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1 INTRODUCTION

Nuclear power generation has been a mature industry
for many years. Presently (30 June 1999) there are
428 operational power reactors in 37 countries with
an installed power generation capacity of 348,879
MWEN and an additional 98 reactors are either in
construction or planned. Nuclear power accounts for
17% internationally of all electricity generation and
in countries such as France it comprises the prime
source. Despite comments of some commentators, the
safety record of the nuclear power industry has been
extremely good. By the end of 1996, in a total
cumulative operating experience of 8135 years, there
has only been the Chernobyl accident with
consequences to the outside community. This
accident did demonstrate that a very severe accident
has the potential to cause national and regional
radioactive contamination and has caused nuclear
authorities to redouble their efforts to increase safety.
However, despite the overall safety record and the
great attractions of nuclear power, especially in times
of concern about green house gases emissions, there
continues to be some lack of public acceptance of this
technology. This sensitivity to nuclear power has
several elements in addition to the concern of a
potential nuclear accident. These include the possible
diversion of plutonium into nuclear weapon
production and the concern about the long term
storage of plutonium and other transuranic elements.

A concept which seeks to allay these fears but still
takes advantage of the nuclear fuel cycle and utilises
decades of research and development in this
technology, is the idea of using modern accelerators
to transmute the long lived radio nuelides and
simultaneously generate power. Of the various
proposals at the present time, the most developed is
the Energy Amplifier Concept promoted by Rubbial).
The possibility of using high-energy, high-current
accelerators to produce large fluxes of neutrons has
been known since the earliest days of accelerator
technology. E.O. Lawrence, for example, promoted
the concept of producing nuclear material with such

an accelerator. The Canadians in the early 50s
considered using accelerators to produce fuel for their
heavy water reactors and there were well advanced
designs for a device called the Intense Neutron
Generator2). The speculative idea of using
accelerator produced neutrons for the transmutation of
transuranic elements (i.e. elements such as neptunium,
plutonium and other elements with higher Z atomic
number) has also been studied extensively, notably at
a number of laboratories in the US, Europe and
Japan. However at this time, all facilities that have
actually been constructed have been designed
primarily for condensed matter studies i.e. studies of
the structural properties of materials. These include
the ISIS facility at the Rutherford Appleton
Laboratory in the UK, facilities at Los Alamos
National Laboratory and the Argonne National
Laboratory, USA, the SINQ facility at the Paul
Scherrer Institute, Switzerland and the KENS facility
at the KEK laboratory, Japan. Such experimental
facilities, with the possible exception of SINQ, have
relatively low accelerator beam power and would not
be suitable for a serious study of transmutation or
ultimately energy production. However, they have
provided extremely valuable data which can be used
in the design of more powerful facilities.

In recent years, accelerator technology has advanced
to such an extent that the possibility of building a
proof of principle facility which explores,
experimentally, ideas in transmutation and energy
production, has become viable and proposals exist for
several different plants.

2 SYSTEMATICS OF NEUTRON
PRODUCTION VIA THE SPALLATION
PROCESS

The physical process that is involved in the
production of large numbers of neutrons using high
energy accelerators is called the Spallation Process.
The typical spallation neutron source comprises a
proton accelerator with a full energy of about 500 -
3000 MeV in which the proton beam is directed
into a cooled heavy element
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Figure 1. Neutron yield as a function of proton energy for various sizes of target materials

target. The neutron production caused by the
interaction of the high energy proton beam with
the target material is shown in Figure 1 as a
function of incident proton energy for various
target elements35. The neutron yield/MeV of proton
energy increases with target atomic number and,
for a 1000 MeV (1 GeV) facility, is approximately
1 neutron/28 MeV for a reasonably large 238U
metal target and 1 neutron/40 MeV for a lead
metal target

3 NEUTRON ECONOMY IN A NUCLEAR
POWER SYSTEM

In a critical nuclear power system, heat generation
occurs through nuclear fission of the atoms of a
fissile core, typically 235U. In an average fission
event in 235U, 200 MeV of energy is released and
this is accompanied by the emission, on average, of
2.43 neutrons. These neutrons can be absorbed by
many of the structural elements in the reactor and
can also induce additional fission events in other
235U nuclei. The process is self sustaining if, on
the average, one of these neutrons induces a new
fission event. The parameter that describes the
state of criticality is called k. For a steady state
nuclear reactor, k = 1. If k <1, the reactor will shut
down. If k >1, then an incident will occur unless
there is some intervention by the safety systems to
reduce k.

