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I. INTRODUCTION

The use of neutrons produced by the medium
energy proton accelerator (lGev-3Gev) has
considerable potential in reconstructing the
nuclear fuel cycle. About 1.5 - 2.5 ton of
fissile material can be produced annually by
injecting a 450 MW proton beam directly into
fertile materials. A source of neutrons,
produced by a proton beam, to supply subcriti-
cal reactors could alleviate many of the
safety problems associated with critical
assemblies, such as positive reactivity coef-
ficients due to coolant voiding. The tran-
sient power of the target can be swiftly
controlled by controlling the power of the
proton beam. Also, che use of a proton beam
would allow more flexibility in the choice of
fuel and structural materials which otherwise
might reduce the reactivity of reactors.

There is now a plan to permanently store
long-lived highly radioactive waste in a
stable geologic formation such as Yucca
Mountain in Death Valley. There is concern,
however, that geologic formations and the
climate might change over millions of years.
Therefore, it may be worthwhile to study an
alternative approach to store the waste that
would separate the long-lived nuclei from the
high-level waste by transmuting them into
short-lived or non-radioactive wastes.

Studies of the incineration of actinide
nuclei that have very long half-lives, such
as ^Np, indicate that small beam power, in
the order of 15-30 MW, can incinerate the
actinide produced by ten lGWe light water
reactors. Furthermore, an incinerator with
900 MW thermal power can produce 270-240 MWe
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of excess electricity, as well as the 100 Kg
of fissile material such as "U or ""Pu when
its core is surrounded with fertile material
such as osTh or ̂ "U, respectively.

Because of its small capture cross-sec-
tion, the incineration of '"Cs, whose half-
life is 30 years, at a rate of 10 times its
natural decay would require a high intensity
thermal neutron flux of 10" n/cm2/sec. It is
difficult to create this very high thermal
neutron flux, even with spallation neutrons.
Yet, if the momentum spread of p- secondary
particles created by the collision of a deu-
teron and light element nucleus can be
reduced, it is possible to make a high flux of
muon-catalyzed 14 MeV fusion neutrons (1016

n/cm'/sec) in a small synthesizer vessel; ̂ Cs
can be incinerated by using (n,2n) or (n,3n)
reactions, which have a cross section of 1-2
barns, at the rate of 10-20 times natural
decay.

This reduction of the momentum spread of
the secondary particles is essential for
collecting antiproton which might be used for
medical and basic physical studies, and also
for future space propulsion fuels.

Present accelerator technology is based on
microwave technology. Laser technology, which
is a rapidly advancing.field, has the poten-
tial of advancing accelerator technology by
achieving, for example, a high acceleration
rate of 1 GeV/m. The achievement of a small
beam size, in the order of 1 micron at SLAC
and the rapid progress in micro-fabrication of
miniature grating lattices are encouraging
developments that extend the frontiers of
accelerator technology vhich, in turn, will
benefit the reactor fuel cycle.



II. THE ACCELERATOR BREEDER

The concept of using an accelerator to
produce fissionable material is not new; it
was proposed at an early datf in the nuclear
age (1950) by E. 0. Lawrence and fathers at
Berkeley.{1) To be independent of foreign
sources of uranium used to make plutonium for
weapons, a project was planned to produce
plutonium from the- low OSU concentration
tailings accumulating at the diffusion plant
at Oak Ridge National Laboratory. Thus, the
so-called MTA ( Material Testing Accelerator)
Project was begun. The MTA project proceeded
quite far into the problems of engineering,
devsloping, and building a prototype of an
accelerator-breeder facility; the project was
terminated when substantial amounts of uranium
ores were discovered in the Western part of
the United States.

The construction of an accelerator had
begun when the MTA project csased in 1954.
Figure 1 shows the A-48 accelerator which was
put into operation in 1954; it consisted of an
ion injector operating at 100KV, and an
Alvarez cavity about 12 feet in diameter and
20 feet in length. The proton output energy
was SOOKev, and the operating efficiency over
an eight-hour shift was 97%, with an output
current of 220 mA.The highest rf gradient
constantly maintained was 10% above the
deuteron gradient; however, deuteron
acceleration was not possible because the
power supply of the injector could not provide
the necessary 200 KV.

Fig. 1 Perspective drawing of A-48
accelerator.

Since 1952, W. B. Lewis,(2) working in Can-
ada, has promoted the use of an accelerator
for producing ^U fuel to the closed fuel
cycle of the CANDU reactor. Since the CANDU
reactor, burning rsU, has near-breeding char-
acteristics (conversion ratio >0. 9), a single
0.3A-lGeV accelerator breeder can supply fuel
for about 12 reactors. In the 1960s, the
Canadian concept evolved into the idea of an



Intense Neutron Generatorp) (or ING), which
would have supplied an intense neutron source
for research. However, the expense of this
project would have consumed a large part of
the budget allocated to scientific research in
Canada, and such a redefinition of priority
was rot accepted.

