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ABSTRACT for non-proliferati I n of fissile material. 

Fissile fuel can be produced at a high rate using 
an accelerator- driven Pu-fueled subcritical fast 
reactor. Thus, the necessity of early introduction 
of the fast reactor can be moderated. High 
reliability of the proton accelerator, which is 
essential to implementing an accelerator-driven 
reactor in the nuclear energy field can be achieved 
by a slight extension of the accelerator's length, 
with only a small economical penalty. Subcritical 
operation provides flexible nuclear energy options 
including high neutron economy producing the 
ikel, transmuting high-level wastes, such as minor 
actinides, and of converting efficiently the excess 
Pu and military Pu into proliferation-resistant fuel. 

INTRODUCTION 

There has been much discussion of the necessity 
of the early introduction of the fast reactor to 
accommodate the increase in energy demand 
expected after the first half of the next century[']. 
However, the fast reactor cannot meet a rapid 
growth in demand for nuclear energy because it 
requires a high initial inventory of fissile material 
due to the poor neutron economy of its large 
flattened core. The doubling time of a fast reactor 
with an initial inventory of 3.6 metric tons of 
fissile material and with a 1.2 breeding gain is 18 
years; this cannot satis@ more than a 3% annual 
increase in energy demand. 

The use of a thermal molten salt thorium reactor 
was suggested as an alternative since it requires 
only a small initial inventory because of the large 
cross-section for thermal neutrons; however, the 
fission products and Pa-233 must be removed 
continuously to achieve high neutron economy. 
This creates a problem related to the requirement 

The most desirable approach is to use a Pu-fueled 
fast reactor with a hard neutron energy spectrum 
which has both a high neutron economy and high 
breeding gainf2]. However, the safety of such a 
fast reactor would be jeopardized in critical 
operation because of its large positive sodium 
void coefficient caused by the rapid, almost linear, 
increase of fission neutrons, its small doppler 
coefficient, its small delayed neutron portion, and 
short neutron life-time. 

These safety problems associated with criticality 
can be avoided by operating the reactor in a 
subcritical condition, providing spallation 
neutrons created by injecting medium-energy 
protons into a heavy metal target situated in the 
core. We suggested using a slightly subcritical 
fast reactor to ensure safe operation. 

BURN UP CALCULATION 

It is desirable to have only a change in small 
reactivity in the large burn-up of a solid-fbel fast 
reactor, so that the number of replacements or 
shuffling of the fie1 can be reduced, and the plant 
factor accordingly increased. Also, this reduces 
the number of control rods needed to regulate the 
change in burn-up reactivity. 

We evaluated fuel burn-up in the accelerator- 
driven prototype[31 Pu-oxide solid-fueled 
subcritical reactor, in which the fertile material is 
uranium or thorium, and which is cooled by Na or 
Pb. Burn-up for this reactor was calculated by 
the Monte Carlo method instead of the detailed 
multi-group diffusion calculation [4,51 which has 
been used in the design of regular fast reactors. 



Table I. Burn-up of Accelerator Driven Subcritical Reactor 

Yfr 
0 day 
(BOC) 
Pu (ton) 

Average 
Yfr Yfr Bum-up 
300 days 600 days (MWDlton) 
Pu/u233 Pu/u233 after 600 
(ton) (ton) days 

Initial 
loading of 

Metal (ton) 
& ratio of 
PU/HM 

Heavy 

5.779 
18.1 

.954 
1.046 

.928 
1.508 

.949 
1.905 
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Fertile/Fuel/ 
Coolant, 
Thermal Power 
(GWth) 
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U/Pu/Pb 
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1.006/ 
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.209 
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ton Power 
(MW/ 
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173. 
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1 .o 
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U/Pu/Pb 
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Density 
W / m 3 )  