In all spallation systems currently in operation
(such as the ISIS facility at the Rutherford
Appleton Laboratory), the neutrons produced in
the heavy element target have a relatively small

probability of causing an additional fission event
i.e. k is close to zero. Thus the total heat in the
spallation target is very little greater thathabrought
in by the accelerator beam. However, in the new
concepts being investigated, the spallation target is
surrounded by a region containing nuclear material
that will readily undergo neutron fission, e.g.
isotopes of elements such as uranium, plutonium
and, to a lesser extent, thorium. To ensure that the
resulting system is subcritical, i.e. that it will cease
to function immediately the accelerator beam is
switched off, the criticality constant k must be less
than 1. Values that have been considered in
various studies range from k = 0.89 to 0.98. It can
be shown that, in a subcritical system, each
external neutron introduced into a subcritical
assembly will induce, on the average, a chain of
fission events given by the parameter Mf

where r\ is the average number of neutrons emitted
per absorbed neutron in the surrounding
fissionable material. Thus for a subcritical
assembly with k = 0.95, each external neutron
entering the assembly will give rise on the average
to a chain of 9.5 fission events. Since the energy
required to produce one neutron in a lead target is
approximately 40 MeV and each fission in 235U for
example releases 200 MeV,
multiplication Me is given by

Me = (200/40)Mf

the energy

and in the case being considered is approximately
50. Thus, if the design intention were to achieve a
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total energy generation of 1000 MW, the required
accelerator beam power feeding a subcritical
system with k =0.95 would be 20 MW. For a 1
GeV proton accelerator, this translates into an
average beam current of 20 mA. Of course, the
fissile material in which fission is induced is burnt
up in the process. If this material were say
plutonium then the process which produces power
would at the same time convert or transmute the
long lived plutonium into shorter lived fission
products. This process is called transmutation.
Thus a facility based on this idea would have the
dual property of energy production and
transmutation. In an energy producing
installation, the generated heat would have to be
converted into electrical energy part of which
would have to be fed back to drive the accelerator.
It is essential therefore that the high energy
accelerator driving the system has to be extremely
efficient in converting the operational power into
beam power. In the following sections, various
components of an operating system, i.e. the
accelerator structure, the spallation target, the
multiplying assembly and blanket and the fuel
composition are considered.

4 High Energy High Current Accelerators
High energy physics studies and the numerous
synchrotron radiation sources that have been
developed as a byproduct of these studies have
driven major advances in accelerator technology.
Not only has the capability for high energy
generation and the reliability for high current
operation increased significantly but the energy
efficiency, i.e. the proportion of the total
operational power that goes into the beam energy,
has also increased. This increase in efficiency is
illustrated in Table 1 where the efficiencies for
several accelerator facilities are compared. The
table includes the tandem accelerator at Lucas
Heights, ANTARES4), which is an upgraded
nuclear physics facility of the 1960s modified for
applied physics studies notably Accelerator Mass
Spectrometry, and several high energy physics
facilities at CERN. It should be pointed out that
high efficiency for beam power was not a prime
consideration in the design of these accelerators.
However, for the National Medical Cyclotron
(NMC), the cyclotron at the Paul Scherrer Institute
and the more advanced version of that design
listed in the table, high power efficiency was a key
feature of the design.