Two decades after the MTA project, when
the issue of non-proliferation of • nuclear
material was discussed in public debates, the
concept of producing fissile material using an
accelerator (accelerator breeder) was again
raised and re-examined at Brookhaven National
Laboratory (BNL).

To create a proliferation-resistant fuel
cycle in a light-water reactor (LWR), we
studied the so-called Linear Accelerator Fuel
Regenerator (LAFR)(4) fuel cycle system. The
main function of the cycle is to use spalla-
tion neutrons, which are produced by impinging
medium energy protons (l-1.5GeV) into a liquid
lead jet, to top up the initial fuel enrich-
ment before burning, and also, to rejuvenate
the burned or spent fuel discharged from the
reactor to allow a second burn-cycle (see Fig.
2). Thus, LWR fual assemblies that presently
are enriched to 3% ^O and burn to
30,OOOMWD/ton would yield 60,000 MWD/ton with
an initial enrichment of only 2%. In this
scenario, the LWR fuel assembly is detached
without refabrication throughout the cycle.
To achieve more burn up of the fuel, we also
studied a second scenario in which the fuel
burned in the first cycle is de-claded and
refabricated without separating the fissile
material from the fuel. In this case, repro-
cessing removes only the high-vapor-pressure
fission product which has a poisoning effect
on the second burning cycle.
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Fig. 2 Target-blanket configuration.

As Vds shown in an earlier neutron-yield
experiment carried out by Fraser et al(5> (see
Fig. 3), by injecting medium-energy protons
directly into a fertile material, such as ™U
instead of lead, the neutron yield con be
increased substantially; this, in turn,



results in a high rate of production of fis-
sile material. When the Information Meeting
on Accelerator Breeding was held at BNL in
January, 1977,(6) the nuclear intra- and inter-
cascade codes such as NMTC and HETC1? did not
have the capability of calculating the high
energy fission reaction. The production rate
of fissile material in the accelerator breeder
was esCimated from old experimental data151 on
neutron yields. By 1981, however, many
authors"1 included the high-energy fission
reactions in the nuclear cascade calculation.
The newly developed codes were validated by
comparing"' them with the experimental results
on neutron yield from large blocks of uranium
carried out by Vasilikov*10', and with other
experimental data.(3) Using these codes, we
studied the concept of an accelerator
breeder^11' in which medium-energy protons were
impinged directly into the fertile material.
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Fig. 3 Yield of neutrons obtained by
bombarding a heavy metal target
with medium energy protons (from
Ref. 5).

The accelerator breeder facility consists
of three main components: a) the accelerator;
b) the target (Fig. 4) ; and c) the balance of
the plant (BOP), which includes the steam

Fig. 4 The reactor containment building.



generator, turbine, and alternator. Table I
gives the basic parameters of the proton
linac. These parameters were chosen
conservatively. The accelerator proton beam
current of 300 mA CW was chosen as the maximum
current; this current is far below the
theoretical limits of space charge. The
electrical efficiency of the accelerator is
defined as the ratio of beam power to tha
feeding AC electric power. We estimated this
efficiency to be 50% for 300mA linac,

Table I Parameters of Reference Concepts for
the Accelerator Breeder.
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Fig. 5 Horizontal section through the
reacror target.

assuming an rf power amplifier (klystron) with
an efficiency of 70%. Figure 5 shows the
target layout for the accelerator breeder and
pressurized tubes.The size of target face
(pressure tube assembly) is 3m x 5m and target
depth is 2.2m. The entire assembly is
contained in a "Hohlraum" pie-shaped vacuum
vessel, lined with additional fuel material
and a reflector to minimize the overall leak-
age of neutrons. To minimize the peak-power
density and radiation damage, the 450 MW
proton beam is defocused by a magnetic field;
the front face of the target is almost
uniformly bombarded by the proton beam, with
a current density of about 2 /jA/cm2.

Table II shows the production rate of
fissile fuel in the depleted uranium and
thorium fuels (80% plant capacity), the amount
of electricity generated, and the initial
inventory of fissile materials in the target.
For a depleted U (0.3% 25SU) or thorium target,



the electrical power generated is not suffi-
cient to operate the accelerator.

Table II The Production Rate of Fissile Fuel,
Generating Electric Power and the
Initial Inventory of Materials.

U

« jO
OjO

:s
aia

(ton/¥1

1.66
l .b l

l.fel
l.Jl

1.61

• r) • Icc tr l c

no

rso

J7Q

(El3nl
3 . )

0.11

a. is

0.0
Q.a

In the case of U02 fuel, the fuel assem-
blies are similar to those used in the CANDU
reactor; namely, the U02 fuel, cladded with
zirconium, is inserted into zirconium pressure
tubes. The fuel assemblies can be loaded,
unloaded, and shuffled without interrupting
the power operation. Heat is removed by HjO
(or D20) coolant in a single phase or in a
boiling mode. A wide choice of materials and
coolant/fuel ratio is allowed, because criti-
cality of the target is not necessary. There-
fore, a zirconium tube may not necessarily be
the optimum choice; other materials, e.g.
stainless steel, may ultimately prove more
suitable.