457.4 

11.35 88.1 272.8 
13.5 

14.08 142. 440.5 
13.5 

.944 
1.046 

.945 
1.046 

-833 
.973/ 
.377 

.883 .860 106.08 

.899/ .722/ 

.387 .671 

.903 .865 106.14 

.959/ .775/ 
-348 .607 

103.80 

.goo 
1.905 

.880 
1.905 

.948 .932 86.82 
1.628/ 1.294/ 
.722 1.161 

.907 .891 86.82 
1.642/ 1.320/ 
.709 1.156 

.922 
1.536/ 
.077 

52.86 

.916 
2.0351 
.390 

85.20 

1 9:; :926 1.905 1.986/ 
#4. 
U/Pu/Na 
2.0 

14.13 
13.5 

141.5 440.5 .918 
2.023/ 
.417 

84.90 

5.655 
18.5 

176.8 457.4 #5.  
Th/Pu/Pb 
1 .o 

5.652 
18.5 

176.9 
~ 

457.4 #6. 
Th/Pu/Na 
1 .o 

13.81 
13.8 

144.7 440.5 #7. 
Th/Pu/Pb 
2.0 

13.81 1. 
13.8 

144.7 440.5 #8. 
Th/Pu/Na 
2.0 

The reactor is segmented in many regions and one 
group cross-sections for many reaction processes 
are obtained by the Monte Carlo neutron flux 
method using LANET and HMCNP codes for 
every segmented region, similar to Segev's 
approach ['I. The decay and fission chains are 
calculated by a method similar to the ORIGEN 
codes. In this computation, the spallation 
products and its decay and transmutation chain 
were not calculated, under the assumption that 
our system is not so deeply subcritical. 

diameter of core@)/height of core (H) =l. 
Table I shows the multiplication factor of k,the 
initial inventory of fissile material of Pu, and the 
quantities of Pu and U-233 produced from 
thorium in the core and blanket after burning for 
300 and 600 days. 

The findings indicated that a small initial fissiie- 
inventory with high ratio of Pu/ Heavy 
m e t a l 0  can have high k value at the 
beginning, but that reactivity decreases rather 
rapidly as bum-up increases. To keep reactivity 
constant during the high burn-up requires having Burn-up was calculated for two power levels of 1 





initial inventory of Pu for the 1 GW, Pb coolant 
reactor. The higher initial inventory and lower 
ratio of Pu/HM, shown in case #3, can maintain 
high k values during a large burn-up. Our 
calculation for a 2 GW,-powered Na-cooled 
reactor (case #4) shows a production rate of Pu 
of 0.2 todyear. When the uranium fertile material 
is replaced by thorium (case #5), the k value 
changes in a similar way as occurs for the 
uranium (case #1), but the production rate of 
fissile material is high in the first 300 days and 
then decreases from 300 to 600 days. 

For the cases of a 2 GW, reactor and thorium 
fertile material with smaller ratios of Pu/HM 
(cases #7 and #8), the initial k values are much 
smaller than those of examples #3 and #4 with 
uranium fertile material. 

Here, instead of k decreasing as in cases of #3 
and #4, the k values increase as burn-up increases 
in the first 300 days; they decrease after 600 days. 
Similar to the 1 GW, reactor, the production of 
fissile material is high in the first 300 days, but 
during the next 300 days, the production rate of 
Pu fuel is lower. 

A substantial amount of thorium in the core is 
converted to U-233(case #5), which can be used 
in LWRs in the cross-progeny cycle[61. This is 
one of best ways to transmute excess or military 
Pu in rather a short time because, in subcritical 
operation, there is no upper limit on the 
percentage of Pu as there is in transmutation by a 
critical reactor, and hence, large amounts of 
nuclear-fbel resources can be saved for fbture 
generations. Since a non-flattened core can be 
adopted, the neutron economy is substantially 
better compared with the conventional fast 
reactor which is forced to use the flattened core 
for safety. This analysis also indicated that Pb- 
coolant maintains higher k values than Na 
coolant, but after a large burn-up the difference 
between the two is smaller. The k values of the 
thorium fertile material with Pb-coolant become 
larger than most of the U fertile material after a 
40 GWdhon bum-up. 

FUEL PRODUCTION BY ACCELERATOR 
DRIVEN REACTOR 

A rather deep subcritical reactor can 
accommodate the rapid growth in demand for 
nuclear energy by shortening the initial inventory 
doubling-time due to smaller initial inventory of 
fissile material and higher breeding gain. 

