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An Overview of the
International Conference on Accelerator Driven Transmutation
Technologies and Applications

MGM Grand Hotel
Las Vegas, Nevada,
July 25-29, 1994

This Conference was the first to bring together US and foreign researchers
to define Accelerator Driven Transmutation Technology (ADTT) concepts in
several important national and international application areas -- nuclear
waste transmutation, minimizing of world plutonium inventories, and
long-term energy production.

The Conference covered a number of diverse technological areas --
accelerators, target/blankets, separations, materials -- that make up ADTT
systems. The meeting provided one of the first opportunities for specialists
in these technologies to meet together and learn about system
requirements, components, and interface issues. It was also an
opportunity to formulate plans for future developments in ADTT.

The Conference also provided an occasion to describe the initiation of a
Russian ADTT project which will be funded over the next two years by the

International Science and Technology Center in Moscow. Approximately
four-hundred Russian scientists will be working on concept definition and

design, and beginning experiments.

During the Conference, over one hundred technical presentations were
made describing ADTT system and technology concepts as well as the

impact of ADTT on issues related to global plutonium management and the
high-level nuclear waste problem areas. These included

- twenty-eight papers on accelerators,

- thirty-nine papers on target/blanket, and safety issues,

- twelve papers on materials properties and requirements,

- thirteen papers on technologies for materials separations,

- thirteen papers on planned or executed experiments as well as data
needs, and

- fourteen papers on system performance and overviews of several
international efforts.

The meeting also included

- a video address by Senator Pete Domenici (R-New Mexico) on the use
of accelerator technology to address a number of significant problem
areas and to meet important national requirements;



- a statement from the Governor of Nevada who expressed interest in

the technology and related subjects because of their potential impact
on high-level nuclear waste disposal;

- a panel discussion on the relationship of ADTT and repository
approaches for high-level nuclear waste disposal;

- breakout groups in the several technical areas of the Conference --
accelerators, target/blankets, separations, materials, experiments --
that began to identify issues, development needs and next steps for
demonstration and testing; _

- a tour of the Yucca Mountain site which is being evaluated by the
US Department of Energy as a potential disposal facility for high-level
nuclear waste; and

a banquet speech by the new president of the American Nuclear
Society,Alan Waltar, concerning the importance of nuclear power as
a world-wide energy source, the excitement offered by accelerator-
based technology concepts, and the need to intimately involve public
participation as the technology is defined and developed.

Over two hundred participants attended the Conference. All major US
Department of Energy laboratories (Los Alamos, Oak Ridge, Brookhaven,
Argonne, Livermore, Sandia, Savannah River, Hanford) were represented
along with a number of industrial companies (Northrop Grumman,
General Atomics, Bechtel, Babcock and Wilcox, Litton, Rockwell
International, Kaman Science). Significant foreign representation from
Russian, Swedish, French, German, Italian, and Japanese efforts was also
present.

We, the co-chairmen of the Conference, view the interactions as very
successful and are grateful to all who helped organized it and participated
in it. These Proceedings include a large fraction of the talks presented and
represent an important resource for understanding the status and future
directions of ADTT concepts and technology.

Based on the success of this Conference an International Planning and
Program Group was organized to start preparations for a second such
ADTT International Conference. Present plans are for Sweden to host the
Conference in approximately two years (19986).

P%:é:ﬁ/rthur Stan Schriber

Conference Co-Organizer and Conference Co-Organizer
Technical Program Chairman Los Alamos National Laboratory
Los Alamos National Laboratory
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A Long View of Global Plutonium Management

Richard L. Wagner, Jr.
2560 Huntington Avenue
Alexandria, VA 22303
Kaman Sciences Corporation

Abstract: Dealing with the large and growing world inventories of fissile materials &qn} all sources is a major
part of the long term challenge of limiting the danger from nucle-ar weapons. Providing clean, safe nuclear
powermay also beneeded to prevent conditions from arising whxch could lead to li.n'.ge scale nuclear weapfm
(re)armament.  ADTT technologies might reconcile the seeming dilemma of providing nuclear power while

maintaining a very low world  inventory of nuclear materials which can be used in weapons. This vision for
ADTT should be tested in ~ a variety of ways, including comparisons with competing a;.aprt?aches and “fxth
other objectives. Such testing is one part of constructing a path for a decades-long, worldwide impiementation
campaign for ADTT.

There has always been a close relationship between the civil and military dimensions of
nuclear energy, principally, but not solely, because reactors make fissile material which can be used
in nuclear weapons. That fact has constrained the growth of nuclear power. In recent decades,
inhibiting potential proliferators from using reactors to produce fissile material for weapons has been
a central objective in the non-proliferation regime. Strict separation of military and civil nuclear
activities, wherever they occur, has been the main theme, and institutional approaches have been
developed to promote it. With the major changes in the nuclear-weapon picture which are coming
with the end of the Cold War, and with the increasingly urgent necessity for dealing in a more
coherent way with civil fuel cycle issues, the question of the relationship between the military and
the civil aspects of nuclear energy is likely to be reexamined. One of the major issues will be the
very large and growing worldwide inventory of plutonium from all sources - mainly power reactor
operations and weapon dismantlement -- and in whatever form.

Mankind would be better off if nuclear weapons were physically impossible, but that is not
the case. Even though the danger of nuclear war growing out of the confrontation involving the
Soviet Union has disappeared, other nuclear weapon dangers remain or could arise. Over the long
term, reducing or constraining the danger from nuclear weapons will remain as important as it was
during the Cold War. There will always be at least a latent danger from nuclear weapons.

As reductions in existing nuclear Weapon stockpiles continue, the danger from nuclear
weapons will become more and more a latent one, and the roles of nuclear postures in security

for nations' reconstituting larger nuclear forces, than in the residual weapon inventories-in-being.

In this regime, stability considerations of potential nuclear (re)armament will determine safety or
danger.

Development of nuclear weapons by rogue nations like North Korea or Iraq is a serious
problem. But a far more serious danger, over the long term, would be 2 world in which many

")



nations have (re)armed with large stockpiles of nuclear weapons. Paths to such a future are
indistinct, but some time in the course of many decades — a time frame invoked by the long shadows
cast into the future by nuclear weapons — the world could change in ways that could trigger such
developments.

Of particular concern might be the period — perhaps as short as a few years -- during which
such widespread nuclear (re)armament might occur. If a nation could build substantial numbers of
nuclear weapons more rapidly than an emerging adversary (or if a variety of such asymmetries were
to exist among a number of potential adversaries) a dangerous situation could develop. Such N-
sided asymmetries in weapon deployment rates, coupled with N-sided "first strike" instabilities
among deploying forces, could trigger nuclear war and the use of large numbers of nuclear weapons.

Global effects and/or fragilities in the infrastructure of modern civilization could threaten civilization
worldwide or even the survival of mankind.

Such apocalyptic nightmares may seem overblown today, but during the Cold War, and
especially its early phases, such things were understood to be atstake. We should never lose sight
of such possibilities. Controlling the political and technical preconditions which would bear on
major competitive, nuclear (re)armament involving many nations must be a major consideration in
future control of the latent danger of nuclear weapons.

This view of the nature of the longer-term problems associated with nuclear weapons is
different from the conventional "proliferation” concems, which have mostly involved the "Nth
country problem" -- i.e. the initial entry into the nuclear "club" of the next, and then the next, often
relatively small nation. Of course, this sort of Nth country proliferation, if allowed to proceed to

exwremes, could evolve into, or trigger widespread nuclear (re)armament, but it is only one path to
such a possibility.

u.nd.oul.:tedly come under increasing scrutiny, especially as the other technical and industrial
limitations on nations' acquisition of nuclear weapon inventories are overtaken by the spread of
technology and growth of industrial capacity.,



nuclear weapons in a few years from a scientific starting point less advanf:ed than that .ava.llable: in
hundreds of universities around the world today. And, except for production of t.he ﬁssm? material,
there is nothing special about fabrication of nuclear Weapon components. Indus;nal capacity needed
to produce large numbers of nuclear weapons is a tiny fraction 9f the mduanal capacity of many
nations today. (During a few years in the mid 1950s, the U.S. built, from an industrial base smaller
than that of at least a dozen nations today, capacity to produce several thousands of nuclear weapons

per year.)

Thus, in the future we are addressing, dozens of nations, given the motivation and the fissile
materjal, could be producing hundreds of nuclear weapons per year within two or three years from
the decision to do so. Many nations could produce thousands per year. These weapons could be
small enough to be delivered by many pre-existing conventional military aircraft or missiles, and
they could have explosive yields larger than those of the nuclear weapons used in World War II.
Many currently non-nuclear nations could design such weapons, with confidence adequate for the
circumstances which might motivate such development, without nuclear tests. So the pressure will
increasingly be on fuel cycle issues - controlling availability of fissile materials and the technology
to produce them.

About a thousand tons of plutonium exist on the planet today, with nuclear power plants
making about fifty more tons each year. Over the next decade or so, the most attention is likely to
be focussed on the weapons-grade material from dismantled weapons and on reprocessed (separated)
plutonium from irradiated civil reactor fuels. Plutonium in unreprocessed irradiated fuel, which
represents the bulk of the material existing today, is in a sense "protected" by being commingled
with highly radioactive fission products in the irradiated fuel. But over the long term, the continued
presence of large and growing quantities of this material, along with the inevitable development and
spread of new technology which could be applied to faster, more efficient, and cheaper chemical
(and isotopic) separation, will be, pethaps, the dominant issue. A world inventory of a few thousand
tons of plutonium, when a percent or so of this can supply a large nuclear weapon inventory, is
unlikely to be viewed as a satisfactory long-term state. Even with more extensive and stringent
IAEA-like monitoring and controls, it is unlikely that diversion of, say, a few tenths of a percent of
the world inventory could be prevented in the international circumstances which should be assumed.

Long-term storage of either processed plutonium or unprocessed irradiated fuel is uniikely to suffice

either; the pipeline to put the material in storable form is likely to contain large quantities, processing
and storage facilities cannot be presumed to be secure over an indefinite period, and even deep
geologic repositories could be mined.

The prudent plan, for the long term, is to (nuclearly) "burn" down this large and growing
inventory and then maintain it at as low alevel as possible. If low enough steady-state inventory
levels can be achieved, international monitoring and control institutions more stringent than today's

might suffice to significantly delay diversion or production of large quantities of fissile material for
weapon use.

