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ABSTRACT

I suggest that an accelerator can be used to increase the satety and neutron economy of a power
reactor and transmutor of the long-lived radioactive wastes, such as minor actinides and fission products,
by providing the neutrons tor its subcritical operation.

1. Introduction

One prominent cause of the recent slowing down of
nuclear-power generation is the public's concern about three
problems: reactor safety, processing and storage of high-level
radioactive waste, and the proliferation of nuclear weapon
material.

Because of the current economical recession, new
demand for electricity is not high as it was a few years ago.
There is an abundance of natural gas in the United States, and
consequently, it is being promoted as an alternative to oil,
despite environment concern about global wanning ttom the
CO: generated. Other countries which have no such alternative
energy resource like France and Japan, have been suggesting
nuclear energy as the future energy source. After the
Chernobyl accident, which was primarily caused by lack of
knowledge about the positive reactivity of the control rods(!|,
large efforts were made to ensure that reactors were sate by
analyzing the thermo-hydrodynamic and human factors
involved in their operation.

The disposal of high-level radioactive waste (HLRW)
has become political problem, and hence consideration has
been given transmuting the minor actinides (MA) and long-
lived fission products (LLFP). After the collapse of the Soviet
Union, there has been great concern about the proliferation of
weapon material, and the suggestion to use weapon-grade Pu
in commercial reactors has been vigorously pursued. The
possibility of nuclear terrorism urges us to make a nuclear
cycle system which is secure and resistant to such acts. In
satisfying these mandatories, accelerator technology[2,3],
which has been extensively developed in the last few decades,
will play important role in nuclear fuel cycles.

2. Fust reactor and transmutor

To establish a nuclear fuel cycle which generate a
stable supply of energy, we need a reactor--with excellent
neutron economy. ANL. is developing the metal-fueled fast
reactor as an integral fast reactor[4|. Evan th'ough the melting
temperature of metal fuel is lower than that of un oxide rue],
the central temperature of a metal fuel can be kept in lower
than that of the oxide fuel due to its high heat conductivity;
this property, and other nuclear and thermal characteristics
make the metal-fuel reactor inherently safe to operate. Its
safety was demonstrated using the EBR-II reactor which has a
power of 62.5 MWt and a small core making the Na density-

coefficient negative.
The processing cost of metal fuel can be substantially

reduced by using a pyrolitic process, which is more compact thai
the aqueous processing for oxide fuel. GE has developed the
system of PRISM [S] which is composed of nine 471 MWt smal
reactors.

Due to a recent concerns about the storage of long-lived
high-level radioactive MA. this metal fueled reactor is advocated a
being suitable for transmuting minor actinides by fission processes
becauseof its hard neutronspectrum compared with the oxide- rue
reactor. However, because of this hard neutron spectrum, neutron"
life-time, the delayed neutron portion, and the dopplercoefficien
aresmall. and the Na density coefficient is more positive than tha
of oxide fuel. Therefore, more careful control is needed to operatt
this metal fast reactor co.mpired with a reactor with a soft neutrot
spectrum.

Over two years ago, the phenix reactor [6] was shut dowr
because disturbing phenomena were observed: four negative
reactivity transients occured in August and September 1989 and ir
September 1990.
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Fif. I Neutronic chamber uqnali recorded during tnt third and founh tnpi at Uv
phenit ructor. ttcf. 3

Figure I shows the remarkably similar signal curve:
recorded in the neutronic chamber. The power drops linearly at firs
then there is a symmetrical rise up to a level lower than the initia
value, a second oscillation with a maximum slightly over the UikJ:
value, and then a decrease corresponding to the control rex



dropping about 200 ms after the start of the phenomenon. An
extensive study of all possible phenomena has been carried
out. Currently the most likely explanations are thought to be
tjiiher 3 spurious signal (for example, electrical perturbation of
the instrumentation), or a movement of the core's sub-
assemblies. From the power drop, it was estimated that there
was a negative reactivity insertion of 1 dollar.
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Figures 2 and 3 show the kinetic behavior' of metal-
and oxide- rueled fast reactors tor the rather large core reactor
which was studied by Central Research Institute of Electric
Power Industry (CRIEPI)[7]. Figure 3 shows that the
change in positive reactivity caused by lowering the density of
the Na coolant is compensated by the radial expansion of the
core and elongation of control rods. In some reactor designs
for the fast reactor and transmutor of MA, the flowering
mechanism-of the fuel assembly is adapted to compensate for

the positive Na coefficient and other positive reactivity coefficients,
hence ensuring an inherently safe mechanism.

