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II.

ABSTRACT

Fusion-fission hybrid systems, fast breeder systems, and
accelerator breeder systems were compared on a common
basis using a simple economic model.

Electricity prices

based on system capital costs only were computed, and
were plotted as functions of five key breeder system
parameters.

Nominally, hybrid system electricity costs

were about twenty-five per cent lower than fast breeder
system electricity costs, and fast breeder system electricity costs were about forty per cent lower than accelerator breeder system electricity costs.

In addition,

hybrid system electricity costs were very insensitive to
key parameter variations on the average, fast breeder system
electricity costs were moderately sensitive to key parameter
variations on the average, and accelerator breeder system
electricity costs were the most sensitive to key parameter
variations on the average.
The status of the three advanced breeders was outlined. Past
breeders are developed the furthest, and require demonstration of the engineering feasibility of short doubling time
safe systems and of the economic feasibility of commercial
prototypes.

The accelerator breeder is next furthest along.

Accelerators must be developed with orders of magnitude
increase in pulse length (steady state operation), an order
of magniti1e increase in conversion efficiency, and three
orders of magnitude increase in beam current.

Major problems

with developing such an accelerator are not expected.

The

blanket and primary target for a commercial prototype, or
even engineering prototype, have neither been engineered or
designed.

The hybrid is the least developed.

Reactor-level

physics feasibility for a hybrid may be demonstrated in the
early 1980s time frame for both magnetically and inertially
confined plasmas. Blankets for commercial prototypes have
not yet been engineered or designed.

III.

INTRODUCTION

This presentation will discuss the major fissile fuel
breeding contenders known today, namely, fast breeders,
accelerator breeders, and fusion-fission hybrid breeders.
It will not address systems with more restricted breeding
potential, such as the light water breeder reactor.

The

presentation will begin with a brief discussion of the
need for advanced breeders.

Then, each breeder system

will be described, with emphasis on elements generic to
the system.

Issues which impact breeder system selection

will then be discussed, and those issues which have been
selected for analysis in the present paper will be delineated clearly.

The modelling approach, types of models, and

assumptions for the model will be stated definitively, and
graphical results from the model will then be presented.
The results will be discussed, and conclusions which arise
from the results and which could impact breeder strategy
will then be drawn.

The present status of the advanced

breeders will be summarized, and development strategies for
each breeder system based on the analytic results will be
described briefly.
The views expressed in this paper are solely those of the author,
and do not necessarily represent those of the Department of Energy.

IV.

BACKGROUND

In the 20th century, energy utilization in the United States
and the world has increased dramatically.

Energy demand in

the United States is projected to continue to rise at a more
modest rate, while demand in the remainder of the world will
continue to rise at a substantial rate as other nations try
to achieve a U.S.-type standard of living.

In the U.S., elec-

tricity demand by the year 2000 could be about one million
MW(e).

The two leading contenders presently envisioned to

supply the bulk of this demand are fossil energy and nuclear
energy.

Logistical problems, such as fuel transport and

distribution, and environmental problems, such as particulate
pollution and excessive CO2 in the atmosphere, could limit
the growth of fossil energy.

As a result, nuclear energy may

be required to supply about 30-40% of electricity demand by
the year 2000.
To meet the demand, the power utilities would have to construct
substantial numbers of LWRs.

Before the utilities commit to

an incremental LWR, however, they require a fissile fuel
supply guaranteed over the operating lifetime (~30
of an LWR.

or 40 years)

In addition, the utilities would like some assurance

that the fissile fuel prices will not rise exorbitantly over
the LWR lifetime due to scarcity or other similar factors.
At present, the LWR fissile fuel (U235) is obtained from natural
uranium, and U235 constitutes .7 per cent of natural uranium.

As the presently mined higher-grade ores are exhausted, the
mining of lower-grade uranium ores will produce expensive U235
and will produce pollution problems associated with large scale
mining.

Under the existing scenario, the bulk of the natural

uranium and thorium reserves will not be utilized as fuel, and
this will eventually begin to hinder nuclear growth.

However,

this trend can be reversed through the utilization of fissile
fuel breeders. These advanced systems convert much of the
natural uranium and thorium to fissile fuel, and increase the
effective fissile fuel supply by about two orders of magnitude.
Use of advanced breeders symbiotieally with LWRs would provide
the utilities sufficient quantity and price guarantee of fissile
fuel to commit to new LWR construction for a substantial period
of time.

V.

ANALYSIS

Aa

Types of Fissile Fuel Breeders Examined

Most, if not all, fissile fuel breeders have a number of common
features in their operational mode.

At some point in their

cycle, high energy neutrons are generated.

These neutrons, in

turn, fission a fertile, or fissile material, to produce a
larger number of neutrons.

Some, if not all, of the latter

neutrons are moderated, and are absorbed in fertile material
to produce fissile material.

The breeders to be analyzed in

this paper have the common feature that the energy of the neutron
causing the fission and subsequent multiplying effects is
relatively large, ranging from hundreds of MEV to somewhat
under one MEV.

Since the number of neutrons produced during

a fission event is proportional to the energy of the incoming
neutron, the breeders analyzed here are characterized by relatively large values of neutron multiplication.

Large neutron

multiplication, in theory at least, provides the potential for
breeding large amounts of fissile fuel.

Depending on the mode

of breeder operation, this fissile fuel can be recycled internally, or exported for use in burner reactors.

Thus, the

systems selected here for analysis have the potential of being
large fissile fuel exporters, as opposed to systems which
employ fissioning in the thermal neutron energy range and
which are self-supporting as breeders at best.
While many variants of core/blanket combinations exist for
each breeder concept, it was decided to use the simplest repre-

sentation for computational purposes. All systems are divided
into a core which generates the high energy neutrons, a blanket
which breeds the fissile fuel, and an injector which replenishes
the core with mass and energy. As will be shown later in detail,
these subsystems are modeled separately, then incorporated into
a total systems model.
Figure 1 contains a schematic of the fast breeder.

The system

consists of a fissile core (Pu or U233) surrounded by a fertile
blanket (Th or U238).

Fission of the core material creates

neutrons and power. Neutrons which leave the core interact
with the blanket to form fissile fuel and power.

Some neutrons

must be recycled in the core to keep the fission chain reaction
going, and some fissile fuel must be recycled from the blanket
to the core to replace the fuel fissioned in the core. The
i

net input to the system is fertile fuel and the net useful outputs are fissile fuel and power.
Figure 2 contains a schematic of the accelerator breeder. The
system consists of a heavy metal primary target (Ur, Th, Pb, etc.)
surrounded by a fertile blanket.

High-energy charged particles

(H, D, T, etc> are injected by an accelerator into the primary.
These charged particles interact with the heavy metal to form
neutrons by spallation and, if the metal is fissionable, by fast
fission.

Power is also produced during the interaction.

The

neutrons exit the primary and interact with the blanket to produce fissile fuel and power.
the accelerator.

Some power is recycled to operate

The net inputs to the system are fertile fuel
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and light gas, and the net: outputs from the system are fissile
fuel and power.
Figure 3 contains a schematic of the fusion-fission (hybrid)
breeder.

The system consists of a fusion plasma core surrounded

by a fertile blanket.

In V'<s near-term systems, deuterium and

tritium are injected into the plasma.

They react (fuse) to

form neutrons, alpha particles, and power.

The neutrons exit

the plasma and interact with the blanket to form fissile fuel,
power, and tritium (optional).

Some power may be recycled to

operate the deuterium and tritium injector.

B.

Discussion of Economic Model

In deciding which system, or mix of systems, to pursue for
advanced development, a number of issues must be considered.
Proliferation of fissile material, environmental impact, and
electricity costs are some of the many issues to be addressed.
In the present study, only electricity cost considerations are
examined.

Specifically, only those electricity costs which

are based on system capital costs are considered.

Operating

and maintenance costs, most fuel cycle costs, and other similar
costs have been neglected, although they may not be negligible
in reality.

It is believed that capital costs will be the

major contributor to electricity costs for all systems studied
and, at the present level of knowledge, operating and similar
type costs may be assumed about the same for all systems.

If

these costs are neglected, it is assumed that the relative electricity costs among these breeder systems will not be impacted
greatly.

The key output cost factors which impact breeder system selection
are power and/or fissile fuel costs resulting from system operation.

In a previous paper —, system fissile fuel costs were

obtained heuristically from many different conceptual design
studies.

However, since these studies were performed by diffe-

rent teams and contain different assumptions and groundrules,
accuracy of both absolute values and relative values is questionable, and little insight to the major cost determinants and
reasons for cost differentials is obtained.

Perhaps more

importantly, sensitivities of relative costs to system performance parameters are not provided.

It was decided to model

system performances analytically, and derive expressions for
major cost factors. The approach used was to employ the simplest
modal possible which included the major cost drivers. A minimum
amount of detail was used, but the model results were checked
against those of much more detailed studies, to insure that
the key cost trends were being followed with some degree of
accuracy.

This type of approach has been : utilized in analyzing

a pure fusion system —, and excellent agreement with a much more
complex model was obtained.

C.

Discussion of Results

Appendix I contains a derivation of the equations used for computing systems costs. I/hile equations were derived for computing
both electricity costs and fissile fuel costs, computations were
made for electricity costs only.
computed in a follow-on paper.

Fissile fuel costs will be
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Electricity costs were computed by the method of indifference
pricing.

In this technique, each breeder is assumed to be

coupled with burners which utilize the breeder-produced fissile
fuel.

The net input to the breeder/burner system is the capital

cost of the breeder and burners, and the net output is electricity.

Capital costs for the breeder are obtained from

scaling core, blanket, and injector capital costs, capital
costs for the burners are obtained from extrapolation of existing installed LWR systems, and then electricity costs are obtained from simply equating revenues to costs on an annual basis.
To obtain fissile fuel costs, capital costs for the breeder are
equated to the sum of breeder fissile fuel revenues and breeder
electricity revenues on an annual basis.

All assumptions made

in deriving the equations and for selecting constants are
listed in Appendix I.
Before proceeding to discuss the results shown on Figures 4
to 8, it will be instructive to discuss the generalized breeder
system cost equation, equation (1-11) from Appendix I, and the
implications which derive from this equation.
The unit price of electricity from the breeder/burner system
may be written as

where
R2 is the unit price of electricity,
Cp is the capital cost of breeder balance of plant,
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C c is the capital cost of breeder core/blanket,
C a is the capital cost of the breeder external injector,
C L is the capital cost of the burner,
F n is the net fissile fuel output of the breeder,
M is the fissile makeup requirement of the burner,
Gf is the fissile inventory in the internal breeder injector
(in actuality, it is the fast breeder fissile fuel inventory),
Gi is the burner fissile inventory,
I is the interest rate on fissile fuel inventory,
E n is the net electrical output of the breeder, and
Ei is the net electrical output of the burner.
Thus, the electricity price for the system is the ratio of
total system capital costs to total system net electricity
production.

The left hand term in the numerator represents

breeder capital costs, while the right hand term in the numerator represents capital costs of all the burners supplied by
the breeder.

The left-hand term in the denominator represents

breeder electrical output, while the right hand term in the
denominator represents electrical output of all the burners
supplied by the breeder.

The right-hand factor of the right-

hand terms in both numerator and denominator, :—2—I — . .
(M + IGi ) '
represents the number of burners supplied by each breeder.
More directly, this term represents the number of burners
supplied by each breeder in an economic sense, since the actual
number of burners supplied by each breeder is (n11) •

The interest
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charge on breeder fissile inventory (applicable only to the
fast breeder in this analysis) acts to effectively decrease
the net fissile fuel output of the breeder; in one sense, the
interest charge on breeder fissile inventory represents the
amount of fissile fuel being used up in ?n economic sense.
The interest charge on burner fissile inventory acts to
effectively increase the fissile fuel makeup requirement of
the burner; in fact, the interest charge on burner fissile
fuel inventory represents the amount of fissile fuel being
used up in an economic sense.
It is assumed implicitly that the capital cost of the burner,
C L , is substantially less than the base capital costs of the
breeder, C p + C c , for systems of the same gross electrical
output.

For breeders which supply a large number of burners,

and which have moderate breeder capital costs and low injector
capital costs (low recirculating power), the electricity costs
will be low, due to the weighting or leveraging effect of the
large number of low-priced burners.

Moderate increases or

decreases in the number of burners due to changes in F n / M, I,
Gf, or Gi will have a small impact on electricity costs, since
the burner unit costs will still have a major leveraging effect
on the breeder costs.

Moderate increases in breeder capital

costs, C p + C c + C a , will also have minor impact on electricity
costs, since these breeder capital cost changes will be averaged
over the large number of burners.

The situation described above
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is representative of the hybrid breeder system, as will be
shown later.
For breeders which supply a small number of burners, and which
have moderate breeder capital costs, the electricity costs will
be representative of the breeder capital costs, and will be
moderate to high.
insensitive

These electricity costs will be relatively

to changes in burner costs or requirements, but

will be highly sensitive to changes in breeder capital costs.
The situation described here is representative of the fast
breeder system, as will be shown later.
For breeders which supply a m^d^rate number of burners, which
have moderate breede c base capital costs (Cp + C c ) , and high
injector capital costs (large recirculating power), the electricity costs will range from moderate to high.

There will be

some cost leveraging due to the moderate number of low cost
burners in the system, but this will be counterbalanced by the
leveraging of the high capital cost recirculating power handling
systems.

Recirculating power costs tend to have a hyperbolic

effect on systems electricity costs.

For low recirculating

power, the ratio of recirculating power handling capital costs
to net power output approaches zero, while for high recirculating power, this ratio approaches infinity.

Thus, moderate

changes in the core performance index, which are translated
into changes in recirculating power, will have major impacts
on system electricity costs, due to the hyperbolic relationship described above.

Moderate changes in the breeder base
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capital costs, Cp + C c , will have a modest impact on electricity
costs, since these capital cost changes will be averaged over
the moderate number of burners in the system. Moderate changes
in the number of burners due to changes in Fn, M, I, Gf, or Gi
will have a healthy impact on electricity costs. This can be
explained by examining some limiting conditions of equation
(X-l >. For a very large number of burners, the system electricity cost approaches that of a burner with zero feed cost.
For a very small number of burners, the system electricity cost
represents the breeder capital cost, which is high in this case
due to high recirculating power handling costs. Thus, the
average slope of the relationship between electricity cost and
number of burners is large, due to the large value of the low
burner limit case. The situation described here is representative of the accelerator breeder system, as will be shown
later.
Now we will discuss the specific results presented in Figures
4 to 8.
In the computation of results, all parameters but one were
set at a nominal value, and the one remaining parameter was
varied over its range. This was done for the five parameters
which it was felt could influence most heavily the relative
costs of the different breeders. All the parameters used will
now be defined, and their nominal values will be presented.
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1)

e - Neutral Beam Conversion Efficiency - 60%

2)

0 - Ratio of Neutral Beam and Linear Accelerator Power
handling costs to balance of plant power handling
costs - 1.5.

3)

n - Balance of Plant Conversion Efficiency - 33%

4) Ci - Balance of Plant Unit Capital Cost - .8 • 10 6 $/MW(e)
5) ty - Annual Capital charge Rate - 15%
6)

A - Accelerator Conversion Efficiency - 50%

7)

Z - Ratio of Actual Fissile Fuel Production in Blanket
to I3eal Fissile Fuel Production - .8

8)

Q - Ratio of Thermonuclear Power Produced to Power Input
to Plasma - 4

9)
10)

I - Fissile Fuel Inventory Charge - 13%
a - Ratio of Breeder Nuclear Island Cost to Breeder Balance
of Plant Cost - .7

11)

M - Burner Fissile Fuel Makeup Requirement - 480 Kg/Year

12)

J - Breeding Neutrons Produced Per Proton In Accelerator
Breeder Assembly - 70 neutrons/proton
R - Fissile Atoms Produced Per Fissile Atom Destroyed In
Fast Breeder Core - 1.7

13)

14) Gf - Fissile Fuel Inventory in Fast Breeder - 3500 Kg
Now we will examine the results obtained.

Figure 4 contains a

plot of system electricity cost as a function of the performance
index for the core of each breeder.

As described previously,

this relationship should approximate a hyperbola, since the
ratio of recirculating power to net power increases as the performance indices decrease for the hybrid and accelerator breeder
cores, and the ratio of recirculating fissile fuel to net fissile
fuel increases as the performance index decreases

for the fast
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breeder.

For the hybrid, the end of the knee of the hyperbola

occurs at about a Q of four, and the start of the knee occurs
slightly below a Q of unity.

On this basis, there appears to

be little economic incentive to attain a Q greater than four,
and a Q of about two would be acceptable.

From present studies,

all Qs in the range depicted appear to be attainable, although
these Q values have not yet been attained experimentally.

For

the accelerator breeder, the end of the knee appears to occur
at about a J of two hundred, while the knee starts at about a
J of seventy.

Present-day computer studies, and reports of

Soviet experiments, predict J values of about seventy for the
proton/target combination examined here.

Thus, there exist

large incentives to verify the computer predictions and the
Soviet results with experiments on large assemblies, as well
as to find other particle/target combinations which have the
potential to double or triple these limiting J values.

For

the fast breeder, the end of the knee of the curve appears to
occur at the bottom of the range depicted here.