Reducing the nuclear weapon danger is only one of mankind's agendas. Raising standards
of living worldwide and preserving and restoring the environment are others (and they are likely to
be more focused on). Nuclear power is likely to play a continuing role, at some level. Reconciling



the seemingly contradictory objectives of continuing nuclear power and essentially eliminating
fissile materials is where the long term promise of ADTT technologies lies, and it could play the

pivotal role.

An exwreme position, certain to be advanced by some, would be to phase out nuciear power
altogether, over some decades. Even if this were adopted as a long term goal. it could not be
implemented soon, because reactors would be an essential part, at least in the initial stages. of a
strategy to burn down plutonium inventories. And of course it is far too soon to conclude that the
world could do without nuclear energy, considering the tremendous complexity of the economic,
environmental and climatological issues related to world energy futures. Furthermore, eliminating
nuclear power would not completely eliminate the potential for nuclear (re)armament; fission (or
fusion breeding) plants could be built, over a period of time, to make fissile material. The best
solution. balancing all factors. may well be to burn down existing inventories and to maintain a low
inventory, while generating needed power, by use of improved fission power technologies.

A vision for using ADTT to do this is shown in the Figure. After a development period,
ADTT technologies are used to burn down, over a few decades, the thousands of tons of plutonium
accumulated by that time in the worldwide inventories of plutonium from all sources (and to
transmute fission products so that the residual "ash" is much more manageable). As this burn-down
campaign is proceeding, other variants of ADTT technologies are replacing most or all fission
reactors, so that after several decades world nuclear power generation is done with the lowest

possible world inventory of fissile nuclei (and with the problem of nuclear waste also greatly
reduced).
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Becalée the future is so uncertain in so many ways, this vision should also be thought of as
a hypothesis fo test. (Working toward a vision while also testing it, and adapting the vision as one
learns fromﬁhe testing, requires a special frame of mind. Many things we must do to shape our
future in aniincreasingly complex and uncertain world are Iike this.)
j

Man) things have to be considered in testing our vision, including:

° Competing approaches to achieving and maintaining low inventories of fissile nuclei

° The characteristics of various world situations in which various nuclear postures exist.
(What makes up a "posture” are the nuclear technologies which are in use (such as ADTT),

the world material inventories, and the institutional regimes related to them.)

® The development of the many other relevant technologies. One example is processing
technologies. Another is military technologies; if (God forbid) other military technologies
develop which could be as devastating as nuclear weapons and are easier, the nuclear weapon
danger diminishes, and nuclear power postures could weigh weapon-constraining features
less heavily.

° World nuclear weapon postures. The existence of some modest inventories of nuclear
weapons (in stable force relationships) may stabilize against (re)armament asymmetries and
uncertainties. '

° Figures of merit for nuclear postures. If the objective is to inhibit nuclear (re)armament, all
any posture can do is buy time. If nations feel driven to (re)arm with nuclear weapons,
within a few years reactors or enrichment plants could be built to make fissile material.
Thus, the value of a nuclear posture is determined (in part) by the accessibility of plutonium
before these options could come into play. Any nuclear posture will have fissile isotopes
in various stages of accessibility. One figure of merit (which would be scenario dependent)
could be a time-weighted mass-accessibility function.

Let us amplify on a few of those things.

How far must world inventories of fissile material be reduced, and how stringently must the
small, long-term inventories be controlled, in order to significantly mitigate the risk of widespread,
rapid, and potentially unstable nuclear (re)armament? There are several relevant considerations,
principally how many weapons, built over how long, make a difference. Consider first that the size
of the residual inventories of nuclear weapons which would be retained by the current major nuclear
weapon states would be an important factor. Weapon production less than these standing residual

number of nations. Second, we need not assume that international/institutional control regimes
would break down completely and all at once. In many scenarios, perhaps only a fraction - say ten
or twenty percent - of the global fissile material inventory might escape control over short enough



i . Perfection is not attainable; but covering a significant part of "scenario-
sn;?a::"tgv:slgizo:ei;n:vorglwhﬂe. Third, limits on nuclear testing coyld inhib.it rapid @eve@opment
of weapon designs which make efficient use of small quantities of ﬁsgle material. Taking thf:se and
other factors together might mean that reducing the world plutonium inventory to levels achievable
inan ADTT regime would buy as much time as can reasonably be hoped for.

Carefully designed international institutional arrangements for monitoring anfl controlling
nuclear installations would be essential to complement a low-inventory technology regime. Iq fact,
it is likely that neither part could be effective without the other. Arms control experience
accumulated now over many years, in a wide variety of contexts (of which the IAEA regime is one),
provides models for possible future institutions. A general feature of this experience has‘been to
establish the correspondence between the accuracy, precision and certainty of the control desired and
the institutional arrangements needed to provide for that control. Ifthe consequences-of even small
non-compliance could be serious, arrangements must be based on detailed negotiations and rigorous
monitoring (and in some cases, enforced inspection, as in Iraq). At the other Fnd of the spectrum
lie, for example, so-called confidence-building measures. The international arms control
community now has useful experience across this entire spectrum, although the efficacy of some of
the monitoring and control regimes constructed s still controversial, and the jury is still out on
others.

In the long run, a low-inventory strategy for world fissile materials probably requires rather
stringent institutional arrangements. But there is time to construct these arrangements, growing out

of the [AEA regime augmented by other, near-term, less stringent methods involving government,
industry, and the technical community. It is to be hoped that fissile-inventory control methods will

be embedded in much broader and increasingly durable international non-proliferation and arms
control regime.

Enriched uranium can be used to make nuclear weapons as well as plutonium, of course,
though the quantities required are considerably larger. It is not clear that uranium-based nuclear
power technology, with its attendant enrichment and fuel fabrication facilities, could meet the
desired criteria for resistance to weapon applications. Use of ADTT technologies employing
thorium for power generation, with inherently low inventories of fissile #3U, might be the best
alternative if the technologies prove feasible. Further, it might be possible to design a neutron
spallation plant in such a Wway as to substantially increase the time needed for conversion to
production of significant quantities of weapon material,

Technologies embodying low fissile materia} inventories do not completely guarantee against
production of weapon material, of course. Any technology that uses neutrons to make power can
be converted, over some time and with some degree of efficiency, to make fissile material for
weapons, and neutron spallation plants would be no exception. Thus, even the most desirable
technology will never be the entire solution. International control regimes, growing out of today's
NPT/IAEA regime. but more stringent and/or with more dimensions, will be essential. But
improving the proliferation-resistance of the technology being controlled by sucha regime is certain
to be beneficial in buying time. which is all any measure cando. A low-inventory approach to civil
nuclear power, by the time such an approach becomes available, will be particularly suited to limijt
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the possibility of widespread production of substantial nuclear weapon stockpiles, which may have
become the core problem in that time frame, in the risk/benefit calculus of nuclear weapons and
nuclear energy.

While development of ADTT technologies is beginning, we need also to immerse ourselves
in these considerations (and the many others I haven't mentioned or thought 91), to understand better
where we are trying to go and why, and how we might be deflected. This should be a planned,
continuing activity, involving many points of view, and using a variety of tools (for example, "path
gaming").

Realizing the vision for ADTT technologies will be an international enterprise because the
objective is a global one, and it will be a campaign lasting several decades, spannin.g two or three
professional careers. It is likely that during most of that time, the objective of limiting the danger
from nuclear weapons will not be a top international priority, despite policy pronouncements. Thus.
to the extent possible, its implementation should be accomplished by market forces, or at least be
compatible with them. To the extent this is not possible, governments or international institutions
will have to provide incentives, but these may be in tension with other national and international
objectives. And the technical developments themselves will be full of twists and turns. Insucha
complex situation practically every decision will be contingent, its purpose being to set up conditions
for a next decision, which will also be contingent, and so on.

Facing these complications, for ADTT development, it is essential to have close, effective,
and sustained working relations among governments, laboratories (and the scientific community in
general), and industry - nationally and internationally. It is not too much to think of these
relationships as institutions in their own right, and they should be carefully designed from the
beginning.

Making this program work, in the face of the difficulties and uncertainties I have sketched
out, is a daunting challenge, but containing the danger of nuclear weapons demands the best we have

to give.

The concem this paper focusses on, while potentially the main concern related to nuclear
weapons in mankind's future, is (we hope) a long way in the future. It may be like the concern for
global environment changes in that regard. But like global change, it is not too soon to begin to
build options, because it will take decades to reduce world inventories of fissile material to low
levels and convert to (re)armament-resistant nuclear energy technologies.
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Abstract. This paper reexamines the potential benefits of waste transmutation to the proposed U.S. geologic
repository at the Yucca Mountain site based on recent progress in the performance assessment for the Yucca
Mountain base case of spent fuel emplacement. It is observed that actinides are assumed to have higher
solubility than in previous studies and that Np and other actinides now dominate the projected aqueous
releases from a Yucca Mountain repository. Actinides are also identified as the dominant source of decay
heat in the repository, and the effect of decay heat in perturbing the hydrology, geochemistry, and thermal
characteristics of Yucca Mountain are reviewed. It is concluded that the potential for thermally-driven,
buoyant, gas-phase flow at Yucca Mountain introduces data and modeling requirements that will increase the
costs of licensing the site and may cause the site to be unattractive for geologic disposal of wastes. A
transmutation-enabled cold repository is proposed that might allow licensing of a repository to be based upon
currently observable characteristics of the Yucca Mountain site.

INTRODUCTION

Accelerator-Driven Transmutation (ADT) concepts are being visualized as flexible neutron
sources capable of "burning” or transmuting *Tc, *’I, and actinide components of spent fuel and
waste. While several nonrepository benefits are proposed for ADT system operation, the issue
of whether transmutation will provide benefits to a geologic high-level waste repository has
continued to be debated.

Several previous studies [1-4] have evaluated the effect of transmutation of actinides and
fission products on the environmental and health risks of a high-level waste repository. In a
particularly influential paper, Pigford [1] evaluated the effects of actinide burning technology
and concluded that actinides were expected to be a relatively insignificant component of aqueous
releases from a repository because of their very low solubility in water. Pigford pointed out that
®Tc and '’ were expected to dominate repository releases by groundwater and that little
benefit could be realized by actinide transmutation.

