "inaccessible" at all times, or with lesser measures, render it "extractable" 
at all times. In this sense we can say that the real cause of worry about plu
tonium proliferation is that fast reactors have been delayed too long and we do not 
therefore have a ready use for the plutonium being produced in thermal reactors. 

I said earlier that the Atomic Energy Authority has already developed 
chemical techniques of fabricating fast reactor fuel and naturally, since that is 
the technique I am most familiar with, it is the route in which I have most 
confidence. Using that technique short lived fission products, primarily 
ruthenium, could be retained with plutonium throughout its lifecycle at such a high 
level that the plutonium was always "inaccessible". But that can only be done if 
the fission products have not already decayed, ie only if the plutonium is being 
turned around rapidly. However, this is not the only way that fast reactor fuel 
could be fabricated to keep plutonium "inaccessible" at all times. In recent 
months there has been a vigorous interaction between the AEA in this country and 
the Electric Power Research Institute in the USA and out of that interaction have 
come a number of technical ideas which accomplish this aim. This is not the 
proper occasion to discuss this complex technology but I would like to announce 
that various possible technologies will be described in the Energy Technology 
Conference to be held in Washington DC next week. In a session to be held on 
Monday, 27 February, papers will be presented by Dr M Levenson, 
Dr E Zebroski, Dr F Culler and Dr K D B Johnson, Dr R Webster and 
Dr R Flowers and finally by Dr Chauncey Starr (the President of EPRI) and 
myself. These technical papers have been prepared explicitly to complement 
the general philosophy explained in this lecture today. 

It would, of course, be foolish to suggest that this proposal solves the 
plutonitun problem. There is, in fact, no technical "fix" which can solve that 
problem. A determined Government could still set up a conventional reproces
sing plant and feed into it fuel to obtain plutonium suitable for weapons production. 

There is, therefore, still a vital need for a political consensus and a 
political initiative amongst the nations of the world not to do this. The need for 
that political consensus is essential anyway because of the other methods by 
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which nations or determined groups could proliferate. It is not therefore my 
intention to argue that the proliferation problem does not exist, it is however my 
contention that, if necessary, and given time, the fast reactor fuel cycle can be 
rendered so difficult to divert that, in practice, other methods of proliferation 
would be chosen by determined governments or sub-national groups. 

In putting forward these arguments I am very concious that, if misunder
stood, or treated too simply they could mislead people. Therefore I would like 
to restate my opinions as they stand today — of course, the discussions in 
INFCE might change them. 

I do not wish to advocate that we decide now to recycle plutonium in fast 
reactors in "inaccessible" form. My best judgement is, in fact, that a selection 
of alternative measures will prove to be satisfactory. My main point is that the 
fast reactor fuel cycle can be made so difficult to divert that a policy of using 
plutonium would be a better policy than simply storing fuel elements indefinitely 
quite apart from energy resource arguments. There are several methods of 
protecting fast reactor fuel but, if necessary, we can take advantage of the urique 
ability of the nuclear industry — the ability to handle high radioactivity — to 
escalate that protection to a high level. 

This lecture is not the proper occasion to discuss this concept in further 
detail, that surely belongs to the International Fuel Cycle Study which has now 
been launched, but on the assumption that that international study confirms that 
this idea is sound, then we need to consider also what should be done in the 
interim period between now and when the fast reactor is well establishec. We 
turn to that question in the next section. 
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Section 5 

THE INTERIM PERIOD 

I now come to the most difficult part of this lecture. What would be the 
best policy for the world to adopt for the interim period of several decades 
between now and the time when the fast reactors are well established throughout 
the world? Because this is difficult, let us first review the arguments as I have 
developed them so far. 

First, I have assumed that the need for fission nuclear power will continue 
to exist indefinitely and will grow, perhaps indefinitely, but if nnt, to a plateau 
much higher than the present installed capacity. I have assumed that this demand 
for nuclear fission power is dictated by the world's need for energy and I have 
made that assumption because I believe it to be true. I have not, however, 
attempted to justify that assumption in this particular lecture. 

Second, given that assumption, I have examined one aspect of the nuclear 
proliferation problem and I have concluded that the once-through cycle is not 
satisfactory because it makes plutonium "extractable" throughout the world. 

