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I. Introduction and Executive Summary

A. Features of the Study

This publication reports the results of a two to three
year effort at a systematic analysis of a wide variety of
tokamak~driven fissioning blanket reactors, i.e., fusion-fission
hybrids. It addresses the guantitative problems of determining
the economically moét desirable mix of the two products: elec-
tric power and fissionable fuel and shows how the price of
electric power can be minimized when subject to a variety of
constraints. An attempt has been made to aveid restricting
assumptions, and the result is an optimizing algorithm that
operates in a six-dimensional parameter space. Comparisons are
made on sets of as many as 100,000 distinct machine models, and
the principal results of the study have been derived from the
examination of several hundred thousand possible reactor con-
rigurations.

B. Advantages of Hybrid Systems

1. Neutronie Abundance

The fundamental advantage of fusion-driven fissioning
machines 1s neutronic abundance. In fission reactors and in
hypothetical fusion reactors there is a scarcity of neutrons.
In the case of chain-reacting fission systems this results from
the relatively small number of neutrons released in a reactor

core per fission event. In the case of pure fusion systems



it results from the absence of tritium in nature. The most

easily exploited tritium breeding reaction is

Li® + n s T+ ne? (1)

which reguires one neutron, whereas the fusion reaction,

D+ T+ He* + n, (2)

yields only one neutron. To make a pure fusion system work one
or nmore neutronwmulfiplying isotopes must be added to the system.
This is readily accomplished, but, as with pure fission, the
neutron excess is but slight.

The neutron of reaction (2) is born at 14 MeV, an
energy not even approachable in a fission system. The potential
advantage of hybrids can be readily appreciated from Figure 1,
taken from Perry and Weinberg.1 This curve plots the number
of fission neutrons released per neutron absorbed in four fissionable
isotopes. Curves for fertile isotopes are similar at the upper
energy end, It islthe large value of n (4.5 or more) at 14 MeV
that leads to neutronic abundance unique to hybrid systems.

2. Subsidiary Advantages

a. Subecriticality

For a fission chain reaction to be maintained, the
neutron multiplication, k, must be maintained at the critical
value of one. The system must be capable of k >1 to allow for
compensation of the effect of buildup of neutron absorption
"poisons™ in time. A driven system need not have k = 1. Indeed k
will always be less than one, and the designer, freed of the criti-

cality constraint, has broader design opportunities. TFurther-
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more when k& (the multiplication of a conceptual infinite, leakage-
free lattice) is less than one, there is no possible criticality
accident.

b. Doubling Time Irrelevant

The value of the doubling time is a critical parameter
for a fission breeder. In order to breed fissionable fuel
the lattice must have a substantial inventory of fissionable
fuel to begin operations, and the number of years required to
reproduce this inventory (the doubling time) has important eco-
nomic implications. It is not necessary for a hybrid to have
a substantial inventory. In fact some variations need have none
at all, so there are no doubling time limitations on the rate
at which a new style hybrid reactor could be adopted by industry
should it prove economically attractive.

¢c. Reduced Wall Irradiation

An important concern to students of hypothetical fusion
reactors has been the high rate of radiation damage to the vacuum
or first wall. In most hybrid reactors, the bulk of the energy
will be generated in the blanket rather than in the fusion
component. The wall irradiation levels required drop substan-
tially, and the wall may become a permanent rather than renewable
feature of the machine.

d. Easier Plasma Requirements

Again because the fusion or plasma power is much
reduced compared to that required in pure fusion designs, the
plasma requirements for some machines are reduced substantially,
and practical applications of hybrids may be possible considerably

earlier than practical applications of pure fusion.



3. Potential Applications

The hybrid could prove to be inherently superior to
the fast breeder reactor for making use of our vast U238 fuel
reserves,

C. Suggestions for Exploitation of These Advantages

There is a great variety of machines conceivable of
the hybrid type. Many different styles of application are
imaginable. It has been suggested that the hybrid advantage be
used to provide stand-alone fuel factories generating little
power or even being power consumers. It has been suggested
that the hybrid be used to exploit marginal plasma devices. It
has been suggested that they be power producing only, burning
the fissionable fuel produced in situ. It has also been sug-
'gested that the neutron excess be used to burn actinides to
convert the long-lived radicactive wastes of fission plants to
relatively short-lived and to stable isotopes. Several groups have
studied rather detailed conceptual designs for such devices. The
economic value of these proposed designs varies widely among them.

We have concluded that a hybrid machine should be a
substantial power producer with a by-product of fissionable
fuel, the optimum ratio of fuel production to power production
being determined by current market economics. |

D. Approach of this Study

We believe that detalled design or study of a single

hypothetical model, useful as it may be to identify problems

and demonstrate the value of some feature or another, is of
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limited value in helping decide upon the most desirable form of
machine. We also believe that it is very difficult fto try to
draw significant conclusions from intercomparison of individual
design studies done by different groups at different times for
different purposes. We have adopted the strategy of applying
the same cost algorithm to a very wide class of possible machines
and then methodically examining a very large number of machines
subject to appropriate constraints. We have, however, restricted
the search to tokamaks and to one class of blankets. Detailed
discussion of this technique follows in the text of this report
and in a companion report by C. G. Bathke.2

E. Major Conclusions

1. Power Production Is Important

Many of our results can be effectively presented in
the form of the graph shown in Figure 2. These curves represent
the cost of'electric power produced by various machines as a
function of the market price of figsionable fuel. The straight
line marked LWR is the characteristic for one (and only one)
machine. The characteristic of any consumer of fuel will be a
straight line of positive slope. The characteristic for a sub-
stantial producer of fuel (in addition to electricity) would be
a straight line of negative slope.

All possible hybrid machines of a given net power output
would be represented by a dense set of straight lines. A hybrid
machine curve is the lower envelope of all these straight line
characteristies. Thus each point on the curve represents a dif-

ferent machine, the one delivering the lowest cost power for a

given price of fuel.
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no progressive increase in the real cost of power. Finally the
scene would be prepared for the eventual dominance of the pure
fusion reactor sometime in the coming century. This attractive
natural evolution would fit well existing and planned utility
practice and could avoid the need for fission breeding reactors.

4. Sensitivities

An important part of the work reported here was to
seek parameters to which the cost of power was sensitive. In
many cases we found a remarkable insensitivity. Effects produced
by varying, for example, physical size, magnetic field, plasma
pressure, certain profile characteristics, etc., would be
compensated by other changes. There were two exceptions. The
expected economies of scale are present, namely the larger power
stations produce lower cost power. The other sensitive para-
meter was the confinement characteristics of the plasma as
characterized, for example, by the n,t, or Lawson parameter.
The cost of power is very sensitive to this basic quantity. As

a consequence, no definitive statement can be made today con-

cerning the cost of hybrid or fusion power pending further results

from the research program.
F. The Nation's Fuel Reserves
It is not widely realized that the United States
Federal Government owns and has in storage an incredibly large
amount of potential fuel. As a result of uranium enrichment
operations for nuclear power stations and especially for military

and naval defense purposes, the tailings of depleted uranium-238
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(depleted from a 0.7% natural uranium-235 content to about 0.2%)
amount to close to 250,000 tons. We do not today have a developed
technology to burn this fuel. But when we do, this fuel reserve
will be equivalent in energy content to six times that of the
unpumped Arabian oil pool or to about half of the entire unmined
central U.8S. coal reserves.3 In recent years it appeared that a
fast breeder reactor technology would be necessary to exploit
this reserve; it appéars to us that the hybrid is probably a
better way to burn our uranium-238, Some versions of the hybrid
can avoid commerce in plutonium and both ends of the uranium
fuel cycle (i.e., enrichment in the beginning and plutonium

separation later).
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II. The Rationale for Hybrids

A. TUse of 14 MeV Neutrons
The fusion reactions of primary interest are:
D+ T =+ He¥ + n + 17.6 MeV (1)

D+D - He® + n + 3.3 MeV

egqual probability (2)
D+ D + T+ p + 4.0 MeV

D + He3 -+ He4 + p + 18.3 MeV (3)

There are several dozen others, a very few of which are of pos-
sible interest, but it is likely that if fusion is ever of
significant commercial impact, it will be through the use of one
or more of the above three reactions.

Since neither tritium nor helium-three occurs to any
great extent in nature, only deuterium should be viewed as a primary
fuel reserve. If the first reaction, which has at least a two
order of magnitude advantage in cross section over the others
at low collision energies, is to be expleoited, some way must be
found to breed the tritium, and there are only two suitable
materials from which to breed tritium: deuterium and lithium.

To first approximation, a successful D-T fusion reactor
has

D+ T~ He® + n (4)
proceeding in the plasma and

n + L16 + T o+ He4 {(5)
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proceeding at the same rate in the blanket. Thus the system is
catalyzing the reaction

6 + 2 He4.

D+ Li
This is to first approximation only as it is not
possible to induce every neutron from (4) to produce (5).
Because of inevitable losses of some of the neutrons, it is

necessary to incorporate neutron multipliers., The two most use-

ful are

n o+ Li’ > T + He? 4 n (7)
and

n + Be9 + 2 He4 + 2n, (8)
but lead or uranium could also be used. Thus in a '"pure" fusion
D-T reactor the primary fuels are deuterium and lithium-six,
but lithium-~seven, beryllium, and possibly other isotopes are
secondary fuels.

To breed tritium from deuterium, the 50-50 D-T plasma
suitable for the above must be 'leaned out" to less than one
percent tritium to force reaction (1) and the second branch of
(2) to proceed at the same rate to catalyze

3D+ He* + p + n, (9)
The power density is very much reduced compared to operation with
(4) due to the much smaller cross section for the D-D reaction
and the low tritium density.

The power density can be increased, while still cata-
lyzing (9), by adding sufficient HeS toc cause the upper branch

of reaction (2) and reaction (3) to proceed at the same rate.
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This has been called the catalyzed-D fuel mixture, and appears
to be the second highest fusion power density system available.
See Figure 1. The factor of seventy power density reduction is
sufficiently great to convince most fusion power planners to
adopt reaction (4) as the basis for the fusion reactor. ILven
with its large relative advantage over the others, it may still
be desirable to attempt to increase the power density even

more as can be achieved by variants of the TCT (two component
torus) concept where energetic beams are used to increase,(cv>
over what can be achieved in a thermal plasma.

Choice of the D-T reaction automatically introduces
the neutron budget problem. Although it is not difficult to
design blankets that have adequate breeding excesses, there is
1iftle neutron surplus in a ''pure’” fusion system.

A fission reactor also has a tight neutron budget.

It must be controllable, yvet maintain criticality. The problem
is associated with the low yield of neutrons (n2.3) from a
fission induced by slow neutrons. Even in a fast breeder, there
are few neutrons above 8 MeV, so a pure fission system cannot
exploit the large neutron yield available from the fertile iso-
topes (U238, Th232) at high neutron energy.

In a hybrid system the neutron shortage common to
"pure” fusion and ‘'pure" fission iz removed by allowing 14 MeV
neutrons to produce fissioning of fertile isotopes. A 14 MeV

238

neutron-induced fissioning of U produces on the average about

four and a half neutrons., The hybridization of these two forms
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0f nuclear power produces an effect that is impossible for

either alone to achieve, the generation of a very neutron-rich
medium. Such a mediﬁm can breed more tritium than is consumed

in the plasma, can breed more fertile material into fissile
material than fissile material is burned, can drive a sub-critical
lattice into large scale power generation and have spare neutrons
left over.

The selection of the most beneficial manner to exploit
this potential advantage is a complex problem. A person con-
cerned over the relatively low power densities predicted for
fusion reactors (resulting in large power plants) might regard
it as the key to more power from a certain sized plant. A mirror
machine designer might see it as an adequate answer to the low
@ mirror problem. A utility executive might view it as a
potential alternate source of fissile fuel for his light water
reaétors. Someone concerned over radicactive waste disposal
might regard it as the answer to the suggestion of burning the
long-lived actinides in situ to shorter half-lived or stable
materials. A person dismayed by the delays being experienced by
the LMFBR development program might embrace it as a better way
to burn our wvast U238 reserves.

A hybrid reactor is not a producer of a single product,
electricity. It may be able to sell in addition (or instead)

u239, tritium, other isotopes (He3, U233 as examples) or an

P
actinide disposal service. One should not be hasty in assuming

the best product for which to design. A controversy has developed
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between factions favoring "optimize for fuel production" vs.
those advocating "optimize for power production.'" The supporting
logic is frequently weak or invalid,

Some favoring optimization for fuel production have
Justified their approach by asserting that since fusion reactors
will be more expensive in investment cost per kilowatt than
the fully developed light water reactors (LWR's), that it is
bound to be more economic to burn plutonium in LWR's than in
fusion reactors, hence one should optimize for fuel production.
In the opposite camp it - has been pointed out that increasing
the burnup of plutonium in situ greatly increaseé the power out
of a given machine and that clearly this should be done. Both
arguments are faulty.

The former argument would be valid if we had a special
source of plutonium and contemplated whether to build a hybrid
reactor in which to burn it or to build an LWR in which to burn
it. Actually the hybrid is the source of plutonium, and the
choice is between burning it in situ or separating the plutonium,
building an LWR, and burning the plutonium in the LWR.

The second argument is faulty because the easiest way
to increase the in situ burning of plutonium is by increasing
the fuel enrichment, i.e., the plutonium inventory. In cases
where the plutonium has a high value, this can increase the
investment cost sufficiently to reduce the economy rather than

enhance it.
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Actually, as should be no surprise, the optimal mix
¢t a two-product system depends on the prices for the two products.
As long as plutonium remains cheap, a plant should be designed
for in situ burning of the bred plutonium. If the price of
plutonium rises to high levels, it is better to sell it.

A careful system optimization is needed to give defini-
tive answers to the question of the best hybrid system. This
vipoert presents the results of such a study.

From the point of view of researchers in the field of
coentrolled thermonuclear reactors, the most promising aspect
of the various suggestions for hybrid systems is the opportunity
for a much earlier application of fusion technology for public
benefit than seems possible if they are restricted to "pure"
fusion. The large advantage of hybrids can be used to offset
certain problems of proposed fusion systems. As has been men-
tioned above, it could be used to compensate for the low Q's of
mirror systems (or of inertial pellet systems). The Lawson
criterion can be dropped as much as two orders of magnitude for
a hybrid, thus the conventional target of 1014 seconds per cubic
centimeter confinement index (niT) may be avoided should such
performance prove elusive. In the work represented here, how-
ever, the advantage has essentially been used to make low f
torceids practical as fusion reactors. Previous studies of pure
fusion have shown that average betas should be about four percent
or more for practical "pure fusion" reactors. In this report,

the effective betas are near one percent.
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Should nature be so uncooperative as to resirict toroids
to only one percent, it would be difficult indeed to design a
practical pure fusion reactor. ©Since the power density scales
as 82, power density would be reduced by about a factor of
sixteen, and the machine forced to at least twice the size (in
linear dimensions) of those treated in the earlier studies. With
a hybrid system, low betas suffice,

B. Utilization of Fertile Material

The type of hybrid that has generated the greatest
interest in the past is the fissile fuel Tactory: the hybrid
that is optimized to produce fissile fuel for sale. It is felt
by the electric utility industry that some such "artificial"
source of fissile material must be found because of the limited
proven reserves of natural uranium.

In a modern LWR, burnup of about 3.3% can be achieved
from fuel that is initially enriched to abgut 2.6%, because
of the internal conversion of fertile uranium to fissile pluto-
nium {(the LWR has a conversion ratio, CR, of about 0.5). How-
ever, making allowance for the tails discharged from the enrich-
ment facility and discounting the possibility of recycle of
plutonium from spent fuel, only about 0.7% of the natural uranium
mined i1s ultimately burned. At this rate, the projected demand
for uranium ore will exceed known resources (at moderate prices)
near the end of this century, i.e., in about 25 years. Although
fission reactors have been operated that produced more fissile
fuel than they consumed. these breeders have either been experi-

ments or weapons production facilities. Commercially practical
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breeders have not yet been built, and if they ever are, it is
not clear that they will be socially acceptable. Therefore the
utility industry has a keen interest in schemes, such as the
fusion-fission hybrid, which offer a way to convert fertile
material (uranium-238 or thorium-232) into fisgssile fule
(plutonium-2392 or uranium-233}.

A simple anaiysis will indicate the potential value
of the hybrid. If the inner layer of the blanket consists
mostly of uranium, a fraction, f, of the fusion neutrons will
induce fast fission. Given N, the average number of neutrons
per fission, there will be a total of (1 - £) + fN neutrons
in the blanket. Deducting one neutron to regenerate the tritium,
and allowing a fractional parasitic loss, p, there will be
(L - p) [(2 - £) + £N] - 1 excess neutrons, each of which could
produce a fissile atom,

Taking f = g0, (perhaps optimistic), N = 4.5 at 14 MeV
(since N is an increasing linear function of energy), and
p = 0.2, there could be 1.5 fissile atoms bred per fusion.
Assuming recoverable energies of 22 MeV per fusion and 198 MeV
per fission, this is equivalent to 5.6 kg of plutonium per
megawatt year of fusion energy, or (including the fast fission
energy) 1 kilogram per megawatt year of hybrid thermal energy.
Operating at 70% capacity factor and 30% net efficiency, a 1 GW(e)
hybrid with this performance would breed 2290 kg of plutonium a

vear, enough to fuel 6.5 LWR's at the same power. It must be
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noted, however, that detailed studies of particular hybrids
have found that such breeding is not always physically achievable,
nor economically desirable.

C. The Thorium Cycle vs. the Uranium Cycle

As exemplified above, it is generally assumed that
the fissile fuel produced in a hybrid will be plutonium. How-
ever, it is technically possible for a hybrid to use the thorium-
uranium fuel cycle instead. Basic nuclear data (the value of
n, secondary neutrons per absorption) can be used to compare
the intrinsic value of the three fissile nuclides as reactor
fuels. For fast reactors Pu-239 is the best; for thermal reactors
U-233 is the best. In both cases U—235 ranks third, but since
the others are not available in nature, it is the most important.
To obtain guantitative estimates of the relative values of these
fuels in the early 1820's (when hybrids might become a market
factor) an economic study1 was commissioned from Combustion
Engineering, Inc., Nuclear Power Systems.

The purpeose of this study was to determine the parity
value, relative to 90% enriched U-235, of Pu-2392 and U-233 in
"typical" LWR's, LMFBR's, and HTGR's. Standard economic para-—
meters were used, e.g., 16% carrying charge; 8% discount rate:
6% inflation, $85 per Separative Work Unit: ore at 538/1b USOS’
0.3% tails; fabrication, reprocessing, and shipping costs and
times estimated case-by-case. However, since this was a fuel
cycle cost study, no allowance was made for capital cost dif-
ferences between reactor types. Table I, from Ref. 1, sum-

marizes the results.
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Table I. Estimated fissile fuel values in the early 1990's.
{(from Ref. 1)

Isotope Reactor Parity /g (1975 3 )
Fisgile Pu LWR 0.87 35
HTGR 0.75 40
LMFBR 0.90 47
U-233 LWR 0.85 45

HTGR 0.76 40
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Since these are indifference values, supply and demand
in an active fuel market might lead to somewhat different real
prices. The surprisingly low values for U-233 are due to a .
conservatively high estimate of fabrication and reprocessing
charges, based on the few operating thorium cycle reactors. The
high value of plutonium in the LMFBR is irrelevant, since that
reactor type would be an independent competitor.

The principal conclusion from this study is that U-233
is distinctly a more valuable fuel than Pu-239, particularly for
light water reactors, but that the advantage is not large. This
is most important for the evaluation of the economics of the
hybrid, since it appears that more Pu-239 than U-233 can be made
in a given plant. Typically the lesser value of the plutonium
is compensated by the greater guantity which can be sold.

The difference in the rate of production of fissile
material from thorium and from uranium is ultimately due to their
energy~dependent cross sections. Previous studies of hybrid
blankets have attributed the poorer breeding with thorium to
its lower fission cross section at 14 MeV, 0.35b compared to
1.1b for U-238. Since the total cross section is about 6b for
both, this means that a DT neutron will only produce about one-
third as many fissions in a thorium blanket as in a uranium
blanket of equal (atom) thickness, and thus there will be fewer
excess neutrons,

However, when allowance is made for n-2n and n-3n

reactions, there are nearly as many secondary neutrons per
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collision from Th-232 as from U-238. Few of these secondaries
will have energies above 6 MeV but many will be above 1 MeV,
i.e., there will be a large population of secondary neutrons
above the fission threshold but below that for n-2n reactions.
In this energy range the U-238 fission cross section is about
0.55b, but it is only about 0.13b for Th-232, This explains the
better performance of the uranium blankets; in these there is

a considerably greater probability of fast fission induced by
secondary neutrons, with a correspondingly greater neutron

multiplication and excess neutron production.
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D. Power Producing Hybrids

A hybrid that produces fissile material will sell it
as a fuel for fission power plants. Since fission reactors are
expensive, the question naturally arises - Why not just burn
up the fissile material in the hybrid itself? Such a hybrid
reactor would have to be provided with a blanket with better
cooling, but the incremental cost might not he large since the
fast fissions used for producing the fissile fuel also release
large amounts of energy. Offsetting this expense would be the
considerable savings of not building the fission reactor. The
energy conversion equipment and balance of plant would, of course,
be required in either case.

Another factor is of great importance to the economics
of power-producing hybrids: fissile material is currently
underpriced relative to its true value as an energy source.
This 1s due to the fact that uranium ore is sold at a price to
cover the mining cost, and is enriched for a fee to cover the
expenses of that process. Reactor fuel produced from enriched
ore is not sold at a market-set price which makes nuclear power
Jjust break-even with its nearest competitor. Competition with
ore may set a ceiling on the price which a hybrid can charge
for the fissile fuel it produces that is less than the value of
the energy it represents; however, by burning the fuel in-house
and selling the energy directly, the full revenue can be

obtained.
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On the other hand, a pure fission reactor is optimized
to produce energy as cheaply as possible. Typically the power
density is large to minimize the capital investment. Also, 1if
the fissile fuel is expensive, the reactor can be operated
at high conversion ratio, thereby burning cheap fertile material
as part of its fuel. The optimization of a hybrid is limited
by constraints imposed by the fusion neutron source. Because
of the plasma region, the overall power density cannot be made
very large. Because the plasma provides a surface source of
neutrons, power tends to decrease through the blanket. The
large surface (and attendant leakage) of the blanket makes it
harder to achieve a high multiplication factor, while the require-
ments that a multiplier face the plasma and that tritium be
bred limit the options for blanket layout.

There are also intangible factors which should be
considered in choosing a mode of hybrid operation. For example,
transportation of fissile materials might be reduced if it were
burned in the hybrid; on the other hand, this would increase
the accident hazard in the hybrid due to fission products and
actinides. Assuming that the intangibles balance out, the choice
between hybrids can be made on an economic basis, i.e., the
balance of costs and revenues. The degree of power production
gsimply becomes an additional parameter in a hybrid optimization
study. Typically this is expressed by the blanket energy multi-
plication Tactor, with feedback into the cost for a more expen-

sive blanket, a bigger balance of plant, reduced fissile sales,
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and greater output of power. Thus an ad hoc choice of hybrid
mode need not be made.,
E, Historical Background

1. Early Thoughts

The idea of a device in which both fusion events and
fission events would occur is nearly as old as the controlled
thermonuclear research program itself, In the early 1950's
hybrid concepts were developed in response to two problems: the
breeding of tritium for sustaining the DT reaction in a fusion

device and the breeding of fissile material for the development

2,3,4

of nuclear weapons. In particular the concepts developed

in the Materials Testing Accelerator Program by 1953 contain the

essential physics and much of the techniques envisioned in the

so-called "mainline'" hybrid concepts today. According to Powe11,5

"The underlying principle of this proposal
is the concept of bombarding a preionized
tritium or deuterium target with a beam

of accelerated deuterons or tritons. By
this means incident beam energy losses
through ionization could be minimized,
leaving a substantial fraction of the
incident beam energy available for nuclear
interaction.

"A secondary but critical principle
is the concept of a depleted uranium blanket
surrounding the target chamber. By means
of this blanket the energetic 14 MeV neu~
trons from the (DT) reaction would cause
fast fission and would thus be multiplied.
Subsequently the neutrons could be captured
in U-238 to form plutonium or in Li-6 to
breed tritium. This concept of breeding
in conjunction with a thermonuclear recaction
is believed to be novel and capable of
realizing breeding gains many times greater
than the 0.3-0.5 gain from the breeder reac-
tion systems currently under consideration
by the Commission.”
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Powell goes on to propose a 200 keV beam of deuterons incident
on a tritium plasma at a temperature of 1 keV and a density of

14 _ 1015 ions/cmg. The beam would not only produce the

10
desired fusion reactions but would also provide "considerable
assistance in maintaining a high plasma temperature."” Each

14 MeV neutron was expected to produce about one fast fission

in U-238, thereby releasing about 200 MeV of additional energy.

In a fellow-up report Imhoff6 evaluated the idea of
simultaneous injection of 50 keV deuterons and tritons into
a magnetic mirror configuration, thus anticipating the physics
underlying the current suggestion by Jassby7 of a colliding beam
torus. Imhoff also appreciated the difference between driven
and thermonuclear plasmas when he wrote:

"The primary difference between the
controlled and driven thermonuclear
reaction lies in the conditions imposed
upon the energy balance. The controlled
thermonuclear reaction system depends
primarily upon the energy released by
the thermonuclear reaction to maintain
the system temperature once it has been
initially created... The driven thermo-
nuclear system relaxes this requirement
by allowing additional amounts of energy
to be added to the system continuously
or intermittently by the injection of
the particles at reaction energies."

Thus over twenty yvears ago most of the advantages
claimed for hybrid systems were pointed out: The enhanced
breeding of fissile material and tritium, net power production
at relaxed plasma conditions relative to a pure fusion device,

and the conservation of uranium ore. However, these ideas
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were not actively pursued. The discovery of abundant domestic
uranium ores, the adequate production of plutonium by fission
reactions, and the discovery of the fast (n, 2n) tritium pro-
ducing reaction in Li-7 all acted to remove the incentive to
develop the hybrid ideas. Perhaps of equal significance was
the inability of anyone to produce a plasma of high encugh
temperature that would last long enough to be of interest.

2. More Recent Work

Most of the work on hybrid ideas in the 1960's centered
around calculation of the neutronics of the blanket that was to
surround the source of fusion neutrons. The development of cross-
section data and of more sophisticated computer codes provided
better estimates of blanket performance. Some attempt was made
to include the effects of blanket structure and coolants, bhut
the impact of engineering constraints was generally ignored.
This neglect probably reflected the lack of any detailed design
of a fusion reactor. This situation had been remedied by the
1970"s, and a few hybrid blanket studies have been made with
reference to specific fusion reactorsg’g’lo in which considerable
mechanical detail has been developed. These detailed studies
reflect the riging interest in evaluating the economic value
of a hybrid system. The essential economic issue is: How will
the cost of electricity be affected by the use of hybrid devices?
The sense of urgency in this issue rests on the perceived growth
in demand for electrical power and the perceived difficulty in

obtaining the fuel to meet that demand whether the fuel be fossil
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or nuclear.l1 In addition, because the hybrid reduces the
performance requirements on the fusion part of the system,
there has been an attempt to.find a near term application of
fusion techniques as a step on the way to the development of
pure fusion reactors. The result of these interests has been
an increased funding of hybrid conceptual degign Studies.lz’l3
The fusion devices considered in these studies include: mirrors,
tokamaks, electron-beam-driven plasmas, theta pinches, and
laser-pellet-driven systems.

There has been great interest in hybrid reactors in
the Soviet Union.l4’15’16

Excellent reviews of the hybrid work prior to the early
1970's can be found in Refs., 17 and 18.

F. Commercialization of Fusion

1. Reduced Constraints on Plasma Performance

The final rationale for developing hybrid reactors
is the possibility they afford of earlier commercialization of
fusion processes than would be possible via pure fusion reactors,
The chief argument for this possibility lies in the reduced
demands placed on plasma performance in a hybrid reactor as
compared to the plasma performance required in a pure fusion
reactor.

The plasma in the hybrid reactor is imagined to be a
driven plasma, that is, energy is to be injected into the plasma
from sources external to the plasma such as by beams of ener-
getic atoms. This injection of energy permits the plasma to
operate at a lower value of Ty - the time required for the thermal

energy content of a typlcal unit volume of plasma to be removed
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from the plasma- than otherwise. Furthermore, the effective

multipiication by the hybrid blanket of the fusion power
developed in the plasma may provide more energy than is required
for injection into the plasma, thereby enabling the hybrid
reactor to produce net power even though the fusion power pro-
duced by the plasma is comparable, or even less than, the power
injected into the plasma. Thus the plasma of a hybrid reactor
need not be a net producer of energy whereas in a pure fusion
reactor the plasma is the chief source of energy production.
Therefore the plasma in a hybrid reactor could operate at lower
densities, lower pressures, and have a reduced capability for
energy containment than could the plasma of a pure fusion reactor.

It is the sense that it will be easier to produce a
plasma satisfying the requirements for a hybrid reactor than
for a pure fusion reactor that underlies the judgment that the
earliest commercialization of fusion plasmas will come via hybrid
reactors. However, it is not clear that the economics associated
with the relaxed demands on the hybrid plasma will be attractive.
In fact, one of the principal conclusions of this study is that
the economics of tokamak hybrids drives the demands on the
plasma toward those for a pure fusion reactor. Thus while the
technical requirements on the hybrid plasma may be relaxed, the
economic requirements of the hybrid reactor will prevent the
full realization of the relaxed technical requirements.

2. Reduced Constraints on Blanket Design

The concept of hybrid operation can affect the com-

mercialization of fusion through relaxation of some of the
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constraints on blanket design as well as through its implications
for plasma performance requirements. For example, in a pure
fusion reactor it is important that the first wall be able to
operate at a temperature comparable to that of the blanket,.

This allows the energy deposited in the wall, 15 to 25% of the
total, to be recovered for conversion at high efficiency. In

a hybrid the energy multiplication due to fission is so large
that the wall heating becomes only a small fraction of the total,
so that efficient recovery is not required. This allows opera-
tion of the first wall at reduced temperatures (e.g., with

water cooling), which greatly alleviates the radiation damage
problem.

Another consequence of the fission heating is that
the power density profile can be flattened or tailored in
other ways. In a pure fusion reactor the power and tritium
production densities fall off rapidly through the blanket, making
inefficient use of material. In a hybrid the power density can
be brought closer to the state-of-the-art in cooling capability
throughout the blanket, thereby decreasing the capital invest-
ment per unit of power.

Another degree of flexibility in hybrid operation is
introduced by the possibility of operating with a tritium
breeding ratio less than one. It has been shownlg that the cost
of tritium bred in a fission reactor may (in certain circum-
stances) be less than the added revenue obtained by diverting

an equivalent neutron from tritium production to fissile fuel
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production. This would allow the operation of hybrids without
lithium-loaded blankets in a true symbiosis with hybrid-fueled

fisgion reactors.
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I11. Tokamak Hybrids

A, DBasis of the Hybrid Study

This study addresses the guestion: Is there a com-
mercially interesting tokamak hybrid reactor that can be built
in the 1990's? A subsidiary question is: Can such a device be
viewed as a practical spin-off from an eminently successful
Toroidal Fusion Tesf Reactor (TFTR) experiment at the Princeton
Plasma Physics Laboratory? The answers to the questions are
sought through a systems study of a conceptual design of a hybrid
reactor.

There are five premises upon which this study rests,.
The first premise is that the fusion core of the hybrid will
be a neutral beam-driven plasma in a tokamak. The choice of a
beam~driven plasma not only reflects the design of the TFTR, but
galso reflects the hoped-for usefulness of such plasmas.

Interest‘in neutral beam-driven tokamak plasmas has
been high because of three possibilities: first, that beam-
driven target plasmas of deuterium and tritium could release
quantities of fusion energy comparable to the energy delivered
to the plasma by the beams;1 second, that such beam-driven
plasmas could sustain much greater energy loss rates than could
an ignited plasma of the same temperature;l’z and third, that
for a pressure~limited plasma the fusion power developed via

3,4 Thus

neutral beams could exceed that developed via ignition.
the hope was raised that through the use of beam-driven plasmas

an interesting amount of fusion power could be developed before
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well confined plasmas, capable of attaining the conventional
Lawson criterion, could be achieved.

The second premise is that the tokamak will be run in
a quasi steady state with a burn time of 1000 seconds.

The tokamak is viewed as an inherently pulsed device
by virtue of the limited time the discharge current can be
maintained. The discharge current is commonly induced and main-
tained by transformer action in which a primary winding produces
a changing magnetic flux through the core of the tokamak, and
the plasma forms the single turn secondary circuit. Since the
flux change is limited by the current carrying capability of
the primary winding, the time of the discharge, the "burn time,k"
has some limit after which the discharge current is reduced to
zero, and the tokamak reset for the next discharge. There have
been calculation55’6 to show that neutral beams could be used
to support the tokamak discharge current in steady state, but
this possibility has not been considered in this study.

The output product of the reactor will be proportional
to the duty factor, i.e., the ratio of the burn time to the sum
of the burn time and the time for resetting the tokamak. There-
fore it seems that the larger the duty factor, the more profitable
will be the economics of the reactor. Assuming the interesting
hybrid reactors will be comparable to the 2000 MW(e) pure fusion
reactor studied previously at PPPL,7 the time to reset the toka-
mak ig estimated, somewhat optimistically perhaps, to be about

100 seconds. This estimate, coupled with the desire to have a
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duty factor of at least 0.9, results in the specification of a
1000-second burn time. Accounting for some production of use-
ful product during the startup and shutdown portion of the reset
time, the duty factor is taken, again optimistically, to be
0.95.

The third premise is that a magnetic poloidal field
divertor will be used in either a single or a double null con-
figuration. (See Figures 1 and 2.) The divertor serves as a
pump,8 a magnetic limiter, and as a means of reducing impurities
in the discharge plasma.g’lo

The divertor acts as a pump by providing a magnetic
guide path for plasma to flow out of the discharge volume into
a remote place for deionization and the eventual pumping of
the resulting neutral gas. The necessity of this technique
follows from the following considerations. If plasma were con-
verted to neutral particles before leaving the discharge chamber
and 1f, as deemed necessary for neutral beam transport through
the blanket, the neutral density around the plasma were kept
below 1012 cm_3 (corresponding to a pressure < 3 X 10_5 torr at
300 K), then to pump 1000 amperes equivalent of DT neutral mole-
cules per second would require a black hole area, that is, a
perfectly absorbing area, in excess of 20 m2, Since the fastest
pumps, cryopumps, appear at the very best to be equivalent to
1/3 of a black hole and since a particle throughput of several
thousand amperes equivalent is expected, excellent pumping areas
0of a few hundred m2 would be required in the wall bounding the

discharge volume. This optimistic figure constitutes an
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unrealistic fraction of the reactor's wall area to be devoted

to pumping. Consequently the throughput of particles must be
effectively removed from the discharge volume prior to neutrali-
zation while they are so energetic as to be ionized. This is
the function to be accomplished by the magnetic divertor.

It has been conjectured that a magnetic divertor can
be used to modify the plasma density at the edge of the dis-
charge region and thereby modify both the radial density profile
and the rate of plasma flow out of the discharge region. In
turn such effects would modify the fueling requirements of the
plasma. However such possibilifies have not been incorporated
into the analysis. It has been assumed the divertor will keep

the plasma "clean'", and for sake of simplicity the analysis takes

The use of a poloidal divertor affects the geometry
of the plasma, asg indicated in Figures 1 and 2, and also affects
the size and hence the cost of the toreidal field coils.

The fourth premise of this study is that the economics
0of the operation of the hybrid reactor will determine the
desirability of one design over another design. Since the product
of the hybrid reactor is both fissile fuel and electrical power,
the most desirable design is taken to be that design which
produces the lowest cost of electric power for a given price of
fissile fuel. The price of fissile fuel can be viewed as.a free
parameter or can be related to the economics of a consumer of

fissile fuel such as a light water fission reactor. In the latter
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case it is imagined the hybrid reactor sells its fissile fuel
to one or more fission reactors which, in turn, must adjust
their price of electrical power to accommodate the expense of
the fuel. The price of fissile fuel is then determined by
assuming there is a common price of electricity for both the
hybrid reactor and the figssion reactors and that each reactor
must be independently profitable. This model is referred to as
the "park model." The only product of the '"park" is electric
power at a single price.

The overall economic attractiveness of the park will
be measured not only by the cost of its electric power but by
the price of fissile fuel internal to the park economics as well,
For if the park price of fissile fuel is higher than the market
price for fissile fuel produced outside the park, then there
would presumably be no incentive for the fission reactors to
purchase the more expensive fissile fuel from the hybrid reactor.
The price of fissile fuel produced outside the park presumably
reflects not only any enrichment costs, but the cost of ore as
well. Therefore as ore becomes of lower grade and the cost of
fissile fuel produced outside the hybrid rises, there will come
a time when the park price of fissile fuel will become competi-
tive. At this time the hybrid reactor will become economically
attractive.