R values in

the range greater than 1.5 were selected because the doubling
times characteristic of these R values correspond to doubling
times of under ten years projected achievable by EPRI and the
Soviets.
Thus, hybrids have the potential of providing substantially
cheaper electricity than the fast breeder; and the fast breeder,
as far as we see now, has the potential of providing substantially cheaper electricity than the accelerator breeder.
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Furthermore, while the electricity cost differentials among
the systems may appear small in absolute terms, it should be
remembered that by the turn of the century, every mill per
kilowatt-hour sav<id in the total U.S. electricity supply will
translate into an annual savings of 3.5 billion dollars.
Figure 5 contains a plot of systems electricity costs vs. the
ratio of actual blanket fissile fuel production to ideal blanket
fissile fuel production.

This plot is essentially the relation-

ship between electricity cost and number of burners in the
system, as described previously.

For systems where the diffe-

rential between total breeder, capital costs and unit burner
capital costs is moderate, such as the hybrid, the average
slope of the curve will be moderate.

For systems where the

differential between total breeder capital costs and unit
burner capital costs is large (due to large recirculating
power handling capital costs), such as the accelerator breeder,
the average slope of the curve will be large.

For realistic

blankets, the gap between the accelerator breeder and the hybrid
will widen substantially.

For the fast breeder, the blanket per-

formance factor translates into the analogue of a recirculating
power fraction for the other breeders, and becomes effectively
a recirculating fissile fuel fraction.

Whereas in the other

breeders, large recirculating power means that expensive power
handling equipment is required per unit of net power output, in
the fast breeder, large recirculating fissile fuel means that
an expensive fissile fuel inventory is required per unit of net
mass output.

Thus, in analogy to the hyperbolic relation of
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electricity cost to injector capital costs for the other breeder
systems, the relation of electricity cost to blanket performance
factor for the fast breeder is also hyperbolic.

The start of

the knee of the hyperbola at about a Z of .6 may be interpreted
as the point where actual net breeding of fissile fuel approaches
zero.

Again, for realistic blankets, the hybrid appears to offer

substantial advantages over the fast breeder.
Figure 6 contains a plot of system electricity costs vs. the
ratio of breeder nuclear island cost to breeder balance of plant
cost.

As explained previously, increases or decreases in a are

averaged over the number of burners in the system, and the slopes
of the relations between electricity cost and a are inversely
related to the number of burners in the system.

Thus, the slope

is smallest for the system with the largest number of burners,
the hybrid;

the slope is relatively small for the system with

the next largest number of burners, the accelerator breeder; and
the slope is quite large for the system with a quite small number
of burners, the fast breeder.

If all of the breeders turn out to

have complex, and therefore very expensive nuclear islands of
similar magnitude, then the hybrid will have an even greater
cost advantage than exists in the nominal case.

If, however,

the fast breeder nuclear island proves to be relatively simple
to construct, and therefore relatively inexpensive, while the
hybrid nuclear island proves to be complex, and high-priced,
then the fast breeder would prove to be a serious competitor to
the hybrid on a capital cost basis.

The relationship among

nuclear island costs for commercial breeders is unknown at prerent.
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Figure 7 contains a plot of system electricity costs vs. the
interest rate on fissile fuel inventories.

Ar shown in equa-

tion (1-11), and as discussed previously, the effect of increasing I is to reduce the net fissile fuel output of the fast breeder
in an economic sense, and to increase the net fissile fuel makeup
requirement for the burners in an economic sense.

Thus, the net

effect of increasing I is to reduce the number of burners in the
system.

Therefore, this plot is essentially the relationship

between electricity costs and the number of burners in the
system.

For hybrids, with moderate total breeder capital costs,

the average slope of the curve is moderate, whereas for accelerator breeders, with large total breeder capital costs, the average
slope of the curve is large,

The hybrids and accelerator breeders

only experience the impact of fissile inventory charges on the
burner, since the breeder requires no fissile inventory in the
present analysis.

The fast breeder, however, is also impacted

by fissile charges on the breeder inventory.

Thus, while the

fast breeder is very insensitive to changes in requirements
for its burners, since it has so few burners to support, it is
very sensitive to parameters which affect its fissile fuel output,
due to the hyperbolic relation between electricity costs and
recirculating fissile fuel costs described previously.

The

increase in electricity costs with increasing I depicted here is
almost completely due to the effect of increasing I on reducing
net fissile fuel output.
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Computations of appropriate fissile fuel inventory interest
rates are presented in Appendix II.

The conclusions are that

if the fissile fuel is owned by the government, and if it is
leased to the breeder/burner operators (the utilities, for
example), then the lower bound of the interest (rental) rate
depicted on Figure 7 will apply.

If, however, the fissile fuel

is owned by the utilities, and capitalized on the books of
account, the higher bound of the interest rate depicted on
Figure 7 might apply.

In the computation performed in Appendix

II, the higher bound of the interest rate was found to be equal
to the pre-tax rate of return on capital, and was about twenty
per cent larger than the annual capital charge rate i>. This
result is due to the treatment of fissile fuel as a non-depreciating capital asset, in Appendix II.
Hybrids stand to benefit substantially relative to the other
breeders if private ownership of fissile fuel is allowed, in
the future.
The final result, Figure 8, contains a plot of system electricity
costs vs. fissile fuel makeup requirements of the burner.

As

stated before, the fast breeder system electricity costs are
very insensitive to burner requirements, since very few burners
are in the system and the electricity costs essentially represent fast breeder capital costs.

This assertion is borne out

quite clearly by the vanishingly small slope of the fast breeder
curve.

For the accelerator breeder and the hybrid, as can be

seen from inspection of equation (1-11), M and I play inter-
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changeable roles, and bear the same relationship to electricity
costs.

Therefore, the arguments which were utilized to explain

the relationship of I to R2 for the accelerator breeder and
the hybrid can be employed to explain the relationship of M
to R2.

It appears that development of higher conversion ratio

burners, with hopefully the same unit capital costs as those
in use today, will benefit the accelerator breeder relative
to the hybrid, but will have minor impact on the fast breeder.
In all realistic cases, the hybrid system electricity costs
were substantially lower than those of the fast breeder system,
and in most realistic cases, the hybrid system electricity cost
gradients were substantially lower than those of the fast breeder.
At the same time, the fast breeder system electricity costs
were substantially lower than those of the accelerator breeder
system, and in most realistic cases, the fast breeder system
electricity cost gradients were substantially lower than those
of the accelerator breeder.
dual virtue.

The hybrid system, then, has a

It produces not only the lowest costs of all

systems compared but, in systems terminology, it performs as
a 'robust1 system as well.

It is very insensitive to changes

in subsystems, performance, and is therefore a 'forgiving*
system.
The system economics for all systems compared are only a reflection of the underlying physics and engineering performance
of the system.

The hybrid system outperforms the accelerator

breeder because the hybrid breeder fusion plasma core is an
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efficient converter of particle energy to neutron energy, whereas
the accelerator breeder primary target core is a poor converter
of charged particle energy to neutron energy. The hybrid system
outperforms the fast breeder system because the number of breeding
neutrons produced per interaction of the 14 KEV fusion neutrons
with the blanket is much larger than the number of breeding
neutrons produced in fast fission by the 200 KEV fission neutrons
in the fast breeder core, and the external energy required to
produce high energy neutrons in the high Q fusion plasma in
the hybrid core is not substantially higher than the essentially
zero energy required to produce moderate energy neutrons in the
chain-reacting fast breeder core. The fast breeder system outperforms the accelerator breeder system because the chainreaction process is able to release neutrons from the nucleus
through fast fission at essentially zero energy cost, whereas
the spallation/evaporation/fast fission process in the primary
target core of the accelerator breeder is able to release many
more nucleons from the nucleus at a huge increase in energy
cost.

For the accelerator breeder system to approach com-

petitiveness with the other breeder systems, the cascading
process in its primary target core will have to come closer to
being self-sustaining and thereby reduce its dependence on an
external energy stimulus, such as occurs in a chain-reacting
fast breeder core, or a near-ignition hybrid plasma core.
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VI.

STATUS OF BREEDERS

The three types of breeders vary widely in their stages of
development, and this must be taken into account during
decisionmaking about which strategies to follow.
The fast breeder is developed the furthest.

Fast breeders

have operated for 30 years, starting with the thermal output
reactor "Clementine" at LASL in 1946, and the electrical output reactor EBR-I at Arco, Idaho in 1951.

Reactor-level

scientific feasibility has been demonstrated, and engineering
feasibility of long doubling-time systems has been demonstrated.
What remain to be demonstrated are engineering feasibility of
short doubling-time systems and economic feasibility of commercial prototypes.
The accelerator breeder is intermediate in development stage.
Accelerator breeders were operated 30 years ago as part of the
MTA program (1949-54) at the University of California Radiation
Laboratory and the Livermore Research Laboratory (California
R&D Company).
shown.

Reactor-level scientific feasibility has been

Present linear accelerators operate in a pulsed mode,

with a few per cent conversion efficiency, and systems like
LAHPF (LASL) can generate 100(s) microamps current at an energy
of 800 MEV (protons).

Accelerators for breeders will require

steady state operation, 50 per cent conversion efficiency, and
300 milliamps current at an energy of 1000 MEV.

Major problems

with developing such an accelerator are not expected.

The

blanket and primary target for a commercial prototype, or even
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engineering prototype, have neither been engineered nor
designed.
The hybrid system is the least developed.

The concept was

proposed at least as far back as 1952 by the California R&O
Company.

Reactor-level physics feasibility has not yet been

demonstrated, although the recent high temperatures obtained
in PLT (Princeton) using energetic neutral beams provides some
measure of optimism that reactor-level physics feasibility for
a hybrid may be demonstrated in TPTR (Princeton, 1982-83).
Near-reactor or reactor-level physics feasibility for inertially
confined hybrids may be demonstrated in the same time frame in
the glass laser Shiva/Nova (LLL) and/or the gas laser Antares
(LASL). Blankets for commercial prototypes have not yet been
engineered or designed.
Appendix III contains a more detailed status report on the
three advanced breeders.

25
VII.

BREEDER DEVELOPMENT STRATEGY

It is assumed that the objectives of a nuclear power development strategy are to minimize consumer electricity costs under
the constraints of safe reactor operation, minimal proliferation, and minimal environmental pollution, and to allow the
U.S. to retain a strong competitive posture in the world reactor
and fissile fuel market.

Electricity costs from nuclear power

over time depend on many variables, but are dependent strongly
on uranium ore supply, electricity demand, and breeder performance, development time, and costs.

In an ideal, predictive

situation, uranium ore supply, electricity demand, and breeder
cost, performance and development schedules would be known
accurately as functions of time.

Under this ideal scenario,

breeders would be developed at a controlled pace to enter the
energy market when the stand-alone LWR power costs would be
equal to the power costs from breeder/LWR symbiotic systems
(or possibly just breeder systems alone).

Penalties arising

from late or early breeder development would be non-existent.
However, in actuality, uranium ore supply, electricity demand,
and breeder cost, performance, and development schedules are
very uncertain.

For example, domestic uranium resources under

$50/lb could probably range from 1.5 million to 5 million tons
of U30g.

Nuclear capacity by the year 2000 could probably range

from 175 GW(e) to 425 GW(s).*

Fast breeder development time

(the time between a go-ahead decision on the next large demon* The uncertainty is even far greater than this range of numbers
implies. Just six short years ago, a detailed forecast predicted
nuclear generating capacity by the year 2000 as: 1200GW(e) domestic;
1460GW(e) foreign non-communist; and 600GW(e) foreign communist.
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strator and a decision by the utilities to start placing orders)
could probably range from under twenty to over thirty years.
The capital cost of this fast breeder might range from twenty
percent greater than LWR capital costs to one hundred percent
greater than LWR capital costs.

And it must be emphasized that

the above uncertainties are applicable to domestic conditions,
which are to some degree controllable by the U.S.

If the U.S.

is to compete on a world market, then in addition to the above
uncertainties, large uncertainties in world uranium ore supply,
world electricity demand, and international efforts and strategies
in developing breeders must be taken into account when deciding
on a nuclear development strategy.
The real issues in nuclear strategy center around the consequences
of developing breeders faster or slower than the ideal pace described above.

If breeders are developed more rapidly than the

a posteriori determined ideal development pace, additional costs
will be incurred in a discounted cash flow sense by early spending
of R&D funds.

Also, the premature DEMOs would either be under-

utilized because of no need for their expensive power, and would
thus bear excessive carrying charges, or would produce expensive
power over a lengthened time period.

If breeders are developed

less rapidly than the a posteriori determined ideal development
pace, additional costs are incurred on the domestic market by
having to pay higher power costs (.jrom LWRs or other competitive
systems) until breeders are commercialized.

On the international

scene, the situation could be far more serious.

Foreign breeder
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developers would gain competitive advantages through early breeder
sales, and would establish markets for fissile fuel sales.

Later

penetration of these established markets by the U.S. would probably
be far more difficult than capturing some market shares when the
market is being established.
At this point, what is required is some estimation of the relative
magnitude of the cost penalties associated with early breeder
development and cost penalties associated with late breeder development.

A cost/benefit analysis of the time of pure fusion

development (2) showed that, for reasonable discount rates and
electricity savings of very few mills per kilowatt-hour, large
benefit/cost ratios were possible.

This should not be surprising,

since electricity usage is a huge number, and small unit savings
still result in large absolute savings.

These absolute savings,

even in a discounted sense, are large compared to a
total R&D costs.

system's

In the case of breeder development, the dis-

counted benefits from electricity savings would be of the same
order or perhaps even larger than those of pure fusion, while
the discounted R&D costs would be about the same or perhaps less.
Furthermore, the pure fusion computations did not take into account
the continually increasing differential between LWR electricity
costs (assuming no breeder) and pure fusion electricity costs.
When these effects are included, the benefit/cost ratio jumps
substantially.

In summary, it appears that cost penalties asso-

ciated with early breeder development are fractions of the
relatively small discounted system R&D costs and are therefore

28
much less than cost penalties associated with late breeder
development which are fractions of the relatively large
discounted potential electricity savings.

Thus, early breeder

development appears to provide low-cost insurance against the
potentially large losses associated with late breeder development.

It should be emphasized strongly at this point that

the term "early breeder development" as employed here refers
to the earliest development of the most cost-effective advanced
breeder system to the commercial phase.

This is not neces-

sarily the same as earliest development of those advanced
breeders which are developed furthest at present, although
it may turn out to be the same if the most developed systems
prove to be the most cost-effective.

The advanced breeder

systems discussed here will in all probability be complex and
expensive systems to develop, to construct, and to operate.
It is highly unlikely that all three types of advanced breeders
would be developed fully to the commercialization stage, unless
clearly defined non-overlapping roles for all three systems
could be specified.

More likely, one, or possibly two of

these systems operating symbiotically, would be developed to
the commercial stage, with the choice of system based on the
maximum amount of technical, economic, proliferation, environmental, and social impact

data available.

The development

strategy for advanced breeders, then, is to generate engineering,
physics, and economic data at such a pace that when the decision
to commercialize an advanced breeder is made, the most cost-
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effective breeder(s) will be available for selection on a
highly rational basis.

A cost/effective development of the

most economical advanced breeder requires parallel development
of the three major systems initially.

As development'proceeds,

one or more of the breeder systems will be terminated when it
is felt that the system has little chance of being viable technically and/or economically.

Thus, total development costs for

all three systems will not be required, while the most economical
system will be obtained.
Brief development strategies from each system will now be
delineated.
For the fast breeder, the key issue is whether a high breeding
ratio system of modest capital costs can be built.

The major

thrust should be design of a large demonstrator (as is presently
being done) with high-density post-oxide fuels to increase breeding ratio and reduce doubling time.

In parallel, advanced fuels

should be developed and tested both for performance and safety.
When the design is completed in 1981, data should then be available for a go/no-go decision on an economic feasibility demonstrator .
For the accelerator breeder, the key "issue at present is whether
the performance of the primary target can be increased.

Com-

prehensive experiments should be performed to obtain primary
target neutron production data using existing high-energy accelerators.

The major experimental variables include the type of
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charged particle, the particle energy, the primary target
material, and the primary target phase (liquid or solid).

If

potentially economical combinations can be found, parallel
development should be started on high-current high-efficiency
accelerators (and perhaps shorter and cheaper devices such as
collective accelerators) and high performance targets and
blankets.

When the accelerator and target have been developed

to the same degree, a moderate-scale engineering prototype
should be constructed to define practical engineering problems.
After successful operation of such a facility, a large-scale
economic feasibility demonstrator could be built.
For the hybrid, the key issue at present is whether highdensity reactor-level plasmas with modest Q can be obtained.
Initially, studies should be performed to define performance
requirements for an optimal hybrid fusion driver, since much
greater flexibility with the fusion driver is allowed relative
to pure fusion systems due to reduced Q requirements.

At the

same time, experiments on fusion concepts other than mainline
should be expanded, to provide a larger data base for the driver
definition study.

Concurrently, blanket experiments should be

initiated to calibrate neutronics codes and evaluate practical
performance.

For example, blanket experiments could be per-

formed on TFTR at relatively low cost, and could yield relatively
near-term results on a realistic geometry.

Depending on the

plasma, or pellet, performances of devices operating in the early
1980s, such as TFTR, Nova/Shiva, or Antares, either an engineering
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prototype or an additional device to show hybrid reactor-level
physics feasibility could be constructed.

After successful

operation of an engineering prototype, a large-scale economic
feasibility demonstrator could be built.
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APPENDIX I
Derivation of Electricity Costs
In this Appendix, we first develop cost formulae for a general
advanced fissile fuel breeder system.