By using a slightly enriched fuel, heat
generation i3 substantially increased, and
the electricity produced from this heat ex-
ceeds the electricity required to run the
accelerator. However, the net (gain minus
loss) production rate of fissile material does
not change much in this neutron-moderated
reactor, as shown in Table III. The table
also shows data from a Na cooled and 6% ^ u
fueled reactors which increase production rate
of the fissile material.

Table III The Production Rate of Fissile Fuel
Generating Electric Power and
Initial Fissile-Fuel Inventory for
U02 Enriched Fuel H20, D20, and Na-
cooled Target Assembly.
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III. ACTINIDE INCINERATOR

Studies have been made of the incineration
of actinides in light-water reactors and in
liquid metal fast breeders without processing
the long-lived nuclei.115 However, 'thermal
neutrons and fast neutrons, whose spectrum is
not sufficiently hard do not incinerate acti-
nides efficiently. Incineration is ineffi-
cient because in these two types of reactor
the neutron capture reaction, which creates
another higher actinide, predominates over the
fission reaction which incinerates the
actinide. To incinerate the actinide, a fast
reactor is required, which has a neutron
spectrum hard enough to make the fission
reaction dominate the capture reaction.

Mukaiyama et al(u) studied the following
two types of fast reactors with higher
actinide fuels. One type is the sodium-cooled
bundle-pin type fuel with higher actinide
alloyed with Zr and Y (BP-ABMR) , and the other
type is the He-cooled actinide burner-reactor
with particle nitrate actinide fuel (PB-ABNR) ,
which is similar to that used in the particle-
fuel bed reactor at BNL(U).

In Figure 6, the core-averaged neutron
spectra of the BP-ABMR inner core (Am-Cm-Y
zone) and PB-ABNR are compared with those of
the MOX fuel, LMFBR. The spectra of BP-ABMR
and FBR are taken from the inner core. Table
IV compares the ratio of fission rate to
capture rate in various reactors; it is clear
that the harder neutron spectrum of the BP-
ABMR and PB-ABMR is necessary to incinerate
the higher actinide.

Fig. 6 Comparison of core-averaged neutron
spectra in Mox fuel LMFBR, inner
core of BP-ABMR, and PB-ABNR.



Table IV Comparison of t..a Ratios of
F i s s ion to Capture Rate.

Kuclide P»S FB8 BP-ABHS . _ PB-ABSS

" T H p

" • P a
I 4 1 Aa
"*Aa
21JAa
i4*Ca

0.02
0.08
0..01

S.O
0.01
0.25

0.23
1.43
0.19

7.9
0.18
1.0

O.72UI

2.7"'
0.68'"

9 .7 '"
0.77'"
3. 8 " '

O.'S4
2.4

. 0.49
8.9

0.S2
2.7

l4*Ca 0.08 0.87 3. l (k> 2.2

EUev)"1 theraal tlS 876'»'.761 leI 758

(a) : core averaged lean neutron energy
(b) : values in the Inner core
(c) : values in the outer core

To evaluate the transmutation characteris-
tics in detail, Mukaiyama et al calculated the
burn-up for ̂ Np, "'Am, ̂ Am, and "'Am which
were radiated in the constant flux for 400
days. The results of ̂ Np and "'Am are shown
in Tables V (a) and (b). Their results show
that in BP-ABMR and PB-ABNR, 20-30% of ^Np
is transmutated, half by fissioning and the
other half by capture, while in PWR and FBR,
^Np capture to the higher plutonium isotope
predominates, fissioning of ̂ Am in BP-ABMR
and PB-ABNR is 12-14%, but only 3-4% in PWR
and FBR, while in PWR, BAm capture to "'Cm is
60%.

As demonstrated in Mukaiyama et al's
detailed study, a much harder neutron spectrum
is required to incinerate the higher actinide
than is obtainable in the conventional LMFBR.
However, the life time of neutrons in this
harder spectrum is very short and the tran-
sient behavior of the reactor becomes more
violent in the supercritical condition. To

Table V(a) Fraction of ̂ Np Transmutated
(a-decay half-life-2.14xlOs year) .