If this core expansion is prevented by some mechanical
obstruction, the abrupt I doilar negative insertion can be triggered
by the sudden releaseof core expansion: this scenario might be the
cause of the power behavior shown in the Phenix phenomena. If
mechanical obstruction occurs during the accident scenario discussed
in the figure 2, then positive reactivity will increase due to a
reduction in Na coolant density , and cannot be compensated for by
radial core expansion; alternatively, if mechanical obstruction occurs
during a shrinking when the core by cold coolant flow is greater
than heat removal, an increase in positive reactivity will occur that
will evoke a large accidental consequence. When the reactivity
insertion is close to I S , the consequence would be disastrous in
critical operation. However, if the reactor is operated in a slightly
subcritical condition , such as k=0.99 (which is equivalent to 3
dollar subcriticality tor regular fast reactor) operated by accelerator,
the sudden large excursion of power will not occur, and power will
increase by only 50 percent as shown in figure 4.(8)
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Fig.4 Relative power change in surxritical reactor.

When subcriticality is -6 S, the power will increase only by
20 %. By shutting down the proton beam, the power decreases to
40 % and 20 % of the initial power within the order ot j
millisecond. Thus power can be controlled without raising ±t
possibility of a large accident as in the case of critical operation, .n
this way, the safety of a reactor can be vastly improvej.

Determination of the subcriticality of the reactor depends on
the type of reactor. When we proposed using a subcritical MA
transmutor operated by an accelerator, a subcriticality of 0 'X) < <) '5
was chosen rather arbitrarily, to prevent criticality from rexiirrjuj.
which could happened if there was loss of coolant in the transmLtur
This large subcriticality has been adopted in other surxr -..ji
transmutors. However, the subcriticality which is chosen vr i
particular reactor is very important for its safety. If a loss ot ,;vi.ini
occurs, it could cause the fuel assembly to melt, and e n t i t y
might be reestablished due to condensation of the melted core T\t
choice of a.large subcritical ity does not guarantee that recr it K iM *
would not recur, and the choice has not been validated. Melt m j jt
the core is a very serious accident that should be prevented from s *



beginning.
When a large subcriticality is adopted, many

difficulties will be encountered including the need for large
proton-accelerator power, and the problems of generation of
local heat by local proton injection, and considerable radiation
damage in the target region. To avoid radiation damage during
direct irradiation of target, such as the accelerator tritium
production assembly, the current of the 125 mA proton beam
is spread widely, using a static magnetic field: this
configuration requires a long holraum region to utilize the
spallation neutrons scattered back from the target's surface.

In the JAERI design (9] for a fast neutron transmutor
of MA. the target material is tungsten, instead of the liquid Pb
target which was adopted in the LWR rejuvenated reactor.
Thus, the spread of beam is more restricted, but to avoid
criticality in the case of loss of Na coolant, a multiplication
factor of 0.8 - 0.9 was chosen: consequently.a rather high
proron beam current is required to run the 600 MWt
transmutor. Besides this rather high current that is needed, the
power distribution is no longer tlat and so there is a problem
of heat removal in this high powered region. To solve this
problem, a molten salt transmutor has been propose as
alternative system [9],

3. Neutron economy

Neutron economy is a very important factor for the
fuel cycle. To get high plant factor and lower the cost of fuel,
the present light water reactor (LWR) has a rather low
conversion factor to reduce, as much as possible, the number
of times that fuel must be shuffled during the burn-up time.

To burn the fuel elements longer , the enrichment of
•i5U is increased, and a neutron absorber, such as gadolinium,
is added to the fuel elements; this can reduce the number of
control rods required to suppress the initial multiplication
factor. Thus, the conversion factor of recent LWRs is very
small, about 0.5 -0.6, which results in large consumption of
natural uranium resources, and also greatly increases the
amount of HLW generated.