Croff [5] and Cowell [6] have examined the impacts on repository areal capacity due to
elimination of the long-term heat source presented by decay of the actinides, principally
americium and plutonium. Croff’s paper proposed a staggered emplacement pattern for high-
level waste and concluded, based on fairly simple thermal calculations, that repository capacity
could be increased due to actinide burning by a factor of four relative to spent fuel. Cowell
performed more sophisticated thermal modeling and reported [6] that an increase in areal
capacity by a factor of 2.6 could be realized by simple elimination of the long-term thermal
power of the actinide waste inventory and reoptimization of the spacing between waste packages.
In subsequent calculations [7], Cowell has assessed the staggered emplacement strategy proposed
by Croff and calculated a potential increase in areal capacity by a factor of 4.9 due to actinide
burning. The implications of these calculations are that the first U.S. repository site, for which



Basis and Objectives of the Los Alamos Accelerator-Driven Transmutation
Technology Project

Charles D. Bowman
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Abstract. The Accelerator-Driven Transmutation Technology (ADTT) Project carries three
approaches for dealing with waste from the defense and commercial nuclear energy enterprise.
First, the problem of excess weapons plutonium in the U. S. and Russia originating both from
stockpile reductions and from defense production site clean-up is one of significant current and
long-term concern. The ADTT technology offers the possibility of almost complete destruction of
this plutonium by fission. The technology might be particularly effective for destruction of the
low quality plutonium from defense site clean-up since the system does not require the fabrication
of the waste into fuel assemblies, does not require reprocessing and refabrication, and can tolerate a
high level of impurities in the feed stream. Second, the ADTT system also can destroy the
plutonium, other higher actinide, and long-lived fission product from commercial nuclear waste
which now can only be dealt with by geologic storage. And finally, and probably most
importantly the system can be used for the production of virtually unlimited electric power from
thorium with concurrent destruction of its long-lived waste components so that geologic
containment for them is not required. In addition plutonium is not a significant byproduct of the
power generation so that non-proliferation concerns about nuclear power are almost completely
eliminated. All of the ADTT systems operate with an accelerator supplementing the neutrons
which in reactors are provided only by the fission process, and therefore the system can be designed
to eliminate the possibility for a runaway chain reaction. The means for integration of the
accelerator into nuclear power technology in order to make these benefits possible is described
including estimates of accelerator operating parameters required for the three objectives.

INTRODUCTION

Concerns about waste from the defense and commercial nuclear sectors has grown to
such an extent in recent years that it now dominates the nuclear enterprise. The emphasis in

the nuclear technology field has moved from its earlier reactor-design focus into clean-up of
defense production sites and a resolution of the commercial nuclear waste problem. The
development of cleaner and safer systems for nuclear energy generation is almost at a
standstill because of growing international concerns about the waste issues. The
predominant approach to this problem for the past thirty years has been the geologic storage
of waste whether it be from the defense or the commercial sector. Geologic storage offers
the prospect of confining nuclear waste by the confinement features of a stable geologic
structure rather than relying on long-term containment of the waste in man-made
containers. In addition the waste is made much less accessible by its placement deep
underground. Therefore many countries are providing significant funding for the
development and siting of geologic waste storage facilities. While a number of sites might
be under study in a given country, the intent is to provide a single site capable of confining
the high level waste.

It has become increasingly difficult to convince a community to become host to a
nation's single site for storage of waste which many consider to be the nation's most
dangerous. The fact that the waste remains dangerous for many tens of thousands of years
exacerbates these concerns. The concern that such repositories can become mines for
plutonium has become of even greater concern as the U. S. has made it known that
dangerous nuclear weapons can be made from commercial plutonium!. The natural

(3)
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transfgrmation of commercial plutonium useful material for weapons into excellent
weapqns plutonium by radioactive decay? means that eventually many thousands of tons of
weappns plutonium will be stored at many sites around the world. Some are becoming
concerned about the possibility of natural or induced supercriticality of fissile material
storéd underground3. As a consequence of these and other concerns remaining to be
resgived about geologic storage, no nation is expected to begin emplacement of high level
waste in a geologic repository before the year 2010 and the ultimate viability of the geologic
storage concept remains to be demonstrated.

The world therefore is in desperate need for an acceptably priced inexpensive and safe
alternative to the geologic storage concept. In the U. S. commercial nuclear waste is
accumulating at reactor sites and the defense site clean-up effort is struggling to understand
what will happen to the plutonium and other high-level waste which will be gathered
together after the clean-up has been completed. The Los Alamos National Laboratory along
with a rapidly developing national and international community has therefore been studying
Accelerator-Driven Transmutation Technology (ADTT) as a possible means of destruction
of this nuclear waste and of generating nuclear power by systems which do not generate the
most dangerous components of this waste and which concurrently destroy their own waste.
If the full capability of the ADTT systems can be realized at acceptable cost, geologic
storage of defense and commercial waste would not be required.

The main elements and function of an ADTT system are illustrated in Fig. 1 for a
system which generates nuclear energy from thorium, avoids the production of plutonium
and concurrently destroys its long-lived high-level fission product waste. This system is
referred to as Accelerator-Driven Energy Production (ADEP). The system starts with
benign 232Th and converts it by neutron absorption into the excellent fissile fuel 233U from
which electric power is produced. The system consists of a reactor-like component
referred to in the figure as the target-blanket which contains the fissile material and the
waste to be destroyed. For a reactor each fission on average produces enough neutrons
after losses to cause another fission so that the chain of fissions is continuous. For all
ADTT systems, the losses are made somewhat larger by the expenditure of neutrons on
waste destruction so that there are about 5-10 % fewer neutrons than necessary to maintain
the chain. Therefore by itself the system is totally passive and inoperative. However, by
making up for the 5-10 % loss of neutrons from an external neutron source, the system
would function effectively even though the chain reaction would not be self-sustaining.

The essential conceptual difference between the ADTT system and a reactor is the
presence of an accelerator to produce neutrons and the presence of a target inside of the
reactor-like component to convert a beam of protons from the accelerator into neutrons. All
electric-power-producing reactors presently operating have means for removing the heat
from the system, converting it to steam, and driving generators for electric power
production. These elements are also shown in Fig. 1 with most of the power being sent
into the commercial grid except for 10-15 % being used to power the accelerator.
Operatlon of the system stops when the accelerator stops because the system fission chain
is not self-sustaining. For this reason the system can be made safe from a ranaway chain
reaction such as that which occurred at Chernobyl by entirely different means than that
incorporated in other reactors, and many of the safety features required in accelerators such

as control rods may be omitted.
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Fig. 1. ADTT System Components. An accelerator produces 800-MeV proton beam
which is directed into a reactor-like assembly consisting of a lead target for the beam and a

surrounding blanket containing fissile material. The beam strikes the liquid lead target and
produces about 22 neutrons per proton. The neutrons are moderated in the surrounding
blanket which consists mostly of graphite and molten salt which carries the fissile fuel as
actinide fluoride. The system operates at kefr = 0.95 so that the system multiplies the beam-
produced neutrons by about a factor of 20. The blanket contains internal heat exchangers
which transfer the heat from the working salt to a secondary external salt stream and then to
a steam generator for electric power production. Most of the power is fed into the
commercial grid but some of it is used to power the accelerator. The liquid fuel allows the
system to be continuously refueled and allows the waste products from fission to be
continuously removed.

To understand the value of the accelerator more clearly, consider a system containing
233U fuel which undergoes fission with 92 % probability upon absorption of one thermal
neutron and which releases 200 MeV per fission. Assume further that no neutrons are
released in fission. The 100,000 MeV released by 500 such fission events would be
converted with 42 % efficiency to 42,000 MeV of electric energy. The accelerator would
convert this with 45 % efficiency to 18,900 MeV of proton beam power if all of the electric
power were fed back to the accelerator. For a proton energy of 800 MeV, the accelerator
would produce 18,900/800 = 23.6 protons. At the conversion rate of 25 neutrons per
proton which probably can be achieved, a total of 23.6 X 25 = 590 neutrons per 500
fissions is possible. Upon absorption, 92 % of these neutrons would lead to fission of 543
nuclei of 233U. Comparing this number with the original 500 fission events, we see that an
accelerator-linked chain reaction is possible even if no neutrons were emitted from fission!
Of course instead of no neutrons per fission 2.49 neutrons are produced per fission of a
233U nucleus so that altogether one has 590 + 500 X 2.49 = 1835 neutrons per 500
fissions for an increase in the effective number of neutrons from fission from 2.49 to 3.67
if all of the electric power from the target blanket were fed back to the accelerator. This is
an increase of more than one neutron per fission and is an enormous increase in the number



of neutrons per fission which are available to a nuclear system designer. The latter figure is
far more neutrons than are required to maintain the fission process and to breed the 233U
from the thorium, so that only a small portion of the electric power must be consumed by
the accelerator. The possibility to dial the neutron production requirement as desired and
to operate effectively a system well away from criticality greatly broadens the parameter

space available to the nuclear system designer
Owing largely to the enhanced safety of the system, one need no longer remain attached

to solid fuel assemblies as in ordinary reactors. Liquid fuel becomes an option with all of
the many advantages it provides. In Fig. 1 we show at bottom center a loop carrying the
liquid fuel outside of the target-blanket in a continuous flow. An obvious advantage is that
the fuel can be continuously added to the system to make up for that which is burned
without shutting down for refueling as in the case of the reactor. Of course, the whole
process and expense of solid fuel fabrication required for the reactor is avoided as well.
But there is even greater benefit from the ability to remove the fission products from the

liquid fuel on-line without stopping the system for removal of solid fuel assemblies. By
means which will be described later, the liquid fuel can be continuously cleansed of the
fission products which act as neutron poisons. Those long-lived fission products which
would ordinarily require geologic storage can be returned to the system to be converted by
neutron absorption to stable or short-lived fission product.

Since only fission product is removed from the system, there is no actinide waste
except for a very small amount which slips through in the fission product separation
process. Because the long-lived waste is destroyed, the only waste from the system is the
short-lived and stable fission product. This waste is made up of a number of different
species but none of the waste species have half-lives longer than 30 years. Containers can
be made to confine this remnant waste until the radioactivity has decayed away by a factor
of 1,000 or so. Geologic confinement of the waste is not required because, as is shown
later, the remnant waste can be made to satisfy near surface disposal criteria of the NRC
and the EPA. If the site of the ADEP system meets the criteria for near-surface disposal,
the waste need not leave the site. Therefore only benign thorium need be brought to the site
and no waste need be carried away.

More will be said later about the thorium-burning system, about weapons plutonium
and commercial waste destruction, and the relationship between the latter two technologies.