PIE FB2 3?-AEM2 P3-A3XS
Flui* 3.7 33 48 S3

fissioned 3.0 (.7 9.5 14.2

capture to
" 'Kp
" ' P a

' " ' P a

*"?a

0.2
24.1

' 2.7
0.4
0.3

0.1
13.9
0. S
0.01
0

0.1
9.7
0.4
0.01
0

0.1
13.8
0.9
0.02
0

0.03

sub total

transauted

sot transacted

a-deear to "'U
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30.
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7
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14.8
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• Total Flux in 10lin/ca2-iee



obtain the hard neutron spectrum, the amount
of the coolant in the reactor must be reduced,
so that more stringent restrictions must be
applied to operate this kind of reactor
safely. ,

To keep the higher actinide fuel reactor
running, the choices of the composite
materials of fuel, cladding, structure, and
coolant are very restricted: this makes the
problem of safety associated with criticality
much more severe. The accelerator actinide
incinerator can resolve the difficulty in
reactor safety, because it is a subcritical
reactor, assisted by the neutrons created by
the high-energy proton spallation and the
high-energy fission reaction. The target

Table V(b) Fraction of "Am Transmutated
(a-decay half-life-7950 years).

PIS FBR 8P-A8JIS PB-A3X2
Flux* 3.7 33 78 t8

fissioned 3.8 3.4 14.2 11.3

capture to
J"Aa 0.03 0.02 0.02 0.02
J"Ca 53.1 22.2 28.2 28.7

Ca* 3.0 0.7 0.9 1.0
Pu' O.S 0.02 0.04 0.04

0.07 0 0 0

sub total

transauted

not transauted

a-decay to Z l IPs

62.

66.

32.

0.

8

S
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Pu" total of 23IPu.i"p3."1Pa.2'!Pa.2"Pu
Ca" total of *«Ca.Z4SCa.*"Ca

assembly is similar to that of the accelerator
breeder that was discussed earlier, except
that the fuel assembly is not depleted uranium
but is actinide fuel.

Table VI shows the actinide waste from a
1000 MWe LWR after 33000 MUD/ton burn up which
is processed with a 99.5% removal efficiency
of uranium and plutonium. The neutron yield
and the number of fissions in the interaction
of the medium energy proton and higher



Table VI Actinide Waste from a Typical 1000
MWe LWR Reactor After Reprocessing.

(ucllde

U-235
236
233

10-237

Pu-238
-239
-210
-211
-212

Ara-211
213

Cn-212
-211

Burn-uo

1000 two

1.21
0.613

113.0

23.1

0.02S
0.315
0.327
0.151
0.053

1.61
2.71

0.177
0.091

114.83

23.1

1.371

1 1.35

) 0.271

Burn-uo
3900 wt

(kg)

not considered

18.97

1.13

3.57

0.22 _

1) Reorocesslng Plont Efficiency 99.51 for U ana Pu

2) Plant factsr: 751

actinide nuclei is generally larger than that
of the uranium nuclei. Figure 7 shows the
neutron yields and the number of fissions when
a proton is injected into infinite media of
^Np and ZMU. The values are obtained from the
NMTC-BNLF code,(M) which calculates the intra-
and inter-nuclear cascade process, including
high energy fissions.

- 10 -

Proton Energy (GeV)

Fig. 7 Number of neutrons and numbei of
fissions produced by high energy
reactions in an infinite Np237 +
U a medium.



The study of mass distribution in the
spallation process and high energy fission(U5

shows that present cascade models do not
create the mass between A - 20 - 30. A new
mechanism in spallation has been studied.(I6)

To analyze the actinide incinerator in detail,
especially to calculate the actinide burn-up,
the neutron cross section of these actinides
should be evaluated accurately.*"'

In transmuting the actinides(II), it would
be unwise nor. to make use of the many fast
neutrons coming from spallations, high energy
fissions, and evaporation. Since these neu-
trons can induce further fissions in the
target, they contribute substantially to the
process of incineration.

In quantitative terms, the total number of
fissions Nto can be expressed as:

Nfiss - \ + sh

where N,, - total number of fissions due to
high energy proton reactions, Sb - the number
of neutrons produced by the high-energy proton
raaction (spallation, high-energy fission, and
evaporation) v - number of neutrons per regu-
lar fission, and k - multiplication factor for
regular fission.

The actinides produced annually from 10
units of 3000 MW(th) LWR without uranium
isotopes is 246Kg, and the thermal power
generated by incinerating this amount of
actinide is 900MW. When this amount of
actinide with the specific power of 150U/grHA
is incinerated, the total inventory of
actinide becomes 6 tons.

Our studies were carried out for systems
cooled by sodium or helium. In both cases,
the fuel pellets were assumed to consist of
actinide oxides cladded by steel cans. The
following design parameters were chosen (Table
VI).

Table VII The Design Parameters

Pellet, outer diameter: 0.510 cm
SS clad, inner diameter: 0.524 cm
SS clad, outer diameter: 0.600 cm
Fuel Pitch: 0.75-0.85 cm
Active length: 80 cm



The target zone was surrounded by a thor-
ium blanket in order to capture the large
fraction of leakage neutrons to produce the
fissile material of zaU,

Table VIII shows the beam power require-
ments, the excess electricity produced, the
effective multiplication factor, and the
production rate of '̂U per year for both
accelerator incinerators.