Table II shows fissile fuel production by the 600 
MW, prototype Pu-oxide-fbeled Na-cooled fast 
reactor, together with the initial inventory of Pu, 
fissile-material production, the initial inventory 
doubling-time (IIDT), the cost of the fuel 
produced (without selling the electricity 
generated), and the cost of electricity (without 
selling the fbel) for the critical and subcritical 
reactors. Due to the extra neutrons created by 
the subcritical reactor and the excess neutron 
produced in the Pu-fbeled hard-neutron reactor, 
the IIDT becomes shorter, and in the operation 
of the K 4 . 8  subcritical reactor, it is less than 4.7 
years; such an assembly can meet an annual rate 
of 15% increase in demand for nuclear energy 
using natural uranium and accumulated 
plutonium so avoiding a shortage of Pu. The 
fuel cost incurred with subcriticality (above 
k=0.8) can be somewhat reduced by selling the 
excess electricity generated. However, when k is 
less than 0.6, electricity has to be bought to 
operate 400 MW beam power accelerator. In 
the table, the capital costs related to the 
subcritical target assembly and the accelerator 
are assumed to be $2 billion/600 MW(electric), 
and $2 billion/ 300-MW beam power, 
respectively. A net discount rate of 5%, 30 
years life-time, and a plant factor of 0.75 also 
were assumed. 

In contrast to the breeder reactor, the 
accelerator-driven reactor can produce fissile fbel 
from electricity; thus, a fast deployment of 
nuclear energy is possible, even using electricity 
produced by other fossil fbels. 

Thus far, the liquid-metal fast-breeder reactor 
(LMFBR) has been plagued by objections about 



Table II. Fuel Production by the Accelerator Drive Subcritical Reactor 

~ 

i Initial 
inventory 
of fissile 
materials 
(ton) 

2.02 

1.72 

1.39 

31  

Multi- Production 
plication of fuel per 
factor k year, (ton) 

Initial cost of cost of 
inventory fuel electricity 
doubling without without 
time (Year) selling selling 

electricity fuel 
(K$/g) ** ( c h h )  *** 

16.97 0.997 3.29 

8.62 .733 5.23 

4.61 .60 10.1 

1.35 .467 ---- * 

0.119 

0.199 

0.602 

Production 
of electricity 
W) 

600. 

466. 

300. 

-201. * 

*We have to buy electricity to run the accelerator. 
**By selling the electricity, the cost of fuel can be reduced substantially. 
***By selling the fuel), the cost of electricity can be reduced substantially. 

its economy and stable fissile material support. To 
develop the technologies for LMFBRs, they must 
be economically competitive with other energy 
sources, specifically the thermal nuclear plants of 
LWR. The LMFBR has potentially favorable 
safety features, such as low primary-system 
pressure, operating temperature is far below the 
boiling point, the coolant has large thermal 
conductivity and high compatibility with 
structural material. 

An accelerator-driven fast reactor is more 
effective in producing fissile fuel, so the LMFBR 
should be developed in the direction of becoming 
competitive in economical and safety features 
even with a low breeding gain. The technology 
developed for the LMFBR can be further 
extended to the accelerator-driven fast subcritical 
reactor, where the high neutron economy can be 
fully utilized. The minor actinides (MAS) and 
alpha particles emitting nuclei with long life-times 
can be safely transmuted with an accelerator- 
driven reactor without the restriction on MA 
contents. 

Another important point in using an accelerator- 
driven fuel-producer is the fact that energy 
production can be separated from fuel production 

and the processing facility[71; the former then can 
be located near regions where energy is 
consumed, while the latter can be located in 
remote areas far from populated regions. This 
scheme will be beneficial in advancing popular 
acceptance of nuclear energy, and in assuring the 
non-proliferation of fissile material. It also allows 
more freedom in the choice of the type of reactor, 
such as a liquid-fuel one. This separation cannot 
be achieved using the fast breeder, which can 
create fissile fuel only by generating a huge 
amount of energy. 

USE OF LIQUID OR PARTICLE FUELS 

Operation at deep sub-criticality creates many 
problems, such as radiation damage to the beam 
windows and solid target, and a high power- 
peaking factor in the localized spallation neutron 
source. To reduce the peaking factor, a slab- 
geometry target with horizontal beam injection 
was suggested, as in BNL’s light water reactor 
(LWR) fuel regenerator”] and LANL’s accelerator 
production of tritium (APT)[’]. 

The use of a molten-salt fast reactor (not a 
thermal reactor) offers many advantages over the 
solid-fuel reactor, and the technology of electro- 



processing also can be utilized. 

The very hard neutron spectrum obtained by 
employing a liquid fuel, such as Pu-Pb, Pu-Pb-Bi, 
or plutonium chloride molten salt increases the 
yield of excess neutrons without heavily 
depending on the high-powered accelerator. 
However, an early study at BNL showed that the 
container wall was severely corroded by 
operation at high temperatures, so that a large 
investment in technology development would be 
needed before these materials were satisfactory 
for use. 