Then, we develop cost

formulae for a general advanced fissile fuel breeder/burner
system.

Following this, we generate specific cost formulae

for each of the three major breeder/burner systems discussed
in this report.
A.

Generalized Breeder Formulae

Assume that we have a breeder system whose inputs, in the most
general case, are fertile fuel and light gas, and whose net
outputs, in the most general case, are fissile/fusile fuel and
power.

Assume that the system can be divided conceptually into

a nuclear island, which produces the fissile/fusile fuel and
heat, and a balance of plant, which converts the heat into
electricity.

Assume further that the nuclear island can be

subdivided into a core, a blanket, and an injector*.
In this general breeder system, some neutrons may be recycled
into the core, some fissile/fusile fuel may be recycled into
the core, and some power may be recycled into the injector.

* The core converts high energy mass from the injector into
neutrons and heat. The blanket converts neutrons from the
core into fissile/fusile fuel and heat. The injector converts
low energy mass into high energy mass. It may be internal
or external, and its function is to stimulate neutron production. In the accelerator breeder, the injector is the
accelerator; in the hybrid, the external injector is the
neutral beam or laser, and the internal injector is that
portion of the plasma which is self-heated by alpha-particles;
in the fast breeder, the internal injector is the fissile fuel
inventory.
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The total annual revenues Rb derived from the breeder net
outputs are fissile fuel revenues Rf and electricity revenues
Re.

The total annual capital costs C b for the breeder are

balance of plant costs C p , core/blanket costs C c , and
injector costs C-^. Costs of operation and maintenance, and
fuel cycle costs, are neglected in this analysis, although
they may be non-negligible.

It is assumed that these costs

are about the same for the three breeder systems and, while
not necessarily small, can be neglected in a comparative
analysis.
Now we solve for fissile fuel and electricity prices required
to cover breeder system costs.

In the first step, we set

annual revenues equal to annual costs.
Rb " c b
In terms of component costs, this becomes
R

f

+ R

e

= C

P

+ c

c

+ c

i

{I

" 1)

U-2)

Subdivide further
R f = Rj_ . F n

(1-3)

where
R± is the unit fissile/fusile fuel price, and F n is the net
fissile/fusile fuel produced.
Re = R2 * E n
where
R2 is the unit electricity price, and
E n is the net electricity produced.

(1-4)

35
C± = Ca + Cf

(1-5)

where
C a is the capital cost of the external injector, and
Cf is the capital cost of the internal injector.
Cf = I • R x • G f

(1-6)

where
I is the interest rate on fissile/fusile fuel inventories,
and
Gf is the fissile/fusile fuel inventory in the internal
injector.
Combine equations (1-1) to (1-6), to get
R

=

C p + C c + C a - R2 • E n
F n - I • Gf

(1-7)

Thus, the unit fissile/fusile fuel price is the ratio of net
costs minus revenues to a modified net fissile/fusile fuel
produced.

For costing purposes, the net fissile/fusile fuel

produced is the actual net. fissile/fusile fuel produced F n
minus an expenditure of fissile/fusile fuel in an economic
sense I • Gf.

As equation (1-7) also shows, the prices for

fuel and electricity in this multi-product plant are not unique,
but are dependent on. each other's prices.

While many methods

are available for selecting the price of one product and thereby
determining the price of the other product (including the
often-used method of arbitrary selection), we utilize the method
of indifference pricing which appears to be prevalent in many
detailed breeder studies.

This method does have the virtue of
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assuming that a market price exists for electricity, and this
price will apply to electricity from burners as well as from
breeders.

We now consider the total breeder/burner system,

where the net inputs to the total system are the system capital
costs, and the only net output is electricity.

We equate annual

electricity revenues to annual capital costs for the breeder/
burner system, and arrive at an average electricity price for
the total output.

We insert this average electricity price

into equation (1-7), and arrive at the fissile/fusile fuel price.
Our breeder/burner system used for the analysis consists of one
advanced breeder of specified gross thermal (or electrical)
output, and N burners of the same gross thermal output per burner.
N is the ratio of breeder fissile fuel output to burner fissile
fuel makeup requirement.

Assume the burner has annual electricity

revenues Ri, annual capital costs C L , and a fissile fuel inventory cost (internal injector cost) of C x .

Thus, total breeder/

burner annual revenues are Rf + R e + N R L , and total annual capital
costs are C p + C c + Ci + N (CL + C x ) . Equate annual revenues to
annual capital costs, to get
R e + N R L = C p + C c + C ± + N (CL + C x )

(1-8)

Let
R L = R 2 • Ex

(1-9)

where
Ei is the net electricity output of the burner.
C x = I • Ri • G!

(1-10)

where
Gi i s the f i s s i l e fuel inventory of the burner.
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Combine equations (1-1) to (1-10), to yield

R 2 = (c P

+ c c + c a ) + (cL) j ; jgj

To repeat the definitionsf
R2 is the unit price of electricity,
Cp is the capital cost of balance of plant,
C c is the capital cost of the core/blanket,
C a is the capital cost of the external injector,
CL is the capital cost of *-.he burner,
F n is the net fissile output of the breeder,
M is the fissile makeup of the burner,
Gf is the fissile inventory in the internal breeder injector,
Gi is the fissile inventory in the burner,
I is the fissile fuel interest rate,
E n is the net electrical output of the breeder, and
El is the net electrical output of the burner.
Basically, equation (1-11) states that the electricity price
is the ratio of total system capital costs to total systems
electricity production.

However, the number of burners used

in the cost computation, , B I T ^ I » differs from the physical
number of burners in the system, (Fn) .
M~
The net fissile fuel produced by the breeder in an economical
sense is the actual fissile fuel produced, F n , minus the fissile
fuel which is effectively expended through its decrease in
economic value by remaining in inventory, IGf*

The net fissile
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fuel makeup of the burner in an economic sense is the actual
fissile fuel required, M, plus the additional fissile fuel
required to replace the fissile fuel effectively expended
through its decrease in economic value by remaining in inventory, I G I . If it is assumed that breeder capital costs per
unit of gross thermal output are substantially higher than
burner capital costs per unit of gross thermal output, then
substantial reductions in electricity prices will require as
many low-cost burners per breeder as is possible.

However,

for breeders with large fissile (or fusile) fuel inventories,
and large interest rates, the effective number of low-cost
burners is diminished substantially, and this leveraging effect
on low-priced electricity vanishes rapidly.
B.

Specific Breeder Formulae

We now derive the expressions for each breeder system which
are required for equation (1-11) to arrive at cost formulae
for each breeder system.

First, appropriate expressions for

the burner will be obtained.
The burner is assumed to be an LWR operating on the Pu-U cycle,
although other burners and other cycles could have been chosen
as well.

Based on existing estimates and extrapolations, the

LWR capital cost is assumed to be $1000/KW(e) installed.
cost is subdivided into $800/KW(e) for balance of

This

plant, and

$200/KW(e) for the nuclear island, based on existing systems
and extrapolations.

The gross electrical output of the burner

is assumed equal to the net electrical output, and is set at
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1000 MW(e).

Thus

where
i|> is the annual capital charge factor.
The fissile fuel inventory, G^, seems to range from 2000 to
3000 Kg in reactor estimates, and is set at 2500 Kg.

The

fissile fuel makeup requirement, M, appears to be about 480 Kg/
year for near-term 100% capacity factor burners.

It will be

treated as a parameter to assess the effect of higher conversion
ratio burners on system costs.

The fissile fuel inventory

charge rate, I, will be treated as a parameter to assess the
effect of different accounting techniques on systems costs.
Selection of appropriate values for I is discussed more fully
in Appendix II, where it is shown that I can range from 8 to
18 per cent, depending on whether the fissile fuel is owned
by the utility or leased from the government.
between I and i> is also shown in Appendix II.

The relationship
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i
1)

Fusion-Fission Hybrid

We will analyze the energetics of the system depicted on
Figure 1, convert the results to a power basis, and then
normalize to a 1000 MW(e) gross output plant.
Because many types of hybrid confinement concepts are potential
reactor candidates, we analyze a very generic design at this
point.

We assume only that the fusion in the hybrid core is

D-T fusion, the confinement is magnetic, and the injector is
a neutral beam.

The results can easily be applied to an inertial

confinement system with a laser or charged particle beam injector.
Assume 100D are injected into the plasma, and interact with
100T in the plasma.
is 170 KEV.
is 17 MEV.

Assume the injection energy of the injectors

Thus, the energy into the plasma from the injectors
The number of neutrons and alpha particles created

by fusion of this D-T system is Q.

Thus, if Q is equal to

unity, one neutron with 14 MEV and one alpha with 3 MEV exit
the plasma.

The non-reacting D-T particles leave the plasma

by, perhaps, a magnetic divertor, and it is assumed that their
exit energy is the plasma mean energy.
order of magnitude of these energies.
Alpha particle energy = 3Q MEV
Neutron energy = 14 Q MEV
D, T energy - (2)(100-Q)(.01) MEV
for a 10 3KEV plasma.

We now estimate the
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For High 0 ( 0 =

10)

Alpha particle energy = 3 0 MEV
Neutron energy = 1 4 0 MEV
D, T energy = 1 . 8 MEV
For Low Q (Q - 1)
Alpha particle energy = 3 MEV
Neutron energy = 1 4 MTM
D, T energy = 2 MEV
Thus, at high Q, the D, T energy is small -ompared with the
alpha particle energy, whereas at low Q the D, T energy is on
the same order as the alpha particle energy.
The plasma is assumed to have low impurity content, and the
impurities which it contains are assumed to have low atomic
number Z i. The energy radiated to the walls is a function
essentially of electron number density rie, electron temperature
T e , and ion atomic number Zi, and will be a small fraction of
the total particle energy exiting the plasma for large thermal
output systems, as will be assumed here.

In addition, v.Ts

assume that the alpha particles in a large, moderately dense
plasma transfer approximately all their energy to the plasma
before impinging on the divertor.

The total energy collected

by the divertor is converted to thermal energy, and is assumed
to be converted eventually to electricity.

Thus, the thermal

energy from non-reacting D, T and from alpha particles which
exit the plasma and impinge upon the divertor is about 2 MEV.
As will be shown later, this is small relative to the power
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produced in the blanket, and can be neglected for all practical
purposes.
Now we examine fuel and power production in the blanket.

For

this computation, we assume the blanket is composed of U238 to
breed Pu239 and Li to breed T.

Initially, we assume no neutron

losses to structure, leakage, etc., and obtain results for
what we can consider an ideal high performance blanket.

We then

apply a blanket performance factor Z to the gross fissile/fusile
fuel bred in the blanket to account for the reduced fuel production which would occur in a realistic blanket.
The fast neutrons entering the blanket are assumed to interact
with the U238 only, and the slower secondary neutrons created
are absorbed in both U238 and Li to produce Pu239 and T.

If Q

neutrons enter the blanket from the plasma core, a fraction A
fast fission the U238, creating 4.5A Q neutrons and 200A Q MEV.
A fraction B have an n, 2n reaction, creating 2B Q neutrons
with 4 MEV each.

These 2B Q neutrons fast fission the U238,

creating 6B Q neutrons and 400 BQ MEV.

A fraction C neutrons

have an n, 3n reaction, creating 3C Q neutrons with 0.67 MEV
each.

The (4.5A + 6B + 3C) • Q neutrons are absorbed in U238

and Li, creating (4.5A + 6B + 3C - 1) • Q Pu 239 atoms, plus
Q T atoms, plus ((4.5A + 6B + 3C) • 6 + (3C)(.67)) • Q MEV.
The total gross blanket products are
((4.5A + 6B + 3C) - 1) • Q
Q

Pu 239 atoms
T

atoms

200 AQ + 400 BQ + ((4.5A + 6B + 3C) • 6 + (3C)(.67)) • Q MEV
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In the above computations, it is assumed that each neutron
capture to form Pu 239 or T results in the liberation of
about 6 MEV.

It is also assumed that neutron production from

fast fission obeys the law:
M_
o K a. E neut
-Jr ~ ^'^ +
7
where
N f is the number of neutrons produced per fast fission and
E neut

is the incoming neutron energy in MEV.

Now we will estimate the constants A, B and C.

According to

Dr. Donald Dudziak (LASL), the cross sections for a 14 MEV
neutron on U238 are:
a) Fission - 1.2 barns
b) n, 2n - .65 barns
c) n, 3n - 1.0 barns
d) Total inelastic - 2.85 barns
In the above derivations,
. _ 1.2
A

" 27B3
R
B - -65
" 2783
C =

1785

Using these constants, the gross blanket production becomes,
3.316 Q Pu 239 atoms
Q T
202

atoms

Q MEV
or

4.316 Q bred atoms
202

Q

MEV
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To check the accuracy of our approximations, we compare these
blanket production results with those from an LLL Monte Carlo
simulation of a U 238 - Li blanket.

According to Dr. J. D. Lee

(LLL), the LLL blanket produced 4.18 Q bred atoms and 200 Q MEV.
Thus, we agree within 3 %.
We now summarize the major mass and energy parameters for the
system before proceeding to the costing.
The gross mass output of the blanket is (3.316 Q Pu 239 + Q T)«Z
atoms, where Z is the blanket performance factor described
previously. However, since we require in this analysis that
all the tritium utilized be bred in the hybrid blanket, we
adjust the blanket composition such that one T atom is bred
for each incoming 14 MEV neutron.

Thus, gross mass output

becomes 4.316 Q Z bred atoms, consisting of Q T atoms and
(4.316Z - 1) • Q Pu 239 atoms, the net mass output.
We neglect the mass input of D, Li, and U to the system, since
the costs of these materials are assumed to be negligible
relative to other system costs and to the value of the products
to which they are converted.
The electrical energy into the beams is

I7

/e MEV, where e is

the neutral beam conversion efficiency.
The beam energy into the plasma is 17 MEV«
The thermal energy from the beams not in the plasma is 17 (1/s-l)
This energy is assumed to go to the balance of plant, where it
is converted to electricity.
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The gross thermal energy output is approximately
202 Q MEV + 17 (l/e-1) MEV.
The gross electrical energy output is approximately
(202 Q + 17 ( V e - D ) • n MEV, where n is the conversion
efficiency from thermal energy to electricity in the balance
of plant.
The net electrical energy output is approximately
(202 Q + 17 ( V e -1)) • n - 1 7 A

MEV.

We now convert from an energy basis to a power basis, and
scale up to a 1000 MW(e) plant.
The gross electrical output is 1000 MW(e).
The net electrical output is

(1000)' (202Q
! 2 ° 2 Q ++17(*/e-D)
"-j|< e "}!! nn"

/£

MW(e)
l
'

V

The gross thermal output is 1000/n MW(t)
The electrical input to the beams is
/I 7 / x
(1000)

<2oio+ 17 (Ve -i» n

MW(e)

The net mass output is
(4.316Z -1) • Q

(1000)

_____

(202Q + 17(Ve-U)Tl-5-10- 27
or,

atoms Pu 239
year

using Avagadro's relation that one gram atom of Pu 239

contains 6.02 • 1 0 ~ 2 3 atoms of Pu 239 and weighs 239 grams,
the net mass output equals
(A

T , ^ i\ . n

X <I.JI&4-.L;

U

(1000)
(239)
grams Pu
2 7
23
(202Q + l7(Ve-lJ)n • 5 • lO" " " (6.d2-10 ) year

At this point, we will estimate systems capital costs.
Mooz (3)

nas

As

shown, for presently installed power-producing

LWRs, total capital costs increase approximately linearly with
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increase in power output capacity.

Also, other studies have

shown that LWRs are sized such that the nuclear island is
about 20% of total systems capital costs.

Thus, in an LWR,

the nuclear island costs may be approximated as proportional
to balance of plant costs, or as proportional to system power
output.
We assume the hybrid balance of plant costs are similar to
those of the LWR balance of plant, and are proportional to
gross electrical output.

Thus,

<CP> ySar " <C1> M w W • < 1 0 0 0 ) "*<«> ' W - i
where C^ is the unit capital cost for balance of plant.
We assume the nuclear island costs are proportional to balance
of plant costs and, due to the added complexity of the hybrid
core, are substantially larger than LWR nuclear island costs.
In the present study, we treat nuclear island costs as a parameter.

However, a follow-on study will attempt to address the

physical basis of these costs.
(Cc)

yIar

= a

' CP

= aC

Thus,

l <1000) • *

where
a is the ratio of nuclear island capital costs to balance of
plant capital costs.
We assume beam injector costs are proportional to the electric
power into the neutral beams.

A survey of neutral beam and

linear accelerator cost projections shows the proportionality
constant 3 to be about fifty per cent greater than that for the
balance of plant, but we treat it as a parameter for the time
being.
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(C

a> yiiF - B * Cl<1000> tZ0ZQAni/e-l))n

' •

We now estimate the remainder of the terms in equation (1-11).
For the hybrid, fissile fuel inventory, Gf, is zero.
F n , the net fissile fuel output of the breeder, is
n

= 79.4 . 106 Q (4.316Z - 1)
(202 Q + 17(Ve-D) n

grams
year

E n , the net electrical output of the breeder, is
E n = (1000) [l - 3 62 7 Q%. 17 (i/e-l»

n)

««•>

We insert the above terms into equation (1-11), to get

R

i
17
(79.4'10 l2 Q(4.316Z-l)))
^(^((H-a) (202Q+17(£-l))n+B (-e)) + ( M+I.2.5.10*
~~))

e-inn- t e; +

M+I«2.5

• 16*

(1-12)

))

where units of R 2 - M W ( e ) . y e a r
This is the equation used for the computations.