The fifth and final premise of this study relates to
the design of the hybrid blanket. This subject is discussed

in the next section.



Uranium has been chosen as the neutron multiplier and
fertile material and hence the bred fissile material is plutonium.
The primary reason for the choice of the U-Pu system instead
of the alternative Th-U system 1s its greater productivity.

This point is discussed briefly in Section II.C. The secondary
reason for this choice of materials is that the neutronic cross

sections available to us were better known for the U-Pu system

than for the Th-U system.
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B. Conceptual Blanket

1. Basic Regions of the Blanket

The blanket of a pure fusion reactor is a "passive"
system, transforming the fast fusion neutrons into heat and
tritium. In contrast, the blanket of a hybrid is an active
system, where most of the reactor energy is produced. For this
reason the blanket berformance model is a major element of any
hybrid systems analysis code. 1In order to ensure that‘the model
used in the current study is realistic, a conceptual blanket
design was developed, analyzed, and parameterized. The elements
of this conceptual design are described below., These are speci-
fic physical choices from among several alternatives; the Blanket
Nucleonics Appendices, A, B, and C, discuss the blanket options
in more detail. Insofar as the blanket model used in the systems
analysis deals with abstract performance indices, alternative
blanket concepts capable of the same performance are fully sub-
stitutable.

The chosen conceptual blanket consists of five func-
tional regions: the wall, the multiplier, the burner, the
scavenger, and the shield. The first and last elements provide
the physical interface to other systems. The shield protects
the coils from radiation that leaks through the inner regions;
while the wall is the vacuum barrier between the plasma and the
rest of the reactor.

The multiplier zone is the region where the fusion
neutrons interact with a fast-fissionable material. Neutron

multiplication by fission and stimulated emission in this region
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is a key requirement for satisfactory hybrid operation. Since
uncollided source neutrons are the most effective in neutron
multipliers, this zone is placed directly adjacent to the wall.
Since the flux of source neutrons is rapidly attenuated through
thig region, the law of diminishing returns restricts its
thickness.

The known -cheap fast-fissionable materials are, as it
happens, also fertile. Thus the multiplier region will unavoid-
ably also be a great breeder of fissile material, Although
many hybrid reactor studies have taken this production of fissile
fuel as the design goal, it has not been demonstrated that this
ig, in general, the best application of the hybrid concept. In
fact, given the low price of fissile fuel and the high cost of
energy, there is strong reason to suspect that a hybrid which
converts its own bred fissile material into energy may be economi-
cally attractive.

To allow the exploration of this point the conceptual
blanket includes a burner region, where energy may be produced
from a deliberate loading with fissile fuel. This region also
produces most of the tritium required to sustain the fusion
cycle. The burner region lies behind the multiplier. Neutrons
leaking from the multiplier (i.e., not captured by the fertile
material) are thermalized in a moderator sub-region and then
captured either by lithium or the fissile fuel.

Between the burner region and the shield is a scavenger
zone, The purpose i1s to intercept the potentially large leakage

of neutrons from the burner and produce tritium while reducing
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the load on the shield. It is, therefore, both the first stage
of the shielding system and the last stage of the blanket
proper.

2, Selection of Fuel Materials

In the context of a hybrid reactor the term fuel is
ambiguous, being applicable to the tritium, the lithium from
which it is bred, the fissile material, the fertile material
from which it is bred, and the fast fissionable material. The
choice of fuels to be placed in each of the regions of the blanket
determines the limits on the range of performance; operating
points within this range are selected by adjusting the thickness
and density of each constituent.

In this conceptual blanket the multiplier region is
loaded with metallic depleted uranium fuel rods. Adeguate
performance of the rest of the hybrid requires a high reaction
rate of the fusion neutrons with the uranium; this dictates a
fuel material containing a maximum of uranium and a minimum of
other nuclides. Obviocusly uranium is alsco the fertile material,
and plutonium will be the fissile fuel bred for sale or for self-
consumption in the burner region.

Although metallic fuel is subject to changes in shape
and volume after irradiation, preliminary studies indicated
that burnup greater than 1% (fissions per U atom) would not be
of significant benefit to the hybrid economics. The financial
advantages of frequent sales of bred plutonium and of low

blanket inventories offset the increased costs of fabrication
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and reprocessing. For such low burnup swelling should not
become a problem, and dimensional stabilization can be achieved
by alloying the uranium with, for example, 7% (by weight)} of
molybdenum.

The molten salt flibe - lithium berylilium fluoride -
has been chosen for use in the burner and scavenger regions,
Pure fusion reactor design studies have shown its suitability
for breeding tritium; the molten salt (fission) reactor program
has demonstrated its applicability to fission reactor technology.
Therefore it seems an ideal choice for a power producing hybrid.

In both the burner region and the scavenger region
the salt is nearly the eutectic, 52 m/o BeF2 and 48 m/o LiTF.
However, in the burner region a small portion of the lithium
is replaced by PuFB, less than 0.25 m/o. One of the attractive
features of the use of flibe is that the plutonium fraction is
continuously adjustable, which allows the blanket power produc-
tion to be held constant despite the continual increase in the
power production by the multiplier. (Without‘such a control
mechanism, the balance-~of-plant, which dominates the plant cost,
would have to be scaled to the peak power, while revenue would
only scale to the average.)

The burner contains a large amount of graphite for
neutron moderation; consequently the plutonium competes with the
lithium for thermal neutrons. In order to minimize the expen-
sive inventory of plutonium, the lithium in the burner is depleted

to 0.1 atom % in lithium-6. On the other hand the Iithium in
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the scavenger region is enriched to 15% in lithium-6 to maximize
the absorption of leaking neutrons. Taking the two regions
together, the average lithium composition approximates the natural
isotopic ratio. Thus the hybrid would consume the total output,
heads and tails, of a lithium isotopic enrichment plant.

The eutectic composition of the flibe was chosen to
allow the maximum temperature swing in the primary coolant. For
high multiplication blankets 1t may be necessary to use the
flibe itself as a coolant, particularly to remove the heat
generated in the graphite region. Based on molten salt reactor
experience this should not be difficult, since the low electrical
conductivity of the salt should mitigate the problems of flow
across the magnetic fields.

3. Structural and Coolant Materials

The basic structural material assumed in all parts of
the conceptual blanket is stainless steel. Since the "best"
steel for fusion application is not yet known, SS-316 has been
used as the nominal design basis. The choice of a steel struc-
ture was dictated by a desire to be conservaitive where that is
possible, to concentrate uncertainty in unavoidable aspects of
the design.

Since most of the power in the hybrid is produced in
the multiplier and burner regions, the first wall is cooled with
water. This is distinctly advantageous from the mechanical
standpoint, since the wall can be maintained at a comparatively

low temperature, relatively free of thermal cyeling. Radiation
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damage limits the usefulness of steel to temperatures below
about GOOOC, and for operation at only a few hundred degrees
the first wall lifetime should easily exceed that of the plant.

The primary coolant for the rest of the blanket is
helium. Thils is essential for the multiplier region, where
the presence of materials other than uranium strongly degrades
the performance. In the burner region helium is used because
of its compatibility with the flibe and tritium system require-
ments and so that a combined coocling cycle with the multiplier
is possible.

4. Blanket Configuration

A schematic illustration of the blanket configuration
is shown in Figure 1. The water-cooled first wall surrounds
the plasma. As the primary vacuum vessel it must conform to
the shape of the plasma and divertor channel., On the inside of
the torus (for the single-null separatrix design) there is only
shield material between the first wall and the toroidal fielgd
coll; fortunately only a small fraction of the neutrons strike
this region.

The blanket proper surrounds the plasma on the outer
side of the torus. To withstand the vacuum load, the first wall
is assumed to be a shell of high stiffness, for example a double-~
wall structure with an internal spacer web and water coolant in
this space. The multiplier zone immediately outboard consists
of several staggered layers of pressure tubes, each containing

the metallic uranium fuel as rods or slugs coocled by helium. The
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space between the tubes could be air or mild vacuum, vented to
exhaust any helium leakage from leaking pressure tubes.

The burner region is a large steel tank, penetrated
by tubing through which the primary helium coolant flows. The
tank contains the flibe and an appropriate volume fraction of
graphite for neutron moderation (graphite being cheaper than Pu-
flibe for this'purpose). Behind the burner is the scavenger
zone, the separate region containing lithium-6 enriched flibe
and somewhat less helium cooling.

The space between the rear of the blanket and the
vertical field coils is filled with a neutron shield. In
addition, the shield will extend along the sides of the divertor

channel and around the neutral beam injection penetrations.
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IV. Systems Analysis

4., Introduction

The methodology of this study is a systems analysis
of Tokamak Hybrid Reactors. Many such systéms are compared and
evaluated, and the effects of the variation of parameters and
constraints are determined. To do this we must first define
the system, i.e., H&brid Reactor, that is being analyzed. Our
basis for this definition is the specification of a minimum
set of parameters that define a unigue hybrid machine. It
turns out that for the modeling used it is necessary to specify
six parameters (a, h, WO, H/T, Te, M) to do this. Each such
set of parameters may be viewed as a vector in a six dimensional
space. We shall refer to a particular choice of these parameters
as a '"'six vector." An economic norm is introduced in this
vector space via a costing algorithm described in Section IV.G,
and using this norm we can seek solutions (i.e., six vectors)
that minimize the cost of electricity produced by the tokamak
hybrid reactor under various conditions. Alternatively the
economic norm can be used as a basis of comparison of any selected
set of six vectors. These two types of calculations, optimi-
zation and survey, have both been performed,

The construction of the parameter space in which these
calculations are performed involves the reduction of the complex
models describing the physical behavior of the system to a set

of algebraic relationships amongst the several parameters. Thus,
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for example, rather than solve an MHD equilibrium equation for
each potential model machine and then test the stability of the
resulting solution, the results of equilibrium code analyses

were used to formulate a scaling law relating the plasma pressuré
and the geometric parameters of the device (see Section IV.C),
and stability was assured by invoking constraints (see Section_
IV.F) that caused six vectors that were deemed to represent
unphysical or otherwise undesirable solutions to be rejected.

The selection of the components of the six space will
be described in the subsequent sections. Elements of the economic
modeling are then presented followed by a description of certain
constraints that are placed on the six-space. The economic norm
used in the study is then described followed by a discussion of

calculational technigques, and finally the results of the calcula-

tions are presented,



B. Plasma

In the quest for a set of parameters sufficient to
delineate a hybrid, the formulation.of the power flow (see
Figure 1) determines the gquantities that must necessarily be
calculated, e.g., the beam power Pi’ the fusion power, PF = QvPi,
where v is the fraction of the incident beam power actually
absorbed by the plasma, and the blanket energy multiplication, M.

Computational considerations provide the motivation
for simplifying the model employed in the calculation of these
guantities. The modeling process will ultimately yield a list
of irreducibles, i.e., the parameters of the hybrid. |

A steady state zero dimensional model has been used to
describe the plasma. We consider a background plasma consisting
of both deuterium and tritium at some bulk temperature common
to both the ions and electrons. The composition and the temperature
of this plasma are sustained by the injection of energetic neutral
beams of tritons and deuterons into the plasma. The injection
energy of the tritons is taken to be 1.5 times the injection
energy of the deuterons to ensure equal penetration of the plasma
by both beams. The velocity distribution functions for the deuterons
and tritons is taken to be isotropic in direction and to be
approximated by the sum of a Maxwellian velocity distribution,
characterized by the bulk plasma temperature, plus a '"hot" distri-
bution of slowing down beam ions. The total reactivity of the
plasma is then the sum of four reactivities: that due to the
bulk plasma alone, that due to the slowing down deuterons with

the background tritons, that due to the slowing down tritons with
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the background deuterons, and that due to the slowing down
deuterons and tritons interacting with each other. Four para-
meters characterize the reactivity of the plasma. They are:
the deuteron beam injection energy, WO; the background plasma
temperature, Te; the ratio of the densities of the superthermal
or "hot" ions to electrons, nh/ne; and the ratic of D to T in
the background plasma. The reactivity is also proportional to
nez. However, the electron density is constrained by considerations
of both beam penetration and the maximum plasma pressure that the
tokamak discharge can sustain., To illustrate the manner in which
the model works some preliminary calculated results of this plasma
model are presented in Figures 2-5 which are taken from Ref. 1.
Figure 2 presents Q, the ratio of total fusion power
produced to total beam power deposited in the plasma versus
nh/ne. @ is insensitive to the absolute value of ng,- Here a
30:50 mixture of D and T in the background plasma has been
assumed as well as complete retention of the fusion alpha parti-
cles during their slowing down. For plasmas rich in superthermal
ions the value of Q tends to be limited to that achievable by
the beam-plasma and beam-~-beam interactions alone. The values
of the plasma energy confinement time parameter N Te shown
in dotted curves, are relatively low in order to accommodate the
high beam power. The reverse is true for plasmas that are lean
in superthermal ions. The higher values of Q reflect the 1afger
fraction of the plasma reactivity being produced by the thermal

background plasma rather than by the beams. Also, with the reduc~

tion of plasma heating by the beams it is necessary to reduce the
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energy loss rate from the plasma, and hence relatively high
values of n,Te are necessary. The value of n, T is thus to be
viewed as a requirement on the plasma behavior that is determined
by the choice of other parameters in the plasma model.

Total fusion power and wall loading of an entire
reactor can be approximated with the plasma model provided addi-
tional assumptions are made regarding the plasma geometry and the
strength of the toroidal and poloidal magnetic fields. The resultis
shown in Figures 3 to 5 apply to circular plasmas with: the
aspect ratio equal to four; the "safety factor," g, equal to 2.5
at the edge of the plasma; and the plasma pressure being limited
by either "bheta-poloidal' (the ratio of plasma pressure to the
pressure of the poloidal magnetic field) equalling two-thirds
the plasma aspect ratio or the e-folding length of beam penetra-
tion equalling half the plasma minor radius.

Figure 3 relates Q to the total fusion power
developed in different sizes of plasma. For a choice of Wo
and nh/ne there is a unigue relationship among @, Te’ and n Ty 28
indicated in Figure 2. (The "uniqueness'" is a consequence of the
ingensitivity of the product n Ty to changes in density. Here T
igs the "slowing down" time for the injected particles.) For
reactors with plasma minor radii greater than 1 meter it is
apparent that a blanket multiplication of 10 can lead to thermal
power levels of a few gigawatts and for values of n,Tg in the
vicinity of 1013 sec em™3, Furthermore there is a maximum fusion
power for a fixed plasma size. Conceptually one arrives at this

maximum by somehow adjusting the value of n,Tq-
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Figure 4 displays the neutron wall lcading versus
WO for various plasma sizes., (The wall is taken to iie 20 cm
beyond the plasma in these calculations.) The maximum in wall
loading is created by the limitations placed on the plasma density.
For low values of injection energy, the plasma density is being
limited by the requirement that the beams penetrate sufficiently
deep intce the plasma. At high values of injection energy the
dengity is limited by the limit placed on beta-polcidal. The
main effect of increasing nh/ne seems to be to shift the maxima
in wall loading to lower values of injection energy. This shift
is caused by the beta-poloidal limit of the plasma being reached
at lower injection energies when the relative population of ener-
getic ions is increased. Generally the wall loadings are less
than 1 MW/mz.

Figure 3 displays another consequence of the limita-
tions on plasma density. Here the wall loading is given versus
the toroidal magnetic field. The "knee" in the curves occurs
when the plasma pressure is limited simultanecusly by the beta-
poloidal and beam penetration constraints. For magnetic fields
below the knee, the plasma pressure is being limited by the value
of heta-poloidal., Hence increasing the toroidal magnetic field
allows the discharge current to be increased - in order to preserve
the assumed value of g = 2.5 at the plasma surface - and hence
the peloidal field strength and hence the plasma pressure. 1In
this part of the curve the wall loading reflects the plasma pres-
sure and displavs a B4 dependence. However, for magnetic fields

above the knee the pressure is limited by the requirement of beam
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penetration and therefore canncot increase with higher maghnetic
fields. Thus smaller plasma sizes can capitalize on higher mag-
netic fields and hence higher densities before becoming beam
penetration limited. Another feature of the curves in Figure 5
is the increase in maximum wall loading at the knee with an increase
in the relative population of hot ions. This effect is a con-
sequence of the interplay between the beta-poloidal limitations
and the requirement for beam penetration. To see this effect
consider that for a beta-poloidal limited plasma, an increase in
hot ion density requires a proportionally larger decrease in the
cooler background ion density and hence a decreaée in the
‘electron density. Now at Te = 8 keV the reactivity is dominated
by the sum of the beam-plasma and beam-beam interactions and is
rather weakly affected by an increase in (nh/ne). However the
beam penetration depth varies almost inversely with the electron
or background ion density and will therefore increase with (nh/ne).
Thus an increase in nh/ne will allow an increase in pressure
without violating the beam penetration limit. To reach the beam
penetration limit the magnetic field must be increased to allow
the increase in pressure, which in turn will increase the wall
loading at the knee,

We now turn to a more detailed account of the plasma
modeling and the power flow within the hybrid.

The first quantity to be considered is the beam power,
vPi, absorbed by the target plasma. Here Pi ig the beam power
incident upon the plasma and v is the fraction of Pi actually

absorbed by the plasma. Since one function of the beams is to



contribute to the refueling of the plasma both deuterium and
tritium beams are used. Since the plasma is comprised of deuterium
and tritium in a ratio of densities nD/nT, the beams are injected
at rates, S, consistent with the assumption that both D and T

are lost from the plasma at an equal rate, 1.e.,

(1)

mlwm
:s]tj::'

|
=

Furthermore, to obtain equal penetration of the plasma by the
beams the velocities of the injected D and T atoms are assumed
equal in magnitude. Since all of the collisional processes
invelving the beams are a function of relative speed only, the
D and T beams are extracted from the injectors, transported through
beam lines, and absorbed by the plasma with identical efficiencies
for each process. Consequently, the beam energy, WO, of only
the deuterium need be specified.

The presence of the beams will give rise to a suprather-
mal population of ions. Charge neutrality requires that the

electron density equal the ion density, i.e.,

(2)

n =1 +I1T+nhot

The alpha particle density is assumed negligible in Egq. (2) but
not for the pressure calculation treated below. If the small
alpha particle contribution to ne had been retained in Eq. (2),
the calculational procedure would have been burdened with an addi-
tional iterative procedure because the density of alpha particles
depends both on o, (through the slowing down process) and on the
reaction rate that, in turn, scales with n,- The hot population,

Nyot of Eq. (2) is comprised of hot D and hot T, i.e.,



(3)

Dyot © Photd T PhotT

The hot ion densities of Egq. (3) may be related to their respective
injection rates appearing in Eq. (1) through the ion distribution
function.

The ion distribution function follows from the plasma
model which is taken to be a thermal background plasma into
which suprathermal ions of D and T are isotropically injected.
The background plasma ions are represented by a Maxwellian distri-
bution function,

2 3/2

% ) exp (—bzvz), (4)

£,(v) = 0y (

where b2 = mi/ZTi. The suprathermal ion velocity distribution
results from the energetic injected ions slowing down in the
background plasma and is taken to be the sum of two functions,
fli(v) and fzi(v), respectively deéscribing the ions with speeds
below and above the injection speed, Voo Assuming that the losses
from the slowing down dion population are negligible while the

ions are slowing down, we take fli(v) te simply reflect the

conservation of ions in velocity space, namely:

2 dv

a7V ("&'—fﬂ)

r%i(v) = Const. = ~~S:.L . (5)

Here Si is the injection rate of the ith species of ion, and (%%)i
is the rate of slowing down calculated according to the prescription

of Sivukhin,2 namely:

2
* * * *4 9
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Here @(b*v) denotes the error integral, the symbol Z* means the
sum over all the species of background particles labelled by
the symbol *, b*z = m*/ZT*, ahd L is the coulomb integral. We
further take all species of background particles to have the
same temperature T.

Eq. (6) describes a '"convective flow" in velocity space.
The principal effect of accounting for the diffusion of the in-

jected ions in velocity space is the existence of an energetic

Y"tail" of ions above the injection speed, Ve given by the function.
_ 2 2 2 ] 7
fZi(v) = fli(vo) exp [— b“ (v v, ) . (7)

This distribution falls off rapidly above . but because the

fusion cross sections are high for this speed range, the diffusive
effects probably account for a 5% to 10% increase in the cal-
culated reaction rates of the plasma. Examples of plasma reactivity
using this modeling, and applied to plasmas of circular cross

section and simple pressure constraints, can be found in Refs. 1

and 4.
The hot ion densities used in Eq. (3) are then found by the
formula,
v
0 w0 0
2 /
= fo.(VIV dv (8)
Dok i 4ﬁj- £,,(v) vidv + 4 04 {V) .
v v
1 O

Here the lower 1imit of integration, is chosen to approximate

Vi
where the hot ion distribution function equals the background

Maxwellian function. The reactivity of the plasma is relatively
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insensitive to Vi which, in turn, is a relatively insensitive
function of the ratio, ny../n . We have chosen v, = /§T7H;.

The incident beam power, Pi’ is thus a function of
injection energy, WO; relative D and T concentrations, nD/(nD+nT);
the fraction of suprathermals, nhot/ne; the temperature, T, and
the electron density, n,-

The hybrid is operated at the value of nD/(nD+nT) that
maximizes the fusion power, P_. The optimal value of this fraction

F
ranges from 0.5 for ignited plasmas to 0.55 for heavily beam

driven plasmas.

The electron density, ng, is determined through a limita-
tion on the total plasma pressure that is discussed below in
Section IV.C. The plasma pressure, P, is the sum of the partial
pressures associated with the background plasma, the beams, and

the energetic alpha particles from the fusion reactions. We take

3
- 1 1+ EY]
P=mn, (T (2-mn /) + 30, Dot/ Pe T+
~16 a ! 3
+ 6.64 x 10 Pu Tad (keV/em™) . {(2)
Here
_ "notT (10)

nhotD

The numerical approximation to Eq. (10) (that is accurate to better

than 10%) used in our calculations is

D
y + 2, (11)
nD+nT

y = 5(.45 -
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The beam and alpha partial pressures of Eg. (9) are
taken to be two-thirds of the average particle energy. 'The
average particle energy is taken to be half the initial particle
energy. The origin of the alpha particle pressure is predominately
those alpha particles of high energy. The time, ng, an alpha

particle spends in slowing down in the background plasma

o 2T dE
T a = f dE (12)
s E, dt

The energy loss rate, dE/dt. in Eg. (12) is calculated via Eq. (6)
and the relation dE/dt = mv dv/dt.

The alpha power, Pa’ absorbed by the plasma is

P, = rfu Pp (13)

where r is a measure of the alpha particle confinement. It has

been assumed that r will exceed 0.8 and has been taken, somewhat
arbitrarily, to be 0.832. The fraction, fu’ of the total fusion
power density, PF, in alpha particles is taken as 3.5/17.6. The
calculation of PF includes the thermal reactions, the beam-background
reactions, and the beam-beam reactions of all plasma species,

i.e., D-T, D-D, and T-7T. However, the D-T reactions dominate all
other reactions so that there is little loss of accuracy in this
selection of fa'

The fusion power density, P is just the producl of

F’
the general reaction rate, Ra’ and the energy released per

reaction of species 1 and 2, E12’ Thus

Pp = E12 Ru ) (14)
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The reactivity of the plasma is calculated as follows. The
reacting ions are characterized according to their distribution
function as either thermal ions or suprathermal ions. All the
possible types of interactions among these species yield the

following decomposition of Ra:

R =R + R + R . (15)

The subscripts T and § of Eq. (15) denote the reacting species,
i.e., thermals and suprathermals, respectively. The terms RTT’

R and RSS are calculated via the equation,

ST
R = [/f fzctﬁh -vg b vy - vy | dvy dvy (16)

where the distribution functions, fl and fz, are the appropriate

distributions appearing in Egs. (4) - (7) as determined by the

type of interaction, e.g., beam-beam, etc., and ¢ is the fusion

. )
cross section., The terms RTT’ RST’ and RSS of BEq. (15) are
3

3 m %[é ( “myE )
- 1
Rpp = By Dy (Zﬁml) [(ml - mz)kT] dE Eo(E) exp\(m; T my)KT/, (17)
8]

® o 2 2

™ -m,{v, + v

_ 2 2 j" 2 .1 2 2472 1

RST 8n2 ﬁ?“j‘dvl vy fl (vl)O dvzvzc(§ mlvR)exp G
/8RT
-
1 . (m,v,v,)
.f\VR‘ sinh ~72"1°2 (18)
kT ’
o0 o0 1
_ 2 2 2 1 2
Rgg = 87 j dvlylf dvzvz[ du £(v;) fz(vz)lvR\c(g mvp) o, (19)
1+ [BRT 4 /8RT -1,
My )
2 2 2
where Vp = Vq + Vo - 2 31.32



T is the plasma temperature, and mgy, Vg and ny are the mass,
velocity, and density, respectively, of ion, i, which is eilther
an incident or background ion denoted by i = 1 or 1 = 2, respec-
tively. The above equations, 17 through 19, are valid for a point
model. TFor a discussion of the effects of introducing density
and temperature profiles upon the reaction rate calculations see
Appendix IT.

The density dependence of Pa and Tzd of Bg. (9) can

be demonstrated to be:

P «n’ | (20a)
o e
and
o -1 200
Toq © e . ( )

The above formulae permit the tabulation of the quantities
Pa and ng at a particular density, e.g., 1014 cm_g, with extrapola-
tion to other densities according to the proportionalities (20a,b).

The extrapolation process is found to have an inaccuracy of < 5%

within the density range of interest, i.e., 1013 - lO15 cmms.
Furthermore, the calculation of Pa at n, = 1014 cm"3 for arbitrary
values of the variables, WO, T, nhot/ne’ and nD/(nD + nT), is

performed by an interpolation in a lattice of the aforementioned
variables. A quadratic polynominal, fitted to the precalculated
values of Pa in the lattice, is the basis of the interpolation
algorithm, thereby introducing another inaccuracy of < 5% in the
calculation of Pa' The interpolation format required that the

range of the variables be fixed a priori:
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150 < WO < 300 keV (21)
0.45 < nD/(nD + nT) < 0.65 (22)
with either
6 < T < 16 keV (23)
and
0.04 < nhot/ne < 0.3 (24)
or
6 < T < 18 keV (25)
and
0 <mn /o, 20.04 (26)

The ranges of Egs. (21-24) represent the authors' initial estimate
of interesting TCT operating parameters. As the study proceeded,
the parameter range was extended with Egs. (25) and (26) to permit
ignition of the plasma.

The list of plasma characteristics is completed with
the specification of the operating pressure, P. The criterion
adopted for determining P is that it be maximized under certain
constraints and is discussed in the following section, IV.C.
Specification of P resulted in the introduction of three new
parameters: the minor radius of the plasma, a; the toroidal field
coil location, h; and the pressure profile parameter, o.

The final quantity to be determined for the power balance
of Figure 1 is the blanket multiplication, M. By specifying the
gross electric power, Pg, the conservation of energy principle
dictates what M must be. Constraints are then imposed upon M
to yield only achievable wvalues of M. The blanket properties

associated with each value of M are described in Section IV.D.



7o
B

The major quantities necessary to calculate Pi’ Q, and
M in the power flow are now complete. Several other guantities
remain to be calculated or specified, e.g., D and o, and are
described in other sections. However, the major calculations
described above have specified the hybrid parameters. To recapitulate,
they are: the deuterium injection energy, WO; the fraction of
the density that is suprathermai, nhot/ne; the plasma temperature
T; the minor plasma radius, a; the location of the inside edge of
the TF coil, h; and the gross electric power, Pg. These six
parameters and subsets thereof are those parameters that are
permitted to vary in both the survey calculations and the optimi-

zatlon process.
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C. Scaling of Beta and Size

To incorporate poloidal field divertors inte the hybrid
design requires both special coil designs and judgments as to
maximum allowable pressures sustainable in the non-circular
plasmas bounded by a separatrix. The coill locations must allow
ample space for both the blanket and shielding and a gap between
the plasma edge and the first material wall.

To explore these considerations rather extensive numeri-
cal explorations were made of several axisymmetric toroidal
equilibria for separatrix-bounded plasmas of both the single null
and double null variety. These explorations extended over major
radii from 5.5 m to 15 m.

The axisymmetric plasma equilibria are described by
the Grad-Shafranov equation for the poloidal magnetic flux,

Y (X.2):
2 Bf 2

2(,2 3 2
(P w2 )

-
Q2

FIATEE
)+az

|

%

bt
4
&

2WXJ¢

Here X, Z, ¢ are cylindrical coordinates, p(¥) is the
plasma pressure, and g (¥) = XB¢/(RBO) where B¢ is the toroidal
magnetic field. At the magnetic axis X = R and B¢ = B,. (Ea. (1)

follows from the equations,

VX B = oud

and
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plus the assumption of axisymmetry.) Eq. (1) was solved numerically

under the assumptions of

0

(‘PQ—‘?) (2

p (¢) = p g7

0 TR ?o

and o
WR v
g(¥)y = 1 + Eo\¥ T (3)
2 o

where the subscript. £, refers to values at the bounding surface
ol the plasma and the subscript, o, to values at the magnetic
axis and where we assume g, << 1. Most of the calculations were
done with the profile parameter, a, set equal to 2.

The equilibria were characterized by two constraints,
namely: the plasma q (''safety factor") > 1.0 at the magnetic
axlis, and J® > O everywhere in the plasma, The first constraint
prevents the onset of the Kruskal-Shafranov magnetohydrodynamic
instability. The second constraint is an intuitive statement
that current distributions in which J¢ can take on both positive
and negative values will be unstable, the positive and negative

current channels tending to rotate about each other. Since J¢

tends to become negative as the ratio, 8 ~ p/Bz, is increased,
the second constraint serves to limit 8.

Sample configurations are shown in Figures 1 and 2.
These figures illustrate the view that the separatrix surface
must extend far from the plasma to provide a well-shielded area
for pumping. In addition, these designs incorporate a minimum
of 1 m of shielding for coils and structure in direct line with

the plasma, upwards to 0.5 m of shielding for regions subject
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to neut?on streaming, and a 0.5 m clearance between the separatrix
and the first wall of the blanket.

In the case of the single null configuration, the
above criteria impose no constraints on the design regardless
of plasma size. It is easy to create the necessary vacuum poloidal
fieid with coils placed far from the plasma thus allowing ample
gspace for the blanket to provide structural shielding. The path
of the separatrix passes conveniently into a pumping region with-
out approaching any of the field coils too cleosely.

In contrast the double null configuration reguires
coils (assumed to be superconducting) carryving relatively large
currents to bhe located comparatively close to the plasma. This
circumstance creates difficulties in shielding these coils. The
physical size of the coils was based on an effective current
density of 1275 A/cmz. This figure allows sufficient room for
dynamic stabilization of the superconductor, support structure,
and liquid helium Dewars. It is also difficult to guide the
geparatrix away from the plasma to a pumping area and maintain
adequate width of the divertor channels while still providing
adequate shielding of the coils that perform this funetion. These
problems are particularly acute in the smaller machines.

The style of the vacuum poloidal field for the single
null configurations is shown in Figure 3. The separatrix sur-
face is also indicated. There are several points of interest
here. TFirst is the "good curvature' of the magnetic field in
the region of the plasma. This curvature is expected to produce

equilibria stable against rigid body displacements.
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Second is the rather abrupt increase in field strength
in the neighborhood of the null point. This design feature
enables an expansion (or contraction) of that part of the separatrix
surface enclosing the discharge while keeping the null point
and the remainder of the separatrix surface nearly fixed in space.
The separatrix surface can therefore function as an expanding
maghetic limiter during start-up.

Third is the coupling of the entire poloidal flilux that
links the discharge in a sense to help induce the discharge
current. The demand in the ohmic heating core is thereby reduced.

Figure 4 shows representative equilibrium flux surfaces
for the single null configuration. The crowding of the flux
surfaces toward larger major radii is a result of plasma pressure.
The crowding facilitates neutral beam penetration.

The style of the vacuum poloidal field for the doublé
nuil configuration, together with the separatrix surface, is
shown in Figure 5, A striking feature of this magnetic field
is the "bad curvature" in the region of the plasma. This curva-
ture produces equilibria that are unstable against rigid body
displacements. Plasmas at larger major radii have vacuum fields
with both "good" and "bad" curvature, but the persistence of "bad"
curvature over a large portion of the plasma is characteristic
of the double null designs. The double null configurations require
stabilization against vertical displacements. How to achieve
such stabilization via auxilary coils, ete., was not considered
in this study, the assumption being that stabilization would not

have a large economic impact.
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Another feature of the vacuum field of the double null
configuration is the large fraction of the poloidal fiux that
links the discharge in a sense that opposes the induction of
the discharge current. This feature increases the demand on the
ohmic heating core.

Figure 6 shows representative equilibrium flux surfaces
for the double null configuration. 'In comparison with the single
null configuration of Figure 4; the double null shape is more
non-circular and vertically elongated. These differences are
thought to account for the fact that the double null configurations
could generally suypport larger values of B than the single null
configurations.

The purpcse of the numerical exploration of various
plasma equilibria over a variety of physical sizes was to develop
simple, analytic scaling relations that could specify a family
of tokamak plasmas operating at the maximum pressure allowed by
the adopted constraints on the equilibrium. The adopted scaling
oI the geometry is shown in Figures 1 and 2 where the major
radius of the plasma, R, is related to the location of the toroidal
field coil, h, and the quantity "a" is defined in terms of the
plasma volume, V, namely a2 = V/ZﬂZRr The size of the toroidal
field coils must be large enough to clear the blanket and poloidal
coil structure. The designated height of the coils, H, is a
minimum reguirement.

The formulae developed for scaling the discharge current,

I, and the maximum pressure, P> consistent with the numerical
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studies were arrived at via a quasi theoretical modeling using
the above mentioned constraints of J¢ > 0 and g = qo > 1.0 at the

magnetic axis, We begin the modeling by calculating

2B_
Y = ’p T (4)
Qo O
(g = 4m x 1077

We assume a maximum toroidal magnetic field of 16
tesla at the inner radius of the toroidal field coil, h, so that

BO = 16 h/R. Then from Egs. (1-3) we have

2
2TRa (p gOBO>
To =(Fu ~ T\ o T (5)
Following the analysis of tokamak equilibrium by Greene et al.,l
we assume the following formula for 8,
g, = £, e () (1 - cytar(sy) (6)
0 a 1 2 o
where fa(l) = Bp/BO, and where Bp is the average magnitude of
the poloidal magnetic field at the nominal minor radius, a.
We therefore express the poloidal flux within the plasma as:
- = (1)
by =¥, = Cq(a)B Raf, . (7)
In additicn we define
_ 22U, (p) _ 2u,Cy(a) p,
(B = = (8)
2 2
B B
o) o

and



By = 2ol (9)

B2

P

where the "( )' indicate an average over the plasma cross section.
In the above formulae, (6, 7, and 8), the various Ci(u)

are to be chosen to fit the numerical experience with the various

equilibria selected. 1In particular we find a good choice for

the single null configurations to be 04 = 1.9/(a + 1)2. We also

have from Eqs. (1-3)

1y~ (g, 1%,

Requiring J, > 0 implies, using the above relationships,

o
«Bp>/3.801) Qu + 1) - 3‘80102R2/X2) + 1> 0. (10)

The following choices appear to be reasonable:

3.8C. = (2a - 1)%/0.6 |

1
and
3.801C2 = 4
Then Eq. (10) yields a condition on (Bp) for J® > 0 at
X = RO - a, (J¢ is smallest at the minimum major radius), namely
@) < (20 - 1)2 . (11)
P B a 11
0.6(40 - (o + 1)? (1 - 2)%)

Finally, the single null numerical experience leads to the choice
of 2C,/ (3.9 Cju.) = 6.1 x 107 which in turn produces from Eq. (5)

the expression,



7. 2 [ 2} -1
_ 6.1 x 10 ha . o - 1
% T TR, L +0.6 (B¢><§g“r“j) (12)

Setting qo = 1,1 in the above equation produces, in
conjunction with Eq. (11), the following scaling formula for the

single null discharge current

-1
7.2 2
5.55 x 10'ha [1 +(g_;¥1l__} (13)

I -
Rza

where v = 40 - (o + 1)2(1 - a/R)z. Note that in view of the

single null geometry shown in Figure 1,
R=h+ 2.5 + 1.95a ,

and hence I is a function only of h, a, and a. The scaling
expression for P, is found via Egs. (9 and 11) together with

the relations for

) _
Py = (P) /Cyle) = (p) (o + 1)7/1.9 (14)
and
Bp = u,I/2ra
We find
2 2 2
p, = 1.27 x 10-8 I7Ca + 1; (20 - 1) (15)
a’y

We note P, is a function only of h, a, and «.
For the double null configurations the scaling formulae

are somewhat different, namely



C
' -1
7, 2 2
R a Y
2 2 2
p, = 1.11 x 10—8 17 (a + 1)2 (20 -~ 1) (17)

a 'y
and
- 2
Cd(a) = 2.3/(a + 1)

The constraint on (Bp)given by the expression (11) holds for
both the single and double null configurations.