Table VIII Requirements for Accelerator-
Driven Sodium- and Helium-Cooled
Incinerators.

Coolant K_f f Bean Beam Current Reactor 2
°c**̂ r lGê  3GeV PouerftlVF lGeV 3GeV Powar in glinkpr(MW) (w^ m^^nkec

Na

He

.90

.95

27.9

13.

27.

13.

9 9.3

4.3

900

9C0

85

103

The first surprising result is the low
beam-current required to incinerate the acti-
nides produced by ten units of lGWe LWRs.
Depending on the beam energy (1 to 3 GeV) and
the self-multiplication of the target, the
required beam currents are between 5 - 15mA in
the He-cooled incinerator, while in the sod-
ium-cooled incinerator, this requirement would
be raised by a factor of less than 2. A
further reduction in proton beam current can
be obtained by optimizing the fuel composition
and the geometry of the target.

As a by-product, the actinide incinerator
can produce annually at least lOOKg of
fissionable material when the target is
surrounded by a uranium or thorium blanket,
and excess electricity of 240-270HW beyond the
30-60 MW required to operate the proton
accelerator.

Takizuka et al(19) recently studied acceler-
ator incinerators which are cooled by Pb-Bi or
Na. The target geometry of these incinerators
are close to that of our Linear Accelerator
Fuel Generator except that they do not use a
liquid lead target. The metallic actinide
alloy fuel is employed, which provides a
harder neutron spectrum than oxide fuel. The
fuel assembly is similar to that of the LMFBR.
Fuel pins with an active length of 100 cm are
arrayed nn a uniform triangular pitch. The
pitches chosen for a Na and Pb cooled target
are 8mm and 10mm, to keep the effective multi-
plication factors around 0.95. The geometric
dimensions of the target assembly are shown in
Figure 8.



Fig. 8 Target design.

Due to the small area of the proton beam,
the flux peaking factor is large, which limits
the total power of incinerator and the in-
cineration rate. The maximum power of a Pb-
Bi cooled incinerator is lower than that of
one that is cooled by Na. This difference is
attributed mainly to the lower thermal conduc-
tivity of Pb-Bi.

Reduction of the flux peaking factor,
which is important in increasing the incinera-
tion rate, can be achieved by using a target
assembly with a large multiplication factor
(k) and by reducing the leakage of neutrons
from the target's surface. When the
multiplication factor is less than 1, the flux
has a sharp distribution and the fuel must be
shuffled frequently. For this purpose, and
also for maximizing heat removal, particle
fuel, which is used in the design of high-flux
research reactor, has many advantages over
solid fuel. These advantages will be
discussed in the next section.

To incinerate the actinide produced
annually from 10 units of LWR, it is suffi-
cient to use a medium-energy proton with a
15-30 mA current. Because of the nearly
linear energy dependence of the number of
spallation neutrons in the energy range 1-3
GeV, beam intensity and beam energy are ex-
changeable. These facts may favor the use of
"multistage-parallel" cyclotrons over linear
accelerators. While the price is almost
proportional to energy for the latter,
doubling or tripling the energy of a cyclotron
is much less costly. On the other hand, the
maximum achievable beam current of a cyclotron
is rather limited, especially at low energies.



These considerations led to the concept of
the so-called "multistage-parallel"cyclotron
arrangement11"', consisting of a number of low-
energy, low-current cyclotrons feeding into
one high energy cyclotron.

Final Stage:
15 S«tor Cyclotron
U decelerating Cmllles
a 600 KeV. 2 " 5 G"
(30-45 m I.P.)

EFQ Linoc a i m

Sollt Coaxial Resonator

<as omloora WHuller)
Jisv

Interrediate Stage

* Sector Cyclotron

20OKV

Fig. 9 Multistage cyclotron arrangement.

For example, (as shown in Fig. 9) a
multistage cyclotron arrangement providing
15mA at an energy of at least 2 GeV would
require the following assembly:

- three sources of 60-70 keV ions
- a low-energy 2 MeV, 5mA injector stage,

consisting of three radiofrequency quad-
ruple linacs (36 MHz) developed by Mueller
from Darmstadt (Split Coaxial Resonator)

- an intermediate stage, made of the same
number of four-sector cyclotrons with a
phase width of 36o and frequency FH, - 36
MHz accelerating the 5mA proton current to
an upper limit around 200 MeV

- a final-stage 15 sector cyclotron, fed by
the three intermediate stages (3x5 mA at
200 MeV). This cyclotron works at 3x36—
108 MHz using 12 acceleration cavities of
600 KeV. The final stage can reach a
proton energy of 2 to 3 GeV at a beam
power of 30-45 MW.

Before closing the discussion of acceler-
ator breeders and actinide incinerators, it is
worthwhile to mention other particle beams and
their energies that have deuterons and tritons
as the accelerated particles instead of
protons.