In the compu-

tations, five of the variables were held fixed throughout. They
are
e = .6
8 = 1.5
n = .33
* =

c

.15

8

,j

106

i - - * Mwfi)

A nominal value was defined for each of the remaining variables,
and each parameter was then varied over its range while the
other parameters were held fixed at their nominal values. These
parameter nominal values are:

Z o .8
Q

= 4

I = .13
a = .7
M = 480 Kg/year
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2) Accelerator Breeder
We will analyze the energetics of the system depicted on
Figure 2, convert the results to a power basis, and then
normalize to a 1000 MW(e) gross output plant.
Because many types of accelerator/target/blanket concepts
are potential reactor candidates, we analyze a very generic
design at this point.

We assume only that the injector is

a linear proton accelerator, that the primary target is
composed of natural uranium, and the blanket is composed
of U 238.
Assume a one GEV proton is injected into the primary target.
The proton will lose some energy due to dissipative interactions,
and will excite some target nuclei to produce neutrons by
spaHation, evaporation, and fast fission interactions.

These

neutrons will have a wide distribution of energies, and will
in turn produce more neutrons and some fissile fuel by fast
fissions of the U 238 and some capture reactions.

Finally, the

neutrons, which at this point have relatively low energy, will
be captured in U 238, and will produce Pu 239.
For the present, we assume that J breeding neutrons, and
therefore J Pu 239 atoms, are produced in the assembly, and
K MEV are generated in the assembly.

Later in this section,

we derive relationships between Jf K, and the energy of the
incoming proton.
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We neglect the mass input of H and U to the system, since the
costs of these materials are assumed to be negligible relative
to other system costs and to the value of the products to
which they are converted.
The electrical energy into the accelerator is 1000/X MEV(e),
where X is the accelerator conversion efficiency.
The beam energy into the primary target is 1000 MEV.
The thermal energy from the beams not into the primary is
1000 ( V X - 1) MEV(t).
The gross thermal energy output is K + 1000 (X/X -1) MEV(t).
The gross electrical output is
(K + 1000 ( V X - D ) n

MEV(e)

The net electrical output is

(K + 1000 (VX -D) n - ^ j p MEV(e)
We now normalize the above quantities on the basis of a 1000
MW(e) gross output plant.
The gross electrical output is 1000 MW(e).

The net electrical

output is
i

(ioco>
(10C0)

1000

(K + loooj A-i))n - — r - MW(e)
j™,^

(K + iooo<yx-l)>n

The gross thermal output is - ~ —

MW(t).

The electrical input to the beams is
noon)
(1000/M
'
(1000)
(K + 1000(VX -D)n

MM/e)
{ }

The net mass output is
„

, .

(1000)
atoms Pu 239
(K + 1000 ( V X - D ) n * 5 • 10~*'
year
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or, using Avagadro's relation, the net mass output equals
„

T

(1000)
( 239
) grams Pu 239
(K + lOOO(V^-l) / "". • 5 • 10-*' * (6.02 • 1 0 " )
year

Now we will estimate systems costs.
For capital costs, we use the same expressions, or types of
expressions, as for the hybrid.

(C )

P -ylar = C* (1000) *
(1000)

*

(1000)

(K + 1000 (VX-1)> "

We now estimate the remainder of the terms in equation (I-11).
For the accelerator breeder, fissile fuel inventory, Gf, is
zero.
F n , the net fissile fuel output of the breeder, is
n

79.4 • 10 6 • J • Z
(K + 1000 (i/A-l))n

grams
year

E n , the? net electrical output of the breeder, is

En = (1000) (1- {K+

{ y ^ ) A _ 1 ) ) n ) MW(e)

We insert the above terms into equation (1-11), to get

R2 =

"

itr^i ,www l/* i ^ - /1000,
(K+1000( /A-l)) n-(—-j-)

L/
+ 79.4'id°'J-2,
t M + I . 2 .5'166 )

Now we will derive the relationship between J, K, and beam
energy.

From extensive computer computations of beam-target

interactions by ORNL, BNL, and LASL, the following typical
quantities are obtained.
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For a proton beam with energy, E beam, of 1000 MEV impinging on
a natural uranium target, the number of fissions produced, Nf,
is about twenty.

The average neutron energy, Eneut, of a

neutron which produces fast fission is about seven MEV. Also,
about sixty per cent of the incoming beam energy is deposited
as heat in the target, while the remaining forty per cent of
beam energy is used to break nuclear bonds.
Since the average energy of the neutrons formed by spallation
is about the same for different, though large, beam energies
and since, as LLL results have shown, the total number of
breeding neutrons produced

are proportional to beam energy

for beam energies greater than 800 MEV, the number of fissions
may be represented as
..
E beam
Nf = — 5 ^
The number of neutrons produced per fission is
Nf

= (2.5 + *22*-)

The total number of breeding neutrons produced is
_
,E beam,, ,- ,. Eneut .
JT = r)f • MNf =s (—ffTj—) • (2.5 + ~ = — )
which turns out to be about 70 neutrons/proton for a 1000 MEV
proton.
The total energy deposited in the target is
(rif) • (200) + (1000-400) + 6 • J

MSV

or
4 Ebeam + E beam = 5 E beam = K MEV
Thus, the relation between K and J is
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K _ 5 E beam
J
(Ebeam /50) • (2.5 + Eneut/7)
or
K = 71.4
J
'*"

neutron

This relation is substituted into equation (1-13), to produce
1000
(79.4'1012«J-Z))
p = 0(Ci ((l+ct) ( 7 1 . 4 J + 1 0 0 01( / X - l ) ) n + e ( ^
)) + ( M + I 2 . 5 l Q r ) )
2
.T,innn,,,, ...
,1000, . , 7 9 . 4 . • 1 0 6 - J .r—
Z
,
(71.4J+1OOO( / X - l ) ) n - (—j—> + ( M+I . 2.5 • l d 6 >
This is the equation used for the computations.
In the computations, five of the variables were held fixed
throughout.
X
3
n
4»
Ci

They are
=
=
=
=
=

.5
1.5
.33
.15
.8 • 1 0 6 —§
MW(e)

A nominal value was defined for each of the remaining variables,
and each parameter was then varied over its range while the
other parameters were held fixed at their nominal values.
These parameter nominal values are
Z = .8
J
I
a
M

=
=
=
=

70
.13
.7
480 Kg/year
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3) Fast Breeder
We will analyze the energetics of the system depicted on
Figure 3, convert the results to a power basis, and then
normalize to a 1000 MW(e) gross output plant.
Because many types of core/blanket combinations are potential
reactor candidates, we analyze a very generic design at this
point.

We assume that the core and blanket are separable,

that the core consists of Pu 239, and the blanket consists of
U 238.
Assume that 100 neutrons of a few hundred KEV average energy
are conceptualized as entering the core, even though they may
originate physically from the core.

In this ideal system

Y** 100 neutrons are captured in the Pu, creating 600 • Y MEV
and Pu 240, which is assumed to be non-usable as an LWR fuel.
The remaining neutrons, (1 - Y)(100), fast fission the Pu,
creating (R + 1)(1 - Y )(100) neutrons and (1 - Y)(20,000) MEV.
To keep the chain reaction going, (1 - Y)(100) neutrons are
recycled into the Pu core.

The remaining fission neutrons,

(B)(1 - Y)(100), are absorbed in U 238 with the previously-used
blanket performance factor Z, creating Z • R (1 - Y)(100) Pu
atoms and R (1 - Y)(600) MEV.

To maintain the fissile fuel

inventory, (1 - Y)(100) Pu atoms are recycled into the core,
leaving a net production of (Z • R - 1)(1 - Y)(100) Pu atoms.
Thus, the total blanket production per incoming neutron is
(2 • R - 1)(1 - Y ) P U atoms
6 Y + (1 - Y)(200) + 6 • R (1 - Y) MEV
* Y is the capture/fission ratio for Pu 239
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We neglect the mass input of U 238 to the system, since the
cost of this material is assumed to be negligible relative
to other system costs and to the value of the product to which
it is converted.
The net mass output is
(2R - 1)(1 - Y) Pu 239 atoms.
The gross thermal energy output is
6y + (1 - Y)(200) + 6R (1 - Y) MEV(t), or, assuming a reasonable value for Y of .25,
gross thermal output becomes 151.5 + 4.5R MEV(t).
The gross electrical output is (151.5 + 4.5R)T) MEV(e) .
The net electrical output is (151.5 + 4.5R)n MEV(e).
We now normalize the above quantities on the basis of a 1000 MW(e)
gross output plant.
The gross electrical output is 1000 MW(e).
The net electrical output is 1000 MW(e).
The gross thermal output is 1000/n MW(t).
The net mass output is
n
(1000)
- x; (1515 + 4.5R)n • 5 • 1 0 " Z 7

atoms Pu 239
year

or, using Avagadro's relation, net mass output equals

5

/
239
. grams Pu
(1000)
+ 4.5R)n • 5 • 1 0--2277 v6.02 . 1 0 2 3 '
year

New we will estimate systems costs.

For capital costs, we use

the same expressions, or types of expressions, as for the hybrid.

(C }

P yllF = C* (1000) *

<CC> y l ^ = oCi (1000) *
(Ca) $ = o
year
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We now estimate the remainder of the terms in equation (1-11).
For the fast breeder, fissile fuel inventory, Gf, is somewhat
arbitrary.

Once past the value required for an effective critical

mass, Gf appears to be governed by fuel management considerations.
Therefore, it will be treated as a parameter, and its range will
be based on the many design studies which have been performed.
F n , the net fissile fuel output of the breeder, is
v

n

= 59.6 - 10 s (ZR - 1)
(151.5 + 4.5R)n

grams
year

E n , the net electrical output of the breeder, is 1000 MW(e).
We insert the above terms into equation (1-11), to get

„

K2

_

M + I • 2.5 . 1Q6

j-

-

(59.6-lOMZR^T)

~

TJ

f
(151.5 +4.5R)n "
" f
M + I • 2.5 • 10 b
This is the equation used for the computations.

X

For the computations, three of the variables were held fixed
throughout.

They are

n = .33
* = .15

A nominal value was defined for each of the remaining variables,
and each parameter was then varied over its range while the other
parameters were held fixed at their nominal values.
meter nominal values are
Z
R
I
Gf

=
=
=
=

.8
1.7
.13
3500 Kg

a = .7
M = 480 Kg/year

These para-
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APPENDIX II
Computation of Interest Rate and Capital Charge Rate
The capital charge rate ip will be derived as a function of its
component market variables, and then the interest rate will be
related to these market variables.
A.

Computation of Annual Charge Rate

Assume that a regulated corporation purchases plant with unit
expenditure, and this expenditure is capitalized on the regulated books of account.

To simplify the analysis, assume all

non-capitalized expenditures associated with this plant to be
zero.

All computed costs will thus be capital costs, and all

computed revenues will be those which are sufficient to cover
capital costs.

The analysis will proceed as follows:

Specify capital costs associated with this capitalized plant
in terms of the major cost components.

Obtain the annual

time-varying revenues which would be required to cover these
time-varying costs.

Using these time-varying revenues as a

basis, obtain a constant annual revenue (capital charge) which
will be cost-compensatory to the investors in a present-worth
sense.
Annual Capital Costs
To keep the present analysis tractable while retaining the
central features of the model, capital cost elements such as
tax deferrals, tax credits, state and local taxes, etc., will
be aggregated into an effective tax rate Tfc> and the total
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capital costs associated with the installed plant will be
written as the sum of its three major cost elements:
cc = ROI + D + T

(II-l)

where
ROI is return on investment, D is depreciation, and T is tax.
ROI may be written as the product of regulated rate of return
(cost of capital) p and undepreciated plant X, D may be written
as the product of depreciation rate 1/L (L is plant life) and
original plant expenditure (this is the straight line depreciation method), and T may be written as:
T - T o (R - D - I D )

(II-2)

where T Q is aggregated corporate tax rate,
R is the revenue required to produce the regulated rate of
return p, and I D is the interest paid on debt.
I D may be written as the product of interest rate i and debt
ratio <5 and undepreciated plant X.
Combine equations (II-l) and (II-2), substitute the relations
defined above, and set required revenues R equal to capital
costs, to arrive at the following:

R(t) = \\\%S]

X (t) + i

(II-3)

In equation (II-3), R and X are presented as functions of time t.
Obviously, the revenue required to cover the initial unit capitalized expenditure varies directly with time as does X.

Under the

straight line depreciation method assumed in this study, the
undepreciated plant X at any point in time t is:
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X (t) = 1 - f i d T = 1 - |

(H-4)

Jo
Combine equations (II-3) and (II-4), to get

R

(t)

~ (

1 - T 0 ) t1

E )+ L

(I1

5)

Thus, the required revenue is a linearly decreasing function
of time.
Constant Annual Charge
For purposes of projecting costs and setting tariffs, it is
desirable to assign a constant charge for capital costs over
the life of the plant (neglecting inflation, of course).

Thus,

a method is required to convert the time-dependent revenue
described by equation (II-5) into a time-independent revenue
and still achieve compensation of costs.
To obtain this constant cost-compensatory capital charge rate,
it is assumed that the revenues associated with the installed
plant are compensatory with capital costs in a present-worth
sense; i. e. the present worth of the revenues derived from
the installed plant over its operational lifetime is equal to
the present worth of the plant capital costs.
Using continuous discouting, in conjunction with the continuous
depreciation, earnings, and costs assumed in the analysis above,
the present-worth compensatory constraint may be written:
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where the term on the left is the present worth of revenues,
the term on the right is the present worth of capital costs
(See equation 11-5}, ip is the constant capital charge, and
X is the constant discount rate.
Integrate equation (II-6), assume XL>3 and eliminate terms of
the order of e~
*

( 1-TO

, to get:

) i1

XL)

+

L

The first term in brackets, — ^ — g - ^
1
" ao
pre-tax rate of return on capital.

represents the familiar
This rate is applied not

to the original unit investment, but rather to some time-averaged
(in a present-worth sense) undepreciated plant.

Thus, the first

term represents the portion of the capital charge which supplies
a return to the investors (pre-tax), and the second term, =-,
represents the portion of the capital charge which compensates
for plant depreciated.
For the case of p = .09, T Q = .656, i = .08, 6 = .50, A = .09,
and L = 30, \p is shown to be .15, a commonly used number.
is the number utilized in the text.

This
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B.

computation of Interest Rate on Inventory

The value ot fissile fuel inventory rate I depends on how the
fuel is treated on the books of account, and on who owns the
fuel.

If the government retains ownership of the fuel and

makes only a rental charge, then a reasonable value to use
as the interest rate might be the i used in the derivation
above.

However, if the fuel is owned by a private utility,

then it could be treated as a capital asset, with the attendant higher capital charge rate.
For the case of private ownership of the fissile fuel, the
approach taken to compute I is to treat the fissile inventory
as a capital asset with salvage value equal to initial cost.
Any degradation of the fissile fuel inventory through poisoning, etc., is assumed small.

Setting salvage value to initial

cost is equivalent to setting the annual book depreciation to
zero, since the depreciable base is zero, and the undepreciated
plant X(t) is always equal to the initial plant cost X(O).
Then, as equation (II-3) shows, the annual charge rate R(t) is
a constant R(O), and is merely the pre-tax rate of return on
capital.

For the market variables used in section II-A, the

fissile inventory interest rate R(O), or I, is
I = .185
Thus, I is even larger than the capital charge rate ty computed
above.

For computational purposes, we will allow I to range

from .08, (i), to .18, (R(0)), with a nominal value of .13.
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APPENDIX III
Detailed Status of Breeders
A.

Fast Breeder

The concept of a fast breeder reactor dates back to the
earliest days of fission.

The initial fast breeder proto-

types were constructed in the U.S., and were reflective of
this country's desire to maintain technological supremacy
in the post-WW II era.

The world's first fast breeder,

Clementine, was constructed at LASL in 1946.

It produced

25 KW(t), and contained rods of pure plutonium metal clad
with steel interspersed with rods of clad natural uranium.
The first fast breeder in which electrical power was produced, EBR-I, was constructed at Arco, Idaho in 1951.

It

produced 200 KW(e) , and contained U 235 stainless<-steel clad
rods in the center section and natural uranium rods in the
top and bottom blanket section.

Since that time, a nuiaber

of countries in the world have chosen the nuclear option as
a major component of their electricity economy, and a number
of fast breeders in the multi-hundred megawatt range are now
operating prototypes.
The present U. S. program consists of development of a number
of technologies required for advanced fast breeders, and
operation of the facilities in which these components are
•zested.

The major component efforts center around testing

prototype steam generators (or subcomponents thereof at present),
and coolant pumps.

Since a liquid metal coolant is the leading
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candidate at present, development efforts are focused on sodiumto-water steam generators and sodium pumps.

A CRBRP-scale

prototype steam generator will be fabricated by the fall of
1980 for test and evaluation, and a CRBRP-scale prototype
sodium pump (35,000 6PM) will be fabricated and tested beginning
in mid"1981.

To focus the Technology Base program, a 30-month

conceptual Design Study of a large LMFBR plant in the 650-900
MW size range was initiated this year.

The Conceptual Design

Study will permit full application of information derived from
previous design and licensing actions on CRBRP and non-proliferation data that will be developed from the Non-proliferation
Alternative Systems Assessment Program study and the International
Fuel Cycle Evaluation study.
Since this paper is concerned with systems which are large
fissile fuel exporters, and not merely self-contained power
producers, the fast breeders of central interest are those with
short doubling times.