The Pu-fueled fast reactor has the capability to
increase neutron economy, because of the high i\ value of high
energy neutrons; however, the small core or the flattened core
of large- powered fast reactor are designed to reduce the
positive Na density coefficient. These reactors, therefore, have
a poor neutron economy due to a large leakage of neutrons. In
the current design of the fast reactor, Pu breeding is poor and
doubling time is more than 30 years; indeed, it is so slow that
the pursuit of breeder reactors is discouraged in many
countries, and aside from which, the cost of the fast reactor is
much higher than a LWR.

Although breeding of Pu is not welcomed in the
present political climate because of the more than 200 tons of
military Pu accumulated in the last 50 years, and fear of the
proliferation of Pu, a steady supply to meet the future energy
demands of the world is a necessity. Breeding can be
achieved with a non-flattened solid core with a ratio of height
to diameter close to 1, in subcritical operation with an
accelerator; this can be accomplished without incurring the
problem of critical safety.

The use of the fast reactor to transmute minor
actinides has been discussed. The transmutation of MA by the

fission reaction requires a hard neutron spectrum [ 10], but it then
is more difficult to control the transmutor. Concerning the softening
the neutron spectrum, our recent study indicates that when fission
products such ass, 90Tc or i : 9I, are transmuted in the neutron-
moderated region located between the core and reflector regions, the
overall Na void coefficient becomes negative. However, when
minor actinides are added to the core region, this trend toward a
negative value of the Na void coefficient is reduced [11].

For HLW management, we have so far concentrated mostly
on transmuting the minor actinides. Fission products, such as"Tc
and i29l have long half-life times as do the minor actinides; further,
the toxicity of FP also is high, although its beta decay is not so
harmful as the alpha decay of minor actinides.

Since FPs are transmuted by the (n, gamma) reaction,
thermal neutrons are more effective [12] due to their larger cross-
section at lower energies. Transmutation of'"Sr and 137Cs at a high
rate of 3 years effective half-life requires a high flux of 1017 and
4"1016 n/cnv/sec, which is difficult to achieve with the fission
reactor. The accelerator might furnish this high neutron flux [13],
because spal lation neutrons are produced with less heat generation
than fission neutrons. However, the cost of neutrons then becomes
so high that it is not economical without multiplying them, using the
subcritical assembly with rather high multiplication factor of 0.8 -
0.9. Nevertheless, the high heat generation by fission prevents the
achievement of a high neutron flux.
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A high neutron flux can be generated effectively by
removing the heat of fission using a panicle fuel [2] or a liquid fuel,
such as molten salt. The products created by fission which have a
large cross-section of neutron capture should be removed
immediately, and the core should not have excessive fissile fuel to
prevent excessive neutron capture; therefore the amount of fissile
material should be kept at a minimum but frequently replenished.

To transmute FP at a high rate, it is desirable to change the
solid fuel elements while the reactor is running, and. when the
reactor is operated in the subcritical condition, this fuel change can
be made much more readily without jeopardizing safety than in the
critical reactor. Even in the liquid-fuel reactor, reactivity might
fluctuate due to the turbulent flow of the liquid fuel, and again,
subcritical operation can provide a great safety feature [14].



Table I shows the yields of long-lived fission products
generated by a LWR, together with their half life, and the
thermal and fast neutron- capture (n-gamma) cross-sections.

- 0.1.3.2.0.3.0.«.O.3,O.«.O.7,O.I.O.»