TARGET-BLANKET DESCRIPTION

More detail on the target-blanket system is shown in Fig. 2. The system consists of a
stainless steel tank which contains graphite blocks for neutron moderation and reflection

and a molten salt carrier for the fertile and fissile fuel which will be described below. The
graphite and molten salt are known to be compatible with one another from extensive
experience at Oak Ridge National Laboratory with the Molten Salt Reactor Experiment
(MSRE). The molten salt flows upward through holes in the graphite blocks across the top
of the system to internal magnetic pumps and heat exchangers and back to the bottom of the
system. The heat from fission is transferred in the heat exchangers to an external salt loop
which carries the heat to steam generators for electric power production. The molten salt is
a LiF-BeF; eutectic which melts at about 450 degrees centigrade and operates at between
650 and 720 degrees centigrade. Almost all elements react as fluorides and can be



dissolved in small but adequate amounts into the carrier salt for the transmutation and
fission requirements. A cover gas of helium is circulated above the molten salt to collect
and remove the noble gas and volatile fluoride fission products from the salt. The molten
salt never leaves the tank, except for a small slip-stream for on-line refueling and waste
removal, and therefore there is no possibility for spillage of the salt through pipe breaks.

Other liquids such as water could be chosen for the carrier. However the salt has the
advantage of being an excellent solvent for almost any of the elements present in the
system. It also has a low vapor pressure at high temperature which is a major safety
advantage allowing operation without a pressure vessel which. would be required for a
higher vapor pressure medium such as water. The higher operating temperature allows a
thermal-to-electric efficiency which might be as high as 44 %. Also the salt is non-reactive
with air, nitrogen, or concrete, in contrast with for example, the liquid sodium coolant on
which fast reactor technology is now based.

Beam Pumps and Heat
Delivered through vacuum Exchangers

window to central target internal and close to core to
reduce liquid fuel inventory

‘Target
Molten lead
Blanket Vessel
Moderating graphit Totally enclosing the liquid
Iatticee\;r?mnghgnnpels ?or fusl to eliminate fuel spills
molten salt through pipe ruptures
Liquid Fuel
Fuel bearing molten sait
circulated through graphite
moderator Reflector
L | Graphite
t 7.5m S

Fig. 2. Target blanket function. The proton beam enters through a window at the top of the
system and strikes a liquid lead target at the center. The lead is circulated and cooled from
above. Five layers of graphite blocks are shown which moderate the neutrons. The molten
salt fuel flows upward through holes in the blocks and to the outside through pumps and
heat exchangers and back to the bottom. Graphite on all sides serves as a neutron reflector.
A cover-gas of helium collects the volatile species and carries them away for appropriate
separations.

The neutrons are produced at the center in a liquid lead target. Protons enter from the
top through a window and are stopped in the lead, with the lead pump and heat exchanger
on top of the tank. The lead is confined by metal resistant to corrosion by the lead. Since
the corrosion properties of the lead are different from those of the molten salt, the lead and
salt are separated by an inner container compatible with the lead and an outer container



compatible with the salt. The metal for the salt containment probably will be Hastalloy-N
developed for the MSRE and for the lead it probably will be Inconel.

The system operates at a kegr of about 0.95 compared to kesf = 1 for a reactor. The
neutrons produced by the accelerator therefore are multiplied by a factor of about 20 for and
therefore an ADEP system producing power from thorium with a fission power of 250
MWt for an electric power output of 100 MWe electric would require an accelerator capable
of producing 6 ma at 800 MeV and consuming 11 MWe of electric power. The thermal-
to-electric conversion efficiency for such a system would be 44 %. The bussbar-to-beam
efficiency would be 45 %. ' .

All systems which produce nuclear power from fission must protect against a potential
loss of coolant accident (LOCA) which might occur when the primary coolant system fails
and the fission product decay heat builds to dangerous levels. The nuclear reactors now
operating have active redundant systems which come into action when the coolant system
fails. Newer designs for reactors include passive means to deal with this situation. For

example the power density and total power capacity of the reactor might be kept small
enough so that the heat can be transferred to the outside of the reactor vessel and from there
away from the system into the surroundings by convection or radiant heat loss. The power
of such a passive system is usually limited by the rate of heat transfer to the vessel with the
components at the center of the reactor being at highest risk.

The ADTT systems are also designed with passive capability for after-heat removal.
They have the advantage over water-containing systems that the temperature can be allowed
to rise much higher because the ADTT system contains mostly low vapor pressure high
melting or vaporization temperature materials such as graphite and molten salt. Therefore
much higher temperatures can be tolerated in the ADTT systems without risk of internal
damage or dangerously high pressures. In addition to the use of liquid fuel, the
incorporation of an internal inside-to-outside flow path and natural convection both
contribute to enhanced heat transfer from the inside to the outer wall of the blanket.
Threfore ADTT systems can be designed for substantially higher electric power capacity
than conventional reactors while still maintaining the passive heat removal capability.

GEOLOGIC STORAGE AND THE ADTT SYSTEM

From the beginning of the development of the ADTT program, the discussion has
continued as to whether the ADTT system requires a geologic storage facility as back-up
for the untransmuted waste. The purpose of this section is to address the question of the

requirement for geologic storage of remnant waste after destruction of the actinide and the
long lived constituents of the fission products. It will be shown here that near-surface
storage of this waste might be made consistent with existing NRC and EPA regulations
with an addition to the regulations for storage of Cs, Sr, and Kr for about 200 years until

they meet low-level radioactivity levels covered by existing regulations.
Review of Regulations

To begin the discussion, it is useful to review several aspects of near-surface waste
storage. Waste destined for near-surface storage is divided into three classifications as

class A, B, and C waste.



Class A waste is the most benign and it can be stored at the surface without
stabilization. That is, no special precautions must be made to protect the system from
natural dispersion mechanisms such as rainfall, wind, etc. There are of course some
restrictions such as exclusion from flood plains and from unstable land. The site must be
clearly marked, and monitored for 100 years but no fencing is required. After that time it is
assumed that controls are no longer operative and that the site should not be dangerous to
an inadvertent intruder. An inadvertent intruder is defined in NRC Regulation 10 CFR

61.2 as;

"a person who might occupy the disposal site after closure and engage in normal
activities such as agriculture, dwelling construction, or other pursuits in which the
person might be unknowingly exposed to radiation from the waste."

Class B waste must be immobilized or contained by components in the waste site that
maintain their "gross physical properties and identity" for 300 years. Surface storage is
permitted and institutional control is required for 100 years. Productive use of the land
during this 100-year period is possible so long as the "integrity and long-term performance
of the site are not disturbed.” Therefore the site perhaps might be used as a parking lot.
Elsewhere in 10 CFR 61 the use of concrete in such systems is suggested and it is

proposed later in this report to use that means for immobilization.
~ Class C is reserved for waste with even greater radioactivity concentrations. This
waste also requires stabilized waste forms or waste containers. This waste must be stored
at least five meters below the ground surface such that after 500 years the waste would not
be a hazard to an inadvertent intruder or to the public health and safety.

There is no absolute limit on the amount of radioactivity which can be emplaced at one
site, whether designated Class A, B, or C. The amount is only limited by the radiation
released to the surroundings and risk to an inadvertent intruder. The radiation released
from the site "must not result in an annual dose exceeding 25 millirems to the whole body,
75 millirems to the thyroid, and 25 millirems to any other organ of any member of the
public.” This release criterion for near surface disposal is the same as that for a single
geologic storage system built to confine all of the radioactive waste of the nation. The
siting criteria for surface storage of waste are specifically stated in 10 CFR 60 and are
easily met so that such facilities can be sited almost anywhere except in flood plains, areas
of unstable land, etc. Therefore there could be many such sites and almost certainly many
more than one in every state. If there were 100 such sites in the U. S., the total
radioactivity burden in a single site could be 1/100 of that at a national central repository. If
in addition these sites were receiving the remnant waste from an ADTT system which
reduces the long lived constituents by a factor of about 1000, the total long-lived
radioactive waste burden would be smaller by a factor of 100,000 than that of a single
geologic repository without transmutation. It therefore seems likely that the surface storage
sites for remnant waste following transmutation could meet the whole body and specific
organ dose limits for a much smaller radiation source term even though the confinement
capability of the surface site would be less than that from a geologic site. This probably
would have to be demonstrated on a site-by-site basis.

It might be argued that if- the waste is distributed over 100 sites instead of a single
geologic site, that more people would be endangered. The spirit of the release limit
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howeyer is that the dose received be too low to risk harm to the surrounding population.
Thergfore the same release limits apply to each of the many low-level waste sites as apply
to a geologic storage site for the nation's entire commercial spent fuel. The number of
people exposed is considered not to be a factor because no member of the public is to be
subjected to a dangerous dose from any waste site...either high or low level.

JThe other type of restriction for the inadvertent intruder into the site relates to the
concentration of the waste and to whether the waste stream from a transmutation system
meets the concentration limits for class A, B, or C waste. Classes B and C waste require
stabilization before emplacement. The method of stabilization chosen for this report is
mixing with concrete, a material already mentioned in 10 CFR 60 as appropriate for use in
surface storage systems. The stabilization before emplacement as required by the
regulations will obviously result in the dilution of the waste. There are no statements in the

regulations about the degree of the dilution allowable....only limits regarding radiation
release to the surroundings and dose to the inadvertent intruder , which depend on dose
concentration. Weakly contaminated dirt which is being cleaned up from some of the sites
at Los Alamos and elsewhere can be disposed of in surface storage if the contaminated
material meets the regulatory limits for radiation release or dose to an inadvertent intruder.
For the remnant waste after transmutation from a 3000 MWt commercial reactor, we
assume stabilization with 50 m3 of concrete per year. Assuming the waste to be Class C,
these blocks which might be Im X 1m X 2 m = 2m3 would have to be stored under 5
meters of overburden according to 10 CFR 60. If stacked end-on, one year's remnant
waste from a 3000 MWt system would occupy a surface area of Sm X 5m. The waste
from 35 years of operation of the facility would therefore occupy approximately a 30 m by
30 m area. Since the land can be put to some beneficial use, this area would be much
smaller than a 3000 MWt plant's parking lot and could be used as a small part of the plant's
parking lot.

It would be correct to argue that stabilization amounts to dilution, but stabilization is
required for class C storage and dilution is not forbidden by the regulations. In fact
stabilization, which is required, demands some level of dilution by the stabilization
medium. The operating criteria are (1) dose to an inadvertent intruder and (2) leakage of
radiation from the site into the surrounding environment.