Third, if that conclusion stands up to worldwide examination, and I antici
pate that it will, then it follows immediately that the plutonium must be 
used —both to control it in total quantity and to make it "inaccessible". 

Fourth, on resource grounds, I have pointed out that the best use of plu
tonium is in fast reactors and I have explained how fast reactors can be used to 
control the total world inventory of plutonium and, even more important, decrease 
the total inventory of "extractable" plutonium. 

Fifth, I have examined the way in which the technology of the fast reactor 
fuel cycle will naturally evolve and I have pointed out thi must evolve away 
from weapons derived technology towards a technology wht the plutonium is 
handled more remotely, where its availability is a great C al less and where it 
tends towards becoming more "inaccessible" in the technical sense of being 
protected by radioactivity. 

Sixth, I have pointed out that we have the option, if we wish, to accelerate 
this evolution and make a positive decision to use plutonium in such a way that it 
is protected throughout its entire lifetime by high radioactivity and becomes 
"inaccessible" at all times. 

Seventh, I have not argued that this solves the non-proliferation problem 
nor even that this solves all plutonium proliferation problems, but I have pointed 
out that, in my opinion, such a policy adopted worldwide would be very much 
better from a proliferation point of view than simply using thermal reactors 
alone with a once-through cycle. In particular, we can envisage eventually 
having both fast reactors and combined reprocessing/fuel fabrication plants — 
provided they were of the "inaccessible" type described earlier — distributed in 
the world and nevertheless avoid the main proliferation dangers which might arise 
from the use of plutonium. (I emphasise again that the proliferation dangers 
from the use of plutonium are considerably less than the proliferation dangers of 
not using it). 
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This policy, however, cannot be put into effect immediately because we do 
not have fast reactors available in the world today and therefore we do not have 
immediately available the capability of using the plutonium. But it follows from 
the sense of this lecture that the best non-proliferation policy (assuming we must 
have nuclear power) is to build fast reactors with all commendable speed. 

This conclusion is so contrary to that argued in public by other commen
tators, that it is worthwhile pausing to consider why this is so. I hope that the 
very length of this lecture demonstrates that I take the proliferation question 
seriously but I find other arguments for avoiding the use of fast reactors less 
easy to understand. 

The argument most frequently advanced for a slow approach to fast reactors 
are that they involve the use of plutonium and, with a logic I have been unable to 
follow, their use is implied to have important implications for the disposal of high 
level, long lived nuclear waste for the indefinite future and that therefore the 
latter question should be addressed "first". 

But the main difference between the waste from fast reactors and thermal 
reactors is overwhelmingly simple, with fast reactors the intention is to use the 
plutonium and avoid having it in the waste whereas with thermal reactors alone, 
plutonium is a waste product. Therefore, if there is this concern about high 
level, long lived nuclear waste, it ought logically to be larger without rather than 
with fast reactors — those arguments which come to an opposite conclusion appear 
to have forgotten that if plutonium is not used then it is a waste product. 

This whole question of nuclear waste deserves a full lecture to itself but, 
in brief summary, I see the position this way: if the argument were postulated 
that fast reactor waste were "worse" than thermal reactor waste, the argument 
would be in error; if the argument were postulated that nuclear waste were in 
itself so dangerous that the use of nuclear power should be limited, then the 
danger would be less if the plutonium were incincerated in fast reactors rather 
than uranium incinerated in thermal reactors; if the argument were postulated 
that resources put to developing fast reactors would be put to better use on 
developing new sources of energy, then their promise must outweigh the promise 
of fast reactors and any concern about disposing of long lived waste must be the 
greater because of the non-use of plutonium. 

The argument that we should approach fast reactors slowly because of the 
dangers of misuse of plutonium deserves more careful attention. It is , I believe, 
sensible to giv« careful thought to the widespread use of "extracted" plutonium 
but the arguments for delay neglect the growing production of "extractable" plu
tonium from thermal reactors and, incorrectly in my view, assume that plu
tonium if used must necessarily be "extracted" into the indefinite future. I 
suggest it is fair to reply to this argument for delay that whatever the problems 
are, they will get worse the greater the present imbalance between thermal and 
fast reactors becomes. 
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It is, in fact, this imbalance between thermal and fast reactors which 
obliges us to think about the interim period. If fast reac.ors were already in use 
then plutonium from thermal reactors would be retrieved, reprocessed, refabri-
cated and rendered "inaccessible" very rapidly'. 