Table 1

Efficiencies of Proton Accelerators

Accelerator

ANTARES 4)

CERNSC
CERN PS
CERN SPS
NMC ANSTO
PSI5)

PSI design 5)

Energy
(GeV)
0.02
0.5
24

400
0.03
0.6
1.0

Power
Consumption

(MW)
0.1
1

12
52
0.1
3
13

Beam
Power
(kW)

0.1
0.62
40
360
20

1000
6000

Efficiency %

0.1
0.065

0.3
0.69
20
30
46

To achieve the design requirements for an energy
amplifier - transmutation facility, two different
types of accelerator structure can be considered to
drive the spallation targets. These are illustrated
in Figure 2. The first is a three stage cyclotron6)

which is an extension of the SINQ accelerator at
the PSI 5). It consists of two small injector

cyclotrons feeding an intermediate energy
cyclotron which then feeds a separated sector
cyclotron providing a final energy of about 1000
MeV. Mandrillon has described a version of this
concept;. The approximate cost of the accelerator
hardware for the PSI design45 is about $250M6).
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Figure 2(a). Cyclotron based Accelerator6*
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Figure 2(b). Linac based Accelerator

An alternative option which uses the experience in
accelerator design at the Los Alamos, Argonne,
Rutherford, CERN and other laboratories is based
on a linear accelerator. An example of this option
is shown in (b) which is taken from the Japanese
proposal propounded by Mizumoto8). The higher
energy stage of this accelerator would be a
superconducting high beta cavity linac.

It has not been established at this time which of the
two options would be the more economical.
Rubbia8>9), for example, has given consideration to
both options. However some comments can be
made. For design energies below 1 GeV, the
cyclotron would probably be preferred. Above this
energy, cyclotron design becomes more difficult.
For beam power exceeding 15 MW, there would
also be some problems with the design of a
cyclotron and multiple units driving the same
target system would be required. However it

should be emphasised that both accelerator
concepts are well within current design capability
and it is now considered that beam efficiencies
approaching 60% can be achieved. Recently
because studies associated with the ATP project at
LASL considerable progress has been made in the
development of the linear accelerator option10'.

5. SPALLATION TARGET - HEAT
GENERATING UNIT - MULTIPLYING
ASSEMBLY

A very large range of options have been considered
for the beam target, the fuel in the multiplying
assembly and even the chemical composition of the
fuel material. The range of possibilities reflects
the increasing interest internationally of this
development. Table 2 lists the target materials
along with the beam powers of several operational
spallation sources.
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Table 2

Beam Powers and Target Systems for Operational Spallation Sources

Spallation Source

ISIS - RAL
LANSCE-LASL
SINQ - PSI
IPNS Argonne
KENS
ESS under design

Beam
Energy
(MeV)

800
800
600
550
550
1334

Beam
Power
(kW)
160
60
900
7
3

5000

Target
Material

Tantalum,Uranium
Tungsten

Liquid Lead
Depleted Uranium
Depleted Uranium

Mercury

These facilities as stated before are relatively low
power installations, they are not part of
multiplying assemblies and they have been
designed primarily for studies of the structure of
materials using the neutrons generated in the
target system. Although designs for high power
target systems take advantage of the experience
gained from the operation of the facilities listed in
Table 2, when the multiplying assembly and the
cooling circuits are included, the designs become
much more complex. Figure 3 adapted from the
most recent proposal of Rubbia illustrates the
various features of a full blown facility. The high
energy proton beam enters the system through a
window and then proceeds through a long beam
port into the liquid lead spallation target. The
liquid lead target is also part of the cooling system
and convection cooling is used to transfer the heat
generated in the lower part of the assembly to the
heat exchangers at the top. The operating
temperature at 600° - 700° C is higher than that
usually employed in a pressurised water power
reactor and so the conversion of the power
generation is more efficient. Neutron generation
via the spallation process occurs in the liquid lead
in the centre of the fuel region. The spallation
neutrons then enter the fuel region which

surrounds the spallation source region where
multiplication occurs.