The neutron yields from deuteron and
triton injection are higher than the yields
from protons in the low-energy regions. This
difference is diminished at high energies
above 3 GeV for deuterons, and above 5 GeV for
triton.

One reason we chose protons over deuterons
as the injected particles is becauss spilled
deuterons produce neutrons whan they collide
with the accelerator's components, even in the
low-energy range, which might contaminate an
accelerator. If the technique of reducing
beam loss in the low-energy accelerating
region is improved so that contamination
becomes less important, then using deuterons
of 500-800MeV becomes more efficient than
using protons of above lGeV. Figure 10 shows
that triton particles are more effective than
deuteron particles.

As discussed above, a reduction in the
leakage of neutrons from the target's surface
is an important factor in achieving a high
rate of production of fissile material and
actinide incineration. Instead of lining the
pie-shaped Hohlraum with additional fuel
material, placing light-nuclei material, such
as Li or Be, on the front surface of the
target assembly will help reflect neutrons
back from the surface.

When deuteron or Triton are injected, the
front material on the target assembly strips
the neutrons from the injected particle, and
makes the nuclear interaction more effective
because there is no slowing down due to
Coulomb interactions. These studies have not
been made; they should be done to learn how to
maximize the interaction between the high-
energy particle beam and the target assembly.

The use of a much higher energy 1 TeV
proton instead of a medium energy 1-2 GeV
proton was studied by Wilson(2D) He estimated
the production rate of fissile material to be
about half that of the medium-energy proton
injection (l-3GeV) because many kinds of
meson, baryon, and antibaryon production
channels, are open at this high-energy range.
Wilson's estimation was made with the old
cascade code. It will be worthwhile to recal-
culate the production rate of fissile material
using the improved cascade model codes to
describe the high-energy nucleon-nucleus'21' and
nucleus-nucleus reactions.(22>
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Fig. 10 Neutron yield vs. energy for proton,
triton, deuteron, and neutron
particles.

IV. PARTICLE FUEL

The distribution of neutron flux in the
accelerator breeder and incinerator is steeper
than that in the critical reactor because both
the former are subcritical assemblies. This
requires more frequent shuffling of the fuel,
which is cumbersome for solid fuel. Particle
fuel(u) is more suitable for this purpose.

A commercial type of burning HTGR particle
fuel is composed of a central kernel of highly
enriched fissile fuel (93.5% a 5U) . The kernel
can be uranium oxide, carbide, or oxy-carbide.
Surrounding the fissile kernel is a porous
layer of pyrographite, covered by several
layers of pyrographite and silicon carbide.
Fission product gases (krypton and xenon)
collect in voids in the porous layer and
kernel. The outer layers of the particle act
as a miniature pressure vessel, holding all of
the fission products (including the gases)
inside the particle. The failure rate of such
particle fuels is extremely low, about one in
10*, even at very high burn-up (for example
50%) of the central kernel. (With more strin-
gent quality control, the failure rate could
be substantially reduced, possibly to one in
10*).

In HTGRs, the burner particles are
imbedded in large blocks or balls of graphite,
which are then handled as the fuel elements.
Heat generated in the particles flows out
through the graphite blocks or balls to the
coolant.

Particle fuel has an extremely large heat-
transfer area in the packed bed (in the order
of 100cm2 / cm3) , and the small size (less than
lmm) of the particle fuel results in three



maj or benefits: 1. Very high power densities;
2. A smsll temperature difference between the
fuel and coolant; and, 3. Minimum thermal
stress and shock in the fuel. Thermal power
densities in the packed bed can. be lOMW/litre
or more because of the large heat-transfer
area.

Figure 11 shows a cycle of unloading and
loading for a particle fuel element.

• t

v jib

•

mid FIM

o i

V

Iii4 fin
'(9,0 •

MOciat)

fUTiac run. OtJOT

Fig. 11 Unload/load cycle for VHFR
particle bed fuel element.

These advantages suggest that particle
fuel might be suitable for the accelerator
breeder and the accelerator incineration of
actinides.

V. INCINERATION OF ̂ Cs AND °°Sr FISSION
PRODUCTS

The OTCs and *°Sr fission products both
have a 30 year half-life: they are very
difficult to incinerate in thermal neutrons
because the cross sections of capture are 0.1
barn and 1 barn, respectively'"0"'. To inciner-
ate ^Cs at 10 times the rate of natural
decay, a thermal neutron flux of 10'7n/cmJ/sec
is required; it is difficult to achieve such
a high neutron flux In a fission reactor.

To incinerate these isotopes, Taube(24)

proposed using the high thermal neutron flux
created in the central D20-moderated region
that is surrounded by molten salt-fast neu-
tron regions. The scheme is shown in Figure
12.

To make one neutron which can be used for
incinerating the fission product, the spalla-
tion reaction generates energy in the order
of 10-20 MeV, which is less than the energy



generated by the fission reaction, namely
200MeV/(i/-l)~100MeV, where u is the number of
neutrons produced by a fission.