I have said earlier that it would be wise to build fast reactors. I believe 
also that it would be wise to pursue the demonstration of the "inaccessible" fuel 
cycle I described earlier. At first sight, it might also seem attractive to argue 
that that modified process should be implemented in practice as soon as possible. 
However, in my view that would not be correct. We must accept that the initial 
charge of fuel for the fast reactor is not protected by any significant degree of 
radioactivity ie it uses "extractable" plutonium (that must be so because plu
tonium must have been created in thermal reactors many years earlier). It is 
only when fuel is first removed from the fast reactor that we have the option of 
reprocessing and refabricating it in an "inaccessible" form as suggested in this 
lecture. However, if that spent fast reactor fuel were left unprocessed for several 
years, no great harm would be done (because it would remain "inaccessible" for 
some years) and it would be much more urgent to work through the world backlog 
of "extractable" plutonium which has already arisen through the thermal reactor 
programme and which must necessarily increase for several decades yet. Ideally, 
as soon as we have recycled the "extractable" plutonium, thus making it 
"inaccessible", we may wish to introduce the new fast reactor fuel cycle process 
and then gradually, and in a supervised way, have that new process taken up in 
whichever countries develop their own fast reactor programme. 

However, fast reactors have been long delayed for various reasons and the 
energy crisis of a few years ago stimulated a large expansion in thermal reactor 
capacity, so there is now a serious imbalance between the rate at which plu
tonium will become "extractable" from the thermal reactors and the rate at 
which it could be rendered "inaccessible" through the use of fast reactors. 

In the interim period, therefore, there may well be a case for recycling 
the plutonium into thermal reactors. The arguments for that on resource grounds 
are not strong but, nevertheless, a positive economic case could possibly be made 
and it does have the advantage of converting old "extractable" plutonium into new 
"inaccessible" plutonium. This is one of the matters which will need to be 
examined by the international study on the fuel cycle which is now taking place. 

There is in fact a very wide range of options facing the world community 
and it is this wide range which makes the INFCE study so intellectually stimu
lating. My present views are that the cause of non-proliferation would best be 
served by the following world programme. 

First a small number of very large reprocessing plants should be set up, 
preferably confined to a limited number, of states, and spent thermal reactor fuel 
should be retrieved into those reprocessing plants and the extracted plutonium 
stored carefully under international supervision at those few specified centres. 
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Second, those countries with advanced fast reactor programmes should 
proceed as rapidly as possible and, under careful supervision, the "extracted" and 
"extractable" plutonium should be got into them as rapidly as possible. 

Third, in the meantime, the new fast reactor fuel cycle process should be 
developed and the complete operation using "inaccessible" plutonium throughout 
should be demonstrated. 

Fourth, a choice should then be made between this extreme level of pro
tection and the various alternatives which by then will have had lengthy trials. 

Fifth, at that point, fast reactors could be established more widely in the 
world and at an even later date combined reprocessing and fabrication plants 
could also be established more widely. 

Sixth, in the meantime, the storage of spent nuclear thermal reactor fuel 
at a wide number of locations throughout the world should be discouraged. 

Seventh, the use of conventional reprocessing technology in a widespread 
way throughout the world should also be discouraged. 

Eighth, throughout this time every effort should be made to improve 
"human organisation" of the use of plutonium. In particular, IAEA Safeguards 
should be strengthened, joint ownership of facilities encouraged and good "codes 
of practice" established amongst all nations. 