J.I 1.1 «J U

Fjs-5 The proton accelerator current required to iranimute 16.5 % FP(
"Tc. i:'r,*JZr,«iKi,"Kr) assuming Proton energy 1 GeV. n,p( number of

spaljation neutron produced by IGeV proton) = 33.3, » - 2.75
as function of k and î rpt

As seen, the yield of LLFP is not small, and a large
number of neutrons are required to transmute these FPs. Our
study [8| of the energy requirements for transmuting LLFP
indicates that when spallation neutrons are used, whose energy
cost is 30 MeV of proton beam, then a subcritical transmutor
with k = 0.7 gives the energy break-even; a 300 MW proton
beam power is required to transmute the 16.48% yield of
LLFP, such as (99Tc+129I+ !3Kr+93Zr), created by a 1 GWe
LWR in which the spallation neutrons are not multiplied.
When they are multiplied in the subcritical reactor at k=0.99
and when the ratio IJ f of neutron capture by LLFP to the total
neutron capture is 20%, the proton power becomes 4 MW. By
increasing this capture ratio, the proton beam power required
is reduced in inverse proportion to IJ , .

4. Accelerator

A RF linear accelerator has been proposed as a source
of spallation neutrons for the accelerator breeder, accelerator
tritium production, or a large subcritioal transmutor. A linear
induction machine studied at the Sancia and Lawrence
Livermore Laboratories is useful for getting a pulsed-mode
spallation source, but not for transmuting MA, LLFP, nor for
breeding fissile material. The technology of the RF linear
accelerator which can supply moderate current of 200 mA -
300 mA [15], is well advanced. A RF linac of 1.6 GeV beam
current 125 mA and beam power of 200 MW that produces
tritium by an accelerator (APT) [151 is composed of a single
RFQ and drift-tube linac of 350 MHZ and a coupled- cavity
linac in the main accelerator of 700 MHz.

Use of electron accelerator for transmuting KSt and
7Cs using bremstrahrung radiation created by a 100 MeV

electron which injected directly *°Sr and nlCs target; has been

studied, however, most of the gamma rays are consumed by
electron-pair production, and so the efficiency of transmutation is
not high. If instead of using the photo-nuclear reaction directly to
transmute the FP, neutrons can be created more efficiently using the
narrow resonance of the photo-neutron reaction of the near-magic
nucleus, then such neutrons might be used as the spallation neutron
source. Nevertheless, the efficiency of producing the
neutrons this way is not high as producing spallation neutrons by
medium-energy protons. Because neutronproductionby electrons
does not require the high-energy electron, as is the case for
spallation neutrons produced by medium-energy protons of more
than 1 GeV, it is worthwhile investigating the use of the electron
machine for the fuel cycle. The electron accelerator is more flexible
and well advanced, as is evident by the recent emergence of the free
electron laser. The coherent radiation of gamma rays might be used
for creating neutrons more efficiently than incoherent ones, as I
describe later.

Figure 6. Tritium Accelerator designed by Loi AUmoi, Sandta. and Broolchaven
National Laboratories 19 one of the oplioni being considered to meet the need! of
reducing the nation's nuclear weapons stockpile, from ref. [15).

To transmute the minor actinides at a high rate, LANL is
promoting the use of thermal neuttons created by a high current
accelerator. JAERI is studying the medium-powered linac [161
which has 10 mA current andl.SGeV energy, to investigate the
basics of accelerator physics.

When we operate a medium-size reactor or transmutor less
than 600 MW-th with slightly subcritical transmutor, such as
k=0.98-0.99, a small powered cyclotron accelerator of 2 4 MW is
sufficient. Presently, the PSI [ 17] is constructing a high-intensity
spallation neutron source by upgrading a two-stage accelerator
facility: beam currents of 1.5 mA at an energy of 590 MeV are
anticipated.

The SNQ program for the spallation-neutron source, which
Forschungszentrum Julich studied until 1987, was planning to use
the 5 MW linac. For the new European pulsed-spallation neutron
source (ESS) program! 18], the basic design parameters chosen were
for a high-power (5MW), high current (1.7mA) FFAG synchrotron
as a possible accelerator.

The technology of circular machines such as the cyclotron
and synchlotoron, has recently advanced so that they can now
accelerate higher current beam. Thus, the cyclotron, which does not
require a large physical area and has several benefits compared to
linac, is a strong candidate as a small power accelerator which can
be used fof transmutation and the fast reactor. The large power linac



can be used to split proton beams to supply them to many
reactor systems in a nuclear park.