Disposition of Remnant Waste from ADTT Systems

For ADTT the issue then is what should happen to the remnant waste stream. This
stream may be considered to have three components for the accelerator-driven
transmutation of waste system (ATW). We assume here a system designed to deal with the
actinide and fission product waste from a single 3000 MWt LWR thermal reactor
destroying the waste at the rate that the waste is being produced in the reactor. The first
components of the waste encountered in transmutation are the uranium, which is the
primary constituent of the spent fuel, and the zirconium cladding. These components
probably could be stored for reuse and are discussed later. The liquid fuel system allows
the continuous feed of all of the waste left over after uranium and zirconium removal
including both higher actinide and fission products. The ATW system destroys the higher
actinide waste by fission generating an average fission power of about 750 MWt per 3000

MWt reactor. The liquid fuel system also allows the continuous removal of fission



products. The only actinides which escape are those which contaminate the fission product
removal process. We assume that the atom fraction of actinides in the fission product
removal stream can be held to 1 part per 10,000 and next compare the actinide loss rate
with the Class C criteria for actinides. '

This is illustrated in Table 1 where the first four columns show the isotopes, the annual
production rates, the half-lives, and the decay rates. The fifth column shows the decay
rate of the 1/10,000 of the actinide escaping from the transmuter through the separations
process into the fission product stream. Stabilization of this annually escaping quantity of
actinide waste with 50 m3 of concrete as described above gives the decay rate per gram of
column 6. This may be compared with the class C decay rate limits for these actinides
given in 10 CFR 61 and shown in column 7. Except for the shorter half-life nuclides
238py, 241Am and 244Cm, the concentrations are about a factor of 10 lower than the limits.
For 238Pu we use the limit given in 10 CFR 61.55 for the parent 242Cm. For 241Am we
use the limit given for the parent 241Pu. Applying the sum-of-fractions rule for combining
the decay rates for several isotopes as given in paragraph (a)(7) of 10 CFR 61.55, the sum
is still well below the decay rate limits. Therefore if the separations can be accomplished at
the 1/10,000 level, the remnant could be disposed of as Class C waste.

A similar evaluation of fission products is summarized in Table 2 where those isotopes
with half-lives 10 years or greater are listed along with their production rates, half-lives,
and decay rates. The isotopes are divided into groups according to the treatment received

and each group is discussed below.

Table 1. Actinide Amounts and Concentrations

Concentration Class C

Reduction After Decay Rate
Annual . Decay by Stabilizationd  Limit?
Production Half life Rate Separation® (Nanocuries/ (Nanocuries/

Isotope (Atoms/Year) (Years) (Curies) (Curies) gram) gram)

238py 1.13 x 1023 88 7.5 x 10% 7.5 68 20,0000
239py 41.6 x 1025 24,100 1.0 x 104 1.0 9.1 100
240py 19.2 x 1025 6,560 1.7 x 104 1.7 15. 100
241py, 6.4 x 1025 144  27x106 270.0 2454.5 3500
242p, 3.9 x 1025 375,000 6.1x 101 .006 0.05 . 100
237Np 37x1025 2,140,000 1.1 x 10! .001 0.009 100

241aAm 4.1x 1025 433  55x 104 5.5 50. 3500b
243Am 0.73 x 1025 7,370 5.9 x 102 .059 0.54 100

a.Used decay limits from 10 CFR 61.55
b Used decay limit for parent from 10 CFR 61.55
€ For a separation factor of 10,000

Stabilization with 50 m3 of concrete



Table 2. Fission Product Amounts and Concentrations

Isotope Annual Halflife  Decay Separation Concentration Class C
Production (years) Rate factor and After Decay Rate
(Atoms/Year) (Curidegay rate  Stabilization? Limit
<1025 (Curies)  (Cyries/m3) (Curies/m3)
793¢ 0.13 65,000 11.9 10 1.2 0.024 0.2
90g, 9.0 29.1 1,860,000 10 190,000 3800 7000
937; 15 1,500,000 60 1 60 1.2 2.0
997c 15 213,000 426 100 4.26 0.85 3.0
107pq 4.1 6,500,000 3.8 1 3.8 0.076 2.0
1265, 0.46 100,000 27 10 2.7 0.054 0.2
1291 2.7 15,700,000 1.0 10 0.1 0.002 0.08
135¢¢ 4.2 2,300,000 8.4 100 0.084 0.0017 0.08
137¢s 14 30.2 2,800,000 100 28,000 560 4600
151gm 0.16 90 11,000 300 37 0.74 2.0
85kr 1.0 10.7 560,000 1 560,000

a Stabilized with 50 m3 of concrete

1. 137Cs, 135Cs, and 90Sr. These isotopes cannot be handled as near-surface low-level
waste and they cannot be transmuted with significant beneficial effect using accelerators.
Therefore they must be removed from the waste stream with a separation factor of 10-100.
Column 6 shows the decay rate of the isotope left after the separation. Once isolated, the
cesium and strontium must be stored until their radioactivity decays by about a factor of
100 or for about 200 years before they can also be disposed of as Class C waste.
Containers can be built for containment for this storage period so that geologic storage is
not necessary. The cans must be isolated from the public and protected so that they
maintain their integrity. They must be stored with passive means for decay heat removal
through this storage period. While geologic containment is not required for these relatively
short-lived nuclides, they do not qualify for near-surface storage and new regulations must
be developed for handling them on the transmutation site or at a central limited period

storage site.

2.107pd and 93Zr. These nearly noble metals materials are almost benign with long half-
lives and weak decay energies. No Class C limit is given explicitly for these in 10 CFR
61.54. However the limit for the semi-noble metal 94Nb is given as 0.2 curies/m3. It is
more chemically active than either zirconium or palladium and its decay energy is more than
a factor of ten higher than both. Therefore we assume that the Class C limit for 107Pd and
93Zr would be at least a factor of ten higher than for 94Nb and use the 94Nb limit increased
by a factor of ten to 2 curies/m3 to estimate the regulatory limit . With this limit no
separation of these isotopes from the rest of the fission product waste would be required
before storage as Class C waste and transmutation would not be necessary.



3. 7Se and 1268n. No regulatory limit has been established for these nuclides. We
assume their chemical reactivity is comparable to 94Nb as are their decay energies.
Therefore we use the Class C limit for 94Nb of 0.2 Curies/m3. A separation of a factor of
ten must be achieved to reach the assumed Class C limit for each of these. These isotopes
must be transmuted.

4.99Tc, and 1291, These nuclides are perhaps the most chemically mobile of the long-lived
fission products and regulatory Class C limits exist for them. To reach these limits, the
99Tc must be separated by a factor of 100 and the 1291 by a factor of 10. These nuclides
must be transmuted.

5. 151$m. This nuclide exhibits a very weak decay energy and we therefore assume the

limit of 2.0 curies/m3 derived from the established limit for 94Nb. To reach this limit, the
separation factor must be about 300. The separated material must then be transmuted.

6. 85Kr. This noble gas is difficult to transmute because its cross section is small and gas-
containing systems inside a nearly critical system must be avoided for criticality safety
reasons. According to regulation, it must therefore be stored in 100 Curie or smaller
amounts in separate containers with a volume of about 100 ml. These containers must then
be immobilized in the Class C waste in accordance with 10 CFR 61.54. There are no
regulatory limits to the number of containers, but 5600 would be required per year. It
would therefore probably be preferable to collect the gas in yearly production volumes of
about 10 m3 and store it along with the cesium and strontium. After 200 years the
container confining the remnant could be stored as Class C waste according to regulations.

Of the eleven long-lived fission products, two require no action. The other nine must
be separated using eight chemical separations and five of these must be transmuted and
stored as Class C waste with the other fission product. The remaining four (Kr, Sr and
Cs) must be placed in engineered storage for about 200 years. After the 200-year period,
the latter four can be stored permanently as Class C waste also. The five isotopes to be
transmuted constitute about 6 % of the fission product and will require about 300 moles of
neutrons per 3000 MWt-year of reactor operation. These neutrons may come either from
an accelerator or from the excess neutrons produced by the fission of weapons plutonium
or highly enriched uranium. Once the five long-lived fission products have been
destroyed, the remnant fission product waste can be diluted and stored in concrete at the
rate of 50 m3 per year per 3000 MWt fission power. For the Los Alamos thorium burner,
which transmutes its own fission product and produces 200 MWe (500 MW) for 35 years,
the subsurface storage area required for Class C waste immobilized in concrete if stored
two meters thick would be about 12 m X 12 m.

The uranium and zirconium cladding are nearly benign materials and could be stored in
containers at some central site for probable future use. There is no apparent reason now to
place them in geologic storage where they would be almost inaccessible by definition.

In summary with transmutation and separations factors which need not exceed 10,000
and more nearly 1,000 for actinides and about 100 for fission product remnant waste
would not require geologic storage. For the on-site transmutation of the waste from a



commercial nuclear power plant, the fission product immobilized in concrete could stay on
the reactor site as Class C near-surface waste. The Cs, Sr, and Kr could stay or be moved
in accordance with state and local government decisions. Without the need for a central
geologic repository, the federal government need not become involved in the siting of
waste storage facilities. Its role would be limited to providing the regulatory framework for
near-surface storage.

WEAPONS PLUTONIUM DESTRUCTION (ABC SUBPROJECT OF ADTT)

This is the first of the three applications which were mentioned at the beginning of this
paper and has been pursued under the acronym ABC for Accelerator-Based Conversion.

Excess weapons plutonium (w-Pu) is being made available by major reductions in the U.
S. and Russian stockpile of nuclear weapons and by the clean-up of U. S. and Russian w-
Pu production sites. Altogether more than 100 tons of this material exists! with perhaps 20
% of it eventually being material reclaimed from the production sites. The ultimate
disposition of w-Pu has been the subject of recent intensive study in the U. S. The options

considered basically include three options; (1) burning of the plutonium to the point where
it has roughly the same isotopic composition as commercial plutonium (c-Pu), referred to
as the "spent fuel standard” followed by geologic storage, (2) geologic storage of the w-Pu
without burning after vitrification with defense radioactive waste, or (3) complete burn-up
of w-Pu.

Since there is about ten times as much c-Pu as w-Pu in the world today and the c-Pu is
increasing rapidly, present U. S. policy appears to favor burning the w-Pu to the spent fuel
standard. The advantages of this seem to be that the w-Pu then becomes a small increment
on the already larger c-Pu inventory, the w-Pu is less effective as weapons material, the
radioactivity of the burned w-Pu is a deterrent to the handling of this material in nuclear
weapons fabrication, geologic storage of the burned plutonium makes it much less
accessible than it now is, and the technology to burn the w-Pu to the spent fuel standard

exists now even if it is replicated for the destruction process. The arguments against the
spent fuel standard are that the resulting material is still quite effective for weapons
construction, that it probably could be recovered from geologic storage without great
difficulty, and that there is very little near-term political advantage because it will probably
take 30-50 years to complete the conversion to the spent fuel standard and the placement of
the material in geologic storage.