The logic of these proposals is simple. It does not deny to any country 
the immediate benefits of thermal reactor power nor the long term benefits of 
fast reactor power together with a full access to mature fast reactor fuel tech
nology. But it restricts to a limited number of sites any technology which 
handles "extractable" plutonium in the interim period of some decades until it is 
either decided that such "extractable" fuel cycles can be used indefinitely or that 
the world as a whole should switch to "inaccessible" fuel cycles. 
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Section 6 

CONCLUSIONS AND ACKNOWLEDGEMENTS 

Because this lecture is designed primarily for a British audience — which 
is familiar with the concept of a fast reactor but probably unfamiliar with the 
concept of plutonium recycle into thermal reactors — I have virtually ignored 
the latter idea. I hope to give that subject the attention it deserves on 
some later occasion but would like to acknowledge now that many of the non-
proliferation advantages of the fast reactor described in this lecture, also apply to 
thermal reactor recycle. 

I feel obliged to reiterate a point I made at the beginning of this lecture. 
I do not believe that the availability of plutonium is the most serious proliferation 
problem facing the world. This lecture has therefore addressed only a narrow 
problem. It would be a pity if lively discussion on this issue obscured other 
more weighty and more difficult questions which need attention. 

I would like to acknowledge the advice and help of many friends and 
colleagues in preparing this lecture. They include Chauncey Starr, Floyd Culler, 
Milt Levinson, Ed Zebroski, all of the Electric Power Research Institute, 
California; and John Collier, Keith Johnson, Ron Webster, Ron Flowers, 
Peter Jones, Fred Fenning and many others in the UKAEA. 
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APPENDICES 

In a lecture of this kind it is inevitable that much technical material must 
be simplified to make the presentation understandable to a non-expert audience. 
But for the readers who require more technical information I attach three appen
dices (Al, A2 and A3) and would like to acknowledge that they are the work of 
Dr R H Flower8, Dr R K Webster, Mr J R Findlay and the staff of Central 
Technical Services division in Risley, UKAEA. For further technical information, 
the reader is referred to the Proceedings of the Energy Technology Conference, 
Washington DC 1978. 
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Appendix A. 1 

ALTERNATIVE ROUTES FOR OBTAINING NUCLEAR WEAPONS MATERIALS 

The table below lists eight different routes which have been tested or used on 
an industrial scale to produce fissionable material from which weapons could be 
made*1). Three routes are based on reactors. The simplest uses a natural uranium 
research reactor with a graphite or heavy water moderator. Both research and 
Plutonium production reactors operate at relatively low temperatures using fairly 
straightforward technology, and as such are simpler and cheaper ways of obtaining 
plutonium than the use of power reactors. 

The table also includes four routes based on isotopic separation which might 
be applied to the separation of uranium-235 (and possibly, in due course, of 
uranium-233). Historically, most enriched uranium-235 has been separated by 
gaseous diffusion, requiring expensive and difficult technology. Future enrichment 
in Europe and the USA is likely to us* the gas centrifuge, which has a much lower 
power requirement. The aerodynamic jet cascade has been tested on a small scale 
in Germany and South Africa, and a large-scale plant is under construction in 
South Africa. Electromagnetic separation may allow the separation of small quan
tities of weapons materials at minimum cost. 

The production of kilogram quantities of fissionable material by neutron 
bombardment in an accelerator is technically feasible, but is unlikely to be used as 
the above alternatives are in general simpler or cheaper. 

Four new and additional processes under development may allow highly 
enriched uranium to be separated from natural or even depleted uranium in a very 
small number of stages. Two are based on laser isotopic separation — the atomic 
and the molecular processes — and the others on ion cyclotron resonance and an 
advanced form of electromagnetic separation^). 

Starr and Zebroski: Eight Ways to Nuclear Weapons Materials, 1977 

, _ natural U-D20 
Research Reactor , * 

(or enriched U 

_ „ (natural U 
Power Reactor , . , , TT (or enriched U 

Diffusion Cascade 

Centrifuge Cascade 

Aerodynamic Jet Cascade 

Electromagnetic Separation 

Neutron Generator (Accelerator) 

Cost 
v . low 
low 

high 
high 

high 

med 

high 

med 

med 

Support 
Technology 
low 
med 

med 
high 

high 

med 

med 

high 

med 

Support Industry 
Reauired 
minor 
large 

med 
large 

large 

med 

large 

med 

med 

(1) C.Starr and E.Zebroski, Nuclear Power and Weapons Proliferation, American 
Power Conference, April 1977; quoted in "Nuclear Proliferation Factbook", 
US Library of Congress, 2Z September 1977, page 339. 