Egqs. (15 and 17) are shown in Figure 7 for the choice
of o = 2,

The above pressure scalings led to values of (B) of only
1 or 2 percent. Late in the hybrid study a 'new pressure" scaling
was used, but only for double null configurations. The-scaling_

relations were adapted from a study of PDX configurations and

are
Bg 0.2
(p) =37 « & (18)
8]
where A = R/a, and
2ﬂa2thaX
B Holo
with Bmax = 16 tesla, and 4, = 1.12.

This scaling leads to values of (8) 4% which is
appreciably higher than the values of (8) obtainable from the

previous equilibria. The reason the PDX configuration led to
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higher value of (8) lies in the assumptions made for p(¥) and

g(¥), namely:

a + 1
(¥) = kSY\C, + C,y + Eg 2, E§K,
P 4 T MIX T X T g

where
¥ = vy - ¥,
Vo =¥ - ¥, /0S¥
and
g(v) = ( - (-3 205p) M

where the C's are suitably chosen,
The "old" and "new" pressure ''carpets'" for the double

null ceonfiguration are shown in Figure 8.



keV/cm3 xiO—[5

Fig, 8. "0ld" Pressure (lower) and '"New" Pressure (upper)
Carpets for the Double Null Configuration.
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D, Blanket Performance

1. Parameters for the Blanket

The systems analysis of the hybrid requires only a
very abstract description of the blanket in terms of major per-
formance parameters. Functional relationships among these para-
meters are determined from auxiliary studies of the 'real' blanket
and then supplied as the elements of a black box to the systems
code,

The three {fundamental parameters of a hybrid blanket
are: T, the tritium breeding ratio, tritons produced per fusion
neutron hitting the blanket; ¥, the fissile breeding ratio, net
fissile atoms produced per fusion neutron hitting the blanket;
and M, the blanket multiplication, the energy released by each
fusion neutron hitting the blanket divided by 14.08 MeV, the
initial neutron energy.

For a hybrid that deliberately loads fissile fuel in
order to increase the blanket multiplication there are two addi-
tional important parameters: S, the density (or other index)
of the fissile loading.: and P, the gross fissile breeding ratio,
equal to F plus the allowance for self-consumption.

A complicating factor must now be considered: all
five basic blanket parameters are functions of time. This
dependence is conveniently expressed in terms of the integrated
wall load. (The wall load, W, is the energy flow of fusion
neutrons through the first wall, 14 MeV times the neutron current.
A useful auxiliary time parameter is the burnup sustained by
the uranium fuel in the multiplier after exposure to a given

integrated wall load.



To discuss the time dependence, the subscript '"i"
will indicate initial values, when burnup and integrated wall
load are zero. The subscript "f" will indicate final values,
when the burnup reaches its discharge value, B, and the inte-
grated wall load is J. Non-~subscripted parameters will usually
refer to average values.

A further complication arises from the faet that not
all the fusion neutrons hit the blanket, only a fraction, Z.
Therefore, some of the reactor performance parameter targets
must be divided by Z to obtain values on the "per fusion neutron
hitting the blanket" basils used above; correspondingly the cal-
culated blanket performance parameters must be reduced by the
factor 7 before being used to analyze reactor performance.

Other factors may also have to be applied to extract
reactor performance parameters from blanket performance figureé.
For example, the blanket multiplication, M, keyed to the fusion
neutron energy, is Jjust one component of the overall reactor
energy multiplication factor: this global figure of merit must
incorporate other terms to account for the recovery of neutrons
which miss the blanket, and of the whole fusion alpha-particle
energy.

2. Method of Solution

Given the specific design of a particular blanket,
all the performance parameters can be calculated using standard
nucieonic analysis methods. However, for a parametric systems

analysis at least one of the parameters must be left (by definition)
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as an independent variable; the nucleonic analysis then provides
values of the other parameters as functions of the free variable(s).

For this hybrid reactor analysis it has been found
most convenient to use M, the average blanket multiplication,
as the principal independent parameter., Although this is nor-
mally the output, rather than the input, of a neutronic calcu-
lation, there is no reason in principle why the blanket problem
could not be solved in this reverse manner. In practice, how-
ever, it is most convenient to evaluate a series of blankets in
the regular way, parameterize the results, and then invert the
resulting black box.

In the hybrid systems analysis code the multiplier
burnup target, B, is pre-specified, along with the required
overall tritium breeding ratio. When a given reactor is to be
evaluated, the dimensions determine Z, the fraction of neutroné
hitting the blanket, and the required blanket, T, is found by
multiplying 1/Z times the reactor, T. In addition, the reactor
power balance is solved for M, the required blanket multiplication.

This completes the specification of a sufficient set
of independent wvariables to solve for the remalning parameters
of the required blanket. The solution is iterative (using the
parametric equations described below) and seeks a self-consistent
set of parameters where the initial conditions and the lifetime
imply the desired average multiplication.

Unfortunately, the solution extracted from this model

does not always represent an acceptable blanket. Two modes of
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failure can occur. 1In one, the net fissile breeding ratio (F)
is negative, i.e. the blanket is a consumer of fissile fuel.
This is not impossible, but it does violate one of the basic
guidelines of the study, that the hybrids considered should all
be self-sufficient in fissile fuel. Since F decreases as M
increases, the effect is to exclude from the hybrid survey all
reactors which require blanket multiplications above a certain
limit.

The other mode of failure is indicated by too low a
calculated value of Mi' This initial multiplication corresponds
to the fresh blanket with no buildup of fissile fuel. For any
given type of blanket, there is some physically irreducible
value of Mi’ corresponding to no deliberate initial loading of
fissile fuel. Therefore when the model requires that Mi be less
than this value, it is a signal that the requested average M
is impossibly low. This leads to the exclusion from the hybrid
survey of reactors which require blanket multiplications below
a certain limit.

The assumed value of T affects the upper limiting
value of M strongly and the lower limit weakly, but the require-
ment that T be (marginally) greater than one is, of course, one
of the basic guidelines of the study. In addition, both the
upper and lower limits of M will depend in principle on the
assumed value of B, the multiplier burnup. This, however, is
not a fundamental parameter, and so there is some latitude to

extend the range of M by varying B.
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As B is increased, fuel cycle costs associated with
processing the multiplier fall, but radiation damage to the
fuel elements increases. A nominal value can be used for B
that is low enough to have confidence in the integrity of the
multiplier, and fortunately this value is high enough that the
reactor cost analysis is insensitive to B. As B is decreased,
the fuel cycle costs increase very rapidly, as the expense of
fabricating and reprocessing large masses of fuel must be
covered by smaller amounts of recovered figsile material per cycle,

However, it is as B is decreased that the allowable
range of M is expanded. The source of this behavior can be demon-
strated at the lower limit with the following argument: A
freshly loaded blanket will offer some absolutely irreducible
value of blanket multiplication; as the exposure increases,
fissile fuel is bred, and some of it fissions; this produces
energy, thus increasing the cycle-average of M. The effect of
B on the upper limit of M is more cbscure, gsince it derives from
the balance among a number of factors affecting the utilization
of fissile material in the multiplier and the burner, e.g., the
degree of thermalization, the capture-to-fission ratio, the
amount of fast fission, etc. Clouding the picture is the coarse-
ness of the parametric equation being used to model this hybrid.
Within the context of that model, however, decreasing B does
raise the maximum allowable M.

To exploit this possibility of using B as an active
parameter, when the blanket model finds that the reguired M is

outside the allowable range it will attempt to decrease B so
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as to extend the limit just to M. This allows further considera-~
tion by the systems code of some reactors which otherwise would
have been rejected. Unfortunately little benefit is realized
from this; the steeply increasing fuel cycle cost function makeg
most such reactors uneconomic.

3. Parametric Formulation

Within the hybrid systems code the blanket performance
is evaluated using a small set of polynomial parametric equations.
The form and constants in these equations were fitted to more
detailed nucleonic blanket caleculations as described in Appendix I.

Actually within the code there are six models available:
for nominal and "super' performance of time-independent, ramping,
or constant-power blankets. Most of the results of this study
were obtained using the nominal, constant-power model.

In each of the models the target burnup, B, is speci-
fied as BO. The target tritium breeding ratic, T, is calculated
ags T = TO/Z, where To is also specified, and Z is the fraction
of fusion neutrons that hit the blanket. The latter value is
calculated as 7 = (1+ZO)/2, where ZO is the fractional coverage
0of the blanket over the whole plasma chamber wall,

Two conditions are used to screen out unacceptable
blankets., First, the net recoverable production of fissile
material (H) must not be less than zero, i,e., the reactor must
not be a consumer of fissile fuel. Note that H is equal to F-eP,
where e is the fractional loss in the fissile recovery process.

The second condition is that S, the fissile inventory of the
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burner region (here given in mole percent of PuF3 in the flibe),
must not be less than zero at any time. This is another way of
expressing the condition that the required multiplication cannot
be less than that intrinsically provided by the multiplier alone.

The time-independent model is operationally unrealistic,
but contains most of the features of the others in simplified
form. The blanket multiplication M is, of course, constant.
The integrated wall load, J, of fusion neutrons is derived from
the burnup using the equation B = (b1 4 b2 M) J. The fissile
inventory is related to M by the equation 8 = (s, M- 82)/(83 M + 84).
The gross fissile production in the multipler (P) and the net
fisgile production for both multiplier and burner (F) are given by
P o= P + Po M- Tand F = fl - fz M - T,

The second model makes allowances for timewdependent
behavior of the multiplier performance, but with no provision
for leveling the whole blanket performance. Thus as the exposure
of the fertile material increases and fissile fuel builds up in
the multiplier, with the fissile concentration in the burner held
constant, the blanket multiplication will ramp up.

The target, M, reguested of the model is assumed to
be the cycle average value, and the ramp is assumed to be linear
in J. Unfortunately the burnup is no longer linear in J because
of the extra fissioning of the bred fuel. Consequently a palr of
egquations must be solved simultaneously for J and Mi’ the initial

multiplication:

M

It

Mi + (a1+ ag Mi + a

2
(b‘1 + bZ Mi) J(1 +(b3 + b4 Mi + b5 Mi YJ)

o
!
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The numerical solution proceeds by substituting J from the first
equation into the second, and using Newton's method to find Mi'
The initial (and constant) value of the fissile con-

centration is obtained from the formula S ﬂ(sl M.

' 82)/(83 M, + s

4)'
The gross production of fissile fuel is parameterized only by
the 1nitial multiplication, P = p1 + Po Mi - T. However, the net

fissile formula incorporates terms which reduce the cycle-averaged

value due to the in-situ burnout of bred material:

- . 2
Fo= (£, - %, My - T) - J(fq + £, M, + £ M;7)

Thus for a given Mi, ¥ ig a decreasing funection of J while M
(average) is an increasing function.

For this model the final multiplication is also cal-
culated from (Mi + Mf) = 2 M. Sinece the power handling equip-
ment in the reactor must have a capacity of Mf, but thé average
plant output {and thus revenue) is proportiocnal only to M, the
power peaking factor, Mf/M, is an important parameter in the
economic evaluation porticn of the hybrid code.

The third blanket model avoids the severe penalties
imposed by the power peaking effect by holding the blanket mulitipli-
cation constant, This is accomplished by reducing the fissile
content of the burner to compensate for the buildup in the multiplier
region, Essentially the same parametric formulas developed for
the second model are used again, but with a reinterpretation of
some of the terms. A fictitious blanket which ramps up to the

requested M is found, and then a declining ramp of 8§ is superimposed.
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Using the same variation with J, two equations must

be solved simultaneously for Mi and J:

i

2 .
Mi + Z(al + a, M, + a Mi o

M 2 71 3

2
B = (by + by M;)J (1 +(bg + by M; + by M;7)J)

Newton's method is used as for the second model, starting again
with an initial guess of Mi = 0,
The initial and final values of the burner fissile

concentration are calculated using Mi and Mf = M:

3.

1 = (s My = 85)/(sg My + 840

w
i

(sl M.

i 7 Sg)/(sg My + sy)

Here Sf corresponds to a fixed concentration blanket which would
start at Mi and ramp up to a final blanket multiplication of M;
thus it is the concentration that will exist at the end-of-cycle.
On the other hand Si corresponds to a fixed concentration blanket
which would ramp up from an initial multiplication of M, thus
it is the concentration at the start-of-cycle. Clearly Sf will
be less than Si’ and so Sf is used as the limiting value to
screen out unrealistic blankets. TFor the economic evaluation,
the average concentration in the burner is assumed to be
5 = (Si + Sf)/2, consistent with the linearized treatment of the
multiplier region.

The fissile production formulas in the previous model
were keyed to the initial multiplication, although M was allowed

to ramp. To use them for the constant M model, they are evaluated
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at the value of multiplication that would give an average M 1n

the ramp model equal to the constant (average) M, The presumption
is that the buildup of fissile material depends principally

on the total blanket average power (i.e., surplus neutrons from

burner fission are available for fertile capture). Thus

M, = M- (M, - M;)/2 ;

2
Fo= (£, ~ Ty M = T) -~ J(fg + £, M, + £, M)

As mentioned at the beginning of this section, the
three models described above can be applied with both "normal”
(nominal) and "super" performance parameters. The normal blanket
uses functional fits to blanket performance figures actually
calculated for the reference design. The super blankef presumes
the same functional dependence but with one key element extrap-
olated to superior performance. In the reference blanket each
fusion neutron induces {(on the average) about 0.43 fast fissions
in the uranium multiplier. For the super blanket this has been
boosted to 0.6, arbitrarily.

In support of the super blanket, it should be noted
that this higher level of primary fissions is approximately that
claimed for the blankets of the series of Mirror Hybrids studied
at LLL.1 However, such performance has not been observed in
comparable calculations performed at PPPL. (The differences are
discussed in Ref. 2), Therefore, the nominal blanket has been
used as the basis for most of these hybrid studies, with the

super blanket for occasional comparison.
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Table I presents the numerical constants needed in the

blanket performance parametric equations for both the nominal

and super blankets. Figures 1 and 2 show corresponding plots

of some of the important blanket parameters. Approximate values

of M, ¥ and the concentration of PuFS, p, are shown in Figure 3

for both the nominal and super blankets.



Table I. Numerical constants for the blanket performance
parametric equations.

Normal
(Nominal)

0.005
1/0.975

0.9801

0.7409

0.08289

@]

.002146

.00214
.93 x 107°
. 0343

.00758

o o o o O

.000351

1.468
10.276
1.429

77.17

1.4587

0.0593

2.131
0.037
0.0219
0.00479

0.00023

Super-
Blanket

0.005
1/0.975

0.9801

1.0871
0.10754

0.002146

0.002958

93 x 1076

. 0598

o e R

. 00849

*
. 000301

o

1.468

14.68

1.429

116.77

2.137

0.0593

3.1
0.037
0.0566
0.00726
0

. 00023

(*inadvertently changed to 0.00301 in the code as run,
with little effect on the results)
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Sf x 10
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BLANKET MULTIPLICATION (M)

Fig. 1. Performance Parameters (Defined in the Text)
Derived by Varying the (Constant) Blanket Multiplication in
the Nominal Blanket Mode.
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Super Blanket
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.6 ’A i

Sf x10

! | 1
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BLANKET MULTIPLICATION (M)

Fig. 2. Performance Parameters (Defined in the Text)
Derived by Varying the {Constant) Blanket Multiplication in
the "“"Super" Blanket Model.
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Fig. 3. Approximate Averaged Blanket Properties:
M = blanket energy multiplication = blanket energy production/14 MeV
F = net fissile fuel atoms bred/fission neutron
p = mole % of PuF, in molten salt.
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E. Economic Scaling of System

1. Hybrid Power Output

The hybrid model was originally conceived to determine
gross and net electric power output based on fusion core size
and blanket performance. The ultimate survey was performed
holding gross electric power fixed (see Section V,A), but the
original version is more instructive for showing the model.

The thermal power developed by the reactor is a combina-
tion of fission power from the blanket and high energy particle
attenuation in the divertor. Neutron attenuation in the first
wall, converter, and salt region plus heating from converter
and blanket fissions constitute the blanket power output. This

is given by the relation,

= 3
pBL MB x LL X Zw’ (1)
where
pBL = blanket power, MW
MB = average blanket multiplication
WL = average neutron wall load, MW/m2
ZW = effective wall area backed by

blanket, m2

ZW is less than the theoretical wall area (assuming the wall com-
pletely surrounds the plasma) since divertor channels and beam
ports occupy several tens of sguare meters. For each device

surveyed, the wall area reduction is computed.
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The power developed in the divertor includes attenuation
of eqﬁivalent beam power, attenuation of equivalent alpha power,
and attenuation of neutrons that do not enter the blanket
region. The first two factors are based on an energy balance
around the plasma. The third factor derives from a fusion neutron
balance. Power deposited in the divertor, Pp, is assumed to be
sufficiently high grade that it can be collected and transported
with 80 percent efficiency. The remaining 20 percent is collected
and dissipated by a low temperature wall and divertor collection

plate cooling system.

D 4+ A X WL (3.5/14.08 + (1 - ZW/AW))] n (2)

P = [Pg *+ Ay
where
Aw = theoretical wall area
np = divertor thermal collection efficiency.

The thermal energy transported from the blanket and
divertor is converted to electricity at a net efficiency (”th) of
38 percent. Of this gross output, a substantial fraction is
recirculated within the hybrid station. Neutral beam injectors

consume power at a rate

Pr =Pyg/np
where
PI = power to injectors, MW
P = beam power to plasma, MW
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ny injector efficiency = 0.89 - O.OOlSWO

W

o injection energy, keV.

" The injector efficiency relationship is based on Ref. 1
for positive (D+, T+) ions including direct conversiocn of un-
neutralized ions. This correlation is assumed valid in the range
100-300 keV. The injection energy is optimized by the plasma
model. For ignited reactors the beams are "turned off" after
heating is completed. In this case, PI is eqgual to the cycle
average of the beam power necessary to start up (assumed to be
3 MW = 100 MW*3% for these calculations).

The remainder of the recirculating power 1is consumed
by plant auxiliaries. This includes pumps, CcOmMpressors, chillers,
the liquid helium refrigeration system, and helium circulators.
For survey purposes this recirculating power fraction fa) was

assumed to be 10 percent of gross power output. The total net

electric power output is then
Py = [pBL + Py ”th] (1~ a) - Py (3)

2. Plant Capacity Factor

Plant capacity factor, g, is the product of three
factors: 1) availability, 2) duty factor, and 3) load factor.
Availability, A, is defined as the ratio of hours per year that
the plant is available to produce power to the total number of
hours per year (87680). Duty factor, &, is a function of possible
cvelic operation. For a steady state operation, 6 = 1. For

pulsed operation of 950 seconds and 50 seconds recovery, § = 0.95.



115
B

Load factor, L, depends on the utility's use of the plant,

Base load units run at or near rated capacity, i.e., L = 1.

Peaking units may vary considerably, i.e., 0.1 < 1.0.
Availability will depend on two factors - refueling

outages and maintenance outage.

T

p
A= (4)
Ty Ty + Ty

where
Tp = time at power (hour/year)
TR = refueling time (hour/vear)
'TM = maintenance time {hour/year).

Typically for light water reactors, the refueling time
may vary from six to eight weeks per year, with all maintenance

performed during refueling. If TR equals six weeks,

- 46 -
A= a5+ 6 0.88

In addition to refueling outages, the replacement of the first
wall for fusion-fission hybrids is expected to be a time con-

suming operation. First wall replacement frequency depends on
wall lifetime and, hence, wall loading.

The wall life in full power vears is

where



il8 ¢ 14 R I . . IR P P
n

E L
wall capability (MWyr/mz)_‘

’[‘ =
o .
W = 2
L= wall load MW/mv | : - *
Ay = theoretical wall'aréé,'mz‘ ‘ -
Pf =”fusi6nlﬁower'deﬁéityn )
Vp = plasma:volume.

Tha,annﬁal;ﬁiméncgnsumed per full power year for first
wall replacement is"I‘W/_’E,v‘vher'e”’l‘_,W ig the required time for a
total wall replacemgnt OQeration. To find the time cqnsumed
for wall replacement on an annual basis, TW is scaled by the
factor, TF, which is the equivalent annual time at full power.
This factor, TF’ also scales the refueling time, which can be

expressed as TR = K TF. Tbﬁn,

T

A = b
T + K T + T
P F

WiR . .. Q
T

A v L . . [ B L N
Since we assume that the reactor is base loaded, essentially

all operation is at full power (L = 1), and Tp = TF. Then,

1

A =

T

or
1
A =
1+K+WLTW
T

0
The plant capacity factor is then expressed as

g = L6A = —20

L (6)

1 + K +
TO
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For this study we have assumed

§ = 0.95
K=1/3
TW = 0.5 year
T. =5 MW—yr/m2
0
L =1
Then,
g = 0.95 - 0.7125
> i N ?g 1+ 0.075 WL
3 10

3. Cost Scaling Factors

a. Introduction

The selection of fusion-fission hybrid reactor physical
parameters is justified by a prediction of the costs of
electricity and fissile fuel produced by a plant having those
parameters as design bases. TFor the hybrid, the component of.
the cost of electricity exerting the most leverage is the capital
cost. A set of scaling factors was developed to predict the
variation in cost with changes in reactor parameters.

Because no comparable design exists from which to
extrapolate costs, other fusion reactor design reports and cost
estimates were examined as well as traditional references from
the fission industry.2 The costs, by PPC system of accounts
classification, are presented in Table I. Although costs for
the Lawrence Livermore Laboratory (LLL) mirror hybrid are not
generally applicable to a tokamak design, that design does use
high power neutral beam injectors vital to the start-up and coperation

of the tokamak hybrid,.
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b. Vacuum Vessel, Blanket, and Structure Costs

From consideration of the arrangement of tokamak fusion
reactors it seemed that the most important consideration in the
costing of the vacuum vessel and structure cost was the first
wall area. Thus, this serves as the major cost index. However
for equal wall area, a large minor radius (a), small major radius
(R) machine more efficiently utilizes structure than the small
a, large R device. Therefore, a volumetric correction term was
added, essentially penalizing the large aspect ratic machine.
(This correction term is not considered to be valid for an aspect
ratio less than 4 since the interior configuration would be
extremely intricate. However survey machines rarely favored
small aspect ratios.) The cost formula is CWALL = 104 (20. - 3.la)
472R (a + A) where A is the scrapeoff layer thickness. The formula
is shown as a function of wall area and plasma radius in Figuré 1.

Also shown in Figure 1 are the actual costs for the
Princeton Reference Design 3 and costs which would result from
using the model's predictions. The 25% difference between
actual and predicted reflects the independent derivation of the
costing models used.

c. Superconducting Magnet Costs

The superconducting magnet system costs are assumed
to scale with stored energy following a relationship prepared
by Lubell,4 This relationship was developed for NbTi super-
conductors, however, while the high field of the tokamak hybrid

requires NbBSn. Figure 2 shows a plot of the costs predicted
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Fig. 1. Vacuum Vessel and Structure Costs.
The parameter a is the plasma minor radius in
meters and A is the ratio of major to minor plasma radii.
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Fig. 2. Cost of Superconducting Magnet System.
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by Lubell and design cost estimates by PRD and UWMAK's 1, II,
and III.5’6’7 To account for inflation and differences in cost

of superconducting material projected by Powell,8 Lubell's pre-
dicted relationship is modifigd by a factor of 0.8.

The stored energy is calculated for a '"D-coil' system
fitted to the plasma and divertor by a coil sizing subroutine.
This stored energy (in MJ) is used as the value of Es in Lubell’'s
formula which i1s based on circular superconducting coils.

0.865 - 7

CMAG = 0.88 x 10° ()

Also included in this cost are power supplies and
poloidal field coil costs. Both costs can vary substantially
for different devices, depending upon final optimization of
plasma shape, burn time, and divertor configuration. These
considerations require a far greater level of design than was
possible in the survey approach utilized in this study. Thus
there is no explicit dependence of the magnet costs on the
magnitude of the discharge current.

The magnet costs are sensitive to the exponent of
stored energy. A change from 0.65 to 0.72 yields 37 percent
increase in the cost of electricity for the ncominal hybrid by
multiplying the magnet costs by a factor of 2.37.

d. Neutral Beam Injector Costs

Neutral beam injector costs should scale as the delivered
beam power and as the particle velocity, i.e., the square root
of injection energy. These relationships are used by LLL in

the mirror hybrid study cost parameterization.1 Some uncertainty
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exists over the dollars/kW cost nermalization. Estimates
offered in the literature range from appr0ximately 8100 to $5H00/kW.
The LLL value is $208/kW for 100 keV injection. For this study
the multiplier is taken as $300/kW at 100 keV. Costs for
various beam powers and injection energies are presented in Figure
3.

Costs for the injection system were based on the total
peak input power reguirements for the plasma irrvespective of
whether the injectors are uged only for heating to ignition or
for continuocus subignition operation. However a minimum of
100 MW of installed capacity was assigned to all machines.

The change in the cost of electricity with the Z/kVW
cost multiplier is small. A 50 percent increase (300 to 450
$/kW) vields only a 1.7 percent increase in electricity cost for
the anominal hybrid.

&, Balance-of-Plant Costs

Balance-of-plant (BOP) costs are by far the largest
cost category in the cost scaling. Included in this category
are all costs related to heat transport and power conversion,
land, buildings. auxiliary systems, and plant control systems.

The BOP costs are determined by a formula which combines costs
iinear with power, costs nonlinear with power, and costs that
are essentially invariant.

In the first category fall costs associated with the
turbine generator set and auxiliary systems. Invariant costs
include land, administration building and warehouse, site prepara-

tion, radwaste systems, and miscellaneous handling equipment.
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Fig. 3. Cost of Neutral Beam Injection System.
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Nonlinear costs are the major BOP item. These costs
are assumed to vary with gross electric power (Pg) to the 0.6
power.9 Included in these costs are plant structures (except
those listed above), heat transport systems, feedwater heating
systems, thermal heat rejection systems, and plant contrel and
electrical systems. The effect of combining these costs into

O'6] X 106

the eguation, CBOP = [530 + 0.033 Pg + 585 (Pg/1807)
is shown in Figure 4.

To accommodate "electric breeders," i.e., plants which
produce no net power but much fissile fuel, a lower limit on
BOP costs of $200 x 106 is imposed. This limit is achieved for
Pg = 175 MW,

Surprisingly the sensitivity of costs of electricity
to the exponent or power is small. A 10 percent change (0.6
to 0.66) gives only a 1.3 percent increase in electricity costs
for the nominal hybrid. Increasing the exponent from 0.6 to
0.2 yields a 7 percent increase.

f. Indirect Costs

Indirect costs are added to direct costs. These costs
represent construction facilities, services, equipment, and
office costs; cost of engineering services and other owner's
costs. As a percentage of direct costs, they are 23, 14. and
8 percent,7 respectively, for a total of 45 percent.

. Interest during Construction

Interest During Construction (IDC) costs represent

funds borrowed during construction. Project life is assumed

to be 10 years, interest rate, 8 percent, and a "S—-shaped"”
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Fig. 4. Balance of Plant Costs.
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curve of expenditures vs. time. TFor these assumpiions, IDC
costs represent 33.12 percent of total direct plus indirect
costs.,

h. Contingency

Contingency funds are not assigned in the cost scaling.
Contingency is normally allocated on the basis of items
unspecified by the engineering detail. Obviously, engineering
detail is not present in this survey formulation, and cost
scaling techniques themselves can produce errors on the order
of the assigned contingency percentage.

4. Tuel Cycle Costs

a. Introduction

The fusion-fission hybrid produces two saleable commodities.
The first, electric energy, is distributed and sold in the con-
ventional sense. The second, fissile fuel, has a limited market,
namely, fission reactors. While the desirability of hybrid-
produced electric energy is easily judged by its cost, a measure
readily understood by almost everyone, scientific or lay, the
desirability of fissile fuel is not so easily assessed.

The dramatic increases in the cost of USOS since 1974
have focused attention on the limited extent of known uranium
ore resources. Concurrently, concerns over nuclear proliferation and
long-term radioactive waste storage have served effectively to
suspend commercialization of spent fuel reprocessing.

The front end effect, namely ore costs, is the stimulus
for the study of a fusion-fission hybrid device. The back end

effect casts a pall of uncertainty over all nuclear efforts.
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For this study the cost assumptions are apolitical in the sense
that the cost bases are predicated upon the agssumption that
spent fuel reprocessing facilities would operate as designated
in the early 1970's with nominal safeguards required. Dollar
figures cited are 19768 dollars.

If it were not for the time value of money, fuel cycle
cost calculations would be trivial. One would calculate the
mass of material handled in a given operation, determine (or
estimate) a unit price for that operation, sum the products of
mass and unit price, and report the cost as that sum divided by
the energy ultimately produced by the material. These direct
costs, in fact, are not all of the actual fuel cyele costs. The
principles of accounting, involving the time flow of disbursements
and revenues, requires that the time value of money be considered.
The resulting costs, called indirect costs, combined with the
direct costs, determine the total fuel cycle costs reportable
for a nuclear power plant,

For a fossil plant, and possibly for a pure fusion
plant, this bookkeeping is much simplified. Puel on hand is
either consumed in a few months or, in pure fusion, kept in small
inventory so that the time value of money 1is irrelevant.

Because of the nature of the parametric study, ele-
gant fuel cycle cost codes developed over the last decade were
not used. These codes require a high degree of detail for both
neutronics and timing of operations and cash flow over the plant

design life.



Instead, an equilibrium batch modellO was adapted
for both hybrid reload batches and an LWR for comparison. For
the hybrid blanket inventory portion a breeder type batch
analysis techniquell was used. Alqualitative description of these
models follows.

Models for both the hybrid and the LWR have been
derived on a consistent basis, since the value of hybrid-produced
fissile fuel is determined by the allowable cost of fuel consumed

by fissile burners (see Section IV.G).

L. Converter

1. Blanket Inventory

The cost of providing the uranium converter region
and the plutonium in the molten salt (the dominant cost rela-
tive to the flibe) is incurred prior to initial operation. This
investment is maintained for each batch so that the annual
cost equals the carrying charge on the investment.

Following the formulation of Ref. 11, the salt cost
component equals the cost of the molten salt plutonium plus
storage charges from day of purchase to start of commercial
operation, both multiplied by the carrying charge rate. -

The converter cost component is the final (salvage)
value times the carrying charge, plus the difference between
initial and final value amortized by a sinking fund factor-
over 30 years.

ii. Direct Costs

Direct cost items for the converter region include

the following:



134

5.

6.

Purchase of tails (UFg)

Fabrication of fuel elements

Shipping spent fuel

Reprocessing spent fuel and long-term storage of
wastes

Credit for reclaimed uranium in spent fuel

Credit for reclaimed plutonium in spent fuel,

These costs are calculated based on mass inputs to

the various operations multiplied by their respective unit

costs.

following:

iii,

Indirect Costs

Indirect costs for the converter region include the

Preirradiation carrying charges on material purchase,
conversion, and fabrication

Carrying charges on average value of fuel during
irradiation

Carrying charges on average fabrication investment
during irradiation

Carrying charges on fuel during decay and shipping
Pre- and post-irradiation carrying charges on
recycled plutonium (salt region)

Carrying charges displaced by accumulation, i.e.,
credit for expenses incurred after receipt or

revenue, namely shipping and reprocessing.
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These indirect costs are assessed on the basis of
incurred expense (or credit) multiplied by the approximate
carrying charge rate; then this product multiplied by the time
interval from the date of the operation to the irradiation period.
Irradiation carrying charges are based on the duration of the
irradiation period.

Carrying charge rates used are those for depreciating
capital, nondepreciating capital, and working capital.

¢. LWR Fuel Costs

i. Direct Costs

Direct cost items for the Pu LWR fuel cycle include
the following:

1. Purchase of makeup USOB

2. Conversion to UF6

3. Purchase of makeup plutonium

4., Fabrication of mixed oxide fuel elements

5. Shipping of spent fuel

Reprocessing spent fuel

N ®

Credit for reclaimed uranium

8. Credit for reclaimed plutonium.

As before, these costs are calculated on the basis of
mass multiplied by unit cost.

ii. Indirect Costs

Indirect costs for the LWR fuel cycle include the
following:

1. Preirradiation carrying charges on material purchase,

conversicn, and fabrication
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2. Irradiation carrying charges on the average value

of the fuel while in core

3. Carrying charges in the average fabrication

investment during irradiation

4. Carrying charges on fuel during decay and shipping

5, Carrying charges displaced by accumulation, i.e.,

credit for the deferred expenses of shipping and
reprocessing.

These indirect costs are assessed on the basis of
incurred expense (or credit) multiplied by the appropriate
carrving charge rate: then this product multiplied by the time
interval from the date of the operation to the irradiation period
start or finish. TIrradiation carrying charges are based on the
duration of the irradiation pericd. Initial core costs are
included with the plant capital costs.

d. Unit Costs

As described above, operation costs are taken as
the product of mass per operation and cost per unit mass. Unit
costs were developed based on fission industry experience or
estimates for similar operations.

The fabrication cost of the hybrid converter should
be in the same range as the fabrication cost of enriched uranium
LWE fuel. Tolerances are expected to be less stringent than
for LWR pellet and cladding, but the coextrusion of slug and
cladding may be more difficult. Since LWR fuel costs are

13

approximately $70/kg. this value was selected as the lower

limit of costs. Low throughput or difficulty in clad fuel
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bonding could conceivably increase this cost. An upper 1limit

of $150/kg is considered suitable to allow for these uncertainties.
While the lower limit is used in the survey analysis, the upper
1limit is used to test the sensitivity of the hybrid fabrication
cost. A change from 70 to 150 $/kg adds 3 mills/kWh to the cost
of electricity, a change of 8 percent,

The fabrication cost of mixed (U and Pu) oxide fuel
for the LWR has been estimated to be $70/kg more than the fabri-
cation cost of UO2 elements.14 This gives a nominal cost of
$140/kg. The range of values used was 100-270 $/kg with the
lower limit used for survey calculations. However sensitivity
checks indicate than an increase from $100 to $270 will result
in less than 5 percent increase in the cogt of electricity.

The cost of reprocessing spent fuel was judged to
be the same for both hybrid and LWR. The range of costs considered
was 100-200 $/kg.15 Values used in the survey were $100/kg of
heavy metal for reprocessing plus 325/kg of waste for long-term
storage. Great uncertainty exists in the probable costs of
reprocessing, even in the absence of political pressures. No
commercial reprocessing has been performed in the United States
since 1972, It is interesting to note, however, that costs of
electricity are particularly insensitive to the reprocessing
costs chosen. $200/kg unit costs result in only a 1 percent
increase in the cost of electricity over $100/kg costs.

Approximately 200,000 tons of enrichment process tails

(uranium depleted of U-235) are currently being stored at the



138
E

various diffusion plants. While ore of this "enrichment' may
be considered to have a negative value in some fuel cycle
economics,15 it is considered to be available at some nominal
price from the U.S. government (DOE). A value of $5/kg of UFB
has been assigned. Doubling the price effects only a 0.2 mill/kWh
increase 1n the price of electricity.

Blankets composed of natural uranium have alsc been
studied. In these cases the cost of natural uranium ore has
been derived from the value of the fissile fuel produced. The
relationship used was the cne giving the parity price (cost of
1 gm of 93 percent enriched uranium fluoride) in terms of the
cost of natural uranium fluoride.16 The value of bred plutonium
has been assumed to be 60 percent of parity. Thus, when the
cost of bred fissile and separative work is known, the corresponding
cost of natural uranium can be determined as a function of tails
assay (weight percent of U-235 in tails). The basis for this
assumption is that, in a competitive market in which two fissile
species (Pu-239 and U~235) are available, the cost of the new
product (Pu-239), in order to gain market penetration, must be
equal to or less than that of the traditional product. If
the costs are equated, the market cost of makeup natural uranium
can than be determined.

e. BSalt Processing and Makeup

A small flow of molten salt is removed from the blanket
for conditioning and fission product removal. The process used is
essentially similar to that proposed for the molten salt breeder

reactor. The operating costs for this process are assumed to
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be $1 x 106/yr, Equipment costs for salt handling are included
in the invariant part of the balance of plant capital cost
estimates. TFor comparison, the Molten Salt Breeder Reactor
preject estimated capital and operating expenses of 0.3 mill/kWh(e)17
or about $2 x 106/yr. Calculations show that the cost of elec-
tricity is essentially insensitive to this factor.

Depletion of lithium and beryllium by neutron capture
1s calculated, and the ceost of makeup is added tc the salt
reprocessing costs. Costs of lithium and beryllium are assumed
to be 20 and 33 $/kg, respectively. This cost alsc makes a neg-
ligible contributicon to the cost of electricity.

f. Operating and Maintenance Costs

Replacement of portions of the first wall and blanket
supporting structure that suffer excessive radiation damage is
expected to be an expensive and time consuming process. Because
it will be performed on an infrequent basis, its costs are
treated separately,

The costs are proporticnal to first wall area and the
annual integrated wall load with replacement cost assumed to be
$104/m2. In determining the replacement interval the first wall
capability is assumed to be 5 MW—yr/mz. The frequency is then
egqual to the product of wall load (MW/mz} and capacity factor,
divided by the first wall capability. As an example, a wall
load of O.S\MW/mz, and capacity factor of 0.75 yields a replacement
frequency of 9.075 yrml or total replacement every 13 years.