Perhaps most importantly, disposing of the material this way costs money or yields
negative value from the w-Pu whereas there are clearly large positive-value uses for this
material for start-up of the ADEP system and for ADTT commercial waste destruction.
The destruction of commercial nuclear waste requires supplemental external neutrons all of
which could be supplied by an accelerator. However the neutrons could also be supplied
by fission of weapons material. The weapons materials are valuable for weapons precisely
because they are an excellent source of neutrons. Each fission of 239Pu produces 2.88
neutrons of which one per fission must be used to sustain the chain reaction. An
additional 0.35 per fission are lost because not all neutron absorptions in 239Pu lead to
fission and a total of about 10 % of the neutrons per fission are loss to parasitic capture and
leakage. After subtracting off these losses of neutrons, one is left with about 1.2 excess
neutrons per fission available for other uses. The number of neutrons from HEU is



slightly smaller. In the burning of commercial waste using the ADTT technology, the
accelerator supply of neutrons can be reduced by about & factor of two by the use of w-Pu
or HEU. Since the accelerator source can be reduced significantly and we know roughly
what the cost of the accelerator-produced neutrons is, the price which could be paid for w-
Pu and HEU in this application can be estimated from the savings in cost of the accelerator,

which are relatively well known. The value for w-Pu is found to be perhaps as high as

$250,000 per kilogram®. This value is far more than the value of HEU blended down for
commercial reactor fuel. An even higher price could be paid for w-Pu and HEU for the
one initial load required for the ADEP system without bootstrapping from the commercial
grid using the accelerator.

If one compares the present inventory in the U. S. and Russia of w-Pu and HEU to the
amount required for destruction of the world's nuclear waste, there is a surprisingly good
match, so that all of these materials could be used for commercial waste destruction. It can
be argued that the price quoted above is artificially high because HEU can be separated
from natural uranium at a much smaller price and that therefore a major need for either w-
Pu or HEU would be satisfied by lower priced newly produced HEU. However continued
production of HEU would not be consistent with international agreements to forego the
enrichment of uranium to HEU when much smaller enrichments are quite sufficient for use
as fuel in all of the world's commercial nuclear power plants. International political
agreements therefore probably would make it difficult or impossible to produce HEU for
commercial waste destruction. Nevertheless, a user of HEU or plutonium would argue
effectively against paying the high accelerator-displacement value when it could be
produced anew much more cheaply. A value higher by a factor of two than that for new
HEU might be paid for existing HEU or w-Pu in which case the 100 tons of w-Pu might
be valued at about $50 billion and the ten times larger amount of HEU at about $500
billion. Such high positive values for these weapons materials would be good news from
the perspective of weapons material security since we willing guard our valuables and
grudgingly pay to dispose of our waste. Fortunately Russia still considers its weapons
material valuable and we can expect that it will be more carefully guarded if the U. S.
policy is directed toward maintaining the high value perspective. Furthermore, since the
value for the material is not received until the weapons material is sold for the desired
purpose, one can expect the desire for converting the book value to real value to drive the
sale of the material as soon as the waste destruction facilities are able to use it. The

temptation to hold on to the material for weapons purposes is countered by the high value
which could be obtained when it is sold.

Quite obviously these arguments for use of the weapons material for high value
purposes are inconsistent with w-Pu destruction which is the purpose of the discussion in
this section of the paper. None of the three options for near-term negative value w-Pu
disposition identified by the National Academy Study! would be favored from the
perspective of ADTT. This is especially true since the burning of w-Pu (or HEU) produces
many more neutrons than are required to sustain a chain reaction so that the main purpose
of the accelerator, which also is to produce surplus neutrons, is superfluous. The
accelerator is however useful if high burn-up of the plutonium is required so that there is
virtually no plutonium in the waste stream and the isotopic composition is incompatible
with use of the remnant as weapons material.



Thas the Los Alamos National Laboratory has proposed an accelerator-driven
subcrifical system? in which fission product poisons are allowed to build up until not only
sufficiently to consume the excess fission neutrons from w-Pu fission, but also the
supplemental neutrons from the accelerator. The system achieves very high burn up
w1th0ut fuel reprocessing or fuel fabrication and refabrication. Also no chemistry for
ﬁssﬁ)n product removal is required. The General Atomic Corporation has proposed a
program with a similar objective. Its helium-cooled graphite-moderated reactor with w-Pu
fuel_particles suspended in the graphite has been proposed as the first stage of w-Pu
destruction. After the Pu has been burned sufficiently that it will not sustain criticality, the
fuel is transferred to an accelerator-driven assembly which continues to destroy the
plutonium using accelerator-generated neutrons until Kefr of the system has dropped to
about 0.6. The burn-up of the Los Alamos and the General Atomic systems are similar and
are the highest of any of the proposed w-Pu-burning systems; neither require fuel
reprocessing or fuel refabrication. Present U. S. DOE policy towards w-Pu burning seems
to be to burn the Pu only to the spent fuel standard. The Los Alamos ADTT Project Office
position is that preferably the w-Pu either should be burned completely or reserved for
enhancing commercial spent fuel waste transmutation as described above with the latter

choice much preferred.

ACCELERATOR-DRIVEN ENERGY PRODUCTION (ADEP SUBPROJECT
OF ADTT)

Perhaps the most important element of the ADTT project over the long term is
Accelerator-Driven Energy Production (ADEP) which uses thorium as a nuclear fuel. The
system is based on the Th-U cycle which in which 232Th is converted by neutron capture to
thermally fissile 233U. This cycle has been studied extensively® for use in commercial
nuclear reactor power generation. The primary objective of the molten salt reactor
experiment was to show that an effective breeder reactor could be built on this cycle which
produced more 233U than it consumed. This reactor technology lost out to the fast breeder
based on the U-Pu cycle because its breeding ratio was barely larger than unity even when
fission products were promptly removed from the fuel. The U-Pu cycle showed much
higher breeding ratios at a time when plutonium was in demand rather than in excess.

A major advantage in the present climate is that the Th-U cycle produces almost no
plutonium. The Th-U cycle development program was also focused on a molten salt liquid
fuel program with on-line removal of fission products, and the operation of a liquid fuel
reactor was demonstrated with the several-year Molten Salt Reactor Experiment (MSRE) at
the Oak Ridge National Laboratory. Not only could fission products be continuously
removed from this system but the liquid fuel allowed the reactor to be continuously

refueled. For this reason the MSRE still holds the world record for the longest continuous
chain reaction. A great deal of successful research was done on the materials to contain the
salt and all of the ADTT projects rely on the materials work done for the MSRE. While the
MSRE had virtually no actinide waste stream, it had the usual fission product waste and its
neutron economy did not allow it to breed as much 233U as it burned and still have excess
neutrons left for transmutation of its fission products.

By preserving many of the design features of the MSRE and introducing an accelerator
into the system, one achieves the capability to produce as much 233U as is burned so that

el



the nearly unlimited energy available in thorium can be accessed. In addition the extra

accelerator-produced neutrons enable the long-lived fission products to be avoided so that
there is no long-term high-level waste stream from this system. Because of the
subcriticality of the system a runaway chain reaction can be made much smaller than any
reactor and perhaps the probability for such an event can be reduced truly to zero. These
three features of "unlimited" energy, criticality safety, and absence of high-level waste are
the highly touted features of fusion systems which have been heavily studied for the many
years. We believe that we can demonstrated these benefits to society during the coming
decade by merging established reactor technology with the existing highly developed
accelerator technology. The system produces almost no plutonium and it is has excellent
non-proliferation features. This system has already been described in some detail at the

beginning of this report so we will concentrate mostly here on the non-proliferation features

which are of vital importance for any new nuclear power system

All existing commercial reactors for production of nuclear power produce plutonium as
a by-product which is seen by many as an asset because of the additional power which can
be derived from it. Others see it as a serious liability since it can be used for nuclear
weapons and because of radiological concerns. The established means for separating the
plutonium for reuse in reactors produces a stream of "naked" plutonium. This plutonium is
pure and unmixed with other material which would inhibit its usefulness in nuclear
weapons. This material might be diverted in the separation facility, in storage, in transport
to fuel fabrication facilities, etc. There is the fear that in some countries it will simply be
stockpiled for planned or possible future use in nuclear weapons. Therefore the U. S. has
followed a policy of discouraging the reprocessing of commercial spent fuel and the use of
plutonium for energy generation.

Instead the U. S. and Sweden follow a once through cycle where the spent fuel would
go directly from reactor storage to geologic repository storage. Some are concerned about
the conmsistency of U. S. policy if the once-through policy is proposed as the waste
management solution which will promote the much greater use of nuclear power
throughout the world. In that case there eventually would be many repositories spread all
over the world which could be mined for plutonium. Furthermore the reactor-grade
plutonium decays into weapons-grade plutonium. Therefore neither reprocessing, as it is
presently performed, nor once through geologic storage are entirely satisfactory solutions.
The ADEP program offers the opportunity to have the benefits of nuclear energy without
the weapons potential from plutonium or other material which could be uséd for nuclear
weapons.

The ADEP system is fed 232Th and transforms it to 233U which is then fissioned to

obtain the nuclear electric power. After a stable equilibrium is reached, there will always be
a fixed amount of 233U in the system which might be accessed for nuclear weapons.
A number of non-proliferation features of the ADEP system will be described below which
limit the amount of 233U available to a much lower amount than 239Pu in current LWRs,
limits its accessibility, allows simple detection of any diversion attempt, and allows low
impact actions to forcefully terminate diversion underway if necessary.



Limiting the Amount of Fissile Material Present

Fast reactor technology which is being pursued in many countries around the world
carries a large inventory of plutonium. The fundamental reason for this is that the fission
cross section for 239Pu in the fast neutron spectrum is smaller by about a factor of 100 than
that for thermal spectrum fission of 239Pu. Therefore, other things being equal, the
inventory for the thermal spectrum system is smaller by about a factor of 100 than for a fast
spectrum system. The neutron flux for the thermal system is about a factor of ten smaller
so that as a practical matter the thermal system requires about 10-30 times less material than
a fast spectrum system. The same situation is true for 233U when fast and thermal
spectrum systems are compared. - Generally speaking the ADEP system will carry about the
same amount of 233U as an LWR has of 235U and 239Pu together if the flux and power
level are the same. The primary point here therefore is that the ADEP system carries a
much smaller inventory of potential weapons material than the fast reactors under

development in other countries.