There are a number of isotopes which could be
considered for the fuel in the multiplying region.
These include all odd atomic number isotopes of
uranium (i.e. 233 U and 235 U), odd isotopes of
Plutonium ( Pu and Pu) and odd isotopes of
Np and other transuranic elements. All of these
isotopes have a high probability of absorbing a
neutron and subsequently undergoing nuclear
fission, thereby producing energy and contributing
to the multiplication process. The reaction process
for the even isotopes of these elements is different.
These isotopes generally have a small probability
of undergoing fission following neutron absorption
and the principal reaction process is neutron
capture. To illustrate the consequences of this
process consider the case of238 U. Neutron capture
in 238 U leads to the isotope 239 U which has a very
small half life and decays relatively quickly to 239

Pu which as explained above has a high probability
of undergoing fission following neutron
absorption. In other words, the non-fissile isotope
238 U is converted into the fissile isotope Pu.
This process is called breeding. It is seen therefore
that this concept has, in principle, the capability of
ultimately converting all isotopes heavier than
232Th into useful energy sources
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Figure 3. Target and Multiplying Assembly from Rubbia

For the Rubbia design, the fuel at the beginning of
operation is a combination of natural thorium and
233 U although some plutonium fuel has been
considered particularly at the beginning of a fuel
load. The principal source of the multiplication at
the onset is 233 U as thorium has a significantly
lower probability (cross section) for fission than
that of 233 U, as explained previously. The
additional neutrons generated in the fission
process, as well as inducing additional fission
events in the 233 U (or plutonium), will also be
captured by thorium leading to the radioactive
isotope233 Th which decays relatively quickly to 233

U. In essence, the proposal is effectively a fuel
breeder based on the thorium - 233 U fuel cycle.
Although this fuel cycle has been studied in the
past in the context of traditional nuclear reactors,
the lack of neutron economy in a critical reactor
made it less attractive as a breeder reactor
(essentially because r\ = 2.08). However with a k-
value now less than 1, there are more neutrons
available to breed additional fuel. The thorium -
233 U has many attractive features as there are very
large deposits of thorium in the world, the residual
radioactivity in the mining process is lower than
for uranium ores and all of the thorium material
can be used as a fuel rather than the 0.71% of

uranium deposits. Slightly more than 700 kg of
thorium would generate the same power through
this process as 29 tons of natural uranium in a
standard pressurised water power reactor which
matches the power output of 1,000,000 tons of
coal. A principal disadvantage of the thorium fuel
cycle is the difficulty in processing thorium. A key
feature of the Rubbia proposal is that the fuel
would be loaded and left untouched for the first
five years of operation of a facility. A second
feature of the detailed proposal is that the buildup
of plutonium in the Energy Amplifier is very much
less than that typical of a power reactor of similar
output.

It is clear from the description above that the
primary objective of the Rubbia proposal is energy
generation with the possibility of some
transmutation as an added bonus. An alternative
philosophy is that propounded in the Japanese
OMEGA project as presented by Saito1 ]\ Here the
intention is the transmutation of long lived
radioactive waste with energy generation a
secondary issue. This is part of a larger concept
for nuclear power generation titled the double
strata fuel cycle12). The double stratum fuel cycle
comprises the power reactor fuel cycle (the first
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stratum) and the Partitioning-Transmutation cycle
as the second stratum. Essentially the overall
package comprises a group of power reactors
coupled with a partitioning plant and a
transmutation plant, the latter two of which would
be colocated on the same site. It is envisaged that
one transmutation facility would be able to support
about 10 large scale light water reactors with
1000-MWe. The second stratum is called the
OMEGA which has the two major R & D areas i.e.
the study of the group separation of elements from
HLW based on their physical and chemical
properties and the potential value of utilisation and
the nuclear transmutation of long lived radioactive
species into shorter lived or stable nuclides. The
studies of partitioning are outside the scope of this
paper.

In principle, the transmutation facility is similar in
conceptual design to that of Rubbia. The Japanese
research favours a linac accelerator as indicated
previously in Figure 2 (a) with a beam power of 15
MW and ultimately 60 MW7). Two target fuel
concepts are being studied. In the first, the
spallation target consists of multi-layers of solid
tungsten surrounded by solid actinide fuel with
liquid sodium cooling used to transport the heat to
the steam turbine plant. The second concept is the
use of a molten-salt target/core system. Chloride
salt is used for both fuel and target material and
also acts as the primary coolant. Details of the
specification of the OMEGA plans are listed in
Table 3.