(2) "Nuclear Proliferation and Safeguards", Office of Technology Assessment, 
US Congrpsa Library, 1977, page Ul. 



Appendix A.2 

CRITICAL MASS OF PLUTONIUM 

The figure of 10 kg quoted in the text for the critical mass of plutonium 
is an approximate value to indicate the order of magnitude. In practice the 
precise critical mass (Mc) will vary with a number of factors including (i) the 
physical form of plutonium — Mc for oxide is about 50% greater than Mc for 
metal; (ii) the isotopic composition — as the percentage of plutonium-239 falls, 
Mc will in general increase; (iii) the geometrical arrangement used — the addition 
of a reflector reduces Mc. The following table* compares critical masses for 
plutonium, uranium-233 and uranium-235 under a range of conditions. Values 
quoted for plutonium range from 4 kg to 23 kg. 

Hildenbrand: Fast Critical Masses of Fissile Material for Nuclear 
Explosives, 1977 

U Metal (U-235) 

Without Reflector (kg U) 
With Be Reflector (kg U) 

Pu Metal (Pu-239) 

Without Reflector (kg Pu) 
With Be Reflector (kg Pu) 

U Metal (U-233) 

Without Reflector (kg U) 
With Be Reflector (kg U) 

Percent Fissile Isotope 
20 50 60 70 

145 105 82 
250 50 

23 
6 

80 

66 

90 

54 

100 

50 
15 

15 
4 

17 
4-5 

from Gunter Hildebrand, "Nuclear energy, nuclear exports end the 
non-proliferation of nuclear weapons", AIF Conference on International 
Commerce and Safeguards for Civil Nuclear Power, March 1977; repro
duced in "Nuclear Proliferation Factbook", US Library of Congress, 
23 September 1977, pages 382 
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Appendix A.3 

THE FLOW OF PLUTONIUM IN THE PRESSURISED WATER AND LIQUID METAL 
FAST BREEDER REACTORS 

The following descriptions are illustrative of the flows which would occur 
but are not quantitatively accurate for any particular design. 

1 The Pressurised Water Reactor 

The PWR is here taken as representative of thermal reactors, since it is 
the system most in use for electricity generation. Other thermal reactors, such 
as the gas-cooled systems, show detailed differences, due to their different neutron 
spectra, ratings and burn-ups. 

The PWR is fuelled with uranium, enriched to about 3% in 2 3 5 U. The fuel, 
as UO2 in Zircaloy tubes, is arranged in assemblies containing approximately 
450 kg of uranium. During the 2.2 year operating life of the fuel assembly in the 
reactor about 3% of the total uranium is converted to fission products. This 3% 
comprises 2% as 235JJ a n c | 1% a s 238u, the latter being first converted to 239 p u 

and then fissioned. Additionally, a further 1% of the total uranium is converted to 
2 3 9 ^ w h j c n is present in the spent fuel. 

In Figure 1, the annual flow of uranium and plutonium through a PWR, 
operating continuously at lGW(e), is shown. The overall effect of the reactor is to 
take in 37 tonnes per year of 3% enriched uranium and to discharge 339 kg of 
plutonium, 1110 kg of fission products, 35.6 tonnes of 1.1% enriched uranium and 
4.6 kg of higher actinide waste products. These annual discharges are contained 
in 82 fuel assemblies. 

The flow of plutonium is summarised in Table 1, in which the role of the 
PWR as a net plutonium producer is clear. The isotopic composition of the dis
charged plutonium, given in Figure 1, is such that the "fissile woth" in a PWR of 
the 330 kg/year is only 150 kg/year. 

Fission product activity and thermal power are shown in Figure 1 on the 
basis of a single discharged fuel assembly. These values, which refer to the 
time of discharge from the reactor, are reduced by about a factor of 1000 after 
4 years cooling. 