Instead of the liquid Pu fuel, a particle fuel might 
be used which is directly cooled by liquid metal. 
This approach will reduce the inventory of Pu- 
fuel needed because the fuel is not circulated to 
the heat exchanger; however, the cladding 
material of the particle fuel reduces neutron 
energy and results in a lower neutron economy. 
The cost of manufacturing the particle fuel might 
be high, and frequent processing of solid fuel 
increases the loss of very toxic Pu. These points 
also have be taken into account in producing the 
fuel. 

RELIABILITY OF PROTON 
ACCELERATOR 

The industrial use of an accelerator has more 
stringent requirements for operation than in a 
physics experiment. Especially when it is used for 
energy production, the possibility of shutting off 
the accelerator by tripping should be eliminated; 
even once-a-year stoppage is very destructive for 
the supply of electricity energy. To prevent this, 
a multiple-channeled accelerator beam was 
suggested; however, this approach become 
uneconomical. 

One cause of tripping of the accelerator is the 
sparking of a cavity caused by applying a high 
electric field. The high electric field generates 
flakes from the impurities, defects, or dust on the 
cavity's surface, and causes electric avalanches. 
Table I11 shows experimental data on the X-ray 
doses and spark rates obtained in CERN and 
Fermi Laboratory during conditioning. 

Table III. Experimental Data (during 
conditioning) of X-Ray dose and Spark Rate 

CERN (for a 200 MHZ cavity) 
Dose rate 50 rad/hr @ Esm, 12 MV/m 
Gradient: 1.32 MV/m 

0.45 rad/hr @ pulse operation with duty 
0.009 
(Data quoted or deduced from P.E. 
Fangesras et al. PAC-87.p. 1719) 

@ 60kW CW, l m  from the axis 

FERMI Laboratory (for prototype #1, 6 cells of 
the 805 MHZ cavity) 

Dose ratelhr (at 3.6 meters) = 

Sparks/pulse (after 4*106 RF pulse) = 

where E kilpJlric ( 800 MHz) = 26 MV/m 

11.8+-3.9 0.3 *(Eticld&ilpatnc=X) 

0.7* 10-6~19.5+-1.2 

Near the Kilpatric electric field, the radiation dose 
rate from X-rays and electrical breakdown 
increase, respectively, with the electric field 
strength (E) of power and E19.5+-1.2 
power["]. A small reduction in the electric field 
drastically reduces these probabilities, while the 
length of an accelerating particle's track is 
inversely proportional to E. Thus, by lowering 
the accelerating field slightly and lengthening the 
accelerator beam's track, the occurrence of 
electrical breakdown in the cavity can be reduced 
without incurring a big economical penalty. To 
prevent electron avalanches, cleaning the cavity 
surface by injecting clear water, eliminating 
impurity materials which make flakes, and the 
conditioning are essential. 

Another cause of tripping is the break-down of 
the coupler between the wave-guide to the cavity, 
and the RF windows for its transmission. This 
also can be eliminated by reducing the high 
gradient in electric field caused by sharp edges. 

CONCLUSION 

An accelerator-driven reactor can provide a more 
flexible strategy for nuclear development. Pu or 
the more proliferation resistant U-233 fuel can be 



produced at a higher rate than the breeding 
reactor, so that a shortage of fissile material can 
be avoided when the rate of growth in demand for 
nuclear energy is very high. Consequently the 
necessity of the early introduction of the fast 
reactor and the requirement for high breeding 
gain can be moderated, and a safer and 
economically competitive nuclear reactor can be 
pursued. 

The cross-progeny fuel cycle, which uses U-233 
fuel produced fiom the Pu-fueled fast reactor and 
is used in the LWR can save resources of natural 
fissile fbel. Also the transmutation of excess or 
military Pu to U-233 fuel using thorium, and the 
separation of fuel processing and production fiom 
energy production which can be achieved by an 
accelerator-driven reactor is favorable from the 
point of view of non-proliferation of nuclear 
materials. 

The reliability of the high powered accelerator 
can be extensively improved by slightly reducing 
the accelerating electric field, and by proper 
preconditioning of the accelerating cavity’s 
surface and the coupler. 

The excess neutrons created in this system also 
can be used for reducing the toxicity of the long- 
lived fission products, or shortening the life-time 
of long lived nuclei, and reducing the volume or 
heat generation of high level waste which will 
need to be entombed in the geological storage. 
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