Normal operating and maintenance costs are assigned

at the rate of 1.5 mills/kWh of net power output. This figure
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represents approximately $20 x 106/yr in normal operating and
maintenance costs (for a hybrid of 3000 MW gross electric power).
At this same rate, LWR operating and maintenance costs approach

$10 x 106/yr. Current estimates are in the range of $4-7 x 106/yr

for 1,000 MWe LWR units.18
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F. The Constraints

The only constraint imposed upon the construction of
the domain of parameter space to be used was that the domain
should embrace a broad spectrum of possibly interesting machines,
Under such sweeping generalities, the inclusion of elements,
i.e., "6 vectors,' that correspond to undesirable machines {a
machine is termed undesirable if it violates a design criterion,
a basic physics law, etc.) is inevitable. Consequently, more
stringent criteria that reflect the degree of acceptability of
each element of the domain must be invoked.

A constraint may be categorized as either a harrier
type or a penalty type. The barrier type of constraint reqguires
the absolute compliance with a specified criterion. A failure
to conform with the criterion results in the rejection'of that
element from the domain of possible machines. Six such constraints
are present in the analysis. They pertain to: the core size,
the plasma confinement, the plasma current, the blanket perfor-
mance, the beam power, and the net electrical power output.

The penalty type of constraint does not result in the
rejection of a particular element (6-vector) from the domain
of parameter space, but does result in the adjustment of some
quantity derived from the chosen 6-vector. Two such constraints
are present in the analysis. They pertain to the penetration
of the neutral beams into the plasma and the value of Be.

We first discuss the barrier type constraint.
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1. The Core Constraint

The core constraint requires the current density in
the OH windings (see Figure 1) not to exceed a materials limit
of 1,250 amps/cmz.1 The current in the OH coils must generate
a sufficiently large flux swing in order to induce and sustain
the plasma for the duration of the plasma burn. However, the
total flux swing linking the plasma is the sum of the core flux
swing, ¢CORE ., induced by the OH coils and the flux swing, ¢VERT’
originating from the rise in the vertical field, Bv’ as it
follows the growth of the plasma current to its steady state.

This condition may be written as

®core T YverT T %prasma * YBurw. (1)

¢PLASMA is the increment of flux necessary to induce the plasma
current, and ¢BURN is the flux change necessary to maintain
the plasma current during the burn time.
An expression for ¢CORE may be obtained by eguating

it with the fiux through the core under steady conditions.
Modeling the magnetic field in the core after that of an infinite
solenoid as shown in Figure 1, we find

2 Wy 2 _ ¥y -8 (2)

®core T " Be Boy 1/3(z3— e+ 1} 10
OH oH

Assuming a uniform current density, J, in the OH coil yields

W, (3)
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and upon substituting this expression into Eq. (2) we have

W W W

3 2m 1 1 1.71 .2 -8
¢ =1 Ry —= J (=) 1 - =+ 2(5=—)" {107°. (4)
CORE OH 5 ROH ROH 3 ROH
Here ROH and Wl are expressed in cm, J is in amp/cmz, and ¢ is in

volt-seconds. Specifically we take Wl < 90 cm (because then Bc =
14T at maximum J) and ROH = h - 150 cm. We have assumed the TF
coil to be 100 cm thick and to be supported by a 50 cm thick
cylinder,

The vertical field flux, is estimated by employing

*yERT®
the spatial dependence for BV as displayed in Figure 2.

The vertical field flux is therefore

2 k-
byprr = T B° B, |1+ (375 (1 + Dy (5)

The magnitude of the vertical field necessary to support

tokamak MHD eguilibrium is taken to be

_ I 8R
v - " 10m 1n-§——l.25+88 (8)

where I is the plasma current in amps, R and a are in cm, and

Bv is in gauss. Eq. (6) is derived from Eq. (97) of Ref. 2, and
assumes a uniform current distribution and a spatially parabolic
pressure distribution in the plasma. Upon substitution of Eq. (6)

;nto Eg. (5), the ¢VERT in volt-seconds is found to be

- ~9 I 8R
¢VERT =~ 7R I 10 In P 1.25 + BB

(7)
1+ (Kely (14 D)
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Now k is taken as 1.85 for the single null magnetic field con-
figuration, and -0.8 for the double null configuration. These
choices for k reflect the numerical study of plasma equilibria
described above in Section IV.C. The reversal of the vertical
field in the central region for the double null configuration
is illustrated in Figure 3.

The flux change 9pragys Decessary to induce the

plasma current to its full steady state level is taken as

Yprasma - - 8/2 L

The factor of 3/2 appearing in Eq. (8) has been introduced

to allow for resistive losses during startup. To estimate
the plasma inductance8 we model the plasma as a thin circular
wire. This model is consistent with the assumption inherent
in the calculation of the vertical magnetic field, Bv' We

take the plasma inductance to bhe
L =4m R(n 8 R/a - 1.75) X 1072 nenries

Substituting Eq. (9) into Eq. (8) yields

) - -9
PLASMA 6 % 10

The flux change, ¢BURN’ is

= _ 1
®BURN vt

where I is the steady state plasma current, r is the plasma

resistance, and t is the length of time associated with the

(8)

(9)

m R(ln 8 R/a ~ 1.75) I voltseconds

(10)

(11)
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burn. The burn time has been assumed to be 1000 seconds. The

resistance, r, for a toroidal conductor is

R
r = n 2=
az (12)

where the plasma resistivity, n, is taken to be the Spitzer

electrical resistivity, for a hydrogenic (Z = 1) plasma

n = 6.53 x 103 __lﬁ_ﬂ___ ohm-cm

(T °K)

The coulomb logarithm, 1n A, is given a value of 18

corresponding to a plasma temperature of about 10 keV and an

electron density of 1020 m—3. Then, the final expression for
®gurn 'S
_ -3 R ~-3/2
Sgury T ~ 995 x 10 ;g T 1 volt-seconds (14)

where T is the plasma temperature in keV, I is the plasma
current in amperes, and R and a are in cm.

Equation (1) may be solved for the current density,
J, in the OH coils in a straightforward manner employing the

expressions for ¢CORE found in Egs.

'*vERT’ “prasmac #°9 PBury
(4), (7), (10), and (14), respectively. The value of J obtained
is construed as the magnitude of the current change that must
occur in the OH coil. By a prudent choice of initial current,
the peak current density in the OH coil need only reach half of
the required current swing. Therefore, the current density, J,
is to be compared with twice the critical value of 1,250 amp/cm2

Should J exceed this value of 2,500 amp/cmz,the associated point

in parameter space is deemed unacceptable,

372 - (13)
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2. The Plasma Confinement Constraint

A second barrier constraint deals with the
confinement of the plasma. Plasma confinement can be measured
either by an energy or a particle confinement time. Both
characteristic times are derived from an energy balance imposed
upon a representative cubic centimeter of plasma. The first is
obtained by considering only the energy input to the plasma.
The only energy sources considered are the beam power, Pp,
deposited in the plasma and the alpha particle power, Pu’ heating
the plasma. (The ohmic heating is considered to be incon-

sequential.) Then, the power sources are the sum, i.e.,
P = P, + P .
. (15)

Under steady state operating conditions, the sources of
power are just balanced by the rate at which power flows from

the plasma. The equation,

PB + POL ==%5 ni(3/2 kTi)/TE , (16)

serves to define the energy confinement time, Tgo of the plasma
where n, and Ti are the density and temperature of the ith
species, respectively, and the summation 1s over the plasma ions
and electrons.

An expression for the particle confinement time, Tp’

may he obhtained by considering a more detailed expression for

the power sinks, Psi’ e.g.,

Psi = Praa * Pair " Peond ¥ Pion " Fex - (17)
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The term Pr d accounts for the bremsstrahlung radiation losses

in a hydrogenic plasma and is

_ -19 2 W1/2
prad = 1.334 x 10 n, (kT) ergs (18)
3

cm- sec

where n, is the electron density in cm_s, and kT is the temperature

in ergs. The terms Pdif and P represent losses due to

cond
particle diffusion and thermal conduction. In this study, these

two losses are assumed to be equal in magnitude. Then,

D,

Pair = Peond I i

dif (3/2 kT)/Tp . (19)

The terms PiO and ch represent, respectively, the losses

n
accompanying the ionization of neutrals and the charge exchange
of fast ions with slow neutrals. In a steady state these losses
will be proportional to the sources of neutrals which are the
injected neutral beams and the current of recycled atoms.
Particle conservation requires the ion loss rate to be balanced

by the ion sources. Neglecting the loss rate of ions by fusion

reactions we have (since Z = 1):

T rec T Ybeam ) (20)

The Jrec is the sum of reionized atoms recycling from the
plasma via material walls plus any deliberate low energy fueling
of the plasma such as by pellet injection. Exactly how Jrec

is divided between these two processes is beyond the scope of
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this study.
We take
2
Pion = 7. * U1 (21)
P
where UI is chosen to be 25 eV per ilonizing event, and
1 3 1 {% 3
ex = 10 JB(§ kT) + g ¥; - JB 5 kT . (22)

The first term in ch estimates the loss of energy arising
as a conseguence of charge exchange between plasma ions and
the injected neutral beam. The estimate assumes that some
ionization of the charge exchange neutrals takes place before
they can leave the plasma.5 The second term in ch estimates
the loss of energetic neutrals arising from the recyclé current,
At plasma temperatures of 5 to 20 keV charge exchange is the
most likely interaction between a slow neutral and an ion.
Hence, of the current of low energy neutrals entering the plasma,
approximately half will penetrate deep into the plasma for
eventual ionization, and half will leave the plasma having under-
gone charge exchange in the cooler outer regions of the plasma.
These charge exchange neutrals will carry with them a fraction
of the average energy of the plasma ions.

We note that Pion and ch are small compared to
Pairs.

Having defined all of the terms of Eq. (17) and

by equating Eqs. (17) and (15), the particle confinement
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time is found to be:

zzni |3.09375 KT + 0.0125|

T = 3 (23)
P P+ Py ~ 3.333 x 10 KT + 0.0375 Jg kT

where KT is expressed in keV, Pu and PB in keV/cmsmsec, JB in
cm—s—secul, n, in cm_B, and T in sec.

These calculations of o and Tp are interpreted as
the confinement times that must be met in order to preserve
steady state conditions of constant density, temperature, etc.
In addition to these, other confinement times, which are
assumed to be based upon the physics of the transport mechanisms
involved,.may be calculated. In this study, three such
confinement times have been employed, namely, one based upon
the trapped electron mode of plasma transport, another based
upon Alcator scaling, and a third, utilizing a machine‘
independent value for the confinement parameter, 0, Ty, of
5 x 1012 em™? sec.

The relation between Tp and a theoretical diffusion

coefficient, D, is taken to be
2
Tp = 8" /4D . {(24)

The trapped electron Tp is based upon our renditicon of the
trapped electron transport appearing in the "Rutherford-Duchs
code”.7 We use the trapped electron diffusion coefficient DTE
appearing in Eq. (14) of Ref. 7. 1In this formulation we také
Zeff = 1, the parameters r, T rp = 4 a/3a {where a is the minor
radius and o is the pressure profile factor used in the
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pressure scaling calculations), and the parameter 6 = 1/2 VB/BG.

Eg. (24) then yields the confinement time, Tp, to be:

9 4 h le/z A+ B
T = 0.25 a= x 10 TA +
P RT(3.9 x 10-%) C expD
where
A = 116 x 105 aT1/2 B 1/4 ny + ng >1/2
R B@ nD + 1.22 nT
B = 1.84 x 10710 0 77%/% 1n (1.00 x 101 1 ne‘l/z)
¢ = 6.6 x 107 (r/a)t/? 1. (2%)2
5 \&

"Rn_ /8 1/2 )

D = - —° (—E : 5) n {1.00 x 10" T n L/2) (25)
T 8 a e

The distances a, h, R appearing in Eg. (25) are all in meters

whereas the density, Dgs is in cm—3, the temperature, T, in keV,

and BS, the field at the coil, is usually taken to be 160 kilogauss.
By simplifying Eq. (25), a more manageable expressicn

for nt is obtained in Eq. (25a) which will prove valuable in

the discussions of the results.

e e T 14

1/2 3/2 8R n
n 1 = n_a"’?((R/a)1) (§m> —— (aB/TY /2 & 10
e T 10

e

(25a)
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The Alcator formu1a8 for the energy confinement time

TE is taken as

6

r, = 2.12 x 1070 n_ a2 (B/RI)M/? (26)

E

where B = g BS is the magnetic field at R, n, is expresseé in
cm—s; a and R in em; the magnetic field, B, in kilogauss and
the plasma current, I, in megamperes.
The nt constraint requires that, for a particular
choice of physics-~derived confinement time, TpHy * the corresponding
energy balance or particle balance-derived confinement time,

T be less than the former, i.e.,

EB’

n_t < (27)

e EB neTPHY

The above prescription is based upon the postulate that TpHY
functions as an upper bound on the achievable confinement time
for a particular device. In order to enhance confinement, it
would require choosing parameters that characterize a distinctly
separate machine. However, confinement may be 'spoiled” by some
unspecified means without affecting the parameters characterizing

a particular machine, or the machine cost of performance. Then
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the existence of a set of possible machines is assured, under
the proviso of (27) whose operating values of TER
will be necessarily equal but less than the TPHY of (27).
We will refer to Tgp @S the "required" and to Togy 28 the
"allowed" confinement times.

3. The Plasma Current Constraint

This constraint requires the plasma current, I, to
exceed 1 megampere. Such a strong current is assumed necessary
to confine the alpha particles. Although machines satisfying
this requirement served as the basis of the pressure scaling
employed in this study, utilization of this scaling does not
guarantee it. Consequently, the seemingly redundant imposition
of this constraint is necessary.

4, DBlanket Performance Constraint

This constraint requires the blanket energy multiplication,
M, to fall between the appropriate limits of 8 and 27. For
the details of the blanket design and their implications for
the range of the blanket multiplication, M, the reader is referred
to Section IV.D, Blanket Performance.

3. Neutral Beam Power Constraint

A fifth constraint is applied to the beam power,
requiring that it be lower than a critical value PBMAX' The
calculation of PBMAX is based upon the assumption that the
combined area of all beam port openings may consume no more
than 50% of a band in the first wall, running toroidally

around the tokamak on the outward side, i.e., at r = R + a + 0.5.
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The height of this band is equal to the distance between the
plasma edge and its magnetic center, e.g., 0.65a for the single
null. The beam ducts are envisioned as intersecting the first
wall at 45°. TFurthermore, the ducts may transport no more than

0.025 Amps/cm2 for beam energies on the order of 200 keV which

is assumed to be the eqguivalent of a power limit of 50 MW/mz.
Then
- 0.8
PBMAX 72.2 a(R + a + ) , (27.5)
where P is the beam power in megawatts, and the distances

BMAX
a and R are both in meters. The factor of 0.5 appearing in

Eq. (27.5) represents the thickness of the scrapeoff laver.
The requirement that the beam power be less than PBMAX is a
very liberal constraint, being seldom invoked.

6. HNet Power Constraint

This constraint requires positive net electrical power
output for the hybrid. Intuition suggested that electrical power
consuming hybrids would be unattractive economically. In order
to reduce the computational time spent upon machines which would
ultimately be judged uninteresting, a constraint was constructed
which prevented the selection of power-consuming hybrids.
Subsequent examination of this constraint as related to the
survey results indicates the machines which were overlooked are
indeed economically unattractive and remain so unless the
fissle fuel price, FFP, becomes large (> 300 $/g). Therefore,

the imposition of this constraint has not introduced any bias
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into the study.

7. he Penalty Constraints

The second set of constraints imposed in this
study is of the penalty type. Under this type of constraint,
those machines that viclate a particular criterion may regain
acceptability by incurring a prescribed penalty which may
reflect the degree of viclation of the initial critericon. Thus,
unlike the situation under the barrier type constraint, a sharp
distinction between acceptable and unacceptable machines
does not exist. Only two penaliy type constraints are employed
in this study, one pertaining to beaﬁ penetration of the plasma
and the cther, to MHD stability.

a., The Penetration Consgiraint

This constraint requires that the beams penetrate
the plasma. The penetration criterion employed is a function
of the fraction, x, of beam drive necessary to sustain the

plasma, i.e.,

x = __ B (28)

where PB and Pa are the beam and alpha power absorbed by the
plasma. Such a parameterization reflects the authors' opinion
that a very nearly ignited plasma need not require full

penetration of the beams into the plasma center., However, even
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an ignited plasma must be subject to the penetration criteria
because the beams are viewed as an essential part of the start-
up process. Under the supposition that in the heavily beam-

2]

driven cases the criterion must reduce toc that of Rome et al.,

the penetration criterion is then taken as:

2 for x> 0.8, 1.e., Q < 1.25

A  where N = 10(1-x) for 0.2 < x < 0.8
8 for x < 0.2 i.e., O > 20. . {29

The symbols A and ) appearing in Eq. (29) are , regpectively,
the distance from the plasma outer edge to the maghnetic axis
(A = 0.65a for single null and 0.75a. for double null}
measured in centimeters and the mean free path for ionizing
the neutral beam. The ionizing processes considered in the
caiculation of Alo are represented by the third and first
terms of Eq. (30), respectively, and charge exchange 1is

represented by the second term of Eq. (30). Thus,

~14 ( Y-
. 5.6 x 10712 [g) 0.6937 x 10 1 - 0.155 ]ogloﬁ)
/A = ny 3 oy g )t 14 3.3
‘ ’ I+ 0.1112 x 1§~ B
(- 0.5151 log, T - %géﬁﬁT— 5.231 |
ne 10 g]_() \

+
(1.92 x 10%%p)1/2 (30)
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where E is the proton energy measured in eV corresponding
to a deuteron of the same speed, T is the plasma temperature in
eV, and D and n, are the electron and cold ion densities,
respectively, measured in em™3

In the event that the criterion of Eg. (29) is
not satisfied, the density is not permitted to realize the
maximum value afforded by the pressure scaling (see Section IV.C
on Pressure), but rather, a lower value of density is determined
by imposing the eguality branch of Eq. (22). The magnetic
field, B, and the plasma current, I, are both reduced by the
square root of the factor by which the density was reduced.
The simultaneous adjustment of B and I preserves both the 8
and 88 of the pressure scaling while reducing B reduces the
cost of the TF magnets.

b. The 86 Constraint

This constraint modifies the value of 68 as
calculated by the pressure scaling prescription given by
Eqg. (IV.C1l). Early numerical observations of MHD stability
using the PEST'codel1 resulted in the following stability

reguirement:

By < © R/a . (31)

The constant ¢ was taken as 0.82 for the single null configu-
ration and 0.77 for the double null. If a tentative design
point has a value of 68 larger than allowed by Eqg. (31), the

86 is taken as ¢ R/a for further calculations in the pressure
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algorithm. Thus the immediate consequence of violating Eq. (31)
is a reduction in plasma pressure., This reduction in pressure
is shown in Figure 4. This figure shows the pressure as a
function of a and h. The full lines show the pressures that
satisfy Eq. (31). The dotted lines show the pressure given

by Egs. (IV.C 15 and 17) Dbefore the 88 constraint described
here is applied. It is apparent from this figure that the

Be constraint has reduced the allowed plasma pressure over

the entire prescribed range of the parameters a and h.
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Fig. 4. Pressure carpets constrained (solid line) by 88
and unconstrained (dashed line) for the double null (upper pair)
and single null (lower pair) configuration.



l64

References
lprivate Communication, J. File to F. H. Tenney.
2J. M. Greene, J. L. Johnson, and K. E. Weimer, Tokamak
Equilibrium, Phys. Fluids 14, 671 (1971).

SW. R. Smythe, Static and Dynamic Electricity (McGraw-Hill

Book Company, Inc., New York, 1939) 1lst ed., p. 315.

4L. Spitzer, Jr., Physics of Fully Ionized Gases

(Interscience Publishers, New York, 1961) 2nd ed., Dp. 139,

5J. G. Cordey, W. G. F. Core, J. Sheffield, Calculation
of the Gain Factor @ in Two-Component Plasma Systems, Nuclear
Fusion 15, 755 {1975). (See Fig. 4 and discussion.)

6D. R. Sweetman, Ignition Conditions in Tokamak Experiments
and Role of Neutral Injection Heating, Nuclear Fusion 13, 157
(1973). (See Fig. 10.)

7P. H. Rutherford and D. F. Diichs, A Computer Model of
Radial Transport in Tokamaks, Nuclear Fusion 17, 565 (1977).
(See Eq. 14.)

8D. R. Cohn, R. R. Parker, D. L. Jassby, Characteristics
of High-Density Tokamak Ignition Reactors, Nuclear Fusion 16,
31 (1978); D. L. Jassby, D. R. Cohn, R. R. Parker, Reply to

"Comments on the Paper, 'Characteristics of High-Density

Tokamak Ignition Reactors'', Nuclear Fusion 16, 1045 (1976).



165

9J. A. Rome, J. D. Callen, J. F., Clarke, Neutral-Beam

Injection into a Tokamak: Part I: Fast Ton Spatial Distribution
for Tangential Injection, Nuclear Fusion 14, 141 (1974).

10A. C. Riviére, Penetration of Fast Hydogen Atoms into
a Fusion Reactor Plasma, Nuclear Fusion 11, 363 (1¢71); P. H.
Rutherford and D. F. Dlichs, A Computer Model of Radial
Transport in Tokamaks, Princeton Plasma Physics Laboratory

Report MATT-1272 (1976); J. A. Rome et al., op. cit.
11R. C. Grimm, J. M. Greene, and J. L. Johnson, Computation
of the Magnetohydrodynamic Spectrum in Axisymmetric Toroidal

Confinement Systems, Methods in Computational Physics, J. Killeen,

ed. (Academic Press, New York, 1976) Vol. 16, pp. 253-280.



166

G. Model for Computing Cost of Electricity
1. TIntroduction
The cost of electricity for a given power plant is
determined by balancing revenues with expenses on an annual

basis,

6C + O + F = eE (1)

where ¢ = annual fixed charge rate, yr—l

C = plant capital cost, $

0 = annual operating and maintenance
costs, $/yr

F = fuel cycle costs, $/yr

e = cost of electricity generated,
$/MW(edhr = mills/kW(e)hr

E = annual energy production, MW(e)hr
Rearranging, e = (¢C+0+F)/E (2)

This equation is the basis for wvarious approaches to
finding the hybrid plant that produces electricity at attractive
rates.

9 has been defined as 0.15 for this study. Current
projections of power costs available in the literature use ¢
in a‘range from 0.14 to 0.19. The sensitivity of costs of
electricity to ¢ are large.

Plant capital costs sum the individual cost components
described in Section IV.E.3. Operating costs include wall

replacement and normal operating and maintenance charges. Fuel
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cycele costs may be positive or negative depending on the amount
and value of fisgile fuel produced or consumed.

The annual energy produced is the product of plant
capacity factor and plant rated net output. For LWR's, this is
defined to be 6.57 x 10© MWhr per yvear, This figure models an
LWR of 1000 MW(e) rated net output operating with a plant
capacity factor of 0.75.

2. Nuclear Park

The calculation of the cost of hybrid generated
electricity is complicated by the fact that the cost depends
on the selling price of the bred fissile fuel. This dependency
occurs in the calculation of carrying charges for the hybrid
fuel cycle as well as the credit for the sale of fissile fuel
produced.

In this study the hybrid electricity costs are geherally
calculated as functions of an assumed price of bred fissile fuel,
This allows great flexibility in comparing the hybrid to other
fission and non-fission sources of energy. However, the fissle
fuel value must be chosen at some point in order to allow
discussion of a particular hybrid embedded in a given energy
system.

One solution to this problem is to formulate a
nuclear ''park" (or closed system) in which fissile fuel is
produced and consumed. Raw material enters in the form of tails

or natural uranium ore., Electricity is the only saleable
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product; its price is dependent upon the price of operating
the various units in the park.

The model consists of one hybrid power plant and N
fissile fuel consumers that in this study are assumed to be
light water reactors. (N is greater than zero and can have
fractional values). EFEach LWR is assumed to have an output of
1000 MW(e) at a capacity factor of 0.75. The value of N is
determined by the amount of fissile fuel produced: Gy = N * 350 kg
where Gp is the net fissile fuel (after reprocessing) bred in
the hybrid, and 350 kg represents the kilograms of fissile
species required as annual makeup by each LWR.

Other units of the model represent fabrication and
reprocessing units. Charges for these operations are incor-
porated via unit costs as described in Section IV.E.4.d.

By definition, in the nuclear park the price of
electricity is identical for both the hybrid and the LWR's.
Since fissile fuel is exchanged within the park, it also must
have ildentical values for both types of power plants. These
identities allow the writing of revenue balances for the park
as a whole as well as for the hybrid and LWR's individually.

In effect Eq, (1) is applied to the hybrid and to the
LWR, and the resulting pair of equations is used to solve for
the two unknowns, e, and the price of fissile fuel, f. The
following procedure is used to solve for e and £f.

For a given hybrid, capital costs are calculated

as described above. Capital costs for the LWR are specified to
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be $750/kWe. Hybrid annual fuel production and capacity
factor are calculated based on blanket and plasma performance.
Annual energy ocutputs for both hybrid and LWR's are calculated
using the fact of a linear relationship between e and f, as
described in the next section. Two arbitrary prices of fissile
fuel are assumed and the corresponding costs of electricity
calculated using fuel cycle costs for both the hybrid and the
LWR's as described above. From these calculated pairs of
numbers, the straight lines describing the economics of the
hybrid and the LWR are determined. The sought for values of

e and f are defined by the intersection of these two straight
lines.

Changing the character of the hybrid plasma, blanket, or
koth, necessarily changes the cogsts of electricity and fissile
fuel. Thus, a wide range of hybrid parameters can be examined
to determine the optimum product costs as well ags the mix of
fuel and power produced.

Since the model LWR's are essentially identical to
those fueled with enriched U-235, the park calculations can
also be used to determine the point of hybrid market penetration.
Assuming that the bred plutonium carries a value of 60 percent
of parity, one can readily calculate (for a given cost of
separative work and tails assay) the "shadow" price of natural
uranium feedstock to the enrichment process which would lead

to electricity at the same price.



3. "Best Hybrid" Model

The cost of hybrid-generated electricity, e, is a
Tunction of the selling price of the bred fisgile fuel, f.
According to the above economic model e turns out to be a linear
function of f.

The value of f enters into Egq. (1) of Section IV.G.1
through the fuel cycle costs, F, in two ways: the annual charge
associated with the investment in the initial blanket inventory
(Section IV.E.4.b.1) and the annual charge asgssociated with
the direct and indirect costs described in Sections IV.E.4.b.ii
and 4.b.iii. The direct and indirect costs can be written as
(al + a22f . GB £) where aj] and ay are independent of f and
where Gp is the net fissile fuel (after reprocessing) bred in
the hybrid. The quantity Ggf is the revenue from the sale of
fissile fuel and appears as a "credit'" in the fuel cycle '"costs'".
Thus we can write for F,

F=aj+ f(ag -~ Gg + ¢ ag) {(3)
where ag f is the initial investment in fissile fuel in the
blanket. Substituting Eq. (3) into Eg. (1) we have:

eE = @C + O + a1) + (ag + bpag ~ Gg)i, (4)

= b + s f. (5)

These equations display the linear relationship
between e and f for a given choice of hybrid plant design. The
plant design affects both the quantity, b, and the "slope", s,
in Eq. (5). In particular if Gp is large enough, s will be

negative, a situation we expect for designs with "low" values
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of blanket M and hence "high" values of blanket F. Such

designs are '"fuel producers" as compared to designs of '"power
producers'" which have high values of blanket M and hence low
values of blanket F. (It should be remembered ihat none of

the hybrid designs considered in this study has a net con-
sumption of either energy or fissile fuel.) The "power producers"
will have positive values of s.

Equation 5 is displayed in Figure 1 for several hybrid
designs taken from this study, each of which generates 3 GW of
gross electric power. For each value of f there is a "best"
hybrid in the sense that there is some hybrid design that produces
electricity for the smallest cost, e. The nature of this
"best hybrid" design changes as one considers different
values of f. (See Table I.) The set of "best hybrids" defines
a "best hybrid" envelope.

Also shown in Figure 1 is a straight line representing
Eq. (4) applied to a 1000 MW(e) light-water reactor (LWR).

The intersection of the LWR line with the line for a particular
hybrid design defines the values of e and f that would
characterize the economics of a nuclear park, in the sense of
the preceeding section, using this pair of reactor designs.

The '"best park solution" for the hybrid designs shown in Figure
1 would ve determined by the intersection of the LWR line

with the "best hybrid" envelope. This particular choice of
hybrid design will be simply referred to as 'the park solution"

(for 3 GW(e) gross) or '"the park hybrid".
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Fig. 1. Power cost vs. fissile fuel price for various
hybrid reactors and a light water reactor (LWR).
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4. Significance of the Park Model
The park model described in the preceding Section 2
assumes that the hybrid reactor and the fisgile fuel consumers,
exemplified by LWR's, are economically independent of each
other. The '"park solution" corresponds to the intersection
of the best hybrid envelope and the LWR line as shown by the
solid lines in Figure 2. The "park value" of fissile fuel,
fp, is just that value of f at which the hybrid reactor can
sell its produced fissile fuel to the LWR's such that both
enterprises can survive economically and at a common cost of
producing electricity, namely, the "park cost" of electricity,
ep-
If the LWR's can purchase fissile fuel, say U-235,
in a market at a cost corresponding to a plutonium price of
f < fp, then their cost of producing electricity will 5@ less
than e€p, and there will be no incentive to build the plutonium
producing hybrids. However, once the market value of fissle
fuel rises to where the corresponding price of plutonium
exceeds fp. there will be an incentive to build the hybrids
and convert the fissile fuel consumers to burn the hybrid product.
The costs of the hybrids in this study assume the
fertile material, U-238, to come from the tails of the
uranium enrichment industry and hence to have only a nominal cost.
Hence the park hybrid could keep the cost of electricity at €p

until the cheap supply of tails ran out and further mining of

natural uranium ore was needed. At such time the cost of the
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hybrid would increase, and the best hybrid envelope would
rise to higher values of e as indicated by the dotted best

hybrid envelope curve in Figure 2. The cost of producing

t

p and the value of fissile fuel

electricity would rise to e
would rise to fé.

The question arises of what happens to the cost of
electricity, e, if the economics of the hybrid reactor and
the fissile fuel consumers in the nuclear park are combined
so that the price of fissile fuel, £, can be treated as a
free parameter, simply a "bookkeeping quantity"”? Consider
an arbitrary value assigned to f and let the cost of pro-
ducing electricity be e for the hybrid reactor and e' for
the LWR where e # e' unlegs f = fp. If the annual guantity
of electricity produced is E units for best hybrid and E'
units for each of the N LWR's in the nuclear park, then
the combined cost, e, of producing the total annual production
of electricity is

eC = eF + e' NE' ]
E + NE (6)

Thus e, will lie between the best hybrid envelope and the
LWR Iine as shown in Figure 2.

Now the slope of the eC curve 1s everywhere positive.
To show this we write Eq. (5) twice, once for the hybrid
reactor and once, using primes, for the LWR reactor. Thus

eE =b + Sf ,
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and
e B' = Db' + §' f
Therefore
e, (E+ NE') = (b + Nb') + (S + NS') f.

Hence, using Eg. (4) we huave

de S + NS

e
af

= (u2 + Na‘z) + ¢ (a3 + NA’S) - (GB + NG’B).

But G'B is the annual makeup of fissile fuel required
by an LWR and hence as an algebraic quantity must be a negative

number. In fact, (GB + NG = 0. Since the a's are intrinsically

B
positive (they represent inventories of fissile fuel), we have
the desired result, dec/df > 0. It follows, therefore, that
raising f above Ip will resull in e, being greater than ep.
However, if f ig lowered below fp, the cost of electricity can
fall. In the limit of I = 0 we have e, = € as shown in Figure
2. (Since the best hybrids for f = 0 will probably produce very
little if any net fissile fuel, ey will probably approach €o,
the cost of electricity of the best hybrid for f = 0.} If the
selling price of electricity reflected the cost ey < €q, then
the operation ol the LWR's would in effect be subsidizing the
operation of the hybrid.

Beyond the scope of this study lie numerous considerations
implied by the use of the three curves: LWR, best hybrids, and
composite e, These include, as examples, the effects of subsi-
dies, tax policies, or collusion (causing artificial price floors)
on the possible accelerated development of hybrids. Among these

considerations is the minimum electricity price to be expected (el)

" -
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under the force of competition from pure fusion or a machine
hybrid/LWR symbicsis lacking any significant external plutonium
(or U233) market. In this case the internal exchange price of

Pu is somewhat arbitrary and could be forced to zero.
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H. Calculational Techniques

1. ZEconomic Subroutine-FUN

The modeling of the previous Sections, IV.B~F, culminates
with 1its implementation in the form of subroutine FUN. Many
of the equations generated by the modeling process translate in
a straightforward manner into computer coding. However, some
equations require more than a simple algebraic solution. In
these cases, the computational technique becomes interesting
in itself. TFor this and other reasons a brief discussion of the
subroutine FUN is presented below.

In this discussion the flow of the program as outlined
by the flow charts of Figures 1-4 is followed, as the calculational
sequence is very important. A quick survey of FUN's flowchart
reveals many possible points at which a calculation can be
terminated, denoted by a RETURN symbol. Only the very last
RETURN in Figure 4 is the result of a completely finished calcu-
lation of the cost of electricity, Pe. All other occurences of
RETURN signal an aborted calculation. The calculation is aborted
only upon violation of the barrier type constraints of Section IV.F.
Before any calculating is performed, the vector representation
of the variables is checked to see if it is an element of the
allowed 3-dimensicnal (WO, T, na/ne, a, h) domain. If the vector
is not an element of the domain, the subroutine calculation is
aborted. One step in the abort process is to print the reason
for the abort. 1In this instance, a violation of the lower/upper

bound constraint would be cited as the cause.
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Fig. 1. Tlow Chart of Subroutine FUN.
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Fig. 2. Flow Chart (cont'd).
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Fig. 3. Flow Chart (cont'd).
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The second imposition of a constraint subjects nt to
lower /upper bounds of constant value. It is important to realize
that any vector that attainsg this point in the calculation had
to survive the first constraint. If the first constraint is
violated, the second constraint is never checked, let alone
the remaining constraints. The possibility exists that one of
the other constraints is simultaneously violated. However, only
one constraint will be given as the reason for failure, the first
constraint violation encountered. This point is very important
when interpreting the various results presented in Section V.

The constraint hierarchies employed in the various modes of cal-
culation are summarized in Table I. The hierarchy of column A

is the same as the one appearing in the flowchart of Figures 1-4.
It is also used in the optimizer and mixed mode programs described
later ip this section. The hierarchy of column B is exclusively
used in the survey programs, also described later. The two forms
of the plasma confinement constraint refer to using a constant
value as a standard of comparison for the allowed nT (lst form)
or using variable forms of nt (2nd form) such as ntT DGCHS or nrt
Alcator. The "interesting constraint" of column B eliminates
uninteresting cases, e.g.,

Pe

| A
O

mills/kWh

P, > 3000 MW

Mp > 27.2

P> 999 mills/kWh
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Table I. The order in which the barrier type constraints are imposed.
Order Constraint Hierarchy
Imposed
A B
1 Lower /Upper Bound Constraint Lower /Upper Bound Constraint
2 The Plasma Confinement The Core Constraint
Constraint (lst form)
3 The Core Constraint The Plasma Current Constraint
4 The Plasma Current Constraint Neutral Beam Power Constraint
5 The Plasma Confinement Net Power Constraint
Constraint (2nd form)
3] Neutral Beam Power Constraint Blanket Performance Constraint
7 Net Power Constraint Interesting Constraint
8 Blanket Performance Constraint The Plasma Confinement

Constraint (all forms)
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Returning to the point where the calculation begins,
a decision is rendered as to what ratio of D and T densities
is to be used. The two choices are to specify nD/nT through
input or to let the code calculate the nD/nT ratio that maxi-
mizes the reactivity. All of the results reported in Section IV.I
used the latter alternative for determining nD/nT.

The calculation of the reactivity necessitates the
numerical evaluation of a 3-dimensional integral. Such a cal-
culation can consume prohibitive amounts of computer time 1if
it must be done frequently. During the design stages of sub-
routine FUN, several hundreds of calls to FUN, each requiring
a reactivity calculation, were envisioned to occcur within a
typical program. Consequently, a table of reaction raites at
ne = 1014 cmm3 was constructed to span the foresgseen ranges of
the variables, WO, nh/ne, nD/nT, and T. The entries in the
table were calculated at equally spaced intervals in these Tfour

variables. A functicon of the form given by Eqg. (1) is used

to interpolate bhetween data points in the table.