Fig. 12 Geometry of the high-flux burner
reactor.

We studied the incineration of the fission
products using the thermal neutron flux cre-
ated by spallation neutron'2'. The scheme is
very Similar to the LAFR. The medium-energy
protons are injected into the liquid Pb tar-
get, the spallation neutrons are thermalized

S U ^ U n d i n g asse"*ly. which is composed
} ̂  (9°Sr + D0) toi, ? V 2° } ̂ (Sr + D>0) -»«toritor.

g 13 shows the geometrical parameters
that we used. The heat generated by the
spallation reaction is removed by the liquid
lead jet; thus, a high neutron flux can be
obtained. However, the thermal neutron
cross-section of "Cs is s o small that many of"
the thermal neutrons escape from the capture
region, unless a large amount of 137Cs is put
into the region. However, from the safety
point of view, it is not desirable to havel
large inventory of «Cs and »Sr in the assem-
bly: also, the incineration rate becomes
low, as shown in Table IX.

Fig. 13 System configuration of Table IX.



Table IX Effect of Cs2O2 Volume Fraction on
Neutron loss in Pb Target Region,
Tr, Tn and Tv of 137Cs and ""Sr.
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Another possible approach to creating high
intensity neutrons would be to use muon cata-
lyzed fusion reactions'2"0, if we can tailor the
muon beam, (which is injected into a small
synthesizer vessel) to a small beam-size and
small momentum-spread.

We know that one muon causes 175 fusions
in the liquid hydrogen density dt target;
these numerous fusions occur in a very
limited region of the target, at the point
where the muons are halted, iherefore, if we
could stop a large number of muons in a very
small region, the fusion neutron intensity
would become extremely high.

The 14MeV neutrons produced by the (dt)
fission reaction has a 1-2 barn cross-section
for (n,2n) and (n,3n) reaction in both '"Cs
and "Sr isotopes. Thus, the 14MeV fusion
neutron flux of 101(in/cm2/sec can incinerate
these isotopes with a rate that is 10 times
that of natural decay. However, a Tokomak-
type fusion reactor cannot produce such a
high neutron flux in the first wall region.
Although the inertial fusion device can cre-
ate a much higher neutron flux in the dt
target regions, it requires a more compli-
cated design in which the dt fuel pellet is
combined with the fusion products.

The heat deposition of this reaction is
caused mostly by stopping the 3.1MeV a par-
ticle created by the dt fusion reaction.
Also, a few of the l&MeV neutrons deposit
their heat as they are slowed down in the
small synthesizer. Thus, the heat deposition
to create one 14MeV is smaller than in spal-
lation or fission reactions.



The economics of producing one lAMeV
neutron by the muon-catalyzed fission reac-
tion, taking into account the energy cost of
producing 14MeV neutrons, is 4.5GeV/175 -
26MeV, a value which is comparable to that of
producing spallation neutrons.
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Fig. 14 Energy spectra of JT" and JT* mesons
emitted from Be target.

The synthesizer designed by Petrov(27) for
muon-catalyzed fusion has an extremely long
length of 20m, because of the momentum spread
of IT" created by impinging medium energy pro-
tons of 3GeV into a light nuclei target, such
as Be. Figure 14 shows the longitudinal
momentum distribution of »' mesons. There-
fore , the range of the p created by the decay
of IT" in the liquid hydrogen density dt mix-
ture is widely spread (20m).

A reduction in the spread of \i momentum
might be accomplished in the following way.
First, by separating out if particles with
different momenta by a magnetic field, and
also by slowing down the transformed \£ from
the it' of different sizes in a slowing-down
medium, as shown in Figure 15.

S:Slowing Down

Be Synthesizer

Fig. 15 Tailoring of n and /J' particles.

Second, by reducing the spread of the p~
momentum, the p beam, in which energy is
still high, can penetrate the window of the
synthesizer vessel. Third, some further



reduction of energy can be achieved using a
D20 medium, in which the slowing-down power
is about 16 times larger than in a D-T mix-
ture.

Figure 16 shows the conceptual des*ign of
a dt MuCF neutron source reactor. The p beam
is created by injecting a 4GeV 5 mA current
deuteron into a Be target. The it', and its
decay product fi, are tailored to a small
momentum spread before entering the synthe-
sizer thut has a 4cm diameter.
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Fig. 16 Fusion high-intensity neutron
source reactor: DT muon catalyzed.