A technology status report on fast

breeders with long doubling times would be superfluous, since
these systems are operable around the world.

Rather, this

section will concentrate on those technology items which are
along the critical path for short-doubling time breeders.
The key technology issues discussed will center around fuel and
material requirements for the core/blanket region.

While sig-

nificant advances will be required in steam generators, coolant
pumps (allowing other coolant options such as helium, etc.),
control rod drive mechanisms, leak detection and protection
methods, and many other technologies, high fuel and material
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performance are required to provide the potential for large
breeding ratios.

Some fuel and material issues will be dis-

cussed at this point, and some supplementary fuel and material
discussions are contained in the section on accelerator breeders.
Presently, three elements are being considered seriously as
core/blanket: candidates for advanced fast breeders, and each
element is being examined in its four major fuel forms.

The

elements under consideration are Thorium, Plutonium, and the
isotopes of Uranium, and the fuel forms are current Oxides,
advanced Oxides, Carbides, and metal alloys.

Studies of LMFBR

systems have shown that current Oxides provide the lowest
breeding ratios, advanced Oxides next to lowest, Carbides next
to highest, and metal alloys the highest breeding ratios.

The

range of breeding ratios xs substantial, ranging from a breeding
ratio of slightly over one for a U 233/Th core and Th blanket
current Oxide fuel to a breeding ratio of over 1.7 for a heterogenous Pu/U core and U blanket metal fuel.

The status of each

of the above fuel forms will be discussed, and a description
of the obstacles to be overcome before these fuels are licenseable will be presented.
The fuels and materials specified for use in LMFBRs have been
influenced
objectives.

both by technical developments and by programmatic
Thus, the first LMFBRs (EBR-I, EBR-II, DPR, and

FERMI1 all used metal fuels because such fuels were relatively
better-known and because of the programmatic objective of
demonstrating maximum breeding performance.

With continued

LMFBR development other objectives became more important.
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These objectives included achievement of high fuel burnups,
on the order of 10 a/o, and high sodium outlet temperatures,
on the order of 600 to 650° C (1100 to 1200° F ) . Metal fuel
development had not yet reached a stage where these more demanding objectives could be satisfied, and metal fuel emphasis was
therefore curtailed.
The large body of experience that had meanwhile been gained on
use of uranium oxide fuel in LWRs provided strong evidence,
since corroborated by LMFBR experience, that mixed uraniumsPlutonium oxide would meet the burnup and temperature require-merits specified for LMFBRs.

Oxide fuel was therefore selected

for use in all succeeding LMFBRs including FTR, PFR, Phoenix,
SNR-300, and BN-350.

It was generally felt that the reduced

breeding performance associated with oxide fuel could be accepted
until more advanced fuels were adequately developed.

Mixed

oxide fuel has therefore become identified as the current
reference fuel for LMFBRs.

Furthermore, it is apparent that

the major breeder development programs will exploit oxide fuel
to the fullest possible extent in advanced element designs
before the programs are committed to other more advanced fuel
types.
The more advanced fuel specified in all LMFBR fuel development
programs is mixed uranium-plutonium carbide.

Carbide combines

the desirable properties of high metal atom density, high thermal
conductivity, excellent compatibility with sodium, and a high
melting point.

It has become apparent, nevertheless, that more
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effort than was originally anticipated is needed to bring
carbide fuel to the stage of development where it could displace
the reference oxide fuel.

Most of the additional required work

on carbide fuel elements is concerned with development of fuel
forms and element designs that can satisfactorily accommodate
the strong fuel-cladding mechanical interactions resulting from
the high creep strength of carbide.
Modest renewed interest in metal fuels has developed recently,
primarily because of the demonstrated adaptability of the EBR-II
driver fuel alloy to a diversion*»resistant fuel cycle.

This

renewed interest is supplemented by the fact that the reference
metal fuel element design, applied to the EBR-II Mark II driver
fuel, has achieved goal burnups of 10 a/o or more with high
reliability, and by the ability of candidate LMPBR netal fuels

'

to operate under currently-specified reactor sodium outlet
temperatures,
1.

Oxide Fuels

Of the LMFBR fuel candidates, the most extensive fabrication
and testing experience exists for mixed uranium-plutonium oxide
fuels.

The technological base upon which this experience was

built was provided by the prior development and manufacture of
large numbers of uranium fuel elements for LWRs.

Other than

providing plutonium-handling capabilities, relatively few major
changes were necessary in extrapolating LWR oxide fuel technology
into LMFBR fuel areas.
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The candidate oxide fuel types of interest include UO2-PUO2,
TI1O2-PUO2, U02, ThO2.

Oxide fuels have been under development

for use in fast breeder reactors for over 20 years.

This

development has built on the extensive technological base
established for UO2, and to a lesser degree Th02-U02,
light water reactors.

for

The basic oxide fuel for LMPBRs has

been U02-Pu02, although UO2 has been used in the BOR-60 and
BN-350 reactors and for some of a core loading of the Phoenix
reactor.

Although the development of mixed oxide

has a firm

foundation in the UO2 technology, mixed oxide has had a significant development program in its own right, principally
because of the more stringent operating demands of the LMFBR
and significant differences in the thermal, chemical, and
mechanical behavior of the oxide owing to the addition of
Plutonium.

The intensive 20-year, multinational development

of U02-Pu02 has brought this fuel type to near the point of
commercialization in 1000 MWe-sized plants.

As a fuel, only

a few issues remain for UO2-PUO2; as a fuel/cladding system,
demonstration of fuel performance with design parameters optimized to achieve desired breeding performance and economic
goals must still be accomplished.
In the U.S., "reference*5 oxide fuel is defined as the UO2-PUO2
fuel pin developed originally for use in the FTR and CRBR.
"Advanced" oxide refers to fuel element designs with larger
diameters, higher smeared fuel densities, and lower cladding
thickness/diameter ratios.
and UO2 fuels.

"Alternate" oxide denotes ThO2**UO2o
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Th02-U02 is virtually an unknown material as a fast breeder
reactor fuel.

After some early evaluation as a fuel for light

and heavy water moderated reactors, the only interest in ThO2UO2 has been as a fuel for the Light Water Breeder Reactor.
A significant development program for that reactor concept has
culminated in a full core loading in the Shippingport Reactor.
Significant quantities of irradiation and fabrication data are
being accumulated in that program.
Of all the potential oxide fuel materials, the least is known
about ThO2-PuO2.

After some early work on this material as a

potential light water reactor recycle fuel, little work has
been done on it in the past twenty years.

It is believed that

ThO2-PuO2 will behave in-reactor similarly to UO2-PUO2 because
of their similarities in properties,
Thus, UO2-PUO2 pellet fuel, helium-bonded to 20% cold-worked
Type 316 stainless steel cladding is the most highly-developed
oxide fuel element for LMFBRs.

Current development is aimed

at use of larger element diameters, higher smeared fuel densities, and thinner cladding.

Alternate oxide fuels, including

ThO2-PuO2 and U02, are expected to perform similarly to UO2PuO2.

Particulate fuel appears to be a viable option.

The

most significant key issues are thermal performance limits for
alternate fuel forms, fuel-cladding chemical interaction, operation with failed cladding, and blanket rod performance.

Reso-

lution of the key issues requires both steady-state and transient
irradiation tests.
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2.

Carbide Fuels

Carbide fuel has not been studied as intensively as the
reference oxide fuel, and its stage of development is correspondingly lower.

It is apparent that the major breeder

development programs in all countries now envisage the exploitation of oxide fuel in LMFBRs to the fullest possible extent
before possible commitment to use of carbide fuel.

This cir-

cumstance can be attributed to the large commitments that the
breeder nations have in oxide production and manufacturing
facilities, to their natural caution in moving from use of a
widely-studied and relatively well-understood fuel to a less
well-known fuel, to the fact that irradiation testing of carbide
fuel elements has not yet demonstrated an adequate state of
development, and to the fact that significant improvement in
oxide fuel performance seems to be possible.
The candidate carbide fuel types under consideration for breeder
cycles of current interest include (U, Pu)C, (Th, Pu)C, VC, ThC.
In all cases the fuel is hyperstoichiomeiric, i. e., monocarbide
containing up to 10 v/o sesquicarbide.
The thermophysical properties of carbide fuels that are of particular interest are their relatively high thermal conductivities,
metal atom densities, and melting points.

Although the data

base on thermophysical properties for (Th, U)C and (Th, Pu)C is
relatively small, these compounds are isomorphous with the more
widely-studied (U, Pu)C and UC; the thorium-base carbide fuel
compositions are therefore generally assumed to possess the
desirable thermophysical properties that characterize the uranium-
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base carbides.
Laboratory tests show that the compatibility of carbide fuels
with cladding materials is sensitive to the stoichiometry of
the carbide, the carbon transport medium to the cladding, and
the cladding alloy type.

Slightly hyperstoichiometric fuel with

^10 v/o M2C3 is commonly specified to provide an optimum combination of acceptable fuel-cladding compatibility and ease of
fabrication.

Somewhat greater carburization occurs with a

sodium fuel-clad bond than with a helium bond.

Alloys contain-

ing nickel in greater amounts than in Type 316 s-tainless steel
generally show greater amounts of carbide precipitation.

The

transfer of carbon to the cladding in sodium-bonded elements is
impeded to some extent by stainless steel shroud tubes around
the fuel.
The creep strength of carbide fuels is much higher than that
of oxide fuels.

This characteristic is of great significance

because of the influence of fuel cracking and fuel creep strength
on fuel-cladding mechanical interaction (FCMI),

There is some

evidence that (Th,U)C is even harder than UC or CU,Pu)C. This
circumstance could increase FCMI in (Th,U)C fuel elements,
particularly in helium-bonded designs.
Thus, hyperstoichiometric (U,Pu)C pellets, helium- or sodiumrbased to 20% cold-worked Type 316 stainless steel cladding, are
the most highly-developed carbide fuel elements for LMFBRs.
Alternate carbide fuels, including (Th.UJC, (Th,Pu)C, and ThC
are expected to perform similarly to CU,Pu)C, Helium-bonded
particulate carbide element designs are also being actively
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developed.

Current development is largely centered on deter-

mining the relative capabilities of the candidate element designs
to reach goal burnups under design conditions.

The most signif-

icant key issues are cladding carburization, local fuel-cladding
mechanical interaction from fuel cracking and from wedging of
fuel fragments, consequences of loss of sodium bond, blanket
fuel development, and development of improved fuel element
performance models.

Resolution of the key issues requires con-

tinued steady-state and transient irradiation tests.
3.

Metal Fuels

Renewed interest in metal fuels for LMFBRs is due to several
recent developments.

The EBR-II Mark I metal driver fuel is the

only ty^e of LMPBR fuel to have demonstrated a closed, diversionresistant fuel cycle.

System design studies of large commercial

LMPBRs during the past few years have specified steadily decreasing requirements for reactor sodium outlet temperatures.

At

current temperatures of interest, the candidate metal fuels have
adequate compatibility with cladding materials.

Also, a "reference1

design for an. LMFBR metal fuel element has been developed that
appears to be capable of achieving fuel burnups greater than 10
a/o with high reliability, independently of the fuel composition.
The candidate metal fuel alloy types under consideration for breeder
fuel cycles of current interest include U-Pu-Zr, Th-Pu-Zr, Th-U,
U, Th, U-Mo,

Zirconium is used in the plutonium alloys to im-

prove the compatibility of the alloys with cladding materials
and to raise the solidus temperature of the alloys.

Uranium,

or uranium alloyed with molybdenum, is specified for the denatured
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cycle to provide a fuel with advanced performance.
The fuel alloys shown above generally reflect the properties
of the fertile matrix (thorium or uranium).

The thorium-base

alloys are characterized by high melting points, isotropic
dimensional behavior, and high thermal conductivities.

The

isotropic dimensional behavior of the thorium-base fuel alloys
reflects the isotropic properties of the face-centered cubic
lattice of the thorium matrix.

On the other hand, the uranium-

base alloys are subject to anisotropic growth if preferred grain
orientations exist, and have high densities and thermal expansion
coefficients.

Because of their anisotropic properties, the

uranium-base alloys must be fabricated with random grain orientations to avoid anisotropic dimensional changes under irradiation
and thermal cycling.
The metallurgical compatibility of metal fuels with cladding
alloys is of particular interest and is based on two areas of
consideration —

solid-state diffusion and eutectic formation.

Solid-state diffusion rates are of particular application to
steady-state irradiation performance, while eutectic formation
rates apply to transient overtemperature situations,
Thus, the most highly-developed metal fuel element design concept is a solid metal fuel pin sodiums-bonded to 20% cold-worked
Type 316 stainless steel cladding with sufficient voidage in
the fuel-clad gap to permit the metal fuel to swell and release
its fission gas.

Although the high^burnup capability of reference

element design has been indicated by the closely-similar EBR-II

72
Mark II driver fuel, the design has been tested to only 4.5
a/o burnup with the candidate U-Pu-Zr metal fuel, and has not
yet been tested with the other candidate metal fuels, Th-U,
Th-Pu, U-Mo, and U.

The most significant key issues are the

demonstration of in-reactor thermal performance of the candidate
fuel compositions, potential reduction in cladding thickness/
diameter ratio, potential effects of restructuring in U-Pu-Zr
alloy, blanket fuel development, and development of improved
fuel element performance models.

Resolution of the key issues

requires extensive steady-state and transient irradiation testing.
4.

Cladding/Duct Alloys

Irradiation-induced stainless steel swelling was discovered in
1967.

Shortly

thereafter, some of the consequences of swelling

on the design and performance of LKFBRs were analytically determined and, in some instances, experimentally verified from observations on fast breeder stainless steel components from DFR
and EBR-II.

These early results showed that Type 316 stainless

steel was more resistant to swelling than other commonly-used
stainless steels, such as Type 304,

Experiments in DFR in 1970

also showed that cold-working Type 316 stainless steeel would
greatly reduce irradiation-induced swelling compared to that in
solution-annealed material.
Based on the DFR findings, an essentially world-wide decision
was made in the early 1970s to specify 20% CW 316 stainless steel
as the reference material for cladding and ducts in future LMF3R
designs.

Aggressive research programs were initiated t'"» define
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more quantitatively the creep and swelling rates of 20% CW 316
stainless steel under fast neutron irradiation'.

It was discovered

during the course of this research that properties other than
creep and swelling could be altered by fast-neutron irradiation
and that all of thein must be studied.

Programs to better under-

stand the irradiation performance of 20% CW 316 stainless steel
became extensive.
Important issues requiring further study that evolved from the
316 stainless steel program, most of which would also be common
to any new cladding alloy, include the following:
(1) Most of the early property studies in the U.S. were
carried out on a reference heat of 316 stainless steel called
N-lot.

When tests were conducted on new heats of 316 stainless

steel, the properties varied widely from N-lot even though the
procurement specifications were thought to be stringent enough
to reproduce the reference heat properties.

Swelling and creep

rates of the new steels were much higher than N-lot, and other
properties varied as well.

The reasons for the variability are

not yet understood.
(2) The mechanical response of cladding to possible loss of
flow and transient overpower events became important safety
considerations,

Tests were devised to determine the strength

of irradiated cladding when it was subjected to simulated transient
conditions.

It was found that cladding that had been irradiated

adjacent to oxide fuel was significantly weaker than cladding
irradiated under identical conditions but not adjacent to fuel.
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The phenomenon is called the fuel adjacency effect and is not
fully understood.
(3) Much insight was gained about the parametric dependence
of the various irradiation-induced phenomena.

Swelling was

found to depend on applied stress phase stability (carbide and
Y 1 formation), and possibly memory effects, in that the swelling
rate of a given material was found to be dependent on previous
irradiation conditions.

Irradiation-induced creep was found,

under some conditions, to exhibit a nonlinear dependence on
applied stress and to be sensitive to phase instabilities.

A

question was raised, but has not yet been resolved, as to whether
swelling and creep are interrelated.

Although the data base is

growing, effects relating to synergistic effects of temperature,
fluence, and stress are neither understood nor completely
described empirically.
A program was implemented in the U.S. in 1974 to develop alloys
that would exhibit lower creep and swelling rates than 20% CW
316 stainless steel, yet possess all other required characteristics for LMPBR cladding and ducts such as good sodium compatibility, high strength,, reasonable ductility, and reasonable
fabricability.

A screening process was initiated to reduce the

number for detailed study from several hundred candidates.
The six alloys selected include two ferritic alloys (HT-9, D 57),
one austenitic stainless alloy (D 9 ) , and three precipitationstrengthened alloys (D 21, D 66, D 68),

75
Thus, AISI Type 316 stainless steel, 20% coldrworked, is the
most widely-used cladding and duct alloy.

The key technical

issues include elimination of heat«-to<r-heat variability in properties, gaining an understanding of fuel-adjacency effects, resolution of the synergistic effects of stress, swelling, creep,
phase instabilities, and irradiation history, and, in the case
of some of the advanced alloys, improving ductility,

Irradia-

tion studies and out-of^reactor development efforts now in
progress are expected to enable selection of the two or three
most promising alloys for future LMFBR applications,
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B.

Accelerator Breeder

It was recognized many years ago that as an alternative to
breeding fissile fuel in a reactor, it is possible to convert
fertile nuclei to fissile nuclei by means of neutrons produced
by bombarding a heavy metal target with high energy protons
from an accelerator.