Isotopic dilution of 233U in ADEP

If the 233U were diluted with 238U to the 20 % level or lower, the 233U would be
classified as non-weapons material according to present regulations. A 500-MWt thermal
ADEP system can be brought immediately into power production by a start-up inventory of
10,000 kg of Th and 700 kg of 20 % low enriched uranium (LEU) where the 20 % is
235U. The original 235U will be burned out over time and replaced with 233U derived from
the thorium. The distribution of isotopes reached after ten years of operation is given in
Fig. 3 where the amount is given in grams. At ten years, which is essentially equilibrium,
the uranium fissile material inventory will be 100 kg of 233U along with 10 kg of 235U for
a total fissile content of 110 kg. The amount of 238U present at this time is about 600 kg so
that the required isotopic dilution of about 20 % is maintained. However the inclusion of
238U in the systems will result in the production of a small amount of 239Pu. The isotopic
distribution of plutonium as 239, 240, 241, 241, and 242 is present in the amounts of 1.2,
1.2, 0.3, and 2.5 kilograms. The ratio of fissile to total plutonium is 0.29 so that the
plutonium would be very poor quality weapons material and there would be only 5.2 kg of
plutonium altogether to be accessed.

"Raiding" the Adep for 233u Through 233pa

The conversion of 232Th to 233U is a three-step process involving neutron capture by
232Th to produce 233Th which decays almost immediately to 233Pa, which itself
subsequently decays with a 26-day half-life to 233U. Fig. 3 shows that the inventory of
233Pa in the system is about 22 kilograms. If operation of the ADEP system were
interrupted and the molten salt removed, it would be possible in principle to separate the
233Pa before it decayed to 233U from the 8000 kg of other actinide. If such a separation
could be completed in about 26 days, about half of the 233Pa could be recovered. When
this half decayed to 233U, the 11 kilograms of 233U resulting would be useful weapons
material. The separation in question would be a dangerous activity in view of the very high
radioactivity of the salt so soon after shut-down. Ordinarily spent reactor fuel is allowed to
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Fig. 3 Actinide isotopic distribution for the ADEP system. The distribution of actinide
isotopes for the ADEP system is given ten years after start-up long after the system has
reached equilibrium. The fission power level of the system is 500 MWt. The system was
started with 10,000 kg of thorium and 700 kg of 20 % enriched uranium. The inventory is
given on the ordinate in grams for isotopes from 232Th to 246Cm. The 233U is diluted with
238U such that the 233U is never useful weapons material. The amount of plutonium in the
system is very small and is of a very poor isotopic ratio. The 233Pa decays in 26-days to
233U. As described in the text it might be possible, using heroic measures, to extract a
fraction of the 22 kg present. The loss of this material would have a significant effect on
Keff and probably could be readily detected remotely.,

decay 300 times longer (about 10 years) before separations begin. A further operational
factor would be that the value for kegs for the system would have dropped to about 0.85
from the normal value of about 0.95 by the removal of the 11 kg of 233Pa. This may be
compared with about 100 kg of plutonium which could be recovered from the interruption
of operation of an LWR operating at the same thermal power level, A fast spectrum reactor
of similar power would carry about 1000 kg of accessible plutonium.

With the removal of the 11 kg of 233Pa, the thermal power level would have decreased
by a factor of three and the net electric power into the commercial grid by a factor of about
five while the accelerator power would have remained the same. The power level would
recover over a period of several months, but the inconsistency between the accelerator
power and the electric power output would be readily observed by infrared mapping from
satellites or by other means.

Benefits from "Lock-Up" of 233pa

There are two disadvantages if the 233Pa is allowed to circulate freely in the salt. The
first is that a "raid" on the 233Pa might be started by draining the salt, although the follow
on separations would be exceedingly sophisticated and dangerous. The second is that
performance degradation through neutron capture on 233Pa limits the flux to about



2 X 1014 n/cm?2-s. Five times higher flux at the same power level would mean only about
4.5 kg of 233Pa inventory or of any of the other major constituents of the internal
inventory. The gain from internal isolation of the 233Pa during its decay period would offer
many benefits in overall system performance.

Start-up without Fissile Material

There might be nations which could benefit greatly from nuclear power but which are
considered to be substantial proliferation risks. In those cases providing non-radioactive

LEU at 20% enrichment to start up the system might be considered a proliferation risk in
that much of the enrichment towards highly enriched uranium has already been done. The
start-up load might be diverted for enrichment for weapons use instead of being used for its
intended purpose. The ADEP system can be brought into operation with no fissile material
at all. For a system initially containing only 232Th, the accelerator can be powered off the
commercial grid and the neutrons produced used to produce 233U. As the fission of the
233U increases, the neutron flux also increases generating even more 233U so that over a
period of six to twelve months the system bootstraps itself to full power. No reactor
existing or under development can operate with absolutely no fissile fuel load.

Remote Detection of Anomalous Operation and Possible Diversion

All conventional nuclear power systems deployed or under development use solid fuel
which must be enriched, fabricated, brought to the site, burned, stored, eventually removed
from the site, perhaps reprocessed, returned to the site, and finally placed into a repository.
Each of these transfers might require a measurement to confirm the amount of fissile
material present in the system. If each measurement could be done to 1 % accuracy and
nine were required, the total uncertainty over the fuel cycle for nine independent
measurements would be about 912X 1% =3 %. Since a 3000-megawatt reactor typically
burns about 1200 kg of fuel per year, the real uncertainty in the fissile fuel in the system is
about 36 kg. About half of this might be plutonium which could be diverted into nuclear

weapons without being missed.

In contrast, no power is generated in ADEP without the operation of the accelerator and
all of the fuel is generated internally. No actinide must be removed from the system in the
course of normal operation of the system. The accelerator beam power, the fission power,
the electric power generated, the electric power consumed by the accelerator and the plant,
and the power fed into the external grid must all be internally consistent. If the accelerator
power is increased, all of the other power levels must increase in a fixed relationship. If
the plant is found to be operating out of balance, for example by power meters at the
strategic points or by satellite infrared mapping, it is a signal that material diversion might
be underway. A more detailed study of these anomalous conditions and their dependence
on the rate of feed of thorium and the rate of removal of fission products might provide
means to sense remotely when the source of the anomaly is nuclear material diversion.



Limited Consequences of Extreme Measures to Control Diversion

If an existing operating reactor is suspected or determined to be used for production of
nuclear weapon material, the ultimate response by those alarmed could be the destruction of

the nuclear reactor. There is a significant possibility that such action could lead to
widespread death for the surrounding public and land contamination near the reactor. With
such consequences the destruction of a reactor after it has begun operation is probably
impractical. The accelerator component of the ADEP system is large and easily damaged
into inoperation without significant possibility of damage to the target-blanket itself and the
release of radiation. Diversion therefore can be terminated without exposing the
surrounding population to significant danger.

COMMERCIAL WASTE TRANSMUTATION (ATW SUBPROJECT OF
ADTT)

The objective of the Accelerator Transmutation of Waste (ATW) subproject of ADTT is
to destroy the actinide and long-lived fission product waste from commercial nuclear
reactor spent fuel. If the separations can be done sufficiently well, storage of the remnant
waste could be in near-surface sites rather than in geologic storage facilities. The amounts
of material requiring transmutation and the selectivity of chemistry separations has already
been described in the section of this report entitled, "Geologic Storage and the ADTT
System." Separation factors of about 1/100 are shown to be adequate to meet Class C
storage criteria for fission product and about 1/10,000 for the plutonium and other minor
actinides.

The ATW system also has means for continuous feed of waste from commercial light
water reactors. To many this would appear to require the separation of plutonium and other
components of the waste before feeding them into the system. This is referred to as
reprocessing which was forbidden in the U. S. by President Carter by Executive Order.
Even though this order expired when he left office, as a practical matter it has continued to
govern U. S. internal policy on spent fuel and our foreign policy position has strongly
attempted to discourage the reprocessing option for commercial spent fuel. The purpose is
to reduce the opportunity for diversion of commercial plutonium to nuclear weapons
purposes and to prevent the accumulation of large inventories of this material which is
considered by many to be highly dangerous. Because of the excess neutrons provided by
the accelerator, front end reprocessing is not required. The ATW system would require
only the removal of the zirconium cladding and the uranium. All of the other actinide and
all of the fission product can be fed into the blanket, because the capabilities for removal of
the fission product already exist in the back-end separations system.

The front-end removal system has not been selected but there are at least two options
under consideration. One would involve the crushing of the spent fuel assemblies which
contain mostly UO> and the oxidation of this to U30g. The volume expansion on the
transformation to a higher oxide and the resulting conversion of the spent fuel to fine
powder allows the spent fuel to be poured out of the spent fuel assemblies. Separation of
the spent fuel from the cladding might approach 99 % for this process, but that might not
be adequate and it might be difficult to clean the hulls further. Another means of removing
the cladding might be to burn the spent fuel assemblies in a chlorine atmosphere over a
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plasmia torch converting the zirconium to volatile ZrCls. The oxide in the cladding however
would fall as rubble into the bottom of the chlorination facility and be collected for

subsgquent fluorination. The bulk of the spent fuel is uranium and this would be removed
as volatile UFg. All of the other spent fuel material including the fission products, the
plutomum and other higher actinides would be converted to fluorides and fed directly into
the*ATW system by dissolving them in the molten salt carrier.

In contrast to the aqueous reprocessing system developed long ago and now in
common use, the processes described do not produce a pure stream of "naked" plutonium.
The plutonium is never separated from the most highly radioactive components of the spent
fuel, but only from the relatively benign zirconium and uranium. The front-end separation
required for the ATW therefore produces a stream which is mostly highly radioactive
fission product and separation of the plutonium from this fission product and from the
other actinides would be required before it could be used in weapons. It is also important
to mention that the front-end separations for the ATW system would be an integral part of
the ATW system so that product stream from the Zr and U removal would be difficult to
access.