2 The Liquid Metal Fast Breeder Reactor 

The LMFBR is fuelled with UO2 and PuQ2, contained in stainless steql 
tubes which are handled in groups comprising sub-assemblies. Sub-assemblies in 
the core region of the reactor contain about 50 kg of U/Pu, plus about 40 kg of U 
which being situated at each end of the assembly is known as axial blanket fuel. 
Sub-assemblies surrounding the core region of the reactor contain about 120 kg 
each of U and comprise the radial blanket of the reactor. Core sub-assemblies 
remain in the reactor for about 370 operating days and blankef sub-assemblies for 
about 1000 operating days. 
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Plutonium and uranium levels fall in the core, as 239pu an(j 241pa are 
fissioned and 238U is converted to 239pu; some 238U is fissioned directly. In the 
blanket some 239pu iS formed from 238u but very little fission occurs. Core 
and blanket together show a small gain in plutonium and a loss in uranium. 

Figure 2 shows the annual flows of uranium, plutonium, fission products and 
higher actinides in a lGW(e) LMFBR fuelled with plutonium from spent PWR fuel. 
The isotopic composition of plutonium changes in the manner indicated, notably a 
drop in 2 4 1 Pu and a corresponding rise in 2 4 0Pu content, and in fact further use 
of the discharged plutonium from core and blanket to re-fuel the LMFBR core 
eventually gives a steady isotopic composition of 58% 239Pu, 36% 249Pu, 4% 241p„ 
and 2% Pu. The ,,239Pu equivalent" weights, for LMFBR use, are indicated on 
the diagram. Discharges of plutonium, uranium and higher actinides are shown on 
a lGW(e)y basis and are contained in about 230 core sub-assemblies and 60 radial 
blanket sub-assemblies. Fission product -activity is given for a single sub
assembly of core and radial blanket at discharge. These activities fall by about 
a factor of 200 during the first 150 days after shutdown. 

In table 1 the flows of plutonium in the LMFBR core are summarised for 
core and blanket of a lGW<e) reactor. The overall plutonium net gain of 189 kg/ 
year results from the net gain of 409 kg/year (239Pu) in the blanket regions and 
the net loss of 220 kg/year (239Pu 57%, 2 4 0 Pu 24%, 2 4 1 Pu 14%, 2 4 2 Pu 5%) in the 
core. The total rate at which plutonium is fissioned in the reactor is 820 kg/year 
and therefore 

189 
Breeding Gain = 32U = °-23 

Tible 1: The Balance of Plutonium Flow in the PWR and LMFBR operated at lGW(e) 

PWR Core 

LMFBR Core 

LMFBR axial and radial blanket 

LMFBR overall 

Pu (kg/y) 

Input 

-

2800 

2800 

Created 

710 

530 

479 

1009 

Incinerated 

-380 

-750 

-70 

-820 

Output 

330 

2580 

409 

2989 

Net 

330 

-220 

409 

180 

LMFBR Breeding Gain -^Q - 0.23 
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Uranium 
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fabrication 
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82 tonne fuel (182 fuel assemblies) 
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2 2y dwell time 31 GW (thermal) 
100 % availability assumed 

0 32 
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Electricity generated 

1 GW (e) 

FIG. 1. MASS AND ACTIVITY FLOW IN A ONCE THROUGH PRESSURISED 
GENERATING CONTINUOUSLY AT 1 GW (e) 

Net Plutonium produced 
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57% 239, 24% 240 
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reactor shutdown 
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per 0 45 tonne 
fuel assembly. 

Uranium 

35 -6 tonne/y 

1 • 1 % » 5 U 

(390 kg/y fissile) 

WATER REACTOR 



Core 12300kg/y U< 

0 9500 kg/y (0 4% 235) 
Pu 2800 kg/y I57%239. 
24%240.14%241.5V.242) 

Blanket 16900kg/y U 

U Radial 6900kg/y (0 4% 
235) 
U Axial 10000 kg/y (0 4% 
235) 

LMFBR 
•42 GW(Thermal) 100% Availability 

116 Tonnes Core Fuel (50kg/SA I 
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370 Days Core Fuel Dwell 
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0-41 Thermal 
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9% 241 
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( 2 3 9 Pu equivalent of input Pu = 8 0 - 8 % of total Pu, 2 3 9 Pu equivalent of output Pu = 75 6 % of total Pu) 

FIG.2.LIOUID METAL FAST BREEDER REACTOR GENERATING CONTINUOUSLY AT 1 GW ( e ) 
(Core Fuel made using PWR Plutonium) 
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