Such a system for electronucleal fuel

production was under development at the Livermore Research
Laboratory (the MTA program) during 1949 to 1954»as a means of
producing weapons materialN,

The program was abandoned at that

time because production reactors were selected as the preferred
route.
The Atomic Energy of Canada, Ltd. (AECL) has performed conceptual
studies of Electronuclear Fuel Production (EFP) since 1962 and
has also carried out research in that field.

AECL envisions

the electronuclear fuel producer as producing U 233 for thoriumcycle CANDU reactors.
Researchers in the Soviet Union have been performing theoretical
and experimental studies of accelerator-based production of
fissile fuel, and have produced a recent flurry of reports
describing their research.

Some of the more interesting results

involved the multiplication of neutrons in massive targets of
metallic uranium, bombarded by protons with energies of 300, 400,
500, and 660 MEV by the synchro-cyclotron in the Nuclear Problem
Laboratory at Dubna.

These experiments were performed in the

mid-1960s time frame, and have not yet been duplicated in the U.S.
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As a result of developments in accelerator technology since
the MTA project, and the promise of enhanced neutron yields
predicted by theory and experiment both in the U.S. and abroad,
research groups in the U,S, have developed renewed interest of
varying degrees in the accelerators-breeder concept.

Conceptual

design studies have been performed by ORNL, LASL, and BNL, and
a conceptual design study comparing deuteron<-based accelerator
breeders with mirror^based fusion«-fission hybrids was performed
by LLL in 1976 under the author*s sponsorship.

As a result of

these studies, a picture of the technology requirements for
commercial accelerator breeders is beginning to emerge, and the
technology developments required can be addressed.
Accelerator requirements will b«> addressed first.

A number of

considerations must be examined leading to the choice of the
overall features of the accelerator system, including accelerator
type and configuration, type of beam particles, and beam energy
and current.
For all types of accelerators capable of energies above ^ 100 MEV
the beam power is derived from the electromagnetic power supplied
in RF cavities.

The most efficient accelerator for this applica-

tion is, therefore, a linear array of RF cavities optimized in
geometry for the highest efficiency of power transfer from the
RF to the beam (beam loading),

Such an accelerator is the linac.

All other (curved) types of accelerators use dipole magnets to
bend tho beam onto curved orbits.

These dipoles add to both the

construction and the operating costs, and will increase the
probability of component failure during operation.
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Above the lower limit of beam energy set by ionization loss the
capture neutron yield is roughly proportional to the beam power
which is in turn, for a given beam loading, proportional to the
RF power.

A major part of the cost of the linac is that of the

RF supply which is roughly proportional to the RF power output,
The RF power is, in turn, proportional to the beam power, hence
the fuel yield.

Thus for a given fuel yield the total cost is

affected only by the remaining minor parts such as the costs of
the cavity structure, the control, and monitor system, the linac
enclosure, etc.

The costs of these compcrents are generally

proportional to the length, hence the energy of the linac.
Therefore, for a given fuel yield, the total cost of the linac
is somewhat lower for lower energy and higher current.
A beam current of 300 MA has been obtained at Fermilab albeit
in a pulsed mode.

However, during the pulse a steady state is

reached insofar as the transfer of power from the RF supply to
the beam is concerned.

The pulse length is limited only by the

insufficiency of the RF supply.

Thus, a 300 MA dc beam current

may be considered a realistic goal attainable with high confidence.
At LASL (LAMPF)

a particle energy of 800 MEV has been achieved

in a linac, thus demonstrating the total practicality of the
1 GEV energy.
Energies up to 5 GEV are well within the expectations of linac
technology.

If this energy is manageable in the target, for the

same beam current a factor of five increase in the fuel production
rate is available with little or no reduction in certainty of
success,
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For the same incident energy on a target, experiments have
shown that a deuteron will give a higher capture neutron yield
than a proton.

This is especially prominent for energies below

1GEV and is due to production by the neutron in the deuteron
which suffers no ionization;loss in the target.

At 1 GEV the

advantage of deuterons over protons is close to 20% and at 2 GEV
this advantage decreases to about 5%.

However, radiation and

activation levels of the accelerator structure are much higher
at low energies for deuterons compared to protons.

Unless the

beam loss rate can be kept to a minimal level, requirements for
remote maintenance of the linac would occur significantly sooner
with a deuteron beam compared with a proton beam.
Both klystron and gridded tube high power RP systems have
been used for pulsed accelerator applications with good success,
At frequencies below 100 MHZ gridded tubes are preferred and
at frequencies above 200 MHZ the klystron is preferable.
An entirely new type of RF supply called the gyrotron has been
developed at the Institute of Nuclear Physics in Novosibirsk,
Siberia, USSR.

In this device RF power is derived in a circular

wave guide from a rotating dc electron beam instead of in a
linear cavity from a bunched beam as in the klystron.

The

efficiency of energy conversion from the beam to the RF may be
nearly 100%,

For a 2 MW unit, perhaps a lO^A 2Q0~KEV electron

beam is needed.

The efficiency of imparting energy to a dc

beam should be very high, and the overall conversion efficiency
from dc power to RF power may be well above 90%,

'
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The CW operation required for the accelerator breeder is inherently
simpler than the pulsed operation presently employed for laboratory
accelerators.

The feedback control of cavity voltage and phase is

greatly simplified because the transients due to fast turn-on
which are present in a pulsed operation need not be considered.
The energy storage requirement is minimal for CW operation, and
the plate pulsing modulator is not needed.
Now the target/blanket technology issues will be addressed.
The two main target functions, neutron production and breeding
of fissile material, may be combined in one structure, or may
be carried out separately by producing the neutrons in a targot
and surrounding the target with a blanket of fertile material
where the breeding takes place.

One design which is suitable

for use with an accelerated deuteron beam would employ lithium
as a primary target to take advantage of. the possible efficiency
of conversion of deuterons to high energy neutrons through
stripping and spallation processes.

The high energy neutrons

would penetrate deeply into a secondary target (a blanket of
depleted uranium, thorium, or a mixture of uranium and thorium),
where the production of fissile material would occur.

A second

design, more appropriate to an accelerated proton beam, would
employ a pool of molten lead-bismuth (open to the beam) , sur<»
rounded by a cylindrical annul>- containing uranium or thorium
in a suitable form, such as UO2 or ThO2 in LMFBR«*type fuel rods.
Lead and bismuth are chosen for the primary target materials
because of the possibility of good neutron yields and the ability
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to meet heat transfer requirements,

A third design attempts

to lessen the severe radiation demage problems and unusual
blanket power distribution control requirements characteristic
of systems in which fissile material is bred in a blanket
surrounding the primary target.

This design proposes the use

of a liquid lead primary target surrounded by a molten salt
blanket containing fertile material.

The containing vat could

be open to the accelerator beam, since the low vapor pressures
of the ledd and molten salt are compatible with the accelerator
vacuum.
A fourth integral target blanket design was suggested by fissile
production efficiency considerations: to maximize production
efficiency in the blanket, a hard neutron spectrum is desirable.
The blanket coolants discussed so far (sodium, lithium, molten
salts) all tend to soften the neutron spectrum.

Helium has the

desired neutronics characteristics and required heat transfer
properties and has been studied as a coolant in various gascooled reactor concepts.

In this design, pressurized helium

cools a solid target/blanket which is heated by a diffused
proton beam from an accelerator.

The pressure boundary between

the pressurized helium and the vacuum of the accelerator cavity
is a window, possibly made up of three thin layers of titanium.
The heat load and possible radiation damage problems in this
window are severe.
For all designs, the materials used in the target must be able
to withstand radiation effects and thermal stresses (if solids
are used), must allow for efficient heat removal, and must be
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chemically compatible with the target container materials.
Some of the advantages in using a liquid target such as molten
Pb-Bi or lithium are the absence of radiation damage effects
or thermal stresses produced in the target, and good heat removal
capability.

Suitably high neutron yields can also be achieved

and parasitic neutron absorption in structural materials can
be minimized.

Another alternative is the use of thorium metal

as a target material.

Fissile material (U 233) would be pro-

duced in the target as well as the blanket and in-situ fission
of the bred

U 233

would enhance the net neutron yield.

This

would also be true of a target using uranium, but thorium would
probably be preferred to uranium because of its relatively better
metallurgical properties, e. g. the crystal structure of thorium
is less susceptible to radiation damage and gives rise to a more
desirable thermal conductivity, coefficient of thermal expansion
and elastic modulus in the temperature range of interest.

Some

of the disadvantages of solid targets (such as thorium) which
would haver to be addressed include:
(1) Radiation damage effects produced in the crystalline
structure of the solid by protons, neutrons, and fission fragments;
(2) Large internal gas pressures generated by protons in the
beam coming to rest in the thorium to form hydrogen and by gaseous
fission products such as krypton and xenon;
(3) Formation of thorium hydrides tfrom stagnated protons1
which would occupy a larger volume than the original thorium at
a given point and which would produce large internal strains.
This would serve as a source of crack initiation during heating
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or cooling and the interface between the thorium and thorium
hydride would provide a path for crack propagation;
(4) The presence of fission products would require some kind
of cladding as a barrier to their release from the fuel; and
(5) A separate coolant would be required whereas liquid
target materials function also as coolants.
The target container will experience severe operating conditions,
and must meet the following requirements, from a materials technology viewpoint:
(1) Ability to withstand internal thermal stresses and radiation effects;
(2) Ability to withstand mechanical stresses, e. g. due to
a liquid target, or due to pressurized helium being used as a
coolant, or due to a pressure differential between target and
blanket;
(3) Sufficiently fracture resistant to maintain a high
integrity barrier between target and blanket, i. e., between
a liquid target or coolant for a solid target and the blanket
materials;
(4) Compatible chemically with both target and blanket
materials with which it comes into contact? and
(5) It must be easily replaceable at time intervals charac^
teristic of the need to shut down to remove bred material from
the blanket and insert new fertile material.
Since the target container operating environment is characteristic
of a fusion reactor operating environment in many ways, then
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materials which fusion reactor radiation effects programs are
suggesting may be viable, such as type 316 stainless steel or a
vanadium-titanium alloy (V-20 wt. % T i ) , may be suitable for the
target wall.
For the blanket materials, the technology related requirements
include:
(1) Maximization of the fertile atom density;
(2) Heat removal in the fertile material;
(3) Minimization of thermal stresses in the fertile material
and support structures;
(4) Compatibility of the fertile material and coolant;
(5) Radiation damage effects in the fertile material and
its cladding (if used); and
(6) Determination of the effects of fission products on the
mechanical and dimensional stability of the fuel material.
Some suggested blanket materials have been uranium, thorium,
Th-U alloys, uranium and thorium oxides (UO2, TI1O2) , uranium
and thorium carbides (UC, T h C ) , light water reactor (LWR) fuel
elements, and molten salts containing Th.
From the point of view of materials technology, thorium exhibits
more desirable metallurgical properties than uranium, e. g., a
higher melting point, higher thermal conductivity, lower elastic
modulus, and many clos;er-to isotropic physical properties.
Thorium (and Th-U alloys which have similar mechanical properties
and radiation effects behavior) also provides the maximum fertile
atom density in the blanket,
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Irradiation data on thorium Th-U alloys indicate adequate dimensional and chemical stability and acceptable rates of swelling
under conditions more severe than those expected in an accelerator
breeder blanket.
The use of UO2 or ThO2 in the blanket would lead to reduced fertile
atom density compared to the other possible materials mentioned
above.

The relatively low thermal conductivity of the oxides

(approximately one-tenth that of Th or Th-U alloys) makes heat
removal more difficult and would lead to large temperature gradients in the fertile material,

The relatively low thermal con-

ductivity and high elastic moduli of the oxides would also lead
to large thermal stresses.

Radiation effects in the oxides are

complicated due to the steep temperature gradients which result
in long-range mass transport and chemical effects in various
fission products.

Fission product effects are complicated due

to the liberation of oxygen during the irradiation of the oxides.
However, the processing of the oxides would be compatible with
light water reactor technology.

The use of UC or The would lead

to fertile atom densities higher than those achieved with the use
of oxides but only approximately one-half those of the metallic
thorium fuel.

The higher thermal conductivity of the carbides

provides for good heat removal and for much higher power ratings
ex fissile atom production rates than could be achieved with the
oxides,

The higher thermal conductivity and lower thermal expan-

sion of the carbides reletive to the oxides reduces thermal stresses,
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Radiation effects in the carbides are less severe than in the
oxides for the same temperatures and irradiation levels.

Data

on the high performance irradiation behavior of these materials
are now being obtained in the advanced fuels program for the
LMFBR.
One of the uses sometimes suggested for the accelerator breeder
is the enrichment of LWR fuel, i.e., an LWR fuel element containing primarily fertile material (TI1O2 or UO2) would be irradiated in an accelerator breeder blanket until a fissile concentration of about 4% was reached.

The fuel element would then be

transferred to an LWR and used to produce power.

Upon depletion

of the fissile content, the fuel element would be transferred
back to the accelerator breeder for rejuvenation,
There is no existing materials technology which would sustain
such a fuel cycle.

The zircaloy cladding on the LWR fuel element

would be severely embrittled, if not cracked, by the large quan-r
tities of hydrogen which would be produced in the cladding by
the high energy neutron induced (n,p) reactions and by the fast
neutron produced radiation damage,
for hydrogen.

Zirconium has a large affinity

This results in the formation of zirconium hydride.

The larger volume of the hydride compared to the original zirconium produces large tensile strains in the cladding which can
result in fracture of the cladding.
In addition, by the time a fissile atom content of about 4% was
produced in the fertile material, a significant number of fissions
would have occurred, producing fission products with high thermal
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neutron cross sections.

Their presence would seriously inhibit

power production in an LWR.
Thus, the combination of cladding embrittlement and fission product
contamination makes the use of LWR fuel elements in the accelerator
breeder blanket unlikely based upon existing materials technology
and limited study of the concept.

However, generation of innovative

concepts and an improvement in materials technology could change
this conclusion radically.
The use of a molten salt would eliminate problems associated with
thermal stresses and dimensional stability in the blanket.

Radia-

tion damage effects would be confined to piping and container
materials.

In one proposed design, the only container would be

that surrounding the blanket; the neutron flux at that distance
would be at least an order of magnitude less than what some structural materials in the other blanket designs are exposed to.
However, considerable research on corrosion effects would have
to be done to ensure the chemical compatibility of container
materials with the molten salts of the blanket.
Some possible accelerator breeder designs require the use of
a window as a pressure barrier, e. g., between pressurized He
(at 1000-1400 psi) serving as a target/blanket coolant and the
vacuum of the accelerator tank.

The use of such a window presents

formidable problems, primarily because of the heat load and
radiation dairage effects in the window.

The irradiation effects

are due to the production of hydrogen and helium and the displacement of atoms.

It is possible to estimate these effects
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and compare them with effects observed in fusion reactor and
experimental breeder reactor (EBR-II) materials.

For a typical

medium atomic weight metal and for equal particle fluxes, the
hydrogen production rate for 1 GEV protons would be approximately
3 times greater than for fusion energy neutrons and 1000 times
greater than for EBR-II energy neutrons.

The helium production

rate would be approximately 10 times greater than for fusion
energy neutrons and 10,000 times greater than for EBR-II energy
neutrons.

The atomic displacement rates would be approximately'

10 times greater than for EBR-li neutrons.
The large strain gradients produced by the steep temperature
gradients in the window could produce helium migration to grain
boundaries which would result in severe embrittlement and a
short window lifetime.

The mobility of the hydrogen produced

in the window alloy would also affect the ductility and toughness of the window.
The damage limiting mechanism for the window will be the
nation of large strains and strain gradients in the window
combined with the presence of helium and hydrogen in the window
material.

By selecting an alloy of relatively low atomic number

(such as V - 20 wt % Ti) which would tend to minimize the effect
of hydrogen and helium production it may be possible to achieve
satisfactory window lifetimes.
Heat removal from the target and blanket has been identified as
one of the major technical problems associated with electronuclear
fuel production.

The problem manifests itself in the form of an
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extremely nonuniform power distribution in the blanket caused
by severe neutron flux gradients and spatial variations in the
production of fissile material.
The neutron flux in the blanket will be highest near the inner
wall facing the target and the flux will decrease rapidly with
increasing distance into the blanket.

Thus, the heat generation

from fast fission, and dissipation of the energy of the highenergy particles, will decrease with increasing distance from
the target.

In addition, those blanket elements experiencing

the highest fluxes will breed more fissile material and fissioning of this material will further accentuate the nonuniform
power generation problem.
The extreme power gradients observed in the solid-fuel blanket
concepts mean that there will be a considerable difference in
power generation in the fuel pins of a given fuel assembly.
Adequate cooling for the maximum fuel pins will mean overcooling
for many of the other fuel pins with a resultant decrease in the
mixed mean outlet temperature of the system.
the power conversion efficiency,

This will reduce

A solution to this is to design

the fuel elements for individual orificing of individual coolant
channels„

However, these orifices would have to be changed every

time a blanket element is rotated or moved to a new location.
Orificing the flow to match the heat release rates at normal
operating conditions will usually result in a mismatch between
coolant flow and power during partial power operation.
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The severe neutron flux gradients and power gradients will
produce fuel element boiling problems that are also more
extreme than those designed in the current reactors.

While

these factors can probably be designed for, they will have an
impact on the cost of the final systems and also on the fuel
handling and maintenance times required for the system.