I}

f(w,x,v,2) fo + aqwW + azx + a3y - a4z + blwx + bzwy
XZ + b6yz + Clwxy (1)

+ bng + b,xy + b

4 5
+ Czwxz + ngyz + C4xyz + Dwxyz

2 2 2 2
eqws + €nX + e,y + €47

The coefficients of Eq. 1 are determined by requiring the function
to pass through the data at the 20 grid locations in Figure 5.

-

The interpclation is performed only within the 4-~-D cell of Figure 5.
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Fig. 5. Grid locations (numbered above) used in calculating
coefficients for interpolation formula of Eg. (6). The 4-D cell
in which the interpolation is performed is defined by all the
points except points 17, 18, 19 and 20.
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Farthermore, the points outside of this 4-D cell, e.g., point

18, must still be elements of the variable domain. Interpolation
throughout the variable domain is accomplished through the
construction of the additional 4-D cells necessary to span the
entire domain.

This interpolation scheme minimizeé the time spent in
computation of the reactivity. An acceptable tolerance of < 5%
was observed between calculated and interpolated reaction rates
at randomly chosen values of We nh/ne, nD/nT, and T. One
possible drawback of this interpolation scheme is that it is
piecemeal, i.e., different regions in the wvariable domain use
different coefficients in Eq. (1) and that continuity of the
reactivity is not preserved at the junctures of the different
interpolating regions. The repercussion of the loss of continuity
will be discussed later in this section.

Once the reactivity is in the form of Eq. (1), it
becomes a simple matter to determine the value of nD/nT for
which the reactivity is a maximum. The program then proceeds to
calculate the fusion power density, P’F; the beam power
density, P'B, absorbed by a cubic centimeter of plasma; and
the corresponding injection rates of D and T, JD and JT' respectively.
The particle and energy confinement time, Tp and To respectively,
are then calculated according to Eq. (IV.F 23) and Eg. AV.F 18),
respectively. The recycle current, JR’ is also calculated at
this time according to Eq. (IV.F 20). Since the calculation of
the alpha particle slowing down time, Tasd (see Eq. IV.B 1l1) reguires

the evaluation of an integral, a 3-~dimensional interpolation
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similar to that in the reactivity is performed for a table of
o . .
Tgg S 28 a function of nh/ne, T, and nD/nT for a density

14 -3

ne = 10 cm

With these calculations complete, the nt is quickly
checked to avoid dwelling on cases with grossly unreasonable
or uninteresting nt's,

The next task is to determine the electron density.
Two methods are offered for this purpose, and the choice of
method must be furnished as input to the subroutine FUN. One
choice is to require the equality condition of Eq. (IV.F 29)
to be met and then algebraically solve Eqs, (IV.F 29 and 30)
for 8. Upon substitution of Dy into Eg. (IV.B 8), the average
plasma pressure is then determined. The magnetic field necessary
to sustain the plasma pressure may in turn be determined depending
on the pressure formulation used through Eqs. (IV.C 15, 17 or
18) after replacing h with the quantity (28) in Egs. (IV.C 13
and 16). The resulting magnetic field is compared to a limiting
value of the field usually taken to be 16 tesla. If the calculated
magnetic field is lower than the limit, the code branches to a
point just preceding the checks on the plasma current, I, and
the current density, J, in the core. However, if the calculated
magnetic field exceeds the limit, then the density is determined
by the other method.

The second method for calculating the density is shown
in more detail (see Figures 1 and 2) than the first method as
it is the more commonly chosen. The method begins by assuming

the magnetic field to be at the limiting value. The density

is then determined by simultaneously solving Eg. (IV.B.8)
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and one of the following Egs. for the pressure, IV.C 15, 17 or 18).
The density is then checked to see that it satisfies the pene-
tration criterion of choice.

The penetration criterion to be employed (see TFigure 2)
is one of two types: strict (i.e., N=2) and relaxed (l.e., N>2),
{Other forms of penetration criteria may readily be substituted
for the two above due to the modular construction of the code.)

For those cases of Section IV.I denoted as "ripple injection,”
which corresponds to setting N = «, the penetration criterion
as coded in Figure 2 was simply removed.

For a penetration criterion of finite N, the violatiocn
of the criterion invokes a penalty type of constraint. The
penalty conditions shown in Figure 2 (a reduction in electron
density, n; magnetic field, B, in TF coils; and the plasma
current, I) are the penalties adopted during the generation of
the results of Section IV.I unless otherwise indicated. This
particular set of penalty conditions was chosen for the cost
benefit of reducing the B-field while preserving B and BG.

Upen finding satisfactery values of D, and B, the
plasma current, I, and the current density in the ohmic heating
coils, J, are each checked for possible violations of their
respective constraints. If either constraint is violated, the
calculation halts with the associated n-vector of variables
labeled as infeasible. If both constraints are met Satisfactorily,
the calculation progresses to its next stage.

Having established R, all those quantities that are a func
146 -

tion of n_ and were necessarily calculated previously at n_ = 10 m

e =
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are adjusted. These guantities include the fusion power density,

P%, and the beam power density, Pé. From them the wall load,
WL’ and the beam power, PB, emanating from the injectors may

be caliculated according to:

_ 14.06

L~ 17.56 ©

Y
F A

and

where

x = A/a(2R + a)
V = 2ﬂ2R a2

4n® (a + A)0.9R

=
1l

A, = 4n° (a + 4)0.96R |

and the various parameters are defined as

V = plasma volume

Alf wall area for single null configuration
AZE wall area for double null configuration
A = the scrapeoff thickness

A = mean free path for icnizing neutral beam

(see Eq. (30) of Section IV.F.)

The factor of 1 - e > appearing in Eq. (3) is an estimate of
the fraction of the neutral beam absorbed by the plasma along

a trajectory tangent to the plasma center. The fraction,

(2)

(3)

(4)

(5)

(6)

(7)
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14.06/17.56, appearing in Eq. (2) reflects the fact that the
bulk of the fuysion reactions are D-T reactions. The areas A1
and A2 are ideal areas and do not include missing areas for
beam ports and divertor apertures. These factors are included

in an effective wall coverage factor, Z:

2, =5 (1 + 2 (8)
and
. A, - 0.02 max (Pg,Pg.) - 21 Yah D, o)
2 Ai
where 1 = 1, 2, corresponding to single and double null configura-
tions,.respectively, and where
Dl = 2 (R - 1.95a) (10)
and
D, =4 R -a . (11)

The quantity pST is the minimum beam power that is necessary
to start up an ignited (nh/ne = 0) plasma. A value of 100 MW
has been assumed for PST during all subsequent calculations.
The effective wall coverage factor, Z, is related to Zw of Eq.

(IV.E 1) by

AT =T . (12)

Up to this point in the calculation no use has been made of the
specified gross electric power of the hybrid reactor. Now,
having found the power generated by the plasma, the required
blanket power is determined and hence from Eg. (IV.E 1), the

blanket mvltiplication, MB~ can be determined.
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Before proceeding with the calculation, the plasma
is subjected to one last round of constraints. The particle
confinement time, neTp’ required by the plasma is checked against
that which is envisioned as attainable, e.g., neTDﬂCHS' The
beam power, PB’ is compared to an estimate of the maximum beam
power, Pmax’ that can be physically injected into the device.
Also, the net electrical power generated, Pnet’ is checked for
a positive value. If any of the above checks yield a constraint
violation, then the case is labeled infeasible, and the cal-
culation is abandoned. However, if all constraints are met, then
the program proceeds, starting with a determination of further
characteristics of the blanket.

The blanket and those calculations pertinent to its
characterization are described in detail in Section IV.D.
However it is appropriate at this point to discuss one - facet,
the calculation of the net plutonium breeding, GB, and the plu-
tonium concentration, XPUX. Their determination requires a
double iteration (see Figure 3), One repercussion of such an
iterative scheme is the introduction of numerical noise into
the calculation. This will subsequently become important in the
ensuing optimization calculations. The search for an optimum
of a surface is complicated by the introduction of noise in
the definition of that surface. This subject will be discussed
later in this section.

Having determined the necessary blanket characteristics,

the blanket is subjected to a constraint upon the irradiation
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time, HLIFE, of the blanket. Should HLIFE be less than a year,
the case is termed infeasible and the calculation abandoned as
with all previous violations of the various constraints. Com-
pliance with this last constraint will yield a feasible machine.
The remainder of the calculation is devoted to the

economic analysis of the specified hybrid. The costing of most
of the hybrid components is rendered by analytic expressions
discussed in Section IV.E. However, one component of the reactor,
namely the T-F coils, requires an iteration to yield its cost,
since a snug fit of a D-shaped coil to the torus is desirable.
The crucial dimensions in the fitting process are the coil
height, H, and its width, w, given by

H= 5.5 (13)
for the single null design and for the double null design,

H= 5.5+ 1.5a | (14)

and for both designs,

W=R+a+d+Ly-h (15)

where LB is the width of the blanket. These formulae represent
minimum values. The formulae for H are empirical relations,
following from the plasma equilibrium study (Section IV.C), which
are judged to provide sufficient room for the divertor arms.

An analytic relation exists for calculating the height of a

tension free D-coil given the location of the inner leg, h, and

the outer leg, h + w, of the coii.1 A snug fit is then obtained
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by varying the coil width, w, as 1s portrayed in Figure 4 while
holding h constant. The iterative scheme halts when a coil

is fit to the torus within a specified tolerance. A snug fit
is interpreted to mean the calculated values of w and H are
very close to and yet exceed the required minimum values. In
practice, one of the calculated guantities, either w or h, will
be close to its corresponding required minimum value while the
other calculated value will far exceed its minimum required value.
The resulting "slack'" may seem to be disadvantageous. However
the alternative, a snugger fitting non-D-shaped coil requiring
the necessary support structure, appears no more attractive.

Upon obtaining a T-F coil design, the cost of the
magnets 1is calculated according to Eg. (IV.E 7). The subroutine
then proceeds to the ultimate calculation of the cost of electricity,
Pe’ as set forth in Seetions IV.E and G.

To briefly summarize the important features of sub-
routine FUN, the subroutine is designed as a quick, economical
computer calculation of the quantities of interest of a hybrid
design of specified gross electric power, especially Pe' This
has been facilitated in part by: the functional fitting of time
consuming calculations and an ordering of barrier constraints
such that a minimum of time is spent on infeasible designs.

2. Applications

A number of problems can be investigated with subroutine

FUN. The subroutine not only returns the price of electricity,
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Pe, but also such secondary quantities as the plant capital
cost, the amount of fuel bred, and neutron wall load to name a
few., The latter guantities would be of interest in designing
various experiments. In addition, that portion of the blanket
calculation wherein the D-T neutrons are utilized for breeding
fissile fuel and energy production may be bypassed. Thus, the
fusion core of the hybrid configuration could be examined upon
its own merits as a pure fusion reactor. However, resources
permitted only the investigation of the cost of generating
electricity from a hybrid reactor. To this end, several driver
programs were written as the agent calling for the services of
FUN. The driver programs fall into either of two categories:
individual and optimization.

a. Individual Programs

The individual category of driver programs consists
of two programs which investigate an individual hybrid design.
One program permits the full output of the calculations of sub-
routine FUN. The quantities reported included those secondary
quantities which are of interest in themselves but cannot be
printed for every call to FUN in order to avoid voluminous
output. These secondary guantities afford a detailed description
of a hybrid design as well as a detailed economic analysis.
The second program executes a sensitivity or perturbation analysis
of wvarious design parameters and model assumptions about a

particular design point.
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b, Optimization Programs

The optimization category of driver programs searches
a predefined parameter space for an optimum hybrid design.
The optimum is defined via a prescribed figure of merit. The
programs are very general in design, rendering them independent
of the choice of the figure of merit. Three separate figures
of merit are reported in Section IV.I, namely, the cost of
electricity, Pe; number of LWR's supported by the hybrid, NLWR;
and the capital cost, C.

Three programs constitute the optimization category.
Each program therein employs a different combination of optimization
techniques. Consequently, each program has a different range
of applications and a different degree of accuracy associated
with the calculated optimum. The three programs and their
respective results are henceforth referred to as the survey, the
optimizer, and the mixed mode,

i. Survey

The survey program performs, as its name suggests, a
survey of an entire 5-dimensional domain, defined as:

6 < T < 18 keV
1506 < WO < 300 keV
0.0 < hh/ne < 0.3
1.0 < a < 4 m

2.3 < h < 8.0 m .
The figure of merit, usually the cost of electricity, Pe, is

calculated for an assumed fissile fuel price, FFP’ at each
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point in a grid whose locations are given in Table II. There
are 21,504 distinct 5-vectors (grid points) in such a survey.
The optimum (or grid point producing the minimum Pe) is then
found by reviewing the values of Pe.

ii. Optimizer

The optimizer represents an algorithm for the applica-
tion of a series of highly specialized optimization techniques.
Both the techniques and the prescription for their application
are of sufficient interest to warrant devoting a separate report to
their detailed description.2 For the purposes of this report,
the optimizer is viewed only as a tool for minimizing Peh How-
ever since the means for attaining the result has some bearing
upon the result, a rudimentary description of the algorithm will
be given here. Tor a more detailed discussion, the reader is
referred to Ref. 2.

The optimization process is predominately performed
by variations of the following three techniques: 'random shrinkage,"
"steepest-descent," and "adaptive creeping.' to employ the
terminology of Ref. 3. The order in which the techniques were
listed above is precisely the order in which they are applied.
The "random shrinkage” technique is a global optimization tech-
nique whereas the '"steepest-descent" and "adaptive creeping"
techniques are local in nature. The "random shrinkage" technique
involves a random sampling of a specified region. During various
stages of the sampling process, the area of the region being
sampled may be reduced so as to eliminate those regions least

likely to contain the optimum. After many such reductions in
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area, a final region will be attained which ideally contains
the optimum. Then the local techniques are invoked. First,
the "'steepest-descent'" technique follows the gradient toward
the optimum from the location of the "best" sample found during
the "random shrinkage" technique. The steepest~descent technique
is sufficient to reach the optimum unless constraints are
encountered on one or more of the guantities that determine Pe‘
When a constraint boundary is encountered, the "adaptive creeping"”
technique is necessarily employed to continue the search for
the optimum along the boundary.

iii. Mixed Mode

The third driver, the mixed mode program, is a mixture
of the previous two driver programs. Over a subset of the five
variables upon which the optimization is to be performed, a
survey 1s performed. At each grid location of this survey, the
optimizer program is employed to find the optimum in the remaining
free variables. The optimum in all variables is then deduced
from the optima in the free variables generated at the grid
locations of the survey.

iv. Discussion

Each of the driver programs of the optimization cate-
gory has its merits as well as its limitations. It is important
to keep in mind that each driver program yields, as its result,

an approximation to the optimum hybrid. Associated with each

driver, then, is a degree of accuracy. Without knowing the
optimum, the accuracy of the approximation must in turn also be

approximated.
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The accuracy of the survey relative to the optimizer
may be gauged by performing the same task with each. Since
the dependence of the price of electricitiy charged by the optimum
hybrid, Pe' as a function of figsile fuel price, FFP’ is one of
the more frequently reported results of Section V., it is used
as a '"benchmark" calculation. The "benchmark! consists of the
caleculation of the optimum Pe (in 5 variables) at seven values of

F namely: 25, 50, 75, 100, 125, 150, 175 $/kg. The results

Fp-
of the survey and the optimizer for such a "benchmark" calculation
are displayed in Figure 6 for a hybrid reactor of 3 GW gross elec-
tric power. In order to further gauge the accuracy of the opti-
mizer, it was rerun with twice as many functional evaluations of
FUN employed in the sampling process. These results appear as x's
in Figure 6. Additional information can be obtained by utilizing
the linear relationship between Pe and FFP for a given hybrid
design. This information is plotted as the '"best guess'" curve

in Figure 6. From the figure it can be concluded that the survey
is accurate to within ~ 30% from the known optimum, whereas the
optimum is accurate to within less than 1%.

There is also an accuracy associated with the locations
of the optimum hybrid in the parameter space of the Tive variables.
The accuracy of the locations of these optima is difficult to
assess because of the nature of the Pe function. The hyper-
surface defined by Pe possesses multiple local optima which may
be of nearly equal value but he located far apart in the 5-vector
space, However, the accuracy of the location may be inferred

by comparing the 5-vector locations for the survey's optima
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(see Table III) with those from the optimizer (see Table IV).
These tables reveal that the locations in nh/ne display the
largest percent variation, as much as 2400%. However, the
variance in the other variables is < 26%.

The mixed mode calculation does not readily lend
itself to the type of calculation necessary for the "benchmark'™.
However, results at a particular value of FFP = 86,5 are manage-
able and appear in Table V, The table is arranged to display
Pe at each grid location in a and h. In addition the value of
the optimum's free variables, T, WO, and nh/ne, which are
determined by the optimizer, are displayed about each Pe. These

mixed mode results are to be compared to the following result

from the optimizer:

Minimum 5-vector location of minimum
Pe T W nh/ne a h
36.87 6.0964 168.47 0.0018437 2.8385 7.4919

The agreement in Pe’ T, WO and nh/ne is guite goocd. In order

to improve upon the accuracy in the variables, a and h, the
"steepest-descent" and the "adaptive creeping'technigues of

the optimizer can be applied with the results of Table V serviag
as starting locations. The results of such applications are
presented in Table VI for four starting locations from Table V
which bracket the optimizer result. The fourth entry of Table VI
represents an improvement over the optimizer of 0.6% in Pe and
variation in the 5-vector of < 6%, except for an nh/ne which

is ~ 18%. As the fourth entry of Table VI is the '"best' resuit

obtained, the above discrepancies are adopted as the accuracy
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Table III. Survey Results of the Minimum Cost of Electricity
Calculated at Various Values of FFP

S5-—vector location of minimum Minimum
Frp T W nh/Ne a h Pe
25 8 150 .075 2.0 4.7 38.9
50 8 150 . 075 2.0 4.7 41,0
75 | 7| 183 .010 2.4| 6.9 42.0
100 7 200 . 010 2.8 5.8 42,3
125 7 200 010 2.8 5.8 41,5
150 7 200 . 010 2.8 6.9 40.2
175 9 166 . 030 2.8 5.8 37.5




Table IV. Search Algorithm Results of the Minimum Price of
Electricity Calculated at Various Values of Fgp.
5-vector location of minimum Minimum

Fpp T W np/Ne a h Pe

25 6.04 150 .0412 2.43 .58 38.2
50 6.15 176 .0030 2.863 .41 38.5
75 6.25 175 .0026 2.91 .03 37.7

100 6.21 176 .0024 2.99 .89 36.3

125 6.15 164 L0017 2.95 .71 33.9

150 6.08 162 . 0015 3.00 .80- 31.6

175 6.47 157 .0022 2.91 .89 29.5

205
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Table VI. The Results of an Application of the Ascent Phase of
the Search Algorithm to Four Starting Locations
Taken from Table V.
5-vector location
Start Minimum T LS ny/Ne a h
Pe
(2.8,8.0) 36.81 6.1592 162.51 .0019592 2.8000 8.0000
(3.2,6.9) 36.75 6.0022 179.27 .0018814 3.9846 6.8129
(2.8,6.9) 37.15 6.4887 164,73 . 0028804 2.8000 7.5900
(3.2,8.0) 36.45 6,0217 i62.71 .0015549 2.8800 8.0000
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of the optimizer. The only conclusion that can be drawn about
the accuracy of the mixed mode program is that it is more
accurate than the optimizer. So far, only the accuracy of the
three optimization programs has been discussed. From these
discussions the mixed mode driver program would be concluded

as the program of choice for all calculations. However, other
factors are involved in such a decision, such as calculational
cost and amount of useful information to be gained. The
calculational costs, in terms of the number of calls to sub-
routine FUN for the survey and optimizer curves of Figure 6,
are 43,008 and 875,000, respectively. The survey makes so many
fewer calls to FUN in part because the survey can take advantage
of the fact that each hybrid need be evaluated at only two
values of Fpp in order to determine its Pg at any Fyp. Basic
differences in the optimization techniques used by the two
programs contribute to the remaining disparity in calls to FUN.
The survey's principal drawback is its inaccuracy in estimating
the optimum,. Its accuracy cannot be improved efficiently by
increasing the number of grid points. However, for gauging

the general nature of the effects of changing parameters, the
survey is deemed adeguate. Tor subtler effects the optimizer
is preferable. One such large effect that can he investigated
with the survey is the choice of the nt constraint. Because of
the constraint heirachy applied to the survey, different nrt
constraints may be imposed upon the same design points, thereby

sparing their unnecessarily repeated calculations. This proves
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to be an additional advantage in using the survey.

As for the mixed mode program, the number of calls
to FUN in order to generate Tables V and VI are 2,288,880 and
2,292,880, respectively. Such large numbers of functional
evaluations make the mixed mode program unattractive for
repeated applications. However, the mixed mode program
returns the largest quantity of highly accurate information
of all three optimization programs. The a-h carpet of Pe
shown in Table V reveals much information about the effect
of changing the size of a hybrid. In addition, the nature
of the Pe function is partially revealed in this table. Two
distinet valleys are present in the Pe carpet. One valley
stretches from the (a,h) location of (4.0, 5.8) to (2.8, 8.0),
while the other, shorter one goes from (2.4, 3.8) to (2.0, 4.7y,
Such behavior gives rise to multiple local optima, which can be
very difficult to allow for from the optimization point of
view. Further evidence of the existence of multiple local
optima is revealed by following the value of Wo as a function
of a for fixed h = 5.8 in Table V. The fact that application
of the "steepest descent" and "adaptive creeping” techniques
to four starting locations from Table V did not converge upon
a unique optimum, but rather yields the four distinct optima
of Table VI is also indicative of multiple local optima.

The constraints of Section IV.F are largely
responsible for the multiplie optima phenomena. Evidence‘of this

can be seen by examining the sensitivity of an optimizer result
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to variations in the 5-vector (see Table VII). The nrt
constraint is observed to bound the optimum's location in
all directions but one, a formation in five-parameter space
analogous to a finger or peninsula.

In conclusion, the constraints and hence the
multiple local optima phenomenon complicate the optimization
calculations. The survey calculations are excellent for
gauging broad trends while the optimizer is regquired for
more detailed investigations. The mixed mode is an
excellent means of measuring the accuracy of the previous
two programs. Also, it provides much useful information
about the functional dependence of Py although it is of
limited practicality because of the large amount of computer
time required. Furthermore, when undertaking a systems study
of hybrids (or any form of fusion device) some form of global
optimization must be performed due to the presence of several
optima, closely related in value yet located far afield from

cach other in parameter space.



211

Table VII. The sensitivity of the "Nominal" machine to
perturbations in the six-vector.

2% Decrease 2% Tncrease
"NOMINALY
MACHINE* Constraint Constraint
VARTABLES P Violated P Violated
ell eH
P =3 GW 37.1 - 36.1 -
T = 6.1 keV 37.1%% nt 36.2 nTt
WO = 168 keV 36.5 nr 36.6 nt
nH/ne = 0.00184 36.5 nt 36.6 nt
a = 294 cm 36.5 nt 36.7 nT
h = 749 ¢m 36.4 nTt 36.7 -

*%T was decreased to 6 keV.

* PeH = 36.6 for "Nominal'' Machine.
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V. Results of the Systems Analysis

A, Introduction

The results of this study derive from two styles of
calculations, the '"survey" style and the "optimization" style.
These different styles of calculation have been described in
Section IV.H. Most of the results are based on the survey cal-
culations. The survey calculations scan over the six-dimensional
parameter space by means of all the possible six vectors whose
coordinates can be found in Table I.

The choice of values for the hybrid gross electric
power, Pg, was based on early calculations which indicated that
the cost of electricity for Pg < 2 GW would be too high to be
of interest; the upper 1limit of 10 GW is probably excessive from
the point of view of public utilities, but provides a large
enough increase over 2 GW to reveal whatever advantages may lie
in largeness of plant size. The choice of Pg itself as a parame-
ter was also made as a result of early calculations that indicated
that the cheapest electricity would be made by plants with the
largest gross electric power rating. The gross electric power
was selected as a parameter rather than the net electric power be-
cause the cost of the balance of plant is taken to be a function
of only the gross electric power and, since the balance of plant
cost dominates the capital cost of the plant, by fixing the gross
electric power level one is roughly fixing the overall capital
cost of the plant. It was felt that this correlation might be

useful in evaluating the calculated data.
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Table I. Survey Parameters

P, (GW(e)) 2 3 4 6 10
T, (keV) 6 7 8 9 10.5 12 15 18
W, (KV) 150 166 183 200 225 250 300

n,/n, 0.0 0.0l 0.03 0.05 0.075 0.1 0.2 0.3
a (m) 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0
ho(m) 2.5 3.6 4.7 5.8 6.9 8.0

[(R (m) ranges from (7.34) for a = 1.2 to (18.30) for a = 4.0 (single nul:
(6.10) (14.40) (double nul

as determined from scaling shown in Figures IV.C-1 and 2}

Total No. of 6-vectors = 107,520.
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The "results" of this study are those hybrids that
produce the cheapest electricity consistent with a selected set
of constraints. Explorations have been made with different
criteria for: energy or particle confinement by the plasma,
peam penetration, blanket performance, pressure scaling,
pressure profile, and for both single null and double null
poloidal field divertor configurations. The "standard hybrids"
are those for which: the particle confinement time was limited
by the trapped electron mode of transport (Eq. (25) of Section IV.F},
the beam penetration varied according to Edq. (29) of Section IV.F,
the blanket performed as described in Section IV.D, and the
pressure scaled according to Eg. (IV.C 15 or 17) with the profile
factor, o, equal to 2.

Most of the results presented are for the single nuil
configuration. The double null results will be specifically
labeled.

B, Survey Results

Survey results for the "best standard hybrids" are shown
in Figure 1. The '"best hybrids" are described in Section IV.G.3
and represent those hybrid designs that produce the cheapest
electricity for sale for a given fissile fuel price, f, and a
given gross electric power production. The projected economics
of a plutonium-fueled, 1 GW(e) net LWR is shown by the straight
line. The intersections of the LWR line and the "best hybrid"”
curves define the '"park solutions' and are labeled by the number
of LWR's supported in each park. Present day economics place

‘'the present time" at an f-value of about $25/g of Pu.
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Fig. 1. Cost of electricity for Standard Best Hybrid
Reactors., (Survey Data.)
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The hybrid design varies as one proceeds along a
"hest hybrid' curve from low values of f to high values. Table II
displays some features of the best hybrid of 3 GW(e) gross.
Their variation as a function of f is typical of best hybrids
of all gross power levels. We note in particular for low values
of £, M is high, so very little net figssile fuel is produced as
shown by the near zero value for NLWR. Ag fissile fuel becomes
more valuable, the hybrid design shifts from high blanket muliti-
plication to low blanket muitiplication. This shift in M produces
more fissile fuel for sale, as shown by the increase in NLWR,
and requires less fissile fuel to be used in the blanket to
facilitate energy production.

We also note from Table II that for increasing f, the
guantities Pnet‘ Peo and AT undergo only small changes, H/T
increases, and a and R produce at first a '"small” machine and
then a "large' machine. We also note that B8 = 0.82 R/a for all
values of f. Thus the plasma pressure is being limited by the
8e constraint (see Section IV.F.7).

The 3 GW(e) gross park solution (see Figure 1) has a
value of f that falls between 100 and 125 $/g and a blanket
multiplication of M = 11.1. Although this "park hybrid" design
calls for considerable net fissile fuel production, it does not
csll for either extreme, the maximum or minimum fuel production

possible.
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For park hybrids we have the following correlation.

Pg: 2 3 4 6 10 GW(e) gross
M: 8.9 11.1 Q.7 14.8 23.8
(Pnet + NLWR): 6.1 6.5 10.5 9.4 10.0 GW(e) net

T . 7.0 7.0 8.0 5. 8.0 keV

e 0
WO: 183.0 200.0 166.0 166.0 166.0 kV
6

2.4 2.8 3.6 3. 4.0 m
R: 14.1 13.8 15.3 15.3 16.1 m
H/T: 0.01 0.01 0.01 0.01 0.01

Thus for hybrids of > 6 GW(e) gross the design is that of a
power producer. In contrast, the 2 GW(e) gross park hybrid pro-
duces about the maximum quantity of fissile fuel possible for
its size plant and most of the power produced by the park is
produced by the LWR's.

The general shape of the best hybrid curves in Figure 1
reflects variation in blanket performance. As describéd in
Section IV.G.3 for a given hybrid design the cost of electricity,
e, as a function of f will slope upward if the net fissile fuel
production, GB, is small enough. An upward slope reflects the
inability of the revenue derived from the sale of fissile fuel
to offset both the initial cost and the fuel cycle costs assoclated
with the inventory of fissile fuel in the blanket. Hybrid designs
with low values of M produce large values of GB’ require low
inventories of fissile fuel and hence will have downward sloping
costs of electricity as a function of f. The values of M for

which the slope of the best hybrid curves vanishes lie bétween

12 and 18.
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Two final remarks about Figure 1. First, the 6 GW
park hybrid is almost competitive with today's market (the
use of plutonium aside). Second, extensive quantities of
UBOS are deemed available at prices in excess of 180 $/1b,
and consequently park hybrids that reguire USOS prices in
excess of this figure in order to be economically
attractive may not become attractive for several centuries.
In other words, in order for park hybrids to be of interest
within, say, fifty years, the park value of f should fall
below something like 80 $/g. It appears from Figure 1 that
the power rating of such '"near term" park hybrids could not
fall much below the 4 GW(e) gross level. Modifications of
the "standard hybrid" design to be described below will
ameliorate this last statement to some extent.

1. 8izme of Machine

In Figure 2 are shown the equivalent circular cross
sections of some of the "best standard hybrids'". For each
gross power level there seem to be only two sizes of machines
as mentioned above. The transition from the "small'" size
to the "large" size machine is correlated with the value
of £ for which de/df = 0 and, in turn, the bending of the
best hybrid curves from positive to negative slope is correlated
with the blanket multiplication falling from "high' values
to "low" values. For example, compare the data in Table II
for £ = 50 and 100 $/g.

To explain this shift in size, in fact to explain the

size of the best hybrids at all, involves the economic
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comparison of one hybrid design against another design. This
comparison and selection is what the computer code does and to
reproduce the comparison verbally would not shed light. However
we can go part way in explanation.

The best hybrid curves are, by construction, curves
of constant gross electric power, Pg. Now Pg ig given by the
following expression (that can be derived from the power flow

shown in Figure IV.B.1).

P =

o ntPi (1 + 0.2Q + 0.8QM) . (1)

Quite generally the last term in Eq. (1) dominates the other
two so that to a good approximation we have for each best

hybrid curve the relation,

Pg 3 PiQM,Qj constant . (2)

Furthermore the fusion power density in the plasma, Pges is
just PiQ/V where V i1s the plasma volume. Thus each best hybrid

curve is well characterized by the relation,

Lo
A

V'p,M A constant . (

Noting that Py is relatively insensitive to f, as shown in
Table II, one would then expect from the relation (3) to find

vV M o~ constant along a best hybrid curve, as is indeed the case.



The economics thus affects the physical size of the machine
in basically two ways: selecting the value of M and setting
the size of P

The economic choices resulting in the best hybrids
can only operate on the hybrids that survive the imposed
"barrier type' constraints (see Section IV.F). The limitations
on size due to the core consgstraint (Section IV.F.1) and the
bianket performance (M) constraint (Section IV.F.4) are shown in
Figure 3. In this figure the full line and dashed line
circles display given values of R and a that cannot be used in
the full calculation of reactor economics. All possible
reactors surveyed for these values of R and a are in violation
of one or the other of the above two constraints. For example,
all possible (6 x 448 = 2688) 2 GW(e) gross machines in the
survey with a = 1.2m are so denied. Of these machines_with
minimum R = 7.34 m (there are 448), 86% are denied by virtue
of the M constraint and the rest by virtue of the core constraint.
For a = 2.4 m and greater, all the 2 GW machines that have minimum
survey values of R are denied by virtue of the core constraint.
Since the core constraint is independent of the gross electric
power level, Pg, rejection via the core constraint at the Z GW
level will be applicable to machines at all power levels. On
the other hand, the blanket performance constraint is sensitive
to Pg. For the small size 2 GW machines, the M constraint

reflects the inability for the blanket to produce a large enough
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value of M (consistent with the blanket F > 0) to meet the
required value of Pg. Since Pg is an independent parameter,
this limitation on blanket performance will be true for values
of Pg> 2 GW(e) as well. DNote, however, that for Pg > 2 GW(e)
machines of larger size will fail to satisfy the M constraint
for the same reason. The unusable sizes at the 3, 4, 6, and
10 GW(e) levels are shown by dashed circles. (The sizes

shown by the dotted circles are not totally denied but gsimply
show the maximum size machines available in the survey for

the given values of a.)

Tor values of R and a not displayed by the full and
dashed line circles in Figure 3 there is at least one machine
in the survey that survives all the imposed barrier type
constraints and is then subjected to economic evaluation. It
igs from among these machines that the '"best hybrids" are
selected.

The pressure "carpet' is shown in Figure 3a. The
“unusable' regions for Pg = 3 and 4 GW(e) are given. Also
depicted are the location of several best hybrids. We make
several obervations. First, the pattern of pressures shows
that p does not take on extremal values either in an absolute
sense or for a fixed value of "h" or a fixed value of "a"
Second, the pattern of pressure is different for both different
values of Pg and different formulations of the 0 Tpgy criteria.
Furthermore, the penetration index is very nearly 1.0 for the
3 GW standard hybrids, as shown in Table II, but is a little

above 1.0 for the 4 GW standard hybrids and in the range of
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.5-.8 for the hybrids constrained to have nTp < 5 X 1013 sec—-cm

3 .
Thus the best hybrids are economically determined not to operate
at either an extreme pressure or always at a penetration limiting
pressure.

The size of the best hybrid is not sharply defined.
The meaning of this remark is revealed by examination of Tables
I1Ia and IIIb. ©Each of these tables is a matrix of entries, the
row and column of each entry corresponding to a particular choice
of h and a, respectively. The asterisks correspond to the denied
values of R and a illustrated in Figure 3. These tables are
called "e carpets'. They display the cheapest price of electricity,
e (mills/kWn), generated by hybrid reactors with a given value
of a and h. These tables are calculated for Pg = 3 GW(e) and
for an assumed price of fissile fuel, f, as indicated. The best
hybrid for £ = 50 $/g is found in Table IIIa with e = 41.0 mills/kWh
and at a value of a = 2.0 m and h = 4.7 m (R = 11.1 m)., This
result is also evident in Figures 1 and 2.

We shall designate a particular location in the "carpet"
matrix in a conventional manner by specifying an ordered pair
of integers, the first integer labeling the row and the second,
the column. Thus the above best hybrid is located at (3,3).
We note e equals 41.8 at (2,4) and 41.8 at (3,4). These two
nybrids are somewhat different in size, but their value of e is
less than 2% different from that of the ''best hybrid"”. We also
note at location (6,4) e = 41.4, a mere 1% higher than for the
best hybrid, but having a = 2.4m and h = 8.0m (R = 15.18m) - a

substantial difference in size from that of the best hybrid.
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Turning to Table IIIb we see the same lack of sharp
definition of the size of the best hybrid. The best hybrid is
at (4,5) with e = 42,3 mills/kWh, a = 2.8m, and h = 5.8m
(R = 13.76m). Around the best hybrid and extending somewhat
diagonally through the matrix are hybrids with values of e
not far from 42.3. Hybrids with values of e no more than 43.7
can be found between locations (3,7) (h = 4.7m, (R = 14.22m),
and a = 3.6m) and (6,4) (h = 8.0m (R = 15.1lm) and a = 2.4m).
Although the values of R are similar, the values of a are
guite different, and so is the volume of the plasma. On the
other hand, the values of e at the ‘'corners” of the carpet
are indeed substantially higher than 42.3. Thus one can imagine
a certain variation in size of the hybrid reactors without
sustaining much of a penalty in increased cost of electricity,
but such variation in size is not arbitrary. In this sense,
then, we say the size of the best hybrid is not sharply defined.

The principal advantage of the carpet presentation
is that it well displays the effect on the tabulated guantity of
selecting different size machines. What is clear from the e
carpet is that economics has not selected the smallest size
machine available nor the largest.

To indicate the nature of the different hybrids that
make up the e carpets of Table III, consgider Tables IV, V,
and VI displaying, respectively, carpets for the plasma tem-
perature, Te, the ratic of hot to thermal densities, H/T,
and the deutercon injection energy, WO. From these tables the
complete 6-vector for each hybrid reactor is specified. To

restate, these are "standard" hybrids (see introduction to this

Section) operating at 3 GW(e) gross. Their economics are
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evaluated for a chosen price of fissile fuel. These hybrids

are selected by a process that first specified h and a and then
calculates the value of e for all values of Te’ H/T, and WO

used in the survey. The parameters of these hybrids that produce
the lowest value of e appear in the carpets. The hybrid producing
the lowest value of e in an entire carpet is designated a 'best
hybrid'".