The philosophy underlying French research is
similar to that of the Japanese. They envisage that,
if the technology can be demonstrated to be viable,
then a typical nuclear cell would consist of one
transmutation - energy amplifying system
supporting about 8 power reactors. The
Commissariat a FEnergie Atomique decided in

1995 to launch a program13' devoted to the
experimental validation of the major items related
to a generic accelerator driven system including
items such as accelerator technology, target
physics and the physics of multiplying sub-critical
assemblies. The French activities6) in accelerator
design are mostly carried out in collaboration with
Rubbia's group at CERN, aspects of the spallation
process itself including studies of thin and thick
targets, spallation residual nuclei measurements,
double differential cross-section measurements are
in progress at the SATURNE accelerator1 A\ and
studies of subcritical assemblies15' at the
MASURCA facility at Cadarache.

In the United States there have been proponents of
Accelerator Driven Systems (ADS) for
transmutation - energy production for many years.
Bowman et al.'6>17) have made extensive studies of
possible developments of the accelerator
technologies. These studies at the Los Alamos
National Laboratory have been partly stimulated by
the presence on the Los Alamos site of the LAMPF
facility, a 800 MeV proton linear accelerator which
has provided significant experience for the
development of accelerator technology. This
laboratory has relatively advanced plans17' for the
construction of a 270 MW proton accelerator for
tritium breeding. This facility for tritium
production is competitive with an alternative
reactor based option. The design of the accelerator
complex18' has been completed and it is understood
that the lower energy stages of the accelerator
complex are being tested. Although this facility is
not for energy production or transmutation, the
specifications are listed in Table 3 for
completeness. In fact this facility may be the first
to receive funding.
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Table 3

Proposed Spailation Sources for Transmutation and Energy Production

Facility

Location
Organisation
Beam Energy
Beam Power
Accelerator

Injector
Final Ace

Target

Fuel

keff.
Coolant
Coolant Temp
Inlet / Outlet
Blanket
Total Power
Electric Power
Reprocessing
Construction Time

Facility Cost*

Energy Amplifier

CERN?
Rubbia- CERN
1.0 (2.7) GeV
30 MW

Cyclotron/Linac
Super-Conducting Linac

Liquid Lead

ThO2+0.1233U

0.95
Liquid Lead
400° / 600°

Pb3m
1500 MW
625 MW
Thorex/1

«$1.3B

OMEGA

Japan
JAERI
1.5 GeV
60 MW

Drift Tube Linac
High Beta Super-
Conducting Linac
Tungsten

(a) Np - 15Pu - 30Zr
AmCu - 35Pu - 10Y

(b)64NaCl-5PuCl3-
31MAC13

0.89
Liquid Sodium
330°/430°

820 MW

Start 1997
Phase I 2003
Phase II 2007
~$1.3B

APT

Savannah River
LANL
1.3 GeV
130 MW

Drift Tube Linac
Coupled Cavity Linacs
/Super Cond. Linac
Extended Tungsten
-

-
Heavy Water

Pb (3He flow through)
-

1998 decision
2007 for production

«$2.3B
* Private Discussion of notional costs

6 CONCLUSIONS

The possibility of accelerator driven energy
production and transmutation of long lived
radioactive waste has been a goal of scientific
studies for decades. The rapid development of
accelerator technology, which has taken place in
recent years, has brought the realisation of this
concept very close. However the complexity of the
problem makes it extremely difficult for theoretical
models to provide an accurate assessment of the
long term viability of the technology. In addition
when the history of reactor technology is reviewed
it will be appreciated that a long term study similar
to that for reactors will be necessary before this
new technology can have the same reliability and
accompanying safety of power reactors. To start
this process requires the construction and
development of a proof of principle plant. This is
a major capital item costing in excess of $1B
which, despite the promise of the current studies,
still involves some financial risk.

It is also likely that the technology, if successful,
will be an adjoiner to traditional power reactors in
accordance with the philosophy discussed
previously of Japanese and French planners. It
should also be appreciated that the transmutation
technology is very difficult to apply to the
treatment of fission product waste and current
technologies such as SYNROC23) are absolutely
essential for this waste. However the success of
this accelerator technology would contribute to
better community acceptance of the whole nuclear
industry, which is necessary to ensure long term
large scale power generation which in turn
addresses the problem of reducing greenhouse gas
emissions.
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