The synthesizer contains D20 at 1000 atm
pressure (for slowing down the energy) and dt
mixture. When a 3.6mA p beam, with an energy
of 200MeV penetrates the lem-thick window of
the synthesizer, the heat deposited in the
window is 10KW, which can be removed by the
D20 coolant surrounding the window. Since
each p that is stopped in the dt region pro-
duces 175 fusions, the total number of fusion
per sec is 3.8 x lC'/sec, and the heat produc-
tion due to the 3. 5MeV alpha particle is
1.1MM. By circulating the dt mixture to an
outside heat exchanger, 5MW per liter heat
production can be removed. Choosing a volume
of the heat-producing DT region of about 0.44
litre, the length of the fusion-reaction zone
becomes 34cm. The 14MeV neutron flux at the
surface of the reacting target region then is
9 x lO'Vsec/cm2, and, thus, these neutrons can



be used to incinerate mCs and °°Sr, for a
testing of the first material of the Tokomak
wall, or for treating the thermal neutron
source by multiplying the number of neutrons
using a multiplying medium, such as Be and
Pb.

Another approach that has been studied for
incinerating ^Cs and "Sr by 7-rays is the
large giant resonance (7,n) reaction.(28) The
giant resonance cross-section of the (7,n)
reaction for these isotopes are of the order
of 500mb, so that the high intensity 7-ray
created by injecting a high-intensity elec-
tron beam into a target composed of the fis-
sion products can incinerate them at a high
rate. However, other reactions, such as pair
productions due to nuclear and electron fiel-
ds , and incoherent scattering becomes larger
than the (7,n) reaction. Thus, most of the
7-rays are lost in these reactions before
incineration occurs.

The giant dipole resonance is composed of
a collection of many small resonances which
have a high cross-section and small width.
At the energy range near neutron binding, the
width becomes of the order of an ev. Some of
the (7,n) resonance cross-section might be
higher than the reaction of pair production
and incoherent scattering. Therefore, if we
can make a high intensity 7-ray, with an
energy close to that of neutron-binding
energy and with a very small energy width the
order of an ev, the incineration of l37Cs and
"Sr might be feasible.

It might be possible to generate such a
high intensity 7-ray laser by using the co-
herent 7-ray emission in a stimulated anni-
hilation of a highly focused electron-posi-
tron pair. Bertollitti et al(s> formulated the
critical pair density Nc for stimulating
annihilation as:

„ 4 x 1020 -3
Nc nT cm

where n, is the number of photons in each
polarization per mode.

The Stanford Linear Collider can focus
electron and positron beam to the order of a
few microns. The number of electrons in one
bucket is 5 x 1012, and the length of the
bucket is a few cm, so that density of the
electron in the colliding region is about 5 x
1012/cm3. Based on this data, a coherent 7-ray



emission in a stimulated e-e pair annihilation
can be achieved by n, - 10z. For our purpose,
to make such an 7-ray laser with an energy of
about 7 MeV requires the acceleration of an
electron and positron of 6.5MeV.

VI. FUTURE ACCELERATOR TECHNOLOGY

Present-day accelerator technology uses
microwaves, which were developed before WWII,
to accelerate charged particles. To accel-
erate a lGeV proton, Linac must be about 0.8Km
in length.

Although the development of exotic ideas,
such as plasma beat waves00' and wake
fieldspi), which stirred up excitement a few
years ago, have not materialized, these kinds
of approaches are the next step in the
development of accelerator technology.

Laser technology is advancing with aston-
ishing spee'l. The laser power needed to
create an eiectric field of lGV/m is 6.8x10"
watt/cm2, and the beam can be focussed so that
it is only microns in size. Practically, the
laser power needed to accelerate a charged
particle with an acceleration of 1 GeV/m would
be of the order of 1 Kw.

At BNL, Palmer et al^' are studying the
acceleration of charged particles using the
electric field created by irradiating a C02
laser onto a miniature grated lattice. (See
Fig. 16). This approach might be useful for
tailoring the momentum distribution of par-
ticles such as pr and antiprotons1 that are
produced by injecting high-energy protons into
a long, thin target whose grated surface is
irradiated by the laser.

Only a very small fraction, of 10'5, is collected from
the antiprotons produced by impinging tha 120 GeV proton onto
a copper target; only the antiprotons which fall in the momentum
bucket of the storage ring can be captured. By reducing the
momentum spread of the antiprotons, the efficiency of capture
can be increased. These antiprotons'23' are used for elementary
particle studies, to search for antigravity, for medical
application, and for fuel for a future deep-space exploration
rocket.
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Fig. 17 a) Field over a Resonating
Grating.

b) Components of Fields.
c) Modified Grating Coupling to

Incoming Radiation.
d) Droplet Accelerator Concept.

A more exotic approach01' to acceleration
is the proposal to channel particles in sin-
gle crystal, as the accelerating cavity. The
electric field created by exciting the elec-
tron density wave by laser would be used to
accelerate the charged particle.

Theoretical studies of the interaction of
the channeled relativistic electron and the
electron density wave in a single crystal
under the laser irradiation is a very
challenging problem. This problem might be
solved with an approach similar to that used
for studying the free electron laser03'. The
theory might be useful in the future design
of a single crystal window, through which a
well aligned charged particle would pass with
less collisions than through a regular win-
dow.
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