This

could significantly alter the availability factor of the
accelerator breeder concept.
An accelerator breeder utilizing high-energy deuterium particles
and a lithium target would have the advantage of less heat deposition in the target and a somewhat less severe power gradient
problem in the blanket.

The latter occurs because the very high

energy neutrons from the target penetrate more deeply into the
blanket and tend to "smear" the neutron flux, power distribution
and fissile build-up.
A severe design problem associated with the gas-cooled target/
blarket systems is that of the accelerator beam window.

This

window must be relatively thin to minimize the energy deposition
from the accelerator beam, yet it must be sufficiently thick to
withstand a pressure differential of greater than 1,000 psi.
The heat deposition within this window is significant and the
configuration of the window, a hemispherical shell, is such that
it is difficult to design appropriate flow passages for coolant.
Preliminary estimates indicate heat fluxes on the order of 1.2
million Btu/hr-ft2.

This assumed a uniform beam density.

In

reality, the beam would not have a uniform density so that on
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portions of the window the energy deposition and heat flux would
be greater than the average value cited above. The design of an
adequate cooling geometry for this window will be an extremely
difficult technical problem.

Failure of this window could result

in a loss-of-coolant situation for the gas»cooled blankets.
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C.

FusionfFlssion Hybrid

The hybrid concept has existed from the earliest days of controlled fusion.

It was proposed formally at least as far back

as 1952 by the California R & D Company, probably for the
purpose of producing fissile fuel for weapons.

Hybrid develop-

ment so far has been identical with pure fusion development;
namely, development of the fusion driver.

Over the past few

years, with a number of successes in the achievement of plasma
parameters in both inertially and magnetically confined fusion,
there has been increasing interest in evaluating the performance
potential of hybrid systems * '.

The following section will

review the physics and technology requirements which have been
identified for commercial hybrids, and relate them to the physics
and technology status wherever possible.
1.

Plasma Physics
a.

Relation to Pure Fusion Physics.

In a pure fusion

reactor, most of the power amplification and production occurs
in the plasma, and the blanket serves mainly as a converter.
In a hybrid, the situation is quite different.

The plasma serves

as a source of the driving neutrons and as a secondary power
producer, while the blanket serves as a converter and primary
energy amplifier.

Thus, the plasma in a hybrid is not required

to have the performance of a pure fusion reactor plasma, but the
hybrid blanket is required to make up the difference in performance if the device is to be economical.
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Because of the large blanket amplification, especially in
hybrids which utilize fast fissioning near the plasma for
neutron multiplication, the wall loading need only be moderate,
and in some cases is constrained by blanket power limitations
to be moderate, typically at a level which is a factor of two
less than that required for a pure fusion reactor.

A moderate

wall loading requirement allows the plasma density, and pl~3ma
beta for magnetically confined plasmas, to be reduced from the
required pure fusion values.

The product of density and con-

finement time can be reduced by factors of three to six from
its pure fusion levels.

For moderate plasma betas, then, since

lower power densities exist in the plasma, magnetic fields can
be lower; however,

if only low beta plasmas are possible, then

magnetic field requirements will be large.

Ion temperatures can

be reduced as well by a factor of two.
The above relaxations of plasma physics requirements are of
course different for different confinement concepts, but follow
generally the above gross trends.

The relaxation of plasma physics

requirements translates into the advantage that demonstration of
hybrid plasma physics-^ feasibility does not require an advanced
ignition device, but can be accomplished with a TFTR level of
experiment (1981-82 energy breakeven experiment).

However, as

the computations have shown, it should be noted that economically
desirable hybrids may require plasma performance somewf *re between
plasma amplification Q of unity and four and that a follow-on
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device to, or upgrade of, TFTR or Shiva/Nova or Antares could
be required to demonstrate this performance.
b.

Mainline vs. Non-Mainline Concepts.

For a pure fusion

reactor, since the plasma is required to generate most of the
system power, a confinement concept with high Q (Q is the ratio
of fusion energy output to plasma energy input) is mandatory
for economical operation.

Thus,, the pure fusion reactor con-

figuration is not necessarily selected on the basis of technology
or maintainability attractiveness, but is selected primarily on
the basis of plasma physics performance.

This could conceivably

lead to the selection of a more complex reactor geometry than
would otherwise be desired if plasma physics performance were not
the overriding factor in concept selection.

In a hybrid, high

plasma Q is no longer mandatory, although it is still beneficial.
Thus, concepts which could not be considered for pure fusion
applications because of low (relatively) plasma Q could be considered for hybrid applications if they have compensatory redeeming features.

For magnetic fusion in particular, many linear

devices with cylindrical geometries appear limited to low-Q
performance if no means of reducing plasma end loss is found.
However, because of their attractive geometry, these linear
devices might be desirable as reactors for reasons of reliability,
simplicity, accessability, ease of construction, and maintainability.

Hybrid studies have been made of linear theta pinches,

E-beam and laser heated solenoids, which are all linear systems
and have unfavorable energy balances due to large end losses.
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These devices become more attractive as hybrids as magnetic
fields are increased to increase density and reaction rate,
and thereby reduce confinement time requirements.
c.

Pulsed vs. Steady^State Operation.

Given the present

level of fusion driver development, a large number of different
fusion drivers are available as potential hybrid reactor candidates.

One major characteristic which distinguishes among the

various contenders is the length of the pulse during which fusion
occurs.

Plasmas which are confined inertially have fusion pulses

on the order of nano-seconds; plasmas confined magnetically have
pulses ranging from milliseconds (pinch-type operation) to
steady-state operation (mirrors, stellarators, etc.).

The choice

of pulsed vs. steady-state operation involves similar considerations for hybrids as for pure fusion; basically, a trade-off
between higher thermomechanical stresses in the structure and
fuel elements due to pulsed operation and higher energy switching
problems vs. potentially easier fueling and impurity control
requirements.

However, the major magnetically confined confine-

ment concepts being considered for pure fusion, tokamak and mirror,
are steady or quasi-steady state devices.

Devices with short-

pulsed operation are presently not serious contenders for magnetically confined pure fusion, although breakthroughs (especially
in end loss reduction for linear devices) could alter the current
picture.

In contrast, many nonmainline devices which have entered

the contest as hybrid contenders, such as the linear devices
described above, are pulsed devices.

This means that the additional
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thermomechanical stresses due to cyclic operation, in the fission blanket as well as at the first wall, will have to be
analyzed in detail to see whether significant performance deterioration is being produced.

In Appendix IV, temperature swings

in fuel elements resulting from pulsed plasma operation are
estimated.
2.

These thermal cycles could conceivably be severe.

Technology Requirements

Technology requirements for the hybrid ran be subdivided into
two parts, technology requirements associated with the plasma,
and technology requirements associated with the blanket.
Generally, those associated with the plasma are reduced from
pure fusion levels, but the relation of those associated with
the blanket to pure fusion are dependent on the hybrid mode
of operation selected.
a.

Plasma Technology Requirements.

Since a large number

of plasma confinement concepts are eligible contenders for commercial hybrid fusion cores, and since diverse technologies are
associated with many of the concepts, a very large number of
different technologies may be potentially applicable to a commercial hybrid.

While some key technologies have been developed

by the various fusion programs, these technologies should be
viewed in the light of expanding the capabilities of existing
experiments rather than as prototype technologies for cornmercial
reactors.

In the area of plasma heaters, for example, glass

and gas lasers, electron beams, ion beams, and fission-driven
neutron sources could be utilized for inertial fusion, and
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neutral beams, microwave tubes, compression and ohmic heating
r

could be utilized for magnetic fusion.

For power supplies,

the range of performance requirements is from megawatts delivered
continuously for hours to terrawatts delivered in nanosecond
pulses.

For magnets, some of the options include high field

superconductors, low-field superconductors, copper magnets, or
minimal magnets (wall confinement).
In the following section, those technologies which have been
employed in the major conceptual designs performed to date
will be discussed.
(1) Magnetic Fusion.

For those concepts in which

magnetic field requirements are reduced substantially from
pure fusion levels, much less magnet support material is
required and a different level of superconductor development
may be acceptable.

For example, the pure fusion mirror devices

under consideration seem to require magnetic fields of about
16-17 tesla at the superconductor.

For fields of this magnitude,

Nb3Sn or ttt^Ge superconductor will have to be developed.

On the

other hand, the classical mirror hybrid requires fields of about
8-9 tesla at the superconductor, allowing NbTi to be used.

It

is projected that NbTi magnets could be available in the required
hybrid sizes within a decade.
For tokamak hybrids, where plasma betas are assumed to be
relatively small, the magnetic field requirements are about
the same as for pure fusion operation, i. e., 10 T or more,
at the conductor.
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In high beta concepts, such as RFP or Riggatron, superconductors
may not be required.

Joule losses in copper magnets may be

relatively small compared to the high thermonuclear power production in the dense plasma, and may be acceptable.
In the case of tokamak hybrids, the combined neutral beam and
impurity control problem may be no less than in a pure fusion
device.

Since reaction rate is relatively low in a hybrid, and

since at least a moderate neutron density in the plasma is
required for favorable economics, the beam power must be high.
With low reaction rate, the beam power is approximately equal
to the power of charged particles which must be exhausted from
the plasma.

If the divertors are to be viewed primarily as

particle collectors/ and not energy sinks, then the divertor
channel will have to be long in order for particles to transfer
most of their energy before entering the divertor exhaust region.
This means either complicating the magnetic field structure to
lengthen the particle trajectory, or increasing the size of the
device.

Also, to minimize the impurity problem, it would be

desirable to minimize the flux of fast neutrals from the high
throughput p.lasma to the wall.

This would require high neutral

beam energies of about 500-600 KEV, where the charge exchange
cross section is small, even though these high energies are not
required for plasma penetration.
For the classical mirror hybrid, the required neutral beam
energy is halved, from 200 KEV to 100 KEV.

At the 100 KEV level,

a positive-ion based technique can provide the necessary power.
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This technique for these energy levels is almost state-of-theart.

For 200 KEV beams, the positive-ion method efficiency

drops substantially, and a technique based on the use of negative
ions in the charge-exchange cell is required for acceptable
efficiencies.

This concept is much further behind in develop-

ment than the positive-ion concept.
Both the pure fusion and hybrid mirror concepts operate in a
driven steady-state mode, so the neutral beams must be designed
and developed for continuous operation.

However, the pure

fusion tokamak operates typically in an ignited mode, while the
hybrid tokamak operates typically in a driven mode.

Thus, while

the tokamak neutral beam energy requirements for plasma penetration may be substantially less in the hybrid mode, the neutron
backscattering shielding requirements for the insulators and
electrode > will be much more severe.

If the counterstreaming-

ion tokamak mode is employed as the hybrid fusion core, in which
oppositely-directed D and T neutral beams are used to stack
large densities of counterstreaming energetic deuterons and
tritons for maximizing reactivity, large advantages could conceivably be realized.

The beam-induced current could be made

to provide the tokamak equilibrium and allow steady-state tokamak
operation, and the beams could also serve to fuel the plasma.
In this case, the steady-state operation, continuous fueling,
and relatively low beam energies required (100 to 150 KEV) might
be sufficient to offset the negative effects of steady-state
beam shielding requirements.
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(2) Inertial Fusion.

The ignition source, or driver,

is required to convert electrical, chemical, or thermal forms
of energy into a beam of sufficiently intense pulses suitable
for initiation of thermonuclear reactions.

The characteristics

of the beam should be such as to optimize energy transfer to
the fuel.

Clearly, these characteristics must be determined

in conjunction with the fuel-pellet design.
A second set of requirements is dictated by energy balance and
economic considerations; these are related to efficiency, repetition rate, reliability, and cost.

The driver efficiency should

be a few per cent, its exact value depending on the gain of the
pellet.

The repetition rate should be in the range of one to

ten pulses per second, and the lifetime should be at least one
billion pulses.

In addition, the design should allow convenient

waste-heat removal, suggesting that the medium in which the
energy is converted should be a fluid.
The Nd:glass laser is capable of providing light pulses of the
specified high intensities of tens of terrawatts in the nanosecond
pulse range.

However, these laser systems require large invest-

ments in optical components and in large glass amplifiers.

Glass

lasers are inherently limited to a maximum efficiency of a few
tenths of a per cent and cannot be operated at high repetition
rates.

Their extrapolation to commercial hybrid applications is

questionable at this time.
The CO2 gas laser is currently the best developed of this class
of lasers.

It also will be producing tens of terrawatts, with
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efficiencies of perhaps ten per cent.

It is capable of high

repetition, due to its favorable gaseous heat transfer medium.
However, there are questions as to whether the 10.6 micron
wavelength of the beam provides good energy coupling with the
pellet, and this issue is viewed as either major or minor,
depending on whether one is situated east or west of the western
New Mexico border.
Should the CO- laser prove to be uneconomic for energy production, a new advanced laser must be identified whose laser
medium can be circulated to remove waste heat.

This laser will

necessarily be a gas laser and will probably be pumped electrically.

Requirements for this advanced laser include demonstration

of saturated pulse output at the proper width, successful target
experiments at ten per cent of the required intensity for breakeven gain, scalability to power levels of about 100 terrawatts
per beam, repetition rates of one Hertz or faster, and an efficiency of at least a few per cent.
Relativistic electron beams are an alternative to lasers for
initiating fusion-pellet microexplosions.

Electron beams are

simple, inexpensive compared to high power laser systems, and
are significantly more efficient than the laser beams.

However,

electron beams at the required intensities can neither be propagated sufficiently far nor focused to a sufficiently small
spot size.

These electron beams can be focused adequately for

pellet initiation only if either the electrodes or the clouds
of plasma or metal vapors are in contact with the pellet.
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Conceptual approaches to plasma production in electron-beam
diodes have been suggested, but further research and design
studies will be required to ensure that pellet microexplosions
can be isolated to prevent damage to electron-beam pulse-forming
lines and cathodes.
Ion-beam applicability to inertial fusion is not yet understood
very well.

Ion beams have all the characteristics of electron

beams, with the additional disadvantages of being more expensive
and difficult to produce at the required power levels.

However,

since the ions are far more massive than the electrons, their
energy transfer will occur near the surface of the pellet, and
the pellet will ignite

due to isentropic compression rather than

be hampered by unwanted pre-heating of the core.
Although the configuration of a working fuel pellet has not yet
been determined, the requirements it must satisfy to make inertial fusion commercially viable are well understood.

The pellets

are likely to be of a simple one-or-two shell design that can be
manufactured at essentially the cost of materials, which should
not exceed a few mills per kilowatt-hour.

Such pellets could be

produced for tens of mills per kilowatt-hour by combining the
current pellet manufacturing methods with mass-production techniques.

Therefore, a mass-production technology for such pellets

must be developed to reduce the projected cost by a factor of ten
and to increase the production rate to about a million pellets
per day.
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Techniques must also be developed to inject the fuel pellets
into the reactor cavity at a rate from one to ten Hertz with
a velocity of about 100 meters per second, and to track or
illuminate the pellets accurately so that the driver beam can
be aimed to deliver its energy at the moment the pellet reaches
the center of the cavity with spatial accuracies within a few
micrometers.

Either pneumatic or electrostatic injection mechan-

isms appear feasible.
b.

Blanket Technology Requirements.

First wall materials

problems are lessened in the hybrid mode of operation.

Because

of the lower plasma densities and temperatures in a hybrid, and
consequently lower plasma power densities, thermal and neutron
loadings at the first wall are reduced substantially.

Thermal

distributions and stresses in the hybrid blanket, and resulting
cooling problems, are dependent heavily on the mode of hybrid
operation.

For a minimal neutron multiplication mode, the blanket

temperature and power density distribution should be similar to
that of a pure fusion reactor with the same thermal output, since
plasma neutron energy is moderated to thermal energy in both
cases.

In a strong neutron multiplication mode, presence of a

fission plate near the first wall will produce higher power densities and temperatures in that region, and increase material and
coolant requirements in the fission plate region.

For a strong

neutron multiplication and burning mode, temperature distributions
will be more even throughout the blanket than in the non-burning
mode but less even than in the minimal neutron multiplication mode
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(and consequently less even than in pure fusion operation)
for systems of the same thermal output.

However, since the

multiplication and burning mode involves operation much closer
to criticality than the other modes, additional reactivity
control equipment may be required.

Thus, while first wall

problems appear to be reduced in hybrids relative to pure
fusion operation, material and coolant problems arising from
thermal loads and gradients may be as difficult or more difficult than those in pure fusion operation, depending on the
hybrid mode under consideration.
In many respects, the hybrid blanket is similar to the blanket
and part of the target region of the accelerator breeder.

The

section of the hybrid blanket nearest the plasma will experience
moderately high energy neutrons, as will the section of the
accelerator breeder primary target furthest from the accelerator
beam.

The breeding portions of both blankets should be quite

similar.

Therefore, the materials, fuels, and heat removal

issues for thorium/uranium operation raised in the section
about accelerator breeder blanket technology issues apply to
the hybrid equally well, and need not be repeated here.

Also,

the issues of fuel form for blanket fuels will be similar to
those discussed in the section about fast breeder technology,
and will not be discussed further.
The one major difference worthy of mention is associated with
the pulsed mode of operation of many of the fusion concepts.
Fission systems presently operable are steady-state in nature,
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and all fast breeder and accelerator breeder designs project
steady-state operation.

While all components in the region near

the plasma will be affected by the pulsed operation, the fuel
elements will experience special effects.

While the first wall,

and other structures and components, will experience essentially
pulsed surface heating, the fuel elements will experience significant volume heating as well.