From examination of Tables III through VI it is evident
that the economic selection produces a variation in all the five
components of the 6-vector that are allowed to vary. For example,
the change in economics due to f changing from 50 $/g to 100 $/g
moves the "location" of the best hybrid from (3,3) to (4,5) and
in so doing the values of Te, H/T, and WO also undergo a change.
Therefore if one restricts the variation in parameters, in effect
reducing the dimensionality of the economic analysis, one can
arrive at substantially different conclusions as to the speci-
fication of the most attractive hybrid reactor.

Turning to "park hybrids" we present in Table VII
an e carpet for 3 GW(e) gross park hybrid reactors together with
the carpet of associated park fissile fuel prices. We note
the lowest value for e appears at (4,5) with an associated
value for f of 110.3 $/g. This "point' appears in Figure 1 as
well., In fact, the "points" for these two carpets all fall, by

construction, on the straight line for the LWR in this figure.
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The above "best park hybrid" coincides with the
"hest hybrid" one would expect to find for f = 110.3 $/g.
Since the park value of f is so close to 100 §/g, 1t is not
surprising to find that the 6-vector for the "best park hybrid"”
coincides, for the survey, with the 6-vector of the "hest
hybrid” for f = 100 $/g as displayed in Table III.

We note that the pattern of e in Table VII is
similar to the pattern in Table IIIb although there are
differences in the values of e at the same lccations on the
carpets. These differences again point up the importance of
allowing many parameters to vary at once.

It is clear from Table VII that the economics has
not selected the smallest size park hybrid available.

2. Variation of Constraints

Survey calculations were made for variations in the
physically achievable confinement, N, Tpgys and the pressure
scaling. In addition, survey calculations were made for a
"gtandard' (see Section II1) double null configuration.

a. Variati fine
tion of Confinement Parameter, Do Ty

The product n_ 7 was varied in three ways. The

e PHY
first method was to scale the 'standard" value for Tp, as given
by Eg. IV.F. 25, up and down by a factor of 10. The results on
the cost of electricity, e, are shown in Figure 4 for several
values of Pg. For the 1/10 scaling the data for the 3 GW(e) gross

best hybrids are off scale, and there are no 2 GW(e) gross

machines in the survey that survive this constraint. The results
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Fig. 4. The cost of electricity for different assumptions
for the plasma confinement parameter nt. The quantity {(nt), is
the confinement parameter calculated using the trapped electron
mode of particle transport described by Eq. (25) of Section IV.F.
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for the 10 GW(e) gross hybrids for both the standard and 10x
etandard scaling should be treated with some reservation because
in many cases both R and a for the "best hybrids" are at their
maximum available values.

The second way N, Tpyy Was varied was to take

neTPHY ag constant:

Delpgy = Belp = 5 % 1013 sec cm—3 . (4)

The results on the cost of electricity are shown in Filgure 5
together with the curves for the standard hybrids for comparison.
Also in this figure are the results for the third way of
varying N, Tpygy which was to adopt the so-called "Alcator
scaling” as given by Eq. (IV,.F.28)., We note that this scaling
pilaces a requirement on T, rather than on Tp- The sizes of the
park hybrids for these variations in the 0, Tpry criterion are
shown in Figure 5a.

These results reflect a profound sensitivity of the
cost of electricity to the confinement constraint.

Consider the effect of scaling the standard value of
Tp shown in Figure 4. The cost of electricity is inversely
correlated to the scaling factor, the lower the realizable
confinement, the higher the cost of electricity. This result is
understood in the following way. For a given level of Pg there

is a strong correlation between the cost of electricity, e, and
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Pnet: the higher Pnet’ the lower is e. Now pnet is given by
the following expression (which can be derived from the power

flow shown in Figure IV.B.1)

v,
1

et P, [0.9-P, . (5)

i"g

In view of the correlation between Pnet and e, we see by Eq. (5)
that the lowest values of e will be associated with the lowest
values of (Pi/ni), which is the circulating power reguired to
drive the injectors. Although this power depends on the injector
efficiency, that in turn depends on WO (see Section IV.E.1}, the
most sensitive quantity in determining pnet is Pi.

Now a decrease in the confinement capability of the
plasma will reguire an increase in the power density per plasma
particle delivered to the plasma by both the neutral beams and
the alpha particles that result from fusion events. The
increase in power density can be accomplished by increasing the
beam power, Pi, to the detriment of Pnet and e, or by decreasing
the volume of plasma while keeping Pi and hence Pnet essentially
fixed. The experience of the survey calculations is that both
effects occur. These effects are illustrated in Tables VIII,

IX and X. The first three lines of these tables show the effects
of scaling the standard D, Tpyy (trapped electron mode transport)
by factors of 1/10, 1, and 10. We see that the better the
confinement, the smaller the total beam power (Ignitién of

the tokamak plasma is reached for Pi = 0.), the larger the net
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power and the lower the cost of electricity. The fusion power
density also falls monotonically as the confinement improves
and, with the exception of the example of Pg = 3 GW and a
scaling of 1/10 (line 1, Table VIII), the volume monotonically
increases.

The cost of electricity is not correlated with the
absclute value of Do Tppy alone. As evidenced by lines 2 and
4 of Table IX, nearly identical values of e are produced at
quite different values of nt. Comparing the corresponding curves
in Figure 5 (4 GW), the shapes are different indicating that
the cholce of the best hybrid is affected by the functional
dependence of N, pypy ©OO8 various physical parameters as well as
the actual value of N Tpyy

Generally the Alcator scaling produces economic
results similar to the x10 scaling of the standard N Tpgy: but
produces somewhat larger machines. '

A further observation in regard to the nt constraint:
The results of the scaling of the standard 0. Tpgy by factors
of 1/10, 1, and 10 support the general statement that for a
given formulation of the nt constraint in terms of a functional
dependence on various parameters, a numerical scaling of the
nT constraint to increase its value will result in a lowering
of the cost of electricity. This effect accounts for the
observation that the nt values required by the best hybrids of
the survey always lie close to the allowed value of nrt. {(Compare
ATy and nt in Tables VIII, IX, and X.) For the optimized

results discussed below in Section C the regquired values of nt
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are nearly identical with the constraint values. The general
conclusion, then, is that the best hybrids are characterized by
the highest value of neTpHY attainable consistent with other
constraints. In still other words, the best hybrids "try to
ignite'.

b, The pnet < 0 Constraint

All the survey examples (6-vectors) that led to Pnet
< 0 required an economic subsidy (e < 0) for values of f < 200 S/,
The park solution for such hybrids oceurred for values of f in
the several hundred $/g range. Thus the constraint pnet > 0 is
Jjudged to be a necessary condition for attractive hybrid
economics.

c. Variation of Pressure Scaling

Survey calculations were made with the pressure
limits. given by Eq. (IV.C - 15), multiplied by y10 and 1/y/10.
These calculations were made only for gross power levels of 3
and 4 GW. The resulting best hybrid curves are presented in
Figure 6. The increase in the cost of electricity was
anticipated for a decrease in the pressure limit but not for
the increase as well. This effect was investigated using the
optimization style of calculation and will be further discussed
below in Section 2.c and 2.e. We simply observe here
that the reduction in pressure limit does not produce a park

hybrid for £ < 200 $/gm. These results are therefore completely

unattractive from an economic point of view.
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The physical size of the best hybrids is shown in Figure 7.
The size of the best hybrid is guite sensitive to the pressure
scaling., For the 1/ V10 scaling the size reaches the maximum
value surveyed which suggests even larger sizes would produce
cheaper electricity. Some features of the 3 GW(e) gross best
hybrids for £ = 100 $/gm are shown in Table XI. We note that
for the V10 scaling two different hybrids produce the same
value of Peh to three significant figures. These cases also
illustrate the lack of "sharp definition" in hybrid size
discussed in Section 1.

The range in size reflects the quite different fusion
power densities developed in the plasma. (See Bg. (3).) Several
features of the physical-economic model for the hybrid come into
play to understand this result. Consider first the case for
an increase in pressure scaling. We first note that the standard
best hybrid (second line of Table XI) operates almost at the
penetration limit (AT = 0.98).Consequently for the increase in
pressure scaling the 6-vector for this standard best hybrid
would produce a violation of the penetration limit. The branch
of the computer code FUN that is taken when the pentration limit
is violated causes the density to be reduced to a level for
which the penetration limit is just satisfied. (See discussion
of code in Section IV.H and Figure IV.H-2.) 1In addition, I and
B are both reduced in order to preserve the values of 88 and
8. The result of these reductions, for this 6-vector, is that

the actual plasma density will not change very much, but the
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value of N, T ppy will be reduced (see Eg. (25) in Section IV.F),
Since the netp required by the standard best hybrid is close
to the value of n v this reduction in n <t will result

¢ PHY" e PHY
in the code FUN rejecting this modified hybrid design. Thus,
the set of 6~-vectors in the survey that survive the calculation
for e will depend on the magnitude of the pressure scaling as
well as functional dependence of neTPHY’

We also point out that the above reduction in B would
result in a reduction in cost of the magnets so that the modified
hybrid might have produced even cheaper electricity if it had
not been rejected because of inadequate particle confinement.
Such would have been the case if the confinement of the best
hybrid had used Alcator scaling, which depends on (B/I) (see
Eq. (26) of Section IV.F) and hence would be insensitive to
the above reductions.

The 6-vectors that do survive the calculation for
e will include those designs that could tolerate the increase
in pressure and hence are calculated to operate at higher fusion
power densities. In accordance with Eg. (3) we expect machines
with smaller values of V x M to be generated. The smaller volumes
can have less costly structures, but will produce less overall
fusion events and hence reguire larger values of M to achieve
their rated gross power level. Larger values of M imply more
Pu in the blanket and hence larger blanket inventory charges.
Furthermore, smaller sized machines may have poorer confinement

and hence require larger beam power to the detriment of the

net electric power and a subsequent increage in e¢. The
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interplay between the above various factors is not transparent,
but its complexity and subtlety are apparent.

The above discussion again points to the value of a
multidimensional caiculation for the evaluation of the
performance of the hybrid reactor.

d. Other Variations of Constraints

Variations were made in the penetration criteria and
the blanket neutrenic performence. The effects of these
variations on hybrids with a single null configuration were
evaluated via the "optimization'" type of calculation rather than
the survey type and will bhe discussed in Section C below.

3. Double Null Divertor Configuration

The survey results of standard hybrids with a double
null divertor configuration (see Figure IV.C-2) are shown in
Figure 8. These "standard" hybrids use the same constraints
as the standard single null hybrids, but use the double null
scaling of pressure (Eq. IV.C-17) and discharge current (Eq. IV.C-18).
The maximum allowed pressure for the double null is 2-3 times
that for the single null designs as is evident from Figure IV.C-7
or Figure IV.F-4,

The standard double null design produces only a modest
improvement in the cost of electricity, and the park hybrids
support somewhat fewer LWR's than the corresponding single null
park hybrids with the exception of the 10 GW(e) cases. (See
Figure 1.) However the double null hybrids are considerably

smaller in size than the single null hybrids as shown in
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Figure 9. (In this figure the values of R and a for a given
double null design are displaved as circles.,) Table XII displays
some features of the double null best hybrids of 3 GW(e) gross.
Comparing this table with Table II for the single null best
hybrids we note the double null machines have many similar
features but are smaller, have somewhat higher densities, and
generally operafe at about twice the fusion power density as
the single null hybrids. The higher fusion power densities
available to the double null hybrids relieves the demand on
blanket energy multiplication. Consequently small physical
sizes are available to the double null hybrids (at a = 1.2 m)
that were denied to the single null hybrids (see Figure 1 in
Section III), However, the penetration constraint limits the
double null density as evidenced by the large number of lines
in Table XII that have AT > 1. This limitation of the density
compromises the advantages of higher allowed pressure to
some extent, particularly for the larger values of "a'" surveved
where the penetration constraint can require lower densities
than at smaller 'a

The lower cost of electricity for the double null
hybrids relative to the single null hybrids is related to the
lower capital cost which in turn reflects the smaller physical
sizes., The capital costs are enough lower to compensate for the

somewhat lower values of Pnet produced by the double null hybrids.
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a. Variation of Constraints

As for the single null configurations, the effect of
varying the allowed nt and the blanket neutronic performance
was examined for the double null configuration. Survey type
calculations were used. Only two different nt constraints were
considered: the 1 x T.E. scaling (Eq. IV.F-25) and the Alcator
scaling (kg. IV.F-26). For the variation of blanket performance
the number of fissions in the converter region was increased to
make a '""super blanket''. (See Section IV.D.) In addition, two
different types of variation were also studied: the effects
of a ''new pressure" formulation given by Eq. 18 of Section IV.C
and the effects of different '"profiles" of plasma density and
temperature. The manner in which the effect of the plasma profiles
is introduced into the point model for the plasma is discussed
in Appendix II. The plasma profiles affect the fusion reactivity
assigned to the plasma.

The effect of changing the nt constraint is shown in
Figure 10, The use of Alcator scaling instead of 1 x T.E. scaling
affects the single null and double null configurations in similar
ways. The cost of electricity is reduced, the physical size of
the plasma is increased, and the plasma state moves toward "igni-
tion'".

The effect on plasma size of the above variations of
constraints is shown in Figure 11 for park hybrids.

Results using the standard blanket and the super blanket
can be compared in Figures 12 and 13. From Figure 12 the relatively
small impact on the park value of e is evident even though there

are large differences in e for high values of the fissile fuel price.
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80 s ; I I | I I
Double Null, New Pressure
70+ Standard Penetration, nt — Alcator
6oF V\__#___’\.‘_':‘fi.'i“ 162~
50 ——— Standard Blanket | Q
Super Blanket \5‘\
40 1.71
709 _
O583)/2 0
/) M=
0= e T
M ——
10+ Oi3 ' ===
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0 | I I iIC) 6 4 |
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Fig. 12. The effect of two different blanket designs on
the cost of electricity. NLWR is the number of light water
reactors supported by the "park hybrids'.
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Fig. 13,

Correlation Between Net Production of IFissile

Fuel and Gross Electric Power Level for Various "Park Hybrids'.
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In Figure 13 the difference in Pu production for park hybrids

is evident, Also evident, however, is that the two single null
cases shown, using the standard blanket, do about as well as the
double null hybrids with super blankets. There are several dif-
ferences in these hybrid designs, of course. TFor instance, at the
3 GW(e) gross level, and comparing the two double null cases,

the super blanket hybrid is a bit larger, is not ignited but driven
with 199 MW of beams, has an M equal to 16.4 instead of 12.5, a
lower plasma density, a higher temperature, and, in spite of its
larger Pu production, produces electric power at very nearly the
same bus bar cost as does the standard blanket case (see Figure
14). To rationalize this circumstance one must look at some of

the economic details. The super blanket case has cheaper magnets
and operating expenses, but more costly structural and beam injec—
tor costs. On balance the super blanket hybrid costs more to build
and operate than the standard blanket case and produces less elec-—
tric power for sale. However, its revenue from the sale of Pu
essentially compensates for its higher costs. Hence the near
equality in e for these two cases.

In Figure 14 we show the effect on e of the variations
in pressure and the blanket performance. These variations do not
produce appreciable change in e. The higher B (higher pressure)
machines are physically smaller, but their allowed nt's are also
smaller and hence more beam power is required to drive them. The
loss in net electric power for sale more or less offsets the re-

duction in capital costs for the smaller physical size.
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Fig. 14. The Cost of Electricity for Various "Park Hybrid"

Reactors.
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The effect of different plasma profiles on the bus bar
cost of electricity, e, is shown in Figures 15 and 16. The mag-
nitude of the effect when the trapped electron mode scaling is
used for nt is large and surprisingly small when the Alcator sca-
ling is used., For the hybrids in Figure 15 an increase in plasma
reactivity produces cheaper electricity primarily because the
beam power is reduced and hence the net electric power is increased.
In comparison, nearly all the hybrids of Figure 16 (Alcator scaling
of nt) are ignited. Changes in reactivity produce a variety
of small changes in reactor size, plasma density, wall load, blan-
ket energy multiplication, etc., but the net economic effect is small.

Comparison of the data in Figures 15 and 16 shows the
sensitivity of the effect of plasma profiles to the assumptions
of the nt criteria for plasma confinement.

A comparison of the effect of different nt criteria
on the cost of electricity for the park solutions of both single
and double null configurations is shown in Figure 17. It is ap-
parent that the confinement property of the plasma is one of the
most influential factors in determining the cost of electricity
for a hybrid plant. Note the near factor of three reduction in
the cost of electricity for 3 GW(e) gross park hybrid reactors
in going from a single null configuration with 1/10 x T.E. scaling
for confinement to a double null configuration with Alcator scaling.

The above comparisons serve to underline the conclusion
that to properly evaluate different hybrid designs and perfor-

mances requires the simultaneous analysis of many factors.
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Fig. 15. The cost of electricity under various assumptions
about the plasma profile (see Appendix II). The plasma confinement
ig assumed to scale accordlng to the "trapped electron mode' of
particle diffusion.
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Fig. 16. The cost of electricity under various assumptions
about the plasma profile (See Appendix II1). The plasma confinement
is assumed to scale according to the "Alcator scaling',
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Effect of nt on e for Parks

0

60—

40}
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Fig. 17. The bus bar cost of electricity, e, versus the
gross electric power, Pg, of the "park hybrid" reactor for
different scaling laws for the piasma confinement parameter nrt.
The (o - . - o) data is for a double null configuration.
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4. Capital Costs and Cost of Electricity

The correlation between capital costs and the gross
electric power of various best hybrid designs is shown in Figure
18. The sensitivity of the capital costs to the price of fissile
fuel is reflected in the separation of the 175 $/gm and the
25 $/gm lines. Except for the data relating to the 1//10 pres-
sure scaling, this sensitivity is rather modest. The relatively
Lower values of capital cost for the double null design is apparent.

The correlation between the capital costs and the cost
of electricity for the park hybrids under various constraints is
shown in Figure 19. This figure is the investor's "bottom line',
Apparently one can get cheaper electricity at the price of larger
capital costs for the larger gross power level hybrids required.
The profound effect of the assumed confinement constraint is also
apparent. It is interesting to note the near identical results
for the standard double null hybrid and the single null configu-
ration when the later is using either the X 10 scaling of the
standard n, Tpyy OF the Alcator scaling for D Tg Note the wide
range of capital costs under various constraints.

The correlation between capital cost per net electric
output and the cost of electricity is shown in Figure 20 for several
hybrid designs. The straight line represents Egq. (1) of Section
IV.G.1 but with the annual operating and maintenance costs and
the fuel cycle costs neglected. The proximity of the plotted
data to this straight line substantiates the claim, made above,
that the cost of electricity, e, for the hybrid is strongly cor-
related with the net electric power produced, Pnet. This sub-

stantiation is valid only to the extent that the capital cost, C,
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at a given level of greoss electric power output is independent
of the price of fissile fuel, and this relation is shown in
Figure 18. Yor the standard hybrids of Pg > 2 GW(e) the cor-

relation between e and Pn is "strong".

et
In Figure 20 the displacement of a data point from the
straight line measures the imbalance between the costs of opera-
tion, maintenance and fuel cycle charges and the revenue derived
from the sale of fissile fuel. Points lying to the left of %the
line vreflect designs where the fissile fuel revenue more than
offsets the operation, maintenance and fuel cycle charges and
therefore contributes to the defrayal of the capital cost charges.
b. Economic Penetration
A considerable analysis of the economic requirements
for fission-fusion hybrids to penetrate the national market has
been done by Deonigi, Engle and others at the Battelle North-
west Laboratory.1 In another economic study, similar to the
above study, Deonigi and Engel 2 consider a national energy
system into which pure fusion reactors are chosen to eﬁter in
the year 2010 and to eventually dominate the electric power gene-
ration by the year 2040. The mix of power sources at any time
is determined by the continuous minimization of the cost of the
national electric power demand. Hybrids are introduced into this
system about the year 2000 with different capital costs and dif-
ferent physical characteristics and produce different savings
or benefits to the system. Hybrids are physically distinguished
one from another through two characteristics: The annual yield

of plutonium for sale per unit of thermal power generated and
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the plant efficiency, here defined as the ratio of electric
power for sale to the total thermal power generated.

To make a connection with this body of work we took
the annual cost for selected hybrids and '"capitalized" them over
a 30-year plant life at 8.8% au Decnigi. The results are shown
in Figure 21. Two curves from Ref. 2 are shown for a zero bene-
fit scenario that has the hybrid entering the market in the year
2000, the LMFBR entering in 1992, and CTR in 2010. It appears
that the tokamak hybrids of this study can become economically
attractive if we choose double null geometry, assume Alcator scaling
for the plasma confinement and produce at least 3 GW(e) gross.

C. Optimigzation Results

The optimization calculations are used in three ways:
first, to find with the greatest precision the optimal behavior
of the physical-economic model of the hybrid reactor; second, to
evaluate the accuracy of the survey calculations; third, to in-
vestigate the effects of varying different constraints. Only single
null designs were subject to the optimization style of calculations.

The use of optimization calculations was limited by
avallable computer time. To determine one optimized hybrid design
takes about 3 minutes on the central processing unit of a CDC 7600
computer and to generate one curve of optimized best hybrids
takes about 21 minutes. By comparison an entire survey calculation
could be done in about 14 minutes.

1. Best Hybrid Curves

Optimized best standard hybrid curves were generated for
Pg equal to 3 GW(e) and 6 GW(e). These results are shown in Figure

22 where the corresponding best standard hybrid curves from the
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survey calculations are also shown for comparison. The physi-
cal sizes of these optimized hybrids are shown in Figure 23.
The correlation between capital costs per watt and the cost of
electricity is shown in Figure 24.

The optimized curves (in Figure 22) lie below the
survey curves as expected. Their relative displacement measures
the accuracy attributable to the survey results,

Some features of the optimized best hybrids of 3 GW(e)
gross are displayed in Table XIIT for comparison with the corre-
sponding survey data in Table II. The optimized hybrids operate
closer to ignition, as evidenced by higher values of Q, and with
lower fusion power densities than do the survey hybrids. They
are also somewhat larger, but otherwise there is little difference.

We conclude the survey calculations are close enough to
the optimization results to provide a useful estimate of the pro-
perties of optimal hybrids.

A "nominal hybrid" has been chosen to be the optimized
park hybrid operating at 3 GW(e) gross. The physical, operational
and economic properties of the nominal hybrid are discussed in
some detail in Section E below.

2. Variation of Criteria

The optimization style of calculation has been used to
evaluate the effects of changing the magnitude of the pressure
scaling, the shape of the pressure distribution, the penetration
criteria, and the neutronic performance of the blanket.

a, The "Superblanket"

To see the effect of an enhanced blanket performance

on the parameters of the best hybrids, the standard blanket
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Fig. 24. Correlation between capital cost per net
electric watt and the cost of electricity for the "optimized
hybrids' shown in Figure 22, The price of fissile fuel, £,
varies along each curve as indicated in the legend.
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performance was changed by numerically increasing by a factor of
1.5 the number of fissions produced by the fusion neutrons in
the converter region (See Section IV.D.3.). Optimization cal-
culations were done only for Pg = 3 GW(e). The results are shown
in Figures 22 and 23 and Table XIV,

The effect of the superblanket is to increase the
maximum values for both the blanket energy multiplication, M,
and the net fissile fuel atoms bred, F, as indicated in Figure
IV.D.3. The larger values of M relative to the standard blanket
make available smaller size machines at lower capital cost and
for a given value of M, the larger value of F results in a larger
revenue from fissile fuel. These effects result in the best
superblanket hybrids producing cheapef electricity than the
best standard hybrids. The correlation between capital cost per
unit and e is shown in Figure 24,

b. Penetration Criteria

The plasma model in this study uses neutral beams as
a means of injecting energy into the plasma and enhancing the
fusion reactivity. The penetration criteria chosen require the
beams to deposit their energy throughout the plasma according
to a certain scheme. (See Section IV.F.7.a.) Future experience
with neutral beams may lead to different penetration criteria.
It is possible that RF heating may eventually be preferred over
heating by neutral beams and require still different penetration
criteria, We have therefore looked at two extreme limits: the
strict penetration requirement given by setting N = 2 in Eq. (29)
of Section IV.F.7.a and the removal of all penetration limita-

tions. This latter situation, that we will call "ripple injection',
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gimulates the '"ripple-trapping injection" of neutral beams as

suggested by Jassby.3

Calculations have been done only for Pg = 3 GW(e).

Best hybrids were calculated at five values of f for the case of
"ripple injection' and at only three values of f under the strict
penetration requirement. Some results are shown in Figure 22

and in Table XV,

The results of ripple injection are very close to the
results using the standard penetration criteria except that the
penetration index AT exceeds 1.0. The strict penetration results
show an increase in the cost of electricity, a reduction in both
density and discharge current, a small reduction in R and a, and
an increase in beam power.

The ripple injection results are surprising. It was
anticipated that by removing all limitations on beam penetration,
the optimization calculation would explore higher pressures
(hence higher R's) than permitted by the standard penetration
criteria. It was argued that an increase in pressure, and hence
density, would increase the thermal contribution to the plasma
reactivity and allow a decrease in beam power without reducing
the overall reaction rate. The reduction in beam power would
result in a higher @, an increase 1in net electric power and thus
a decrease in the cost of electricity. In fact, this is Just
what did happen, but to a lesser degree than anticipated.

Compare the "ripple" and "standard" cases in Table XVa.
The change in parameters from the '"'standard" case to the "ripple"
case entails a small increase in R and hardly any change in a.

This particular change in R and a is rationalized in the following
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way. The standard case lies at point N on the "carpet” of
pressure shown in Figure 25. This point is near the maximum
pressure along an h = constant curve of the carpet.

Consider a decrease in "a', but an increase in h (and
hence R) such that the pressure increases. A large enough de-
crease in "a" can lead to a decrease in the allowed nTp. In
this case the beam power must be increased in order to reduce
the required nTp sufficiently to keep the required nTp less
than the allowed nTp. The effect of these changes on the cost
of electricity depends in large part on the net balance between
the reduction in cost due to the decrease in physical size of
the reactor on the one hand and the increase in cost of injectors
and the loss of net electric power, by virtue of the increase in
beam power, on the other hand.

Alternatively, consider an increase in "a'" alone. The
volume of the machine and its cost will increase. The beam power
would also increase unless the H/T is reduced and that, in turn,
will require a larger value of nTp. The increase in "a" may well
provide a sufficient increase in the allowed nTp in order to keep
the confinement constraint satisfied. However, the reduction in
H/T must be sufficient to reduce the beam power in order to en-
hance the net electric power if the increase in cost due to the
larger volume of machine is to be balanced and cheaper electricity
produced.

The "ripple'" results show that the optimization cal-
culation actually found the cheapest electricity through an in-

crease in h and a very small decrease in "a" (see point R in Figure

25). The result is higher density at only a small increase in
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volume keeping the cost of the physical machine nearly constant.
The reduction in H/T was sufficient actually to decrease the beam
power. The injection voltage was also decreased which results
in a higher injector efficiency and hence a higher net electric
power. The decrease in blanket energy multiplication, M, re-
sults in a decrease in the conecentration of plutonium in the
molten salt which would reduce blanket inventory costs if the
increase in size is not too great. On balance the “"ripple"”
case allowed e to drop from a value of 36.3 mills/kWh to 35.7
mills/kWh.

The strict penetration case shows a different response.
We first note (see Table XVa) that for the standard case the Q
of 4.91 indicates a somewhat relaxed penetration requirement.
(See Eg. (292) in Section IV.F,7.a) Consequently imposing on the
standard case the constraint of strict penetration reqguires a
reduction in density that, in turn, produces a reduction in the
value of the allowed nTp. However, the reguired value of nfp ig
rather insensitive to the density (Pu and PB’ which dominate the
denominator Eq. (IV.F-23) for the required Tp, are proportional
to nez). Since the required and allowed values of nTp for the
standard case are nearly identical, the confinement constraint
can no longer be met when the density is reduced. Hence a new
point in parameter space must be explored by the optimization
calculation. The optimization calculation finally arrives at
point S in Figure 25,

Some of these results of the optimization calculation

can be rationalized in the following ways. In view of the argu-

ment for the advantage of increased density presented above for
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the ripple case, we expect the optimization calculation to find
the minimum required reduction in density to satisfy the pene-
tration constraint. Therefore, since the application of the
strict penetration criterion reqguires a reducfion in the product
n.a, we expect a reduction in a and the production of cheaper
electricity than for an increase in a. However, with the neces-
sary reduction in n,a there is a reduction in the allowed nerp.
To reduce the required nerp to meet this lower value the beam
power must be increased with the accompanying reduction in net
electric power and consequent increase in cost of electricity.
The increase in WO (See Table XV.a) has the effect of allowing satis-
faction of the strict penetration constraint at a higher value of
n a than otherwise, but at the price of a lower injector effi-
ciency. The reduction in size of the physical machine produces

a decrease in the cost of the reactor structure and magnets, but
the increase in the cost of the neutral beam injectors results

in the total capital cost actually increasing a small amount.
Farthermore, the increase in beam power produces a reduction in
net electric power. The overall result is that the cost of
electricity for the strict penetration case is appreciably higher
than for the standard case.

The above "explanation" of the results of changing the
penetration criteria serves to show the interplay between the
various factors that influence the exploration and final choice
of the hybrid parameters.

¢. Pressure Scaling

To explore the effects of a more optimistic pressure

scaling than is taken for the standard hybrids, the plasma pressure
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was increased in such a way as to preserve BB while allowing
8 to increase. This was accomplished by multiplying the dis-
charge current, I, given by Eq. (IV.C.13) by a scale factor equal
to %fIS. This increase in I produces an increase in the average
pressure by a factor of Jianaccording to Eq. (IV.C.15). No other
changes are made in the model. In particular the geometiry of
the plasma cross section is not changed. Thus, for example, the
effect on the beam penetration criterion of the shift in the spa-
tial profile of the plasma expected by increasing 8 is not con-
sidered. Also ignored is the effect on g or the plasma profile
of increasing I. The pressure scaling simply allows those guanti-
ties dependent on the density, such as the beam power density and
the fusion reaction rate per unit volume, to be increased without
changing the other parameters defining a hybrid design.
Calculations using the scaled up pressure were made
using both the standard penetration criteria and the two varia-
tions of the penetration criteria discussed in the previous
section, namely, the strict penetration and the "ripple injection™
criteria. The case of ripple injection was calculated at three
values of £, The results appear in Figures 22 and 23. The cases
of standard and strict penetration criteria were calculated only
for £ = 100 $/g. The results are shown in Table XVb, to-
gether with some features of the best hybrids for all three cases,
The results of the increased pressure scaling show a
small decrease in the cost of electricity for each style of pene-
tration criterion relative to the results using the standard pres-
sure scaling. This relative decrease in e is at variance with

the survey results shown in Figure 6 where a small increase
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in e is recorded. We make three comments. TFirst, the results
presented so far suggest that the cost of electricity passes
through a minimum as a function of the pressure scaling. The
existence of such a minimum for fixed values of a and h is
demonstrated and discussed below in Section 2.e. Second, the
large "step size' in WO, H/T and Teof the survey calculation pro-~
duces larger values of e than does the optimization calculation.
Hence the small decrease in e produced by the optimization style
calculation can be masked by the survey style calculation. Third,
although grosse trends are judged to be well displayed by the sur-
vey style calculations, a detailed study of the hybrid properties
requires the optimization style calculation.

Examination of Table XV shows that the increase in
pressure scaling produces an increase in B, but not by a factor
of ¢T61 For the standard penetration and ripple cases, the den-
sity increases, but for the case of strict penetration there is
a decrease in density.

The increase in pressure scaling produces a large in-
crease in fusion power density that allows, in accordance with
Eg. (3), changes in a and R that reduce the plasma volume by about
a factor of five. In Figure 25 the points Iabelled NS, RS and SS
locate on the pressure 'carpet'" the cases for standard, ripple
and strict penetration, respectively. The pressure carpet is
for the standard pressure scaling. It is these values of pressure
that are scaled up by Jﬁﬁmin the cptimization calculations re-
ported here, We note that under the increase in pressure scaling
the cases for standard and ripple penetration have moved together

in "a,h space’ across the pressure carpet, but the case for strict
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penetration has moved to a quite different "location". In this
connection it is interesting to note the two different hybrids
from the survey calculations tabulated in lines 3 and 4 in Table
XI. The hybrid of line 3 is located in (a-h) space at the point
(1,2; 3,8), very close to the point SS in Figure 25. The hybrid
of line 4 is located at the point (1,2; 8,0) at the "corner" of
the pressure carpet and in the vicinity of points NS and RS! Ap-
parently at least two minima in e exist as a function of a and h
according to the survey calculations using the standard penetra-
tion criteria and the JEErpressure scaling. Furthermore, the point
NS identifies the "exact'" values of a and h for the lower of the
two minima. The removal of limitations on the penetration (the
ripple case) apparently causes the lowest minimum of e to shift
to the nearby point RS. However, application of the strict pene-
tration removes the availability of the point NS {see discussion
of strict penetration in Section 2.b) and probably its vicinity
as well. The changes in e are apparently such that the lowest
Mminimum in e now lies at point Ss in the wvicinity of the "other"
minimum identified by the survey style calculations at a much
smaller value of the major radius R.

To account for the fact that 8 has not increased by JEIT‘
we note from Figure 25 that the standard pressure of the points
NS, RS and SS is considerably lower than the pressure for the
points N, R and S (See Section 2.b). This difference in stan-
dard pressure, together with the change in toroidal magnetic
field, Bc’ brought about by the changes in a and k, account for

why the value of B does not increase as rapidliy as the increase

in pregsure scaling.
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We have noted that the response of the standard and
ripple cases to the increase in pressure scaling is very nearly
the same. It remains to observe that the decrease in the minor
radius, a, results in a decrease in both the volume and the
allowed value of neTp. The increase in the cost of injectors is
more than offset by the decrease in the combined costs of magnets,
wall structure and blanket inventory. Hence e actually decreases
a little, relative to the cases with standard pressure scaling,
in spite of the increase in beam power and the decrease in net
electric power.

The response of the strict penetration cage is similar
to that of the standard penetration case except that the minimum
cost of electricity is found at a greater reduction in physical
size and a greater increase in beam power. Furthermore to pro-
duce the 3 GW(e) gross power at the reduced physical size requires
an increase in blanket energy multiplication, M, that prevents
the blanket inventory from decreasing in proportion to the decrease
in physical size. On balance the cost of electricity increases
for the strict penetration case. It is smaller than it was
using the standard pressure scaling, as is the situation for
the standard and ripple penetration cases, but the cost
of electricity is still the highest for the strict penetration
case., Comparing in Table XV the cases for the largest (line 1)
and smallest (line 5) size hybrids, there are large differences
in volume, M, H/T, and fusion power density, in penetration cri-
teria and pressure scaling but not more than a 16% difference in
cost of electricity. This insensitivity of the cost of electri-

city argues for considerable latitude in hybrid design features
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without severe economic penalty. This point has large practi-

cal value.

d. Variation of Profile Factor, o

The pressure profile used in this study is discussed
in Section IV.C and is given by Eq. (IV.C-2)., The standard value
of the profile factor, o, is 2.0. We have made only a limited
investigation of the effects of changing o and in the following
manner. We have sought the optimum value of o by using it as
one component of a 6-vector in the optimization calculation.

The value of o was restricted to lie between 1.3 and 2.0. The
lower limit for o was chosen because we had difficulty obtaining
stable equilibria for o = 1.2, The optimization calculation has
been done only for the standard constraints and only for Pg =
3 GW(e) and £ = 86.5 §/g.

The principal result is that the least value of o pro-
duces the least cost of electricity. Features of the best hybrid
with o = 1.3 are presented in Figures 22 and 23 and in Table XVI.
Features of the standard best hybrid (o = 2.0) are alsc presented
in Table XVI for comparison.

This result is not unexpected since a reduction in o
broadens the pressure profile thereby making more efficient use
of the plasma cross section. TFurthermore, according to the pres-
sure scaling given by Egs. (IV,.C-~19 and 186), the average pressure
supported by a given size plasma increases as o decreases, the
peak average pressure being reached for a % 1.2, This increase
in average pressure would be expected to produce an increase in
fusion power density and a decrease in volume similar to the re-

sults of increasing the pressure scaling discussed above in
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Section 2.c¢. This expectation is borne out. The major dif-
ference in results is that the reduction in o 1s accompanied
by an increase in Q and Pnet (Pi decreases) rather than the
reverse. This difference produces cheaper electricity than
the simple pressure scaling alone.