To provide external neutrons for a subcriticai reactor,
the proton beam should be stable and maintain a constant
current, so that the power fluctuations of the subcritical
assembly are minimal. Persistent power fluctuations damage
the fuel element, especially metal fuel, due to elongation of the
fuel element. The cyclotron accelerator used as the PSI
neutron source currently has 3.5 % fluctuation in beam power,
which is due to the instability of high current beam transport.

So far, the accelerator developed for nuclear and high
energy physics has a small current in the order of
microampere. The particle beam intensity is so small that the
dynamics of the beam can be adequately treated as a one of an
independent particle. High current beams create a high EM
field which affects the beam's dynamics; the kinetic equation
of charged particle transport becomes non-linear, and the
stability of beam has to be analyzed by taking into account the
wake Held which it creates.

The transport theory for high beam current, such as
beam break up, which is not well developed should be studied
by accounting for the beams as plasma. Such a study will
allow not only suppression of the beam fluctuation but also
manipulation of the beam's expansion, which is currently
carried out by a static magnetic field. Beam expansion can be
achieved using the plasma in the same way as it is used for
plasma focussing in e - e + collider. The use of the static
magnetic field for defocusing the beam requires a long
expansion section: hence, radiation shielding becomes
expensive and cumbersome.
Many plasma theories developed in the nuclear fusion program
may be applicable and this will be fruitful field for future
accelerator technology, in the same way as the currently
popular free-electron laser.
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The high current electron accelerator can be used for
studying the non-linear problem of beam transport more easily
than the proton accelerator, because the electrons are
diffracted by a smaller EM than are protons.

Studies have been made on the use of a electron accelerator.
A recent study by the Dubna group [19] shows that the average e
beam power is required to transmute the FP of '~9I created by a 1
GWe LWR is 1.5 M\V, using a molten-salt subcritical reactor with
fc=0.997 In this study, all the neutrons produced by a subcritical
reactor are assumed to be used for transmutation. In fact we need
the more energy, as shown by taking into account neutron
absorption in fission reactions.

5. New Physics

Recendy, a CERN experiment [20] showed an unexpected.
extremely high slowing down of an ultra-relativistic electron; 150
Gev electrons passing through a germanium crystal just a millimeter
across can radiate 80 percent of the total energy. In a crystal, the
regularly spaced row of atoms act coherently, and. fora traveling
electron, super-high electromagnetic fields are created by amplifying
the tiny electro-magnetic fields inside the crystal to gigantic
proportions. In this process, the production of electron-positron
pairs by photons is boosted by relativistic internal fields, maJcing the
photons lose energy by factors of 20-30 along the crystal's planes.

This new finding opens the possibility of creating coherent
gamma rays or coherent charged particles like pions from
interactions between the emitted particle with electrons or ions in
the crystal. If I can speculate about the future of energy system,
which is one of the aims of the ICENES conference, this coherent
phenomenon might contribute to the ruel cycle, such as transmuting
MA and LLFP or making the fissile material, more than the
incoherent phenomena which have been explored in the past. This
ultra-relativistic electron migh; provide the solution for the concept
of the fuei cycle as an accelerator-breeder using a 1 TeV high
energy proton by Dr.Wilson.

6. Conclusion

An accelerator can operate a reactor running in subcritical
condition with the greatest safety. With subcritical operation, a high
neutron economy can be achieved, and thus, in turn, lead to a high
rate of breeding of fissile fuel or transmutation of MA and LLFP
without jeopardizing the reactor's safety.

Accelerator technology has progressed greatly in the last few
decades and 'he cost of the accelerator has become a small percent
of the cost of nuclear energy generation when the reactor or
transmutor is run in a slightly subcritical state. Due to the
substantial increase of safety, and the increase in efficiency of
breeding gain or transmutation, the cost of this nuclear system can
be reduced ueiow that of the present critical operation.
Furthermore, the present reactor does not necessarily need to be
changed by adopting the slight subcritical operation. When a safer
operation is required using other types of reactor, such as the Pb
coolant or molten-salt reactor, then the experience gained from the
accelerator-driven reactor or transmutor will play an indispensable
role. By adding MA to Pu-fuel, the burn up reactivity becomes
small[21), thus we should use MA rather than incinerating them.
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