Even if the bulk coolant temperatures

are kept relatively constant due to added capacitance in the
system, the inner fuel element temperatures will still experience
excursions due to each pulse.

In Appendix IV, these thermal

swings are estimated for simple fuel pellets.

It is shown that

this problem may be moderate to severe, depending on the pulsing
frequency and the length of the pulse.

Methods to alleviate this

problem are discussed.
Hybrids seem to combine the environmental and safety characteristics of fast breeder reactors and pure fusion reactors with
the exception of one: hybrids operate in a sub-critical mode.
Otherwise, they have all the features associated with the nuclear
fuel cycle, breed tritium, and are required to dispose of significant quantities of irradiated first wall materials.

In addition,

they have a relatively ftagile first wall separating the coolant/
breeding region from the vacuum chamber, and h?.ve fission blanket
operation in less than an optimal fast breeder geometry.

If the

above environmental and safety problems can be overcome for
fission and pure fusion reactors, they most certainly can be overcome for hybrid reactors.
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From the hybrid user viewpoint, the issues of reactor complexity,
accessibility, maintainability, and reliability may be the most
crucial as far as hybrid design is concerned.

These issues

are essentially the same as for the pure fusion configurations.
In addition, there is a blanket fuel management problem similar
to that in fast breeder re ctors.

Addressing the issues of

complexity, accessibility, maintainability, reliability, and
blanket fuel management requires studies with substantially
more detail than those being performed presently.
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APPENPIX IV
Thermal Cycling In The Blanket Fuel Elements
Of A Pulsed Hybrid Reactor
A.

Introduction

Host fusion concepts are projected to operate in a pulsed
mode.

Inertially confined concepts typically have nanosecond

bursts of neutrons, with seconds or fractions of seconds between
pulses.

Short-pulsed magnetically-confined concepts, such as

pinches, typically have burn times on the order of a hundred
milliseconds with about ten seconds between pulses, while
long-pulsed magnetically-confined concepts, such as tokamaks,
can have b rn times on the order of tens of minutes with time
between pulses projected on the order of minutes.

Pulsed

generation of neutrons by the plasma translates into pulsed
generation of heat by the fuel elements due to fissioning,
capture, and other reactions.

Depending on pulse amplitude,

width and frequency, these fuel elements will undergo temperature excursions which may be minimal, or may be entirely unacceptable based on present experience with fission fuel
materials .
In this section, we will estimate the temperature increases
in the center of the fuel elements which comprise the fissioning and breeding portion of the hybrid blanket.

Specifically,

we will compute the differential between the temperature rise
at the center of the fuel element and the temperature at the
fuel element edge caused by the pulse of neutrons fror a
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fusioning plasma.

We will then discuss methods to alleviate

excessive temperature increases, and constraints which these
methods place on system design.
B.

Analysis

We assume that during the D-T fusion pulse in the plasma core
of the hybrid, neutrons are produced at a constant rate.

These

neutrons will enter the blanket and, in the most severe case,
generate large rates of thermal energy by fast fissioning and
other multiplying processes in the fuel elements nearest the
plasma.

Thus, we assume that during the fusion period, heat

generation will occur in these fuel elements at a constant rate.
When the fusion period in the plasma terminates, we assume that
heat generation in the fuel elements ceases, and a temperature
decrease in the fuel element occurs.

The process will be repeated

when the next burst of neutrons is initiated.

We will assume that

the maximum temperature increases and decreases occur at the
center of the fuel element, that the temperature at the edge
of the fuel element is held at a constant temperature (perhaps
the bulk coolant temperature), and we now attempt to estimate
the magnitude of these temperature differential excursions.
We assume arbitrarily that the blanket fuel elements are spheres
of bare uranium of radius a, thermal conductivity K, density p,
specific heat Cp,and diffusivity D.

We assume further that the

spheres selected for analysis reside in the high power density
portion of the blanket near the plasma, in order to estimate the
highest fuel element temperature swings in the blanket.

For this

computation we assume the sphere is at some zero of temperature
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at the start of the pulse, and its surface is kept at this zero
of temperature (the bulk coolant temperature, for example) for
all time. We assume the power pulse is initiated at the zero
of time, that the power pulse is uniform throughout the fuel
element, that the power pulse has a width t equal to that of
the fusion power pulse, and that the power pulse has an amplitude
Ao.

Finally, we assume that the period of the cycle is t s .

From Carslaw and Jaeger the temperature T in the sphere at
radius r and time t is shown to be
T (r,t) = S + US
where
S = |a (a2 - r2)

os=

r ^ - J - ^ sin

We set r equal to zero to obtain the temperature at the center
of the sphere, then approximate the series by its first term.
We then adjust the constants in the series approximation to
obtain the proper limits at the zero of time and at small time.
We obtain the following expression for temperature
T (o, t) - ^ S i . (i - exp (- ^ t ) )
We impose the condition that the average power density in the
fuel element over a cycle is equal to the steady-state maximum
allowable power density, AosThus

where E represents the energy delivered to the fuel element
during the pulse, and is a constant.

/
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Combine the above two equations, to get
T(o, t) = ^°||a • i|- . (1 - exp (-

~ ^

Thus, the time constant of the sphere for diffusing energy
through the surface from the interior is the effective
Fourier Modulus, (|=r), which is smaller than the standard
Fourier Modulus by a factor of 6.

We now examine different

hybrid pulsing scenarios and estimate temperature excursions
for each case.
Case 1) The pulse time is long, relative to the Fourier Modulus,
and the time between pulses is short, relative to the Fourier
Modulus.

Initially, energy at low peak power density heats the

sphere at a continuous rate. After a Fourier Modulus time,
energy from the central portion of the sphere is diffusing through
the surface, and the temperature distribution in the sphere is
starting to approach a steady-state.

After a few more Fourier

Modulus times have passed, the center temperature reaches its
steady-state value, T (O,») = (^°| a - ) , where it remains until
the end of the pulse.

In between pulses, because of the short

time, the temperature drop will be infinitesimal.

During the

next pulse, the steady-state condition is maintained.
Case 2) The pulse time is long, relative to the Fourier Modulus,
and the time between pulses is long, relative to the Fourier
Modulus, but the pulse time is still a major fraction of the
cycle time.

Initially, energy at relatively low peak power

density heats the sphere at a continuous rate. As in the case
above, after a few Fourier Modulus times, the center temperature
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reaches a steady state value,
the end of the pulse.

T (0,°°), where it remains until

In between pulses, where the down time

is long, the center temperature will drop back to the zero of
temperature after a few Fourier Modulus times.

The next cycle,

then, will be a repeat, of the initial cycle, and the system
will be characterized by temperature excursions of T (0,°°),
for each cycle.
Case 3) The pulse time is short, relative to the Fourier Modulus,
and the time between pulses is short, relative to the Fourier
Modulus, but the pulse time is a minor fraction of the cycle
time.

Initially, energy at a high power density is deposited

in the sphere, raising the center temperature by an amount
T (0, At) =(A°g

fc

») at the end of the pulse.

Because the time

between pulses is short, the temperature drop in the sphere
will be small.

At the end of the second pulse, the temperature

in the sphere center is increased by another increment of
T (0, A t ) . After a Fourier Modulus time has passed, the temperature increases during the pulse are still T (0, A t ) , but the
temperature decreases between pulses are approaching T(O,At),
since the energies deposited at the center at early time are
beginning to diffuse through the: surface of the sphere.

After

a few Fourier Modulus times have passed, an oscillatory steadystate condition is achieved, where the d c component of temperature is T (0,°°) and the peak-to-peak a c component of temperature
is T (0, A t ) .

112
Case 4) The pulse time is short, relative to the Fourier Modulus,
and the time between pulses is long, relative to the Fourier
Modulus, but the pulse time is still a minor fraction of the
cycle time.

Initially, energy at a high power density is

deposited in the sphere, raising the center temperature at the
end of the pulse by an amount T(O,At) = Ap S t's , where the prime
P Cp
after t s refers to the much longer cycle
time in this case
compared to the previous case.

Since the time between pulses

is long, the center temperature will return to the zero of
temperature at the end of the cycle, and the next cycle will
be a repeat of the first cycle.

Thus, this system is character-

ized by temperature excursions of T (0, At) during each cycle.
We will now estimate the magnitudes of temperatures discussed
above, and examine alternate methods of alleviating some of the
problems due to large temperature excursions.
We assume the spheres are bare uranium metal, with the following
properties
K = .353 watts/cm - C
p = 19.3 grams/cm3
C p = .167 joules/gram -°C
a = 1.2 cm
D = .11 cm2/sec
We assume a steady-state power density level of A O s = 400 watts/cm3,
which appears typical of a number of hybrid studies.
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With these values, we find T (0,°°) = 272°C.

As a side note,

Carslaw and Jaeger shows the steady-state temperature along the
centerline of a cylinder to be 50 per cent greater than that of
the sphere, or 408°C in this case.

We also find that the effective

Fourier Modulus has a value of 2.2 seconds in this case.

Now

we summarize the above cases, and relate them to classes of
hybrid confinement concepts.
Case 1) applies to steady-state systems such as Stellarator or
EBT.

The fuel element will reach a temperature of 272°C greater

than the bulk coolant temperature, and remain at that temperature.
Case 2) applies to long-pulsed systems such as Tokamaks, where
the burn time will be minutes, or tens of minutes, and the down
time will be tens of seconds or minutes.

The fuel element will

experience excursions from bulk coolant temperature to 272°C
greater than bulk coolant temperature for each cycle.

It is not

clear at this time what effects temperature excursions of hundreds
of degrees per cycle will have on the integrity of the fuel element.
It is also not clear what effects the fuel element expansions
and contractions will have on the cladding; clearly, this is an
area of concern and should be subject to further investigation.
Case 3) applies to short-pulsed high frequency systems characteristic of desired inertial confinement schemes, where the
burn times are on the order of nanoseconds, and the time between
pulses is hope filly about 100 milliseconds,.

The fuel element

will operate at & nominal steady-state temperature 272°C greater
than the bulk coolant temperature, and will experience temperature
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excursions of about 10°C per cycle.

Temperature changes of

ten degrees per cycle for ten cycles per second may or may not
be an area of concern.
Case 4) applies to short-pulsed low frequency systems such as
pinches, where the burn times are about 100 milliseconds,
and the time between pulses is about 10 seconds.

This system

is characterized by temperature excursions from bulk coolant
temperature to about 1000°C greater than bulk coolant temperatures.

Without further analysis, it is conjectured that these

temperature excursions would be unacceptable in an operational
system.
Now we will discuss modifications which could be made to conceivably alleviate some of the problems described above.
For long pulse, short downtime systems of Case 1 ) , there was
no cyclic problem, but it may be desired to lower the steadystate temperatures for some applications.

Examination of the

steady-state temperature, ( °| R a ) , shows that it can be reduced
by reducing average power density Aos» increasing thermal conductivity K, and reducing pellet radius a.

Reducing power

density will require a larger blanket, and thereby may produce
negative economic consequences.

Since uranium metal was assumed

for the sphere material, little if any reduction in conductivity
could occur, and in a realistic situation the conductivity would
probably increase.

Therefore, the easiest way to reduce the

temperature is to reduce pellet radius a.

However, the Fourier

Modulus, (|=r), will also decrease substantially, and care will
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have to be exercised that a is not reduced to such a level that
the Fourier Modulus attains a value on the order of the time
between pulses.

If this were to occur, then significant tempera-

ture fluctuations would occur over each cycle.
For long-pulse long-downtime systems of Case 2) , it appears
almost mandatory to reduce the temperature excursions of
) which occur over each cycle.

There are two approaches

to solving this; problem, although the second approach contains
some other negative consequences.

In the first approach, the

downtime is allowed to remain large relative to the Fourier
Modulus and, similar to the remedy suggested above, the radius
of the pellet is decreased substantially.

For example, if the

pellet radius is decreased by an order of magnitude, the temperature excursion will be decreased by two orders of magnitude, and
these changes will be only a few degrees centigrade.

In the

second approach, the Fourier Modulus is increased to values substantially larger than the downtime by increasing the radius of
the pellet, and thereby converting the problem to a case 1)
problem.

However, the steady-state temperature will increase

drastically, so that even if the excursion problem has been
minimized, the steady-state temperature magnitude becomes unacceptable.

Thus, reducing pellet size appears to offer an

acceptable solution, if these small pellets can be engineered
acceptably.
For short-pulse short-downtime systems of Case 3 ) , the d c temperature component ( os-..a ) could be reduced as above by reducing the

116

radius.

Caution would have to be exercised to insure that

the Fourier Modulus remained much larger than the downtime,
for otherwise temperature excursions on the order of the d c
temperature component would be initiated.
( QQCVS)

The a c component

could also be reduced by decreasing cycle time t s .

Since for these type systems the downtime is approximately
equal to the cycle time t s , and the ratio of Fourier Modulus
a2
to downtime is therefore proportional to (£—), then as long as
2
a^ and t s could be reduced such that the ratio (r—) remains
^s
invariant, both d c and a c components of temperature could
be reduced substantially.

For many inertial fusion hybrid

projections, the cycle time is on the order of 100 milliseconds,
which is short compared to the nominal Fourier Modulus of about
two seconds, and the temperature excursions appear manageable.
However, if in reality cycle times of only two seconds or greater
are achievable, serious problems could arise.

As stated before,

temperature excursions on the order of the d c component could
occur during the downtime.

If, for long cycle times, pellet

radius a is increased substantially, the Fourier Modulus will
increase substantially, the ratio of downtime to Fourier Modulus
will again be small, and temperature excursions between pulses
on the order of magnitude of the d c component will not occur.
However, the magnitude of the d c component will have increased
drastically.

The a c component will be essentially unaffected

in this case from the above-computed value of
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If, for long cycle times, the pellet radius a is decreased
substantially, the Fourier Modulus will decrease substantially,
the ratio of downtime to Fourier Modulus will be large, and,
as in Case 4 ) , temperature excursions between pulses will be
on the order of the d c component.

These temperature excursions

between pulses will be an order of magnitude less severe than
in Case 4 ) , since the cycle times are an order of magnitude
less than in Case 4) (one or two seconds vs. ten seconds).
Nevertheless, these temperature excursions will be large, and
will have to be considered seriously.

However, if the pellet

radius is reduced by orders of magnitude, such that the Fourier
Modulus is small compared to the length of the pulse, then the
pellet will achieve a steady-state temperature during the pulse,
and will revert to bulk coolant temperature during the downtime.
However, this steady-state temperature (Apg a 2 x will be very
6K '
small since a will be small, and the temperature excursions
during a cycle will be minimal.

If the pulse length is on the

order of a nanosecond, then the Fourier Modulus would have to
be on the order of a tenth of a nanosecond, and the pellet radius
a would be about 10~ 5 cm.
For short-pulse long-downtime systems of Case 4 ) , if operating
cycle characteristics cannot be changed, the situation appears
challenging.

If pellet radius is increased, and Fourier Modulus

is increased, the temperature at the end of the pulse will net
change significantly, and the temperature will still revert to
bulk coolant temperature during the downtime.

If pellet radius
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is decreased drastically, such that the Fourier Modulus becomes
a fraction of the burn time, then, as described above, the
pellet will achieve a steady-state

temperature during the

pulse, and will revert to bulk coolant temperature during the
downtime.

However, the steafy-state temperature (^|

aJS

) will

be small, since a will be small, and the temperature excursions
during a cycle will be minimized.

If the pulse length is on

the order of a hundred milliseconds, then the Fourier Modulus
would have to be on the order of ten milliseconds, and pellet
radius a would have to be about a millimeter.

This is conceiv-

ably doable, although, as stated above, it is challenging.
C.

Summary

Maximum temperatures in spherical uranium metal hybrid blanket
fuel elements have been estimated as functions of plasma burn
time, cycle time, and fuel element characteristics.

For long-

pulse steady-state systems, such as Stellarators, EBT, or Mirrors,
thermal excursions will be negligible (theoretically zero), and
maximum operating temperatures will be few hundred degrees C
above bulk coolant temperatures for centimeter-radius spheres.
For long cylinders, temperatures will be 50 % higher than in
spheres.

For long-pulse long-downtime systems, such as Tokamaks,

temperature excursions of a few hundred degrees C will occur
during each cycle for centimeter-radius spheres, but these
temperature excursions can be reduced to a few degrees if the
sphere radius is reduced by an order of magnitude.

For short-

pulse short-downtime systems, such as beam-heated pellets,
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temperature swings of a few degrees per cycle are possible if
high-frequency operation (5 to 10 Hertz) and sphere radius
of less than a centimeter are employed.

If high frequency

operation does not prove feasible, then the sphere radius may
have to be decreased to an extremely small fraction of a centimeter to keep the temperature excursions within a few degrees
per cycle.

For short-pulse long-downtime systems, such as

pinches, temperature excursions would be many hundreds of
degrees per cycle with centimeter-radius spheres.

As in the

Tokamak, these excursions can be reduced to a few degrees if
a sphere radius on the order of a millimeter is employed.

The

key problem with the different systems is the downtime between
pulses.

If the downtime is short relative to a time constant

of the sphere, temperature swings are manageable.

However, if

the downtime is long relative to the sphere time constant, then
the solution appears to be reducing the time constant by
reducing the sphere radius until it is small compared to the
pulse length.

In this way, the sphere will achieve a steady-

state temperature of very low amplitude during the pulse, and
the total excursion over a cycle will be limited to the magnitude of this low amplitude temperature.

The practicality of

these small spheres remains to be demonstrated.
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