We note two differences, however, between these two
ways of increasing the average pressure. First, for a = 1.3
the value of 36 is limited (more severely) by the prohibition
against there being a negative current density anywhere in the
plasma (see Eg. (IV.C~11)) rather than being limited less severely
by the aspect ratio as in the case for o = 2.0. Second, for a
given average density, the average of the square of the deansity
increases as o decreases. The reactivity of the plasma (~ nez)
is calculated to be about 12% higher for o = 1.3 than for o = 2.0.
It is not clear if or how these two differences of contrary
influence account for the rise in Q and drop in Pi observed as
o goes from 2.0 to 1.3,

Finally, if the o = 1.3 result plotted in Figure 22 is
assumed to lie on a best hybrid curve similar to the optimized
3 GW(e) standard best hybrid curve, then one projects a park
solution of e % 31 mills/kWh and £ % 55 $/g. These '"park'" num-
bers are similar to the results of the mirror hybrid study by
Bender and Lee4 who quote values of e = 24.7 mills/kWh and
f = 55 $/g.

e. Pressure Scaling at Fixed a and R

The data presented in Sections B.2.c and C.2.c¢ indicated

the existence of a minimum in the cost of electricity as a function



294

of the pressure scaling. To further investigate the nature of
this minimum, and to do so with some economy in computer time,
the physical size of the hybrid plasma and the gross electric
power generated were fixed at the values pertaining to the nomi -~
nal hybrid. Optimization calculations were then conducted over
the remaining three-dimensional space of hybrid parameters
(WO, Te’ H/T) for a variety of pressure scale factors ranging
from 0.5 to 1.25. The value of BB was held fixed for all pres-—
sures by appropriately scaling the discharge current as described
in Section 2.c¢. The standard constraints were used.

The results for the best hybrids are given in Figure
96 and Table XVII. The minimum in e is evident and occurs for
a pressure scaling factor of 1.06. It appears to be correlated
with a peak in nTp and a minimum in beam power. This result is
understood in the following way. The increase in e for scale
factors progressively less than 1.06 is related to the progres-
sive decrease in density. A decrease in density 1is associated
with a decrease in both the fusion power density and the value
of the allowed nTp. A decrease in fusion power density requires,
in order to maintain Pg, an inerease in blanket multiplication,
M, which increases the cost of the blanket and decreases the
net production of fissile fuel. A decrease in allowed nTp re—
guires a decrease in the required nTp that in turn results in
an increase in beam power (accomplished in the face of decreasing
density by increasing H/T) and injector costs and a drop in Pnet'

In the face of increased costs and decreased electric and fissile

product, the cost of electricity must rise.
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The increase in e for scale factors progressively
larger than 1.06 is also related to the necessity for more beam
power. However, the reason for the increase in beam power is
more complex than for the case discussed just above. The increase
in pressure scaling results in violation of the penetration
limits, as evidenced by AT > 1.0, with the conseqguence that the
computer code FUN causes the density to be reduced by the factor
AT > 1.0. The reduction in density is accompanied by a reduction
in both the discharge current, I, and the toroidal magnetic
field, B, such that B and Be remain unchanged. (See discussion
of code in Section IV.H.) The reduction in I and B produces
a decrease in the allowed nTp, and this, in turn, can require
a sufficiently large increase in beam power to drive the cost of
electricity, e, up. The increase in injection costs does not, however,
offset the decrease in magnet costs associated with the reduc-
tion in B. The nearly constant value of M implies no change in
blanket costs. Hence the capital cost of the plant will actually
decrease, but the drop in electric power for sale is so large
that e will be forced to rise.

Comparing the second and third lines of Table XVII,
parts of the above argument do not seem to hold. The increase
in beam power is accompanied by an increase rather than a de-
crease in nTp. Furthermore, the decrease in Pnet is not accom-

panied by an increase in e. However, the capital cost does

decrease,

The closeness of both the parameters and the economics
of these two cases reveals subtleties not so evident in comparing

the first and third lines. The paradox is resolved by noting
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the increase in both density and injection energy for the

second compared to the third line. The increase in WO enables
the penetration criterion to be satisfied at a higher density
than otherwise. The increase in density 1s sufficient to in-
crease the allowed nrp in spite of the reduction in B. The small
drop in @, resulting primarily from the increase in WO (Q depends

on H/T, W and Te) is sufficient to produce an increase in the

O’

required nT_ in spite of the increase in P;. The decrease in M

p
and conseguent increase in net fissile fuel reduces the cost of
the blanket, but more importantly increases the revenue from the
sale of fissile fuel. However, the major reason for the reduc-
tion in capital cost is the reduction in magnet costs that far
more than compensates for the increase in injection cost. On
balance, then, the decrease in capital costs and the increase
in fuel revenue does not require the cost of electricity to
rise in spite of the drop in Pnet'

The conclusion of this investigation of the minimum
in e is that the minimum is the result of the constraints on
and economic modeling of the entire hybrid reactor rather than
a result of the plasma physics within the discharge itself,
This minimum in e igs thus a striking example of a systems ef-
fect that does not even exist in an isolated subsystem of the
whele,

f. Variations of B, p, and Penetration Response For
Fixed 6~-Vector

The branch taken by the subroutine FUN when the pene-
tration criterion is violated (see Figure 2 in Section IV.H)

causes the plasma electron density to be reduced to conform with
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the penetration requirement. Accompanying this reduction in
electron density, the discharge current, I, and the toroidal
magnetic field, B, are also reduced such that the values of

R and Be existing when the program entered the branch are pre-
served. This 'response" of the code to a violation of the pene-
tration limit will be referred to as the "B,I" response. The
original thought in designing the B,I response was to consider
hybrids that had higher values of 8 than those produced by the
standard pressure scaling. A favorable consequence of reducing
B is a reduction in magnet costs and of reducing I is the re-
lief of the core constraint. However, an unfavorable consequence
of reducing B and I is the reduction of the standard value of
NThpy calculated on the basis of trapped-electron-mode diffusion
coefficients.

For comparative purposes an alternative ''response! to
violation of the penetration criterion was constructed whereby
the required reduction in electron density was accompanied by a
reduction only in I such as to preserve 88' As a consequence
the value of B is also reduced. This "response' will be referred
to as the "f,I" response. The original thought in designing the
8,1 response was to avoid the reduction in the standard value of
NTopy associated with the reduction in B. The disadvantage of
the B,1I response is the reduction of B thereby obviating one of
the effects sought in increasing the pressure.

Only a limited comparative study was made of the effects
of using the B,I and the 8,1 responses. Best hybrids were deter-
mined for each style of response for both the standard and the

strict penetration criteria (see Section 2.b above) and for the
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standard and enhanced pressure scaling (see Section 2.¢). Cal-
culations were done only for Pg = 3 GW(e) and f = 100 §/g.

The results using the B,I response were hardly distin-
guishable from the results using the B,I response. This result
follows from the fact that the best hybrids for either style
were characterized by a penetration index equal to 0.99 or 1.00,
i1.e., the electron density derived from the pressure scaling
was at or very near to the maximum value compatible with satis-
faction of the penetration criterion. Thus for the best hybrids
the branch of the subroutine FUN containing either the B,I or
the B,I response was not taken. 'Apparently the response of the
hybrid model to either type of response is sufficiently dele-
terious to the cost of electricity tha? the best hybrids are
found for 6-vectors that do not lead to violation of the pene-
traticon criterion at any point in the calculation.

The effect on the calculated cost of electricity for
a fixed 6-vector using either the B,I or the g,I response was
studied for variations of both the pressure scaling and the maxi-
mum magnetic field allowed at the toreoidal field coils. Only
one 6-vector, corresponding to the '"nominal hybrid", was used in
this small study. The calculations were done without the confine-
ment constraint being applied., Violation of this constraint,
however, was noted. The results of these calculations are shown
in Figure 27.

For a reduction in Bmax or the pressure scaling
the nt constraint is violated, and the cost of electricity in-
creases. Violation of the nt constraint occurs because the al-

lowed value of nTp decreages with either density or magnetic

field strength (see Eg. (25.a) of Section IV.F), whereas the
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regquired nTp‘is insensitive to the density and independent

of Bmax‘ The rise in the cost of electricity represents the
interplay of several factors as follows, For a decrease in pres-
sure the density falls, hence the beam power decreases and

hence the cost of injectors is reduced, and the net power is
increased. Such changes would produce a decrease in the cost of
electricity. However, because the gross electric power must be
held fixed in this calculation, the decrease in beam power pPro-
duces an increase in the required blanket multiplication and
hence an increase in both the blanket inventory of plutonium

and the concomitant blanket costsl The result is a net increase
in capital costs with decreasing pressure. Furthermore the in-
crease in blanket multiplication reduces the net figgile fuel
production and the revenue therefrom. On balance the cost of
electricity is increased. The reduction in Bmax produces a
similar chain of effects. This is so because the pressure sca-
ling (see Eq. (15) of Section IV.C) is changed by a factor of kz
when Bmax is changed by a factor k. However, the reduction in
Bmax reduces the cost of the magnets which diminishes the increase
in the cost of electricity over what would be expected on the
basis of change in pressure alone.

For an increase in Bmax or the pressure scaling above
the nominal values the effect on the cost of electricity is
quite different depending on what is being scaled and which
response, the B,I or the B,I, is being used. In any case, an
increase in the pressure results in a violation of the penetra-
tion criterion since the penetration index stands at 0.99 for the

nominal hybrid. The response branch of the subroutine FUN

maintains the density and hence the beam power at the values
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pertaining to the pominal hybrid. Consequently the blanket
multiplication remains unchanged as well as the blanket and in-
jector costs.

In the case of scaling the pressure and the B,I
response the toroidal magnetic field remalins fixed, hence mag-
net costs are fixed; there is no change in capital costs, and
therefore the cost of electricity remains fixed. Scaling Bmax
with the B,I response also leaves the magnetic field unchanpged,
and hence the cost of electricity will remain fixed. However,
using the B,I response to the scaling of Bmax allows the mag-
netic field and hence the magnet costs to increase. Therefore
this case leads to an increase in the cost of electricity since
the capital cost has been increased with no change in either
the net electric power or the fissile fuel production. Finally,
using the B,I response with the scale-up of pressure results in
a decrease in magnetic fields and hence magnet costs. There is
2 reduction in capital cost with no change in product, and hence
the cost of electricity drops. However, the drop in B reduces
the value of the allowed nTp whereas the reguired nrp hag re-
mained unchanged. Therefore this case leads to a violation of
the ntT constraint.

These effects display the working of the physical-~
economic model used in this study. Both the survey and the
optimization calculations reported outside of this section have
used the B,l response,.

g. Optimized Carpets

As described in Section IV.G.3, the "best” hybrids are

determined for given values of fissilie fuel prices, £, and gross
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electric power, Pg, by finding the 5-vector (a, h, Te’ Wo’ H/T)

that produces the lowest cost of electricity. The nominal hybrid

B

is the "best" hybrid for f = 86.5 $/g and P, 3000 MW(e). To
display the characteristics of hybrids in the neighborhood of the
nominal hybrid we display several "carpets', Tables XVIIT - XXXII,
defined for the above values of £ and Pg. The carpets are a matrix
of numbers in which the row and column location specifies the values
of h and a, respectively. The discrete values of h and a are those
used in the survey calculations displayed in Table I. For each
choice of h and a the optimization calculation was used 1o find

the 3~vector (Te, W H/T) that produced the lowest value of e.

o’
These lowest values of e constitute the "e carpet' shown in
Table XVIII., The temperatures associated with each of these op-
timized results constitute the “Te carpet'" shown in Table XIX,
Tables XX - XXXII constitute carpets of other qﬁantities associated
with these optimized hybrids.

The e carpet of Table XVIII reflects the same "broad
flat valley" in e seen for the survey results shown in Table III.
The minimum e of the e carpet is located at the sixth row, fifth
column (6,5) and is 36.8 mills/kWh. The nominal hybrid lies
between the 5th and 6th rows and between the 5th and 6th columns.
The value of e for the nominal hybrid was found with an optimiza-

tion over the 5~vector (a, h,Te, W H/T); its location on the

O}
optimized e carpet is entirely credible since it lies within the
lowest region of the e carpet. This circumstance validates the

ability of the 5~vector optimization calculation to find the

correct neighborhood of the minimum value of e even though it
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does not produce a unigque value for e,

The e carpet confirms the survey results of Table
III that less than a 10% increase in e above its minimum value
embraces a wide range of sizes of hybrid plasma.

The capital cost carpet of Table XXIII is quite flat,
varying by less than 6% from its average value over the entire
carpet. However the capital cost per net electric power (displayed
in Table XXIV) dees not reach its minimum value at the minimum
value of e. However, the beam power, Pi’ is a minimum at the mini-
mum value of e (see Table XXX). The plasma @, the wall load,
the required nTp and the plasma density are near thelr maximum
values (see Tables XXII, XXV-XXVII) at the mianimum value of e.

Looking at the smaller machines in the upper left re-
gion of the carpets we zee that both the blanket multiplication,
M, and Pi take on relatively high values (see Tables XXIX and
XXX). This result is to be expected since the gross power is
held fixed and therefore as the plasma volume decreases, the
fusion power density (see Table XXXI) and/or M must increase.
Consequently H/T will be relatively high (see Table XX), and
hence Q will be low. A relatively large amount of beam power is
therefore required to produce the fusion power which the blanket
amplifies. The smaller heavily beam-driven plasmas also require
values of nTp that are lower than the alliowed values of nTp
(compare Tables XXVII and XXVIII).

The larger machines, in the lower right region of the

carpets, have low values of both M and Pi' These devices have
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large plasma volumes, and hence the fixed gross power level can
be met with more modest values of fusion power density and M.
The lower levels of fusion power density are accomplished with
smaller values of H/T and hence higher values of Q.

The capital costs reflect competing trends that tend
to balance each other. In small machines the large injection
costs are offset by the smaller structure and magnet costs. The
reverse is true for the large machines.

The small machines, with their large values of M, pro-
duce relatively little fissile fuel whereas the large machines
with their low values of M produce relatively large amounts of
fissile fuel (see Table XXXII).

D. Variation of the Six-Vector

The change in the cost of electricity (the sensitivity)
of the nominal hybrid was determined for a 2% change in each
component of the nominal 8-vector taken singly. The results are
displayed in Table XXXIII.

For most of the components a 2% change in either sense
produced a violation of the confinement constraint. The cost
of electricity is most sensitive to the gross electric power,

Pg, and equally least sensitive to the injection energy, WO,
and the hot to thermal ratio, H/T. The changes in the cost of
electricity are understood in the following ways,

1. Variation in Pg

An increase in the gross electric power level, Pg, will
increase the balance of plant cost. Since the fusion power and
beam power are determined by the other components of the 6-vector

that are held fixed, to meet an increase in Pg the blanket
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multiplication, M, also must be increased. An increase in M will
increase the cost of the blanket and decrease the production of
net fissile fuel and the revenue therefrom. These effects would
lead to an increased cost of electricity, e, were it not for the
increase 1n the net electric power, Pnet’ that is a conseguence
of increasing Pg while keeping the beam power fixed (see Eg. (5)).
The increase in Pnet is sufficient to reduce e.

A decrease in Pg reverses all the above argument and

produces an lncrease in e.

2. Variation of Te

The increase in plasma temperature, Te’ produces an
increase in 4 and an increase in the partial pressure of the back-
ground plasma. Since the total plasma pressure is determined

all of which are fizxed for this cal-

)

solely by a, h, and Bmax
culation, the increase in Te produces a decrease in electron densi-
ty. The drop in density reduces the beam power, Pi. In order

to preserve Pg the product, QM, must therefore be increased (see
BEa. (1)). 1In the case at hand, the increase in Q is such that M
actually undergoes a small decrease. Thus on balance the fusion
power develcped, QPi, has actually increased. The increase in

wall loading is further evidence of this result. Thus the cost of
electricity is reduced. However, the increase in Te and the de-
crease in n, both act to reduce the allowed nTp more rapidly than

the required nt_ is reduced so that the confinement constraint is

violated.,

The decrease in Te increases the density causing a viola-
tion of the penetration criterion and inveking a B,I response

(see Section C.2.f) that reduces the density and decreases both
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B and I. Consequently the allowed nTp decreases producting a
violation of the confinement constraint, Furthermore the reduction
in Te results in an increase in the effective cross section for
the lonization of the neutral beams by electron impact (see Section
IV.F, Eg. (30)). Consequently to satisfy the penetration criterion
the density must be reduced below the original nominal value.
Hence the beam power is reduced, and QM must be increased to pre-
serve the value of Pg. However, the reduction in Te leads to
a reduction in Q. Hence M must be increased and concomitantly so
are the blanket costs. The increase in blanket costs is larger
than the savings in injection costs so, on balance, the capital
cost of the hybrid is increased. PFurthermore the increase in M
reduces the net production of fissile fuel thereby reducing the
revenue from the sale of fuel. On balance the cost of electricity
is increased in spite of the small increase in Pnet due to the
decrease in Pi'

3. Variation in WO

The increase in the injection voltage, Wo’ produces a
very small increase in Q and an increase in the partial pressure
of the beam particles. However the nominal value of H/T is so
small that the change in the beam partial pressure hags a negligible
effect on the electron density, ng. The increase in Q 1s sufficient
to compensate for the small decrease in beam power so that the
fusion power does not change essentially and hence the partial
pressure of the alpha particles is unchanged. Thus the increase
in WO results in no appreciable change in ng- The small decrease

in beam power results from the circumstance that the fractional

reduction in beam current, J, exceeds the fractional increase in WO.
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The reduction in beam current follows from the increase in the
slowing down time, Ty of the beam particles injected with greater
energy. For if o and H/T are both fixed, then the density of

heam particles is fixed, and if the "lifetime'" of the beam par-
ticles, TS, is extended, then the injection rate of the beanm
particles must be decreased. (For a fixed density if d(JWO)/dWO < 0,
then (WO/TS)(dTS/dWO) > 1. This condition is satisfied when Wo

is less than approximately 1.4Wc where Wc is the "critical energy"
at which the beam particle delivers energy at equal rates to the
hackground electrons and to the jons.) A constant density implies
no change in the wvalues of nTp, allowed or required (see Egs. (23)
and (25a) in Section IV.F,). However, the reduction in beam power
with the density fixed does require an increase in the required

nTp that, in turn, creates the recorded violation of the confine-
ment criterion. The largest factor in raising the capital cost

is the increase in injector cost; an increase that occurs, in spite
of the decrease in beam power, because of the decrease in injector
efficiency with increasing Wo‘ Thus the power required to produce
the beams has increased while the beam power absorbed by the plasma
has decreased. Therefore the net power decreases slightly, and

in view of the increase in capital costs, the cost of electricity
rises.

The decrease in WO produces a violation of the penetration
criterion with the consequent reduction in n,, B, and I. The re-
duction of these guantities reduces the allowed nTp. The reductilon
in 0, reduces the beam power so much that M must be increased in
order to maintain Pg fixed. The injection and magnet costs de-

crease, and the blanket costs increase in nearly equal amounts
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leaving the capital cost essentially unchanged. The increase in
net electric power is sufficient to allow a small decrease in the
cost of electricity,

It is interesting to note that either raising or lowering
WO by 2% produces a decrease in beam power absorbed by the plasma,
but for different reasons, and produces cpposite effects on the
cost of electricity. Furthermore, throughout most of the analysis
in this hybrid study a decrease in beam power has been accompanied
by an increase in net electric power and a decrease in the cost
of electricity. That the response of the hybrid model to the 2%
increase in WO produces opposite effects to a decrease in beam
power speaks to the subtle and complex interplay of different parts
of the model.

4. Variations in H/T

The increase in H/T reduces Q and increases the beam
power. These two effects produce, through the pressure balance,
a decrease in electron density. The increase 1n Pi reduces the
reqguired nTp whereas the decrease in density reduces the allowed
nTp to a greater extent thereby producing a violation of the con-
finement constraint. The increase in Pi alsc requires deeper
penetration of the beams so that AT increases to 1.00 even though
n, decreases. Only a small increase in M is required to compensate
for the gsmail decrease in the product PiQ. Although the incresase
in Pi and M increases capital costs and reduces net electric power
(and hence acts to increase the cost of electricity), the magnitude

of the changes produces less than a 0.2% change in the cost of

electricity.
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The decrease in H/T increases Q and reduces the beam
power. These two effects produce only a very small increase in
density. The reduction in Pi increases the reguired ntp more than
the increase in densgity can increase the allowed nrp, thereby
producing a violation of the confinement constraint. The decrease
in beam power and the increase in @ result in only a very small
decrease in fusion power so that only a small increase in blanket
multiplication is required. The increase in blanket costs is
more than offset by the reduction in injector costs which together
with the increase in net electric power (associated with the drop
in beam power) results in a decrease in the cost of electricity.

5. Variations in a

An increase in the plasma minor radius, a, produces an
increase in the plasma volume and an increase in the overall physi-
cal size of the hybrid reactor. The allowed pressure is also
slightly increased (see Figure 25), and the beams have a little
further to penetrate. To meet the penetration consiraint the elec-
tron density is reduced along with B. The reduction in electron
density reduces the beam power density but does not produce a
reduction in beam power because of the increase in plasma volume.
In fact both the beam power and fusion power increase, resulting
in a reduction in both M and the net electric power.

Furthermore the increase in size results in an increase
in magnet and blanket inventory costs even though B and M are re-
duced. On balance the cost of electricity increases. In addition
the changes in a, B and I produce a reduction in allowed nrp while
leaving the required nTp unchanged., Thus a viclation of the con-

finement constraint is produced.
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A decrease in a reduces all sizes, the allowed pressure
and the value of the allowed nTp. The reduction in beam power
and fusion power results in an increase in M together with the
cost of the blanket inventory. However, the reduction in the costs
of the magnets, injectors, and structure produces a net reduction
in capital cost which, together with the increase in net electric
power, reduces the cost of electricity. The required nTp remains
unchanged, being insensitive to the density change, but the drop
in the alliowed nrp creates a violation of the confinement cbn-
straint.

6. Variations in h

The increase in h, the radius of the point of maximum
toroidal field strength (see Section IV.C. Figure 1), increases
the allowed pressure and the plasma major radius and hence both
the plasma volume and the value of the allowed nrp. The increase
in pressure is sufficient to create a violation of the penetra-
tion constraint. The beam power and fusion power increase, pri-
marily because of the increase in plasma volume, and lead to a
reduction in M. The consequent drop in blanket inventory is more
than offset by the increase in magnets and structure costs due to
the size increases as well as by the increase in injection costs.
The rise in capital cost together with a drop in the net electric
power due to the increased beam power results in the increase in
the cost of electricity. The required nrp is not affected by the
above changes, and in view of the increase in allowed nTp there
is no violation of the confinement constraint for this increase

in h.
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The decrease in h reverses all the above effects, and
the cost of electricity is reduced below the nominal value. How-
ever, the reduction in the value of the allowed nTp produces a
violation of the confinement constraint.

7. Remarks

The only variations of the components of the 6-vector
that did not produce a violation of the confinement constraint
were the variations of Pg and the + 2% variations of h. It would
appear that the 6-vector for the nominal hybrid is in a severely
restricted region of parameter space and the the optimization cal-
culation had to "walk" along a narrow "path” to find it. These
results also suggest that the "best" hybrids in general are charac-—
terized by operating "up against’ the nt and penetration con-
straints. The details of the hybrid operation are model dependent,
but the tendency to raise the "required" ntp to the limit "allowed"
reflects the advantage of reducing circulating power within the
power plant, and the tendency to keep the penetration index from
falling below 1.0 reflects the advantage of the higher reactivity

of the plasma at higher densities.
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E. Characteristics Along a Best-Hybrid Cuxrve

The hybrid systems code will search for the optimum
reactor (the one producing the cheapest electricity) constrained
to a given gross electric power and a given price of plutonium.

A curve of lowest-achievable price of electricity versus price
of plutonium can be constructed, holding the power level fixed;
this is the basic method of presenting the code results. In
general, each point on the curve represents a different reactor,
whose various sub-categories of economics combine at that price
of plutonium to yield the cheapest electricity.

In order to discuss the shift of reactor characteristics
three gpecific examples have been selected from the curve at 3000
MW gross electric. Reactor A produces the cheapest electricity
when the price of plutonium is 25 $/g, while reactor C produces
the cheapest power at 175 $/g. Reactor B is the Nominal Hybrid:
the optimum reactor at 87.50 $/g, where the hybrid and LWRE cost
curves intersect.

Selected physical parameters of these reactors are given
in Table XXXIV, while Table XXXV presents the corresponding major eco-
nomic parameters. Of immediate interest in these data are the com-
parisons between A and B and between B and C. In the former case,
hybrids A and B are physically very different, but have nearly the
same price of electricity. In the latter case, the reverse is
true: hybrids B and C are very similar, but C produces much
cheaper power.

The revenues of a hybrid are from the sale of electricity
and plutonium. The '"price of electricity'" is calculated such that

the annual revenues just equal the annual charges. For the hybrid



Table XXXIV. Physical Parameters of Three Optimum Hybrids

Rated at 3000 MWe.

Reactor A

Size Parameters

Major radius 10.83
Minor radius 2.435
Aspect ratio 4.45
Plasma volume 1267.00
Wall area 1129.00

Plasma Parameters

Density 50.06
Temperature 7.0
nTt 56.0
Hot/thermal ratio 0.041
8 pressure ratio 1.29
Beam voltage 150.0
Beam power 344.1
FFusion power 409.8

Blanket Parameters

Wall load 0.2905
Burnup 0.480
Batch lifetime 7.68
Inergy multiplication 23.64
Average Pu inventory 7494 .00
Gross Pu bred 1941.00
Net Pu sold 0.0
U inventory 978.0

Power Production

Net power 2144 .00
Capacity factor 69.7
Annual output ' 13.10

15,

2.
.35
2682.
1922.

113.

761.
. 001
.99
168.
164.
985.

0 w o o

2419.
69.
14.

72
940

00
00

3

.4106
.242
.53

. 86

2800,
2681.
1988.
1666.

00
00
00
00

00

65

16.
.912
.52

2690.
1948.

108.

6567,

07

00
00

0.002

0.
157.
178.

1087.

85
0
4
0

0.4467

0.
2.
8.
2422.
2855.
2336,
1668,

2406,
65.
14,

157
17
91
00
00
00
00

00

23

331

%
keV
MW
MW

MW /2
%
yr

ke
kg/yr
kg/yr
Mg

MW

%
TWhr



332

Table XXXV, ~Leconomic Parameters of Three Optimum Hybrids

Rated at. 3000 We.

Reactor A

Annual Revenue - 500.83 709.08 837.16
Price of electricity 38.22 36.67 29,48
Electric power 2144.00 2419.00 2406.00
Flectricity revenue 500.53 537.14 428 .31
Capacity factor 69.73 69,12 68.94
Price of plutonium 25.00 86.50 175.00
Plutonium production 0.0 1987.70 2336. 30
Plutonium revenue 0.0 171.94 408.85

Annual Charges 500.72 709.31 836.05
Fixed charges 420.79 494 . 87 501.57
Wall replacement 0.43 1.04 1.14
Maintenance 19.65 21.98 21.80
Salt processing 1.00 1.00 1.00
Fuel cycle 58.84 190.42 311.68

Capital Items 3316.54 3299.10 3343.81
Magnets 244.14  493.90  509.35
Wall and Structure 140,63 200.21 213.80
Injectors 126.60 64.09 67.23
Invariant 50.00 50.00 - 50.00
Balance of plant 891.95 891.95 891.95
Indirect charges 653.99 769.12 779.55
Interest during 481, 34 566.07 B73.75

construction

Cost of Capacity (including inventory)
Electricity 1428, 00 1477 .00 1525.00
Plutonium - 1242.00 1083.00

M$
$/MW-hr
MWe

M$

$/g
kg

M$
M$
M$

M$
M3
M3

M3

M3
M$
M$
M$
M$
M$
M3

$/kWe
$/(kg/yr)



333

sytems code the charges are figured in five categories, of which
only two -- fixed charges and fuel cycle -- are gignificant and
variable. The fixed charges are figured on five categories of
capitalization (including indirect expenses); the balance-of-
plant dominates but depends only on the gross power, while the
magnet cost is the major variable., The fuel cycle cost is based
on an annualized equilibrium batch model following standard nu-
clear accounting practices; roughly half the cost is for blanket
fabrication, interest, and processing, while the other half is

a plutonium inventory charge.

Comparing reactor C to reactor B, the annual cost has
increased substantially, but the plutonium revenue has risen more:
therefore the required price of electricity is lower. Three-
quarters of the increase in the Pu revenue is directly due to the
higher assumed price of plutonium. Unfortunately the price increase
also would boost up the Pu carrying charge portion of the fuel
cost; the net effect, if applied to reactor B, would be to lower
the required price of electricity to 31.2 $/MWhr,

Reactor C beats this because it has a greater net pro-
duction of Pu. Small changes in the beam and plasma specifications
lead to an increase of about 10% in the fusion power; this in it-
self will increase the Pu production by 10%. In addition, since
the gross power is fixed, the blanket energy multiplication must
be reduced. This is accomplished by lowering the burnup of the
uranium in the multiplier region because the Pu salt in the burner
region is already being ramped down to zero at refueling time.
Reducing the burnup has several ramifications: the Pu production

ratio increases slightly, the average Pu inventory decreases
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slightly, while the batch lifetime decreases substantially. The
fuel cycle cost component due to blanket fabrication and reproces-
sing rises since it is inversely proporticnal to the lifetime,

but this extra cost is just balanced by the revenue from the

extra Pu for sale., Carrying charge savings on the reduced Pu
inventory, only partially cancelled by increased fixed charges,
provide the final decrement in the required price of electricity.

Overall then, in the vicinity of the B and C hybrids
two factors explain the declining cost of hybrid power as the Pu
price is raised. First, there is the simple fact that in these
reactors the Pu production is large enough that the sale revenue
increases faster than the inventory charges. Second, the trade-
offs among blanket throughput charges, Pu inventory charges, and
net Pu production earning are reoptimized. As the Pu price rises,
the extra revenues will balance off the incremental throughput
charges at lower burnups, leaving a net gain due to the lowered
carrying charge.

In contrast to B versus C, the differences between the
A and B hybrids illustrate substantially different approaches to
minimizing the price of electricity. Reactor A, which is the
optimum when the market price of plutonium is only 25 $/g, has a
large Pu inventory, high blanket energy multiplication, and no net
production of Pu for sale.

Reactor A is much smaller than reactor B: the major
radius is only two-thirds, the volume one-half, and the wall area
about 60%; this results in a 45% decrease in the capital cost of
the magnets, wall and structure., On the other hand, the beam

power is more than doubled, with corresponding effect on the beam
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cost. BSince the plasma density of A is half that of B and the nt
only 7.4%, the fusion power of reactor A is less than half that
of B, and only 20% greater than the beam power.

To compensate for the low fusion power the blanket multi-
plication is raised nearly to its limit by increasing the Pu con-
tent of the burner salt. Keeping the gross power high minimizes
the impact of the low plasma Q; the large Pu inventory is tolerable
because of its (comparatively) low price. The multiplier region
burnup is nearly at the target of 0.5%, so that the batch lifetime
is quite long; this factor, along with the lower uranium inventory
in the smaller machine, keeps the blanket processing portion of
the fuel cycle cost low.

Relative to reactor B, the reductions in the fixed charges
and fuel cycle costs of reactor A slightly more than compensate
for the lack of Pu sale revenue. Unfortunately the extra power
required for the beams comes out of the net electrical output,
requiring a slightly higher price for that electricity to achieve
breakeven.

However, this is the best hybrid in the given circum-
stances, 1.e., 3000 MWe gross power and 25 $/g for plutonium. If
the fusion power were increased, there would be a net production
of Pu for sale and a reduced Pu inventory charge; against these
factors would be increased blanket processing charges because the
batch lifetime would be shorter. (It is interesting to note that
the Pu inventory charge and the blanket U processing charge each
constitute about one-half the fuel cycle cost in all three cases
considered here.) Furthermore, increasing the fusion power by in-

creasing the device size would raise the capital cost, while
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increasing the beam power would lower the net electrical cutput
still more. The sale of Pu at only 25 $/g is simply not worth-
while.

These cases illustrate an observation drawn from exami-
nation of many hybrid cases: for a given power level there ig a
ceritical price of pluteonium which separates two opposing reactor
regimes. When the Pu price is high, the sale of plutonium is a
lucrative business, and so fuel producers are favored. The blanket
energy multiplication in these reactors is kept to the bare mini-
mum; increased physical size is the cheapest way (overall) to
raise the fusion power to make up the difference. When the price
of Pu is low, better economics result from a small reactor with
low fusion power and a high blanket multiplication. This provides
in @itu couversion of the bred fissile material to energy, which
is comparatively more valuable. The transition betweeen these
two regimes generally occurs over a narrow range of Pu prices,
and sometimes occurs as a sharp '"snapthrough' at a critical price.

F. General Conclusions

We close this section of the study with some brief
general conclusions supported by the above resulis.

1. There are economically interesting hybrids. They
must produce electricity for sale. They are large (> 2 GW({e)
gross), but not too large (< 4 GW(e) gross), and expensive (capi-
tal costs < 1 G§/GW(e) gross).

2. The buslbar cost of electricity 1s sensitive to
gross electric power, decreasing as the power increases,

3. There are different combinations of physical size,

plasma temperature, ratios of "hot" to "thermal' plasma ion
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populations and beam injection voltages that can lead to nearly
equal bus bar costs of electricity. Therefore there is some lati-
tude in physical design of hybrid reactors without major economic
renalty.

4. The bus bar cost of electricity is sensitive to the
confinement property of the plasma (nt) and to the distribution
of plasma density and temperature in minor radius.

5. Multidimensional analysis of both the physical and
economic elements that make up a hybrid reactor is necessary to
evaluate a hybrid design.

6. In view of the sensitivity of the economic perior-
mance of the hybrid to plasma physics guantities, a more precise
modeling should await more experimental knowledge of plasma be-

havior.
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VI. Some Characteristics of a Particular Tokamak Hybrid

A. Hybrid Design Point

In this section we describe the equilibrium and ideal
MHD stability of the nominal hybrid plasma which were calculated
using the Princeton Equilibriuml and Stability Codes (PEST).2

The peloidal field code system that supports the
equilibrium is calculated following the procedure described in
Section IV.C, and consists of a series of coils surrounding the
plasma at a distance of 2 m from the plasma surface (0.5 m scrape-
off + 1.5 m blanket and shield). The resultant field is uniform
and slightly convex in the vicinity of the nominal magnetic axis
RO = 15.37 m but is strongly curved near the 'x' point. The
poloidal flux contours of the equilibrium field are shown in
Figure 1 with the corresponding coil positions and currents
listed in Table I.

The plasma equilibrium configuration with parameters
listed in Table II that is supported by this equilibrium field is
shown in Figure 2. This equilibrium is stable to axisymmetric
N = 0 modes, where N is the toroidal mode number, because of
the shape of the equilibrium field, and is also stable to ideal
and resistive local interchange modes.3 However, it is marginally
unstable to high N ballooning modes4’5 and unstable to low N
surface Ekink modes6 according to ideal MHD theory. The projections
of the displacements on a poloidal plane of an N = 1 kink mode
and an N = 3 ballooning mode are shown in Figures 3 and 4 respectivel
In practice the low pressure plasma outside the separatrix can

be expected to provide significant passive stabilization of
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Table 1.

Coil Pair
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L e 3 M
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fd
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.50
.00
.25
.25
.00
.50
.25
.25
.00

I(MA)
-2.395

+2.395
-0.102
~0.289
-0.472
-0.627
-0.698
-0.542
-0.357

~0.801



342

A

Table II.
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Displacement Vector Field for N = 3 Ballooning Mode.
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external kink modes.7 Further, nonlinear effects and optimi-
zation of the pressure profile by anomalous transport driven
by the instability can be expected to raise the critical beta
for the onset of destructive ballooning instabilities. The
destabilizing effect of resistivity on these modes has been shown
to be Slight,8 and thus our choice for the parameters of the
nominal hybrid are considered reasonable. Should a reduction
in the average beta be necessary, we have also designed a
< B> nv0.5% equilibrium configuration that is stable to all
ideal MHD modes. The effect of this reduction in < § > on the
hybrid economics is discussed in Section V.

The overall poloidal plane cross section of the nominal
hybrid equilibrium configuration is shown in Figure 1 of Section IV.C
with the separatrix surface passing behind the blanket to the

pumping region,.
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B: Major Components

1. Fuel Handling Systems

2. Introduction

This chapter deals with the processing problems asso-
ciated with the fuel flows in the Princeton Hybrid Power Plant.
There are four principal fuel loops in this plant. As indicated
in Figure 1 they are the primary fusion fuel loop, the uranium
converter loop, the fission burner loop, and the neutron scavenger
loop. 1In addition to these fuel loops there is a tritium recovery
loop on the coolant helium system and an emergency tritium contain-
ment system for the nuclear island. Radioactive waste disposal
facilities are included in the burner loop.

2. Primary Fusion Fuel Loop

Figure 2 shows the primary fusion fuel loop, comprising
the neutral beam injectors, pellet injectors, reactor, divertors,
vacuum pumps, fuel processing system, and fuel storage system. With
the single exception of the neutral beam injectors these fuel
handling elements are in many respects quite similar to the cor-
responding elements of the Princeton Reference Design (PRD).1 The
recycle fuel purification system, for example, is a small scale
cryogenic fractional distillation svstem, somewhat larger but
simpler than the PRD system because of the absence of argon in the
exhaust from the reactor.