Commercial nuclear power plants are typically sized at 3000 MW thermal and produce
about 300 kg of plutonium and other higher actinide per year while fissioning 1200 kg of
fissile material per year. Therefore an ATW system operating at the same fission power
level of the LWRSs could burn the waste from four LWRs if its operating life were the same
as the LWRs. Destroying the LWR waste arising from the roughly 100 LWRs in the U. S.
using ATW systems would require the deployment of about twenty five 3000-MWt ATW

systems if the waste were to be destroyed in about 30 years. Unless the income from

electric power sales were sufficient to offset the capital and operating costs of the ATW
system, the cost of destroying the waste by this means could be prohibitive. The economic

picture for the ATW system will be less favorable than for the ADEP system because the
ADEP system need only destroy its own waste and only a modest accelerator is required
for the modest neutron supplement. However the ATW system must destroy not only its
own waste but also that from the four LWRs. Substantially more accelerator-produced
neutrons are required therefore with greater capital cost for the larger accelerator and for the
additional power which the accelerator consumes.

There is an attractive way around this. Presently the U. S. and Russia are reducing
their weapons stockpiles and freeing up large amounts of highly enriched uranium and
plutonium. Both are excellent sources of neutrons, which is part of the reason why they
are ideal weapons materials. Over the long run it is probably unsafe to store these materials
and so they will have to be destroyed almost certainly by fission. If some of these
weapons materials are consumed in the ATW system, the excess neutrons can make up for
some of the neutrons which otherwise would have to be supplied by the accelerator.
Therefore by burning these weapons materials concurrently with the destruction of the
commercial nuclear waste, the size of the accelerator probably can be reduced by at least a
factor of two. With the resulting benefit to the economic picture for the ATW system, the
destruction of the waste using the ATW system might be practical. A comparison between
the amount of LWR waste and the amount of excess weapons material available shows that
there is a satisfactory match.

There are other practical matters concerned with the practical deployment of the ATW

systems. These systems will probably have to be located at government reservations and



operated in clusters both because of the sheer size and the use of the weapons material. If
four ATWs were located on the same site, the electric power output into the local

commercial grid would be about 3-4 gigawatts electric from each reservation and there
would have to be about three sites if all of the waste was to be burned in 60 years. It is not
easy to reliably estimate the U. S. power requirements over the next 30-50 years and how
the power will be produced, but having access to a commercial market for the electric
power from the ATW systems is an important consideration for this deployment option for _
the ATW system.

There is a second ATW deployment option for the destruction of the LWR waste which
is a hybrid of the ATW and ADEP systems. This would involve the replacement of
existing LWRs at the end of their life with an ATW system on the same site feeding the
same amount of electric power into the grid. The ATW system would over its life destroy
the waste from the LWR and also its own waste stream. About 25 % of its power would
be derived from the actinide waste from the LWR and the rest from thorium. The
accelerator requirement would be about the same as that for the other ATW deployment
option, but no weapons material would be required. Of course it probably would not be
desirable to have these weapons materials being delivered to the approximately 100 ATW
systems operating in follow-on to the existing 100 LWRs. An advantage of this
deployment scenario is that the waste need not leave the site, some level of radioactivity

inventory already exists on the site, and there is probably a clear market for the ATW
electric power and an existing distribution system. Under this scenario, the amount of
nuclear power would continue to be at least as large as that produced today. The present
system would have been replaced with systems which do not produce the waste stream of
existing LWRs, which avoid the criticality and after heat safety concerns of existing
reactors, and which nullify the requirement for a nuclear infrastructure of mining,
enrichment, fuel fabrication, reactor, fuel storage, reprocessing plants, and fuel
refabrication. The requirements for geologic storage of remnant waste would be greatly
reduced or perhaps made entirely unnecessary depending on the technical and economic
performance of the system.

In summary, the first ATW deployment option carries more of the features which might
be associated with a nuclear close-out option. The second option could provide a bridge
over the next 30-50 years from the present LWRs with their major infrastructure
requirements to the ADEP systems which operate with little infrastructure support .

PRESENT STATUS AND SUMMARY

This paper describes a new accelerator-based nuclear technology which offers total
destruction of the weapons plutonium inventory, a solution to the commercial nuclear waste
problem which greatly reduces or perhaps eliminates the requirement for geologic waste
storage, and a system which generates potentially "unlimited energy from thorium fuel
while destroying its own waste and operating in a new regime of nuclear safety. The
accelerator technology is already rather mature after 50 years of development and is being
driven by other programs. Reactors are also well understood after 50 years of development
of many different reactor types. The next essential step in the ADTT program is
demonstration of the successful integration of reactor and accelerator technology in an
experiment of significant size. Such an experiment has been proposed for the Los Alamos



Meson Physics Facility (LAMPF) at Los Alamos and for the Moscow Meson Factory at
Troitsk, Russia. For a system operating at a keff = 0.96, LAMPF would drive the system
at a power level of 40 MWt thermal. Of course lower powers are contemplated for the
earlier stages of the experiment which might extend over about seven years including both
construction and operation.

The experiment would be accompanied by research and demonstration, at about the
same technical effort as the experiment, on the required separations in the molten salt
context. Perhaps seven years hence, an integrated demonstration of the ADTT system
could be in operation at the 200 MWt level, with the deployment of the ADTT system
beginning in about fifteen years. This time scale is approximately the same as the earliest
planned opening of a geologic repository in the U. S. or elsewhere.
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A High Gain Energy Amplifier Operated with Fast Neutrons
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CERN, Geneva, Switzerland

Abstract. The basic concept and the main practical considerations of an Energy Amplifier (EA) have
been exhaustively described in Ref. [1]. Here the concept of the EA is further explored and additional
schemes are described which offer a higher gain, a larger maximum power density and an extended burn-
up. All these benefits stem from the use of fast neutrons, instead of thermal or epithermal ones, which
was the case in Ref. [1]. The higher gain is due both to a more efficient high energy target configuration
and to a larger, practical value of the multiplication factor. The higher power density results from the
higher permissible neutron flux, which in turn is related to the reduced rate of 233Pa neutron captures
(which, as is well known, suppress the formation of the fissile 233U fuel) and the much smaller k
variations after switch-off due to 233pa decays for a given burn-up rate. Finally a longer integrated burn-
up is made possible by reduced capture rate by fission fragments of fast neutrons. In practice a 20 MW
proton beam (20 mA @ 1 GeV) accelerated by a cyclotron will suffice to operate a compact EA at the level

of =1 GWe. The integrated fuel burn-up can be extended in excess of 100 GW d/ton, limited by the
mechanical survival of the fuel elements. Radio-Toxicity accumulated at the end of the cycle is found to
be largely inferior to the one of an ordinary Reactor for the same energy produced. Schemes are proposed
which make a "melt-down" virtually impossible. The conversion ratio, namely the rate of production of
233y relative to consumption is generally larger than unity, which permits production of fuel for other
uses. Alternatively the neutron excess can be used to transform unwanted "ashes" into more acceptable
elements.

1.— INTRODUCTION

The Energy Amplifier (EA) has been extensively discussed in Ref.[1]. The main feature of
such a concept, when compared to the conceptual design of Bowman et al. [2], is that it operates
in conditions which ensure no chemistry on line is required in order to extract quickly the 233pa
which is the essential ingredient of the Thorium breeding into 233U. At sufficiently low flux, a
“decay dominated regime” sets in, in contrast with the “capture dominated regime” chosen for
instance by Bowman et al. [2]. ' ’

Both schemes, as well as most of the work on the subject [3] refer to the use of thermal
neutrons, for which much is known from the experience of Nuclear Reactors. We shall denote
such broad class of devices as Thermal Energy amplifiers, (T-EA). In Ref. [1] we had already
proposed to use epi-thermal neutrons in order to extend the technology of Pressurised Water
Reactors (PWR) to the EA (PW-EA). In this Sperating mode a significant part of the action is
taken over by the resonance region.

The present note explores the possibility of building an EA which operates in analogy to a Fast
Breeder Reactor in the region of fast neutrons, namely well above the resonance region, with an
average neutron energy of the order of 105 + 106 ¢V. In Contrast with the T-EA we denominate
this novel device as a Fast Energy Amplifier (F-EA). The conceptual sketch of the three devices,
namely T-EA, PW-EA and F-EA is shown in Fig. 1.

The extensive exploration of such a device performed in this paper shows that it has
remarkable features and it overcomes several of the limitations of the T-EA. However, in
contrast with the PW-EA, which relies largely on. the well mastered technique of the PWR’s, a
non-moderating coolant must be chosen. In view of the considerable safety problems related to



liquid Sodium, chosen almost universally in the Fast Breeder Reactors, we have opted for
definitess for liquid Lead, for which so far little experience exists, if not for some small reactor
developed in the former Soviet Union and for the use in the USA of the rather similar metal,
Bismuth as cooling agent [4]. Another overwhelming reason for choosing Lead (or Bismuth, or
an eutectic mixture of the two) is the fact that these materials are high energy targets which offer
an excellent neutron yield and therefore the coolant material can also be the first target for the
high energy-proton beam.
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T-EA PW-EA F-EA
Fig. 1. Altemative Energy Amplifier schemes.

A second major difference of F-EA when compared to a T-EA is that the neutron flux and the
related radiation damage are now some one hundred times larger. This is a well known problem
of the Fast Breeder reactors and apparently has been solved [5] at least for burn-ups of the order
of 100 GW(t) day/ton.

The motivations in accepting these additional changes is in our view overwhelming in view of
the considerable improvement in performance when compared with a classic T-EA, namely (1) a
higher gain (G = 100+150) , (2) a larger maximum power density (= 160 MW(t)/ton(Th)) and 3)
an extended burn-up (2100GW(t) day/ton(Th)).

The higher gain is due both to a more efficient high energy target configuration and to a
larger, practical value of the neutron multiplication factor k. The higher power density results .
from the higher permissible neutron flux, which in turn is related to the reduced rate of 233Pa
neutron captures (which, as well known, suppress the formation of the fissile 233U fuel) and the
much smaller k variations after switch-off due to 233Pa decays for a given burn-up rate. Finally a
longer integrated burn-up is made possible by reduced capture rate by fission fragments of fast
neutrons and it is limited by the mechanical survival of the fuel elements.

* In practice a 20 MW proton beam (20 mA @71 GeV) accelerated by a cyclotron will suffice to
operate a compact EA at the level of =~ 1 GW,. The integrated fuel burn-up can be extended in
excess of 100 GW d/ton, limited by the mechanical survival of the fuel elements.

The F-EA has a larger neutron yield than the T-EA and smaller losses associated to poisoning
due to fission fragments and higher isotopes of Uranium. TFherefore one can breed fissile 233U in