The beam injectors pose no special problems in fuel puri-
fication, but they present serious difficulties in gas handling

because of the large flows that must be accommodated around the

beams.
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Fig. 1. Principal Fuel Loops.
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As a conservative basis for analyzing the design we
assume that ten atoms of fuel species will have to be circulated
around the beam injections for every atom injected into the

2
reactor torus.

Since the neutral beam injectors provide only 12% of
the total fuel flow to the reactor, pellet injectors must make
up the balance. It is possible that the fuel filux in the reactor
can be sustained in large measure through internal recycle of the
plasma off the reactor walls, but it is likely that the mainte-
nance of this recycle would still require a considerable external
recycle through the divertors. We shall make the conservative
assumption that the requisite plasma density and residence time
must be supported by external recycle of the fuel. Table I sum~
marizes the typical mass rates.

The reactor exhaust will also contain some protium and
small amounts of high-Z elements. Approximately 0.6 g protium
is produced for every kilogram of helium formed from fusion re-
actions. Some modest amounts of protium might be allowed to
accumulate in the primary fusion fuel loop, thereby simplifying
the fuel purification steps and related tritium control in the
ultimate reaction ash (protium plus helium). The economic trade-
off with this simplification would be the increased cost of running
inert materials through the reactor and the primary cycle.

a. Neutral Beam Injectors

Equal numbers of deuterium and tritium ions are injected
to the reactor in separate neutral beam injectors comprising two

beam lines for each species with perhaps five ion guns per line.



Table I. Typical Flows in Primary Fuel Loop (kg/d)

Neutral Beams
Net injection to reactor
Recycle around lines
Pellet Injection
Reactor Exhaust

Reactor Burn-~up

Deuterium Tritium

5.86

10.

.06

60

.78
.75

.10

353

Helium

Total

1.77

17.67

14.64

16.38
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The separate injection is necessary to ensure equal penetration
of the two species into the plasma.

Backstreaming of ions from the plasma in the reactor
into the injectors occurs at a rate equal to about 0.5% of the
injection rate.2 As a result the average composition of the injec-
tion beams will be 0.9976 atom fraction D and T in the tritium and
denterium beams respectively. Thus the deuterium beams are appre-
ciably contaminated with tritium, but a large holdup in their re-
cycle systems would involve a relatively small tritium inventory.
For example, if the pumps on the deuterium beam lines were regen-
erated only once per day, the tritium holdup would bhe 7.07

(1.0 - 0.9976) 3.019/2.014 = 0.0254 kg.

On the other hand, large holdups in the recycle systems
on the tritium beam lines could not be tolerated. The cryosorption
panels necessary for pumping the large gas flows to sustain the
beams must be regenerated on a frequency not less than several
times per day. Even at 12 cycles per day the tritium inventory
on the panels would approximate 10.6/12 = 0.88 kg, and, if we
maintain a feed reserve equivalent to four hours operation, the
total inventory requirement would be 10.6 (4)/24 + 0.88 = 2.65 kg.

This large tritium inventory could be avoided by injecting
only deuterium via the neutral beams. However, this saving would
come at the expense of a correspondingly higher tritium recycle
in the pellet injectors to maintain a sufficiently high tritium
concentration in the reactor for adequate fusion. If we assume
the tritium rate via pellet injection must be increased by 50%,

the incremental increase in tritium inventory for the same regen-

eration rate and same fuel reserve would be 0.5 (9.75) (1/12 +
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4/24) = 1.22 kg compared with 3.65 kg when tritium is injected
by neutral beams and by pellet.

b. Pellet Injectors

The pellet injectors are presumed to be similar to those
proposed for the PRD with the simplification that argon need not
be incorporated in the pellets. Recent experiments3 suggest that
pellet injection is not an unreasonable fueling mode.

c. Reactor Exhaust

We assume that the divertors will be pumped either by
mercury diffusion pumps as in the PRD or by cryosorption pumps.

The latter have the advantage of simplicity and a sealed configu-
ration assuring tight control of tritium, but their cyclic re-
generation results in a relatively high average tritium inventory
retained on the cryopanels during normal operation. The final
choice of pump will depend on a detailed economic analysis.

Since the hybrid machine does not employ argon in its
plasma, the cooling of the plasma in the divertors and beyond is
more difficult than in the PRD. Furthermore the gas flows are
more than fourfold greater than those in the PRD. We assume these
flows and their cooling, with appropriate ducting to control neutron
streaming, can be accommodated without undue compromise of structures
and pump loads, but these problems have not been addressed formally.

d. Tritium Inventory

The tritium inventories in regions of the hybrid plant
outside of the primary fusion fuel loop are guite small. Table IT
summarizes the likely inventories for the entire plant. Cryvosorp-
tion pumps are assumed to be used for the neutral beams and the

reactor exhaust with 12 regenerations per day in the tritium beam
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Table II. Overall Tritium Inventories in Hybrid Plant

Primary Tusion Fuel Loop
Cryopumps
Neutral Beams
D Beam
T Beam
Reactor Exhaust
Fuel Reserves (4 hr.)
Neutral Beams
Pellet Injectors

Purification System
( 2 hour cycle)

Dissolved in Structure
Blankets

Tritium Recovery Sytem
. (8 hour cycle)

Dissolved in Salts

Total

0.03 kg

0.91 kg

0.81

1.64

1.72 kg

0.82

0.03

5.94 kg

6.01 kg
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bumps and the vacuum pumps on the divertors.

3. Uranium Converter Loop

We assume that the uranium cannisters in the converter
region of the reactor blanket will be recycled at an average
residence time in the blanket of one year and that the hot can-
nisters will be reprocessed off site at relatively large scale,
fully automated facilities. While it is difficult to estimate
reliably the likely cost for this reprocessing, Hammond5 has ob-
served that the cost, which was as low as $30/kg material processed
in the early 1970's, might be expected to run as high as $200-300
in the early 1980's.

If we assume that the typical cost in 1978 dollars is
$100/kg including the cost of handling the cannisters at the plant
and shipping them, the total annual cost for recovering plutonium
from a uranium inventory of 1.686 x lO6 kg in the converter would
be $166M. The corresponding unit reprocessing cost per gram of
plutonium recovered based on an annual make of 1000 kg would be $1686.

This cost scales inversely with the average residence
time of a cannister in the blanket. For two vears rezidence the
cost would be $83/g plutonium, provided the more heavily coanverted
uranium did not result in more difficult reprocessing. As noted by
Metz,6 highly converted fuels, as would obtain in breeder reactors,
are harder to dissolve initially in nitric acid and becausc of
their higher radiocactivity cause more rapid degradation of the
Purex process solvent tributyl phosphate. Thus the unit reproces-
sing cost for longer residence times probabliy would he somewhat
higher, but well within the range of values considered in this

study (Section IV.E.4.d).
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4., Burner Loop

Because of fission reactions the burner loop poses dif-
ficult fuel handling problems.

In the burner loop plutonium in the form of the tri-
fluoride dissolved in molten lithium beryllium fluoride undergoes
fission. At the same time tritium is bred from the transmutation
of lithium-6 and lithium-7. Fission wastes and corrosion products
must be removed before they can have adverse effects on fission
rates, and the tritium must be recovered essentially in toto and
efficiently. A simplified flow diagram for the burner loop is shown
in Figure 3.

a, Tritium Recovery

For the bulk of the tritium recovery we propose to take
advantage of the tendency for tritium to permeate the walls of the
heat exchange tubes in the reactor blanket. In the presence of
plutonium trifluoride it should be possible to maintain tritium
principally in the form of T2 with relatively little TF., By al-
lowing the tritium pressure to rise above 10"4 atm the normal per-
meation rate of tritium through the cooling tube walls and into the
coolant helium should egual the production rate of tritium in the
breeder salt.

Once the tritium enters the coolant helium it is oxi-
dized to water by low pressure oxygen in the helium, probably aided
by catalyst beds to ensure complete oxidation. As indicated in
Figure 4 the tritiafed water is removed continuously from the
helium by mole sieve adsorbers operated cyclically. Periodic re-
generation of the adsorber beds by heating them to 26000 under

vacuum permits complete recovery of the tritium. The evolved
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water is frozen out in cold traps and subsequently passed to cells
for electrolysis to molecular tritium and oxygen. This operation
is similar to that proposed for the PRD.

Under steady operating conditions the equilibrium vapor
pressure of molecular tritium above the blanket salt will rise to
a level such that the losses of tritium from the salt, either
through permeation into the coolant helium or through escape in
the off gases routinely removed from the blanket, will just equal
the tritium production in the salt. Given the uncertainties in
estimating permeation rates, the steady state tritium pressure
would probably lie in the range 1072 to 1074 atm. At these pres-
sures some tritium, possibly as much as ten percent of the
tritium make, will go out with the off gas and have to be recovered.

b. Off Gas Processing

In addition to helium, T2, and TF from the tritium breeding,
the blanket salt will contain gaseous fission products and gaseous
corrosion products including xenon, krypton, TI and possibly TBr.
Although the production rates for these latter species are very
low, totaling less than 0.02 kg mole per day based on estimates
for the Molten Salt Breeder Reactor (MSBR),7 they must be main-
tained at very low concentrations, especially the xenon, to avoid
adverse parasitic effect on the blanket neutron economy. In the
MSBR these gases are sparged from the salt with a small helium
stream.

For the hyﬁrid plant we propose that the salt be satu-
rated with helium at slightly less than one atmosphere in a packed
column scrubber. Molten salt flows through the scrubber at rates

consonant with the rates required for heat transfer in the blanket.
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Helium is drawn from the top of the scrubber at rates sufficient
to remove the net helium production in the blanket and carry off
xenon and other contaminants. As indicated in Figure 5 this low
helium flow is treated with fluorine gas before cooling to burn
any molecular tritium to tritium fluoride and convert all other
tritium halides to tritium fluoride. The gas is then cooled to
knock out any salt vapor, then subcooled to liquid nitrogen tem-
peratures to crystallize out the TF, and finally passed through
adsorbers to remove the gaseous fission wastes. The relatively
clean helium is recycled to the scrubber.

Much of the process and equipment for treating the off
gas from the salt is similar in size and nature to that proposed
for the MSBR. The principal difference arises from the need to
recover the tritium in the gas. In the MSBR the tritium, pro-
duced in very small amount, is removed but not recovered.

¢. Fission Wastes in Salt

Although the production of fission wastes in the burner
loop is at a very low rate, approximately 6.6 kg/day, they should
not accumulate in the salt to concentrations much higher than a
few percent of the plutonium concentration. These wastes will in-
clude some heavy isotopes arising from neutron capture by the plu-
tonium together with the fission products comprising some eighty
species with mass numbers ranging from 72 to 160.

The separation of these different species from the blan-
ket salt requires a number of process steps, probably including
selective reductions to metals followed by liquid-ligquid solvent
extractions with both liquid metal (bismuth) and molten salts

(lithium chloride) as solvents. For the purpose of this study we
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shall assume that the processing sequences developed for the MSBR
are of the same order of complexity as those required for the hy-
brid machine, and hence the costs for the MSBR, properly adjusted
for scale and time, are reasonably applicable., This assumption
is probably conservative because the hybrid system does not have
the problem of rapid removal of protactinium as is required for
the thorium cycle of the MSBR.

Carter, Nicholson and McNeese8 estimated the total plant
investment for the salt processing system for a 1000 ME(e) MSBR
at $35.6M in 1961 dollars assuming that molybdenum is used to con-
tain the bismuth solvent system. They also estimated that the in-
vestment would scale as the 0.28 power of the processging rate.
McNeese9 estimated that the plant investment could be reduced to
$25M if stainless steel were used in place of the molybdenum,

The electric energy production attributable to fission
in the hybrid machine is approximately 3.0 GW(e) gross (9.85)/
(1 + 9.85) = 2.72 GW. Taking the inflation rate at 6% and using
the above scaling law, the corresponding plant investment for the
hybrid salt processing system in 1978 dollars would be
$25K (2.72/2)9:28 0-06 (7) _ ¢50 4u.

If this processing plant is depreciated over a period
of ten years and the fixed charges comprise the principal cost
component, the total operating costs might run $6M per year.
The above costs are believed to be moderately conservative

and would include tritium recovery and radiocactive wastes disposal.

As pointed out in Section IV.E.4.e they contribute negligibly to

the unit power cost.
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5. Scavenger Loop

As shown in Figure 6 the only processing elements in
the scavenger loop are a degasser to take out helium and tritium,
probably continuously, and a salt doctor operating intermittently
to control the buildup of impurities in the salt.

By maintaining small surfaces of metallic beryilium in
contact with the salt in the blanket, the ratio of molecular tri-
tium to tritium fluoride in the salt can be kept high enough to
ensure that most of the tritium production in the scavenger per-
meates into the coolant helium in the blanket. Small amounts of
molecular tritium and tritium fluoride will come off the stripping
tower along with all the helium production. As in the burner loop
the offgas will be burned with fluorine to convert the tritium
to tritium fluoride so that it can be recovered readily by conden-
sation for subsequent regeneration.

The likely investment in processing facilities and the
related operating costs for this loop should be quite modest. We
assume they are reasonably accommodated in the above costs for
the burner loop processing system.

6. Tritium Containment and Control

The hybrid power plant, like all fusion power plants
based on the deuterium-tritium fuel cycle, has a considerable
investment in features for routine and emergency containment of
tritium. These features include appropriate Jjacketing of lines
and vessels, shrouds on valves, and the like, all with helium
purges. For emergencies the nuclear igland must be fully isolated

from the atmosphere and equipped with catalytic oxidizers and mole
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sieve adsorbers to convert any tritium releases to water and trap
it entirely.

Hickmanlo reports that cost studies for a proposed fusion
engineering research facility employing a driven tokamak machine
without tritium breeding would require something like $20M capi-
tal expenditure for tritium containment safety. We may assume the
corresponding costs for the hybrid machine could be no less.

7. Radiocactive Wastes Disposal

Because of the fission processes occurring in the blanket
of the hybrid there is a serious problem of wastes disposal. We
have not dealt with this problem in this study beyond assuming
that the likely costs are included in our estimates of the costs

of processing the salt in the burner loop.



s

References

1A Fusion Power Plant, R. G. Mills, ed., Princeton

Plasma Physics Laboratory Report MATT-1050 (1974).

2TFTR Neutral Beam Systems Conceptual Design, TFTR

Final Conceptual Design Report, Vol. 5, Oak Ridge National

Laboratory Report ORNL~CF-75-9-15 (1975).

3C. A, Foster, Production of Uniform Micropellets of

Hydrogen and Hydrogen Pellet Injection on ORMAK, Ph.D. Thesis,
University of Illinois (1977); as described in Fusion Forefront

10, 6 (1977).

4?. W. TFisher and J. S. Watson, Cryosorption Vacuum

Pumping of Deuterium, Helium and Hydrogen at 4.2 K for CTR Ap-

plications, Transactions of the American Nuclear Society 1976

Winter Meeting (American Nuclear Society, Hinsdale, Illinois,

1976) Vol. 24, pp. 501-502.

5A. L. Hammond, Nuclear Proliferation I, Science 193,

126 (1976).

6W. D. Metz, Reprocessing: How Necessary Is It for the

Near Term?, Science 196, 32 (1977).

7Ebasco Services, Inc., 1000 MW(e) Molten Salt Breeder
Reactor Conceptual Design Study, Final Report Task 1, Ebasco

Services, Inc., New York, New York, February 1972.



369
B1

8W. L. Carter, E. L. Nicholson, L. E. McNeese, Cost
Estimate for an MSBR Processing Plant, Molten Salt Reactor Pro-
gram, Semi-Annual Progress Report for Period Ending 31 August

1972, Oak Ridge National Laboratory Report ORNL-4782 (1972)

rpr. 189-183.

9L. E. McNeese, private communication 1976.

1OR. G. Hickman, Tritium in Nuclear Fusion Power,

Lawrence Livermore Laboratory Report UCRL-75546 (1974).



370
B2

2. Reference Blanket

é. Physical Description

As a result of the initial scoping studies of the hybrid
conceptual blanket, a particular combination of dimensions and
compositions was chosen for analysis as the "Reference Blanket'.
Please note that this is not the '"Nominal Hybrid" selected from
the output of the systems optimization; in order to carry out
all the desired calculations the model had to be frozen before
the systems code was fully operational. Furthermore, this is not
a blanket that is exactly representable by the nominal blanket
model in the systems code; that model was based on the reference
blanket (and variations), but using the simplified parameteriza-
tion requires a certain license in representation of the more
exact results.

The dimensioné and composition of the reference blanket
are illustrated in Figure 1. Facing the plasma is a radiation
shield wall occupying (but not fully) a region 5 cm thick. Behind
this is the 15 em thick multiplier region. The burner region is
30 cm thick overall, with graphite for moderation in the middle
30 cm. Behind this is the scavenger region, 15 cm thick. The
shield begins with a 15 cm layer of steel, and continues with
alternating 10 cm layers of boron carbide and steel. Most of the
analyses of this blanket were performed with the one-dimensional
cylindrical approximation usually applied to tokamaks. Only
region-averaged homogenized material compositions are required for

this type of analysis.
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The radiation shield region is assumed to be 80% void
(by volume, of course), 10% steel, and 10% water. The choice of
water as a coolant is discussed below in the section on thermal-
mechanical design, as is the double shell wall which justifies
these volume fractions.

In the multiplier region the U-7 Mo fuel is assumed to
occupy 44% of the volume. (Uranium depleted to 0.3% in U-235 is
specified.) In addition, the steel of the pressure tubes takes
8% and the helium coolant 32%. (However the helium is lumped with
the 16% void and ignored.) These values are based upon the use
of 80 mm OD pressure tubes with 2 mm walls, and fuel in the form
of hollow cylinders with g2 mm OD and 22 mm ID.

The burner consists of three sub-regions. The middle
one is 85% graphite (in blocks with channels) and 15% salt. The
outer regions are 80% salt; with allowances of 15% for the helium
coolant and 5% for structural steel. The salt in this region is
flibe near the eutectic: 52 mole % BeFe and 47.75% LiF, with a
fissile loading of 0.25% PuFS. According to Ref. 1, the solubility
of plutonium trifluoride in (LiF)z—Ber is given in mole percent
by log S = 3.2305 - 3096 K/T. At SSOOC, this would allow a loading
of 0.294%. 1In order to suppress the competition for thermal neutrons,
which would require an increase in the plutonium density, the
lithium is assumed to be depleted to only 0.1% in lithium-86,

The scavenger region is designed as a kind of pre-shield,
to absorb most of the néutrons leaking out of the multiplier. It
is composed of 70% salt, 20% graphite, 5% helium, and 5% steel.
Here the salt is 529% BeF2 and 48% LiF, enriched to 15% in lithium-6.

The lithium from the scavenger and that from the burner would, if
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mixed, have approximately the natural ratio of isotopes. Thus
a2 dedicated separation plant could prepare a head enrichment for
the scavenger and tails for the burner, with no net reject stream.

The steel used in all blanket regions is taken to be
8SS-316 at 7.75 Mg/ms, with the following nominal composition:

64 Fe, 18 Cr, 14 Ni, 2 Mn, and 2 Mo {weight percent). The water
in the first wall is assumed to have a density of 0.9584 Mg/m3
(i.e. a temperature of IOOOC); the density of graphite is assumed
to be 2. Mg/mg. The multiplier fuel is specified as 7% Mo - 93% U
(by weight) at 18. Mg/ms. The densities of the two salts were
calculated by addition of fractional molar volumes from the fol-
lowing data: BeF2 - 24.20; LiF - 13.77; PuF3 - 32.08 (cmB/mole).
Implied densities are 1.9589 Mg/m3 for the burner salt and 1.9297
Mg/m3 for the scavenger. -

D. Neutronid Performance

As mentioned above, the reference blanket has been ana-
lyzed in an infinite one-dimensional approximation. Thus the
following results are nominal values, comparable to those guoted
in other tokamak conceptual design studies. It was not felt to
be worthwhile to perform more exact (more expensive) calculations
for an as-yet ill-defined hybrid.

Calculations were performed with the PPL-ANISN code,2
version of the widely used ANISN one-dimensional discrete-ordi-
nated transport code3 modified principally in the input and output
stages. Table I gi&es the spatial mesh of 75 intervals used to
describe the blanket. A P-3 Legendre scattering expansion and

the symmetric S-8 angular quadrature were used to complete the

discretization. The fusion neutron source was uniformly distri-

buted in the cylinder of radius less than 200 cm,
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Table I. Spatial mesh used for the reference blanket

Zone Material Left Radius Interval widths
1 Plasma 0.0 cm 200, 320

2 Wall 250. 2, 2, 1

3 Multiplier 255. 15 @ 1

4 Burner 270. ' 10@ 1

5 Moderator 280. 15 @ 2

6 Burner 310. ic @1

7 Scavenger 320. 10 @ 1.5

3 Shield 335. 10 @ 2

Void 355,
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Transport cross section were taken from the DLC-2F data
set distributed by the Radiation Shielding Information Center
(RS1C). The data in this library were derived from the national
evaluated nuclear data file ENDF/B-III. (The data for U-238 were
amended to include cross sections for the n-3n reaction.) To
reduce the cost of computation to the available resources, the
100-group DLC-2 cross sections were further collapsed to the 30~
group structure described in Table II. The boundaries of this
structure were chosen with an eye to the principal modes of
transport expected and the reactions (and thresholds) of major
interest. The spectrum from a preliminary blanket similar to the
reference was used as the weighting function for the group col-
lapsing code.4

Figure 2 shows a perspective plot of the scalar flux
as a function of energy and position in the blanket. Note the
steady attenuation of the top group, compared to the flux below
2 MeV. The former is due to removal of the fusion neutrons,
while the latter results from the large number of fissions in the
burner salt regions. The dips in groups 23 (23-61 eV) and 25
(3-8 eV) at the multiplier-burner interface are due to the strong
resonance absorption of the U-238. 1In anticipation of this effect,
the effective capture cross sections for U-238 used in these cal-
culations were scaled down from the infinite-dilution values
given in DLC-2, using self-shielding factors derived from a pre-
liminary version of the DLC~-41/VITAMIN-C library. (The whole
uranium file from DLC-41 was not used because: a} it was derived
from END¥/B-IV, and therefore inconsistent with the DLC-2 data;

and b) the library was only released in preliminary form for review,
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Table II.
Library.
Group Upper
# Energy
1 14.918 MeV
2 13.499
3 12.214
4 11.052
5 10.
6 9.048
7 7.408
8 6.065
o 4,066
10 2.725
11 1.827
12 1.496
13 1.225
14 .821
15 . 498

Lethargy
Width

S R N . X N

Energy Structure of the 30-Group Neutron Cross Section

Group Upper Lethargy
# Energy Width
16 302.0 keV 1.0
17 111.1 1.5
18 24.79 1.5
19 5.53 1.5
20 1.234 1.
21 . 454 1.
22 .167 1.
23 61.4 eV 1.
24 22.6 1.
25 8.32 1.
26 3.06 .5
27 1.855 .5
28 1.125 .5
29 . 683 .5
30 .414
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in Blanket.
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and not all questions of reliability had been resolved.
Figure 3 shows spectra at the center of the first
wall region and the center of the multiplier. Major features
are the fusion neutron peak, a secondary peak due to secondaries
from source neutron collisions, and a strong energy attenuation.
Figure 4 shows spectra at the center of the moderator region,
and at the centers of the adjacent burner salt regions. Because
of the strong source of fission neutrons the fusion neutron peak
is comparatively unimportant. Below the fission peak the flux
exhibits typical "1/E" slowing down spectrum, with a thermal peak
in the graphite region. Figure 5 shows spectra at the center of
the scavenger and at 10 cm into the steel shield. The effective~
ness of the lithium-6 in suppressing the low-energy flux is evident.
Profiles of the flux through the blanket are shown in
Figure 6. The top group, which receives 85.61% of the source,
is strongly attenuated, (The other 14.39% of the scurce is allo-
cated to group 2, because of the surprisingly large width of the
DT neutron spectrum in beam-driven reactors.) Group 10 (1.8 - 2.7 MeV)
straddles the fission spectrum peak and illustrates the flatness
of this secondary source. Group 19 (1.2 - 5.5 keV) typifies the
slowing-down region., Group 25 (8 - 8 eV) is subject both to the
resonances of both U-238 and to the lithium-6 thermal absorption.
Of course, the flux is only an intermediate result; use-
faul design parameters must be obtained by convoluting it with
specific reaction probabilities. Cross sections for various
reactions discussed below were taken principally from DLC-24/SINEX
and DLC~-29/MACKLIB, data sets distributed by RSIC and derived from

ENDF/B~IT1 in a manner compatible with DLC-2. Since these libraries
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both give 100~group data, the weighted collapse to 30 groups
applied to the transport library was applied here also.

Tritium is produced in a fusion reactor blanket by the
neutron-stimulated Breakup of 1lithium-7 and lithium-6. (The
former has a high-energy threshold and releases a secondary
neutron; the latter is a predominately thermal capture reaction.)
In the reference blanket there are 1.094 tritons produced per
incident DT neutron.

Of this, only 0.022 comes from lithium-7 reactions, and
2/3 of that is in the first burner =zone. The thick multiplier
attenunates the fusion neutrons too much for significant lithium-7
interactions, while the copiocus production of fission neutrons is
unfortunately below the reaction threshold.

Actually, most of the tritium (0.788) is produced in the
scavenger region, as neutrons leaking out of the burner are soaked
up by the enriched lithiuwm. Figure 7 shows a profile of the tri-
tium production density through the blanket. The burnup in the
moderator zone reflects the thermalization of fission neutrons and
subsequent diffusion. The jump at the boundaries of the graphite
region results from the fact that the burner region is 80% salt
while the moderatory is only 15% salt. The leakage from the
scavengeyr region into the primary shield is 0.152 neutrons per
DT neutron; actually this i1s only a 2.1% leakage, since blanket
fissions, n-2n, n-3n, etc. constitute a secondary source of 6.087

neutrons per DT fusion.

In this reference blanket, fissior breeding 1s accomplished
by neutron capture in uranium-238 to produce plutonium-239. The

calculated gross production in the multiplier region is 2.007 atoms
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of Pu per incident DT neutron. A large part of this must be

due to absorption of fission neutrons leaking out of the burner
region, in the same way that the scavenger produces tritium.
There is also a substantial amount of fission in the uranium -
this is called the multiplier region precisely because of this.
The rate of fast fission of U-238 is 0.3929 fissions per DT,
releasing 1.460 secondary neutrons. (An additional 0.361 extra
neutrons are produced by n-2n and n-3n reacticns.) Furthermore,
although the uranium is depleted to 0.3% U-235, the thermal flux
is high enough to induce 0.111 fissions (and 0.146 absorptions)
per DT neutron.

The production of plutonium in the multiplier is balanced
by consumption in the burner regions where the flibe has been
loaded to 0.25 mole % PuFS. The fission rates in the inner burner,
moderator, and outer burner are 0.306, 0.751, and 0.249 respectively,
per incident DT neutron. Corresponding neutron absorption rates
are 0.480, 1.100, and 0.391, for an overall capture-to-fission
ratio of o - 0.510 in the burner regions. Figure 8 shows profiles
of the fission rate density in the blanket for both uranium and
plutonium, while Figure 9 compares the U-238 capture rate density
to the Pu-239 absorption rate density.

Net breeding ratios can be figured from the values given
above. Subtracting loss from gain, the net Pu breeding amounts
to 0.036 atoms of Pu-~239 per DT neutron. Since there is a great
deal of fission going on, the traditional fission reactor breeding
ratio may alsc be meaningful: 1.018 Pu atoms bred per Pu atom
destroyed. However, if the U-235 is included, the breeding picture

changes from slightly positive to slightly negative: -0.110 net
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fissile atoms per DT néutron; or 0.948 figsile atoms bred per
fissile atom destroyed.

¢. Energy Production

The actual energy production in the reference blanket
cannot be calculated, since this is proportional to the strength
of the driving fusion source. However, various normalized energy
output parameters can be evaluated.

As reported above, per incident fusion neutron there are
1.306 fissions of plutonium in the burner regions and 0.509 fis-
sions of uranium in the multiplier. Assuming a recoverable energy
release 198 MeV per fission, and adding 20 MeV for the kinetic
and capture energy of the original DT neutron, the implied blanket
energy multiplication is 27.0. Where this energy is deposited is
not so easy a guestion to answer.

Much of the kinetic energy of the DT neutron is con-
verted to high energy gamma radiation by inelastic scattering.
In addition, about 13 MeV of gammas are released from each fission.
Therefore, a significant fraction of the energy produced will bhe
transported away from the neutron interaction site, so that the
power density profile will not match the neutron flux profiles.

Consequently an auxiliary calculation of both neutron
and gamma transport was performed specifically to produce a power
density distribution. This calculation was performed with ANISN
using the same model as previously, but with an expanded cross
section data set. This 36-group library contained 30-group neutron
transport cross sections and 6-group gamma transport cross sections,
with coupling ceoefficients for neutron-induced gamma production

disguised as down-scattering cross sections.
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This library was produced by collapsing, as before,

a 12i-group (100 neutron groups plus 21 gamma groups) library
distributed by RSIC as DLC/37C~EPR. Unfortunately, this library
was derived from ENDF/B-IV and hence is not strictly compatible
with the 30-group library, although large differences are not
expected. In addition to transport cross sections, this library
also contains kerma (i.e., energy deposition) factors. When
multiplied by the atomic density and the flux of neutrons and
gammas, these factors give the energy deposition density.

The DLC/37C library was assembled for use in pure
fusion reactor design studies, and does not contain all the data
required for this hybrid heating study. Transport cross sections
for Pu-239 had to be assembled as follows: neutron transport
cross sections were taken from DLC/2 (augmented by the n-3n
reaction); gamma transport cross sections were assumed to be the
same as for U-238; and gamma production coefficients were generated
from a fission gamma spectrum normalized to 13 MeV and scaled by
the sum of the fission and capture cross sections.

In addition several kerma sets were lacking. For both
uranium and plutonium the gamma kermas were generated by applying
energy conservation to the gamma transport cross sections. Neutron
kermas were generated from the fission cross section times the
residual fission energy: 198 MeV minus 13 MeV for the fission
gammas, minus the kinetic energy of the fission neutrons. (An
estimate of energy deposited per collision times the total cross
section was used at energies below the U-238 fission threshold.)
The kerma library was completed with the fluorine neutron kerma

used in previous PPL studies.
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Because of the difference in transport cross section
data between DLC/37 and DLC/2, the results of the coupled neutron-
gamma transport calculation do not match those of the reference
neutron-only calculation. Since the purpose of this exercise
was to generate illustrative power density profiles, the mole
fraction of plutonium in the burner salt was adjusted until,
at 0.18%, an indicated blanket multiplication of 26.7 was obtained,
with 0.415 U-238 and 1.321 Pu-239 fission versus 0.399 and 1,306
in the original.

The power density profiles from this calculation are
shown in Figure 10 while Table III gives the neutron, gamma, and
total power densities averaged over each region. These and all
values reported below are normalized to a DT neutron wall load
of 1 MW/mz. Material densities averaged over each whole region
were used in computing these values.

In the multiplier and burner regions the neutron-deposited
energy dominates, because of the fission rate, while in the
shield the gamma energy is much larger. In the wall and the
scavenger the gamma energies are comparable to, but still smaller
than, the neutron energies, probably because of the leaking fission
gammas.

In the first wall proper (considering only the steel
and water) the average power density is 13.8 W/cmg; this should
not pose a cooling problem. In the multiplier the average power
density discounting the void and helium is 96.5 W/cmB; in the
U-Mo fuel itself the peak is 191 W/cmS. Again, this should not

be too difficult to cool.
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Table III. Power densities in each region of the blanket
(normalized to 1 MW/m2 wall load).

Region

First Wall
Multiplier
First Burner
Moderator
Second Burner

Scavenger

Total

30.
43.

30

29.

.76

19

26

.86

02

.84

W/cm

4].

39.

25.

27.

Reutron

.73 W/em

28

41

29

44

.12

3

Gamma

1.03 W/em

3.85

4.87
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The first and second burner regions show pealks of 73
and 56 W/cms, respectively, adjacent to the moderator. Within
the moderator the peak powers are 220 W/cm3 in the salt and 6.1
MW/cm3 in the graphite, for a weighted total of 38 MW/cmB. As
discussed in the section of this report on thermal-hydraulics,
the removal of this amount of power may require some changes in
the assumed layout (and hence compositions) of the blanket
regions, It should be noted, however, that the wall loads of
interest identified by the hybrid systems code are typically
only about 1/3 MW/mz; scaling the power densities down by this
factor could well obviate any redesign,

d; Relevance to Systems Code Parameterization

The blanket performance parameterization incorporated
in the hybrid systems code purports to describe a range of
blankets which includes the Reference described above. Therefore,
it is expected that an evaluation of the parametric equations at
the reference point should give nearly the same results as those
obtained by direct calculation.

Insofar as the parameterization is concerned, the
reference blanket is defined by: the energy multiplication, 26,98;
the tritium breeding ratio, 1.0938; and the multiplier burnup,
0.0 (i.e., beginning of life). For these conditions the para-
meterization predicts: plutonium salt concentration of 0.2535
compared to 0.25; gross plutonium breeding of 1.978 compared to
2,007 calculated; and net plutonium breeding of 0.030, compared
to 0.036. (The burnout of the U~235 in the depleted uranium
multiplier is not explicitly reported by the parameterization,

since this further depletion is not a factor in the economics;



394
B2

it is, however, figured into the energy multiplication.)

The good match observed supports the use of the para-
meterization in the systems code. Indeed, for high-power
reactors and/or low prices of plutonium, the systems code often
calls for blanket parameters similar to those of the reference
blanket. Presumably blankets realizing these performance goals
could be found as small variations of the reference.

It has been observed, however, that the economically
optimal blankets generally lie at the extremes of the allowable
range of blanket multiplication. When high power is desired,
the plutonium salt concentration is raised until the net fissile
production is nearly zero, i.e., blankets like the Reference are
chosen., When maximum fissile output is desirable, the plutonium
is used in the salt only to levelize the output, and low blanket
multiplications are selected. The resulting performance parameters
are rather different from the Reference.

The question naturally arises, whether the Reference
blanket, or even the basic conceptual blanket, is relevant in such
low-M situations. Obviously the Reference blanket, per se, is not
applicable to a reactor requiring low blanket multiplication,
but it represents only one end of the continuum of blankets con-
stituting the basic concept. In fact, with the plutonium fluoride
taken out of the salt, the conceptual blanket shows a rather con-
ventional approach to the design of a low-M system. The usual
treatment of the basic requirements exhibits a vacuum wali-radiation
shield, a neutron multiplier consisting largely of uranium, and a

tritium-producing lithium region.
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For the conceptual blanket the active ingredient of
the last region is the molten salt flibe, chosen (as in the Princeton
Reference DesignS) because of its compatibility with steel and its
good tritium recovery characteristics. For a low-M blanket one
might dispense with the graphite and with the distribution between
burner and scavenger zones, but the basic configuration should be
suitable. -

This should not be construed to be a claim that the
conceptual blanket is necessarily the best blanket. The determina-
tion of an optimal design would require the detailed comparison of
the performance of alternative blankets as it affects the final
economics of the hybrid. Such an explicit comparison of alter-
natives has not been attempted; if it were, an economic model of
the whole hybrid more precise than is available would probably
be required for valid conclusions to be drawn. The conceptual
blanket provides a reasonable approach to the low-M requirements,
and offers a rather good solution to the high-M problem; this was
the justification for its use in a systems study which was expected
to survey the entire range of possibilities.

Indeed, for the systems study the physical model used
to derive the blanket parameterization is not entirely relevant.
The blanket factors affecting the evaluation of a postulated hybrid
are principally the energy multiplication, the fissile inventory,
and the net fissile output. As long as the parameterization pro-
duces reasonable values, its derivation is unimportant. Since
the blanket parvameterization is keyed to several full neutronic
analyses, it is felt that it spans and describes a full range of

realizable blankets. If a reactor designer were to choose to
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achieve a pérticular performance point with some different
approach (say USSi backed with molten lithium), this would
not invalidate the parametric formulation,

To the extent that blanket concepts other than the design
basis might offer performance beyond the range of the basic para-~
meterization, blanket surveys could be biased. (But only if the
extra range actually offered superior economics.) This effect
can be explored easily, however, by varying the constants in the
parametric equations. In fact, just such an approach was used
for a few hybrid surveys using a '"super' blanket. For these
cases the parameterization was modified, without justification,
to indicate significantly greater net production of plutonium.

It was found that the qualitative descriptions of optimal solu-

tiens were not greatly affected.
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3. Mechanical Design and Thermal Analysis of Blanket

a. Introduction

The principal effort in this hybrid study was the devel-
opment and exercising of a parametric economic model of the reactor.
Plasma physics and blanket neutronic performance parameters for
the model were developed from scoping studies based on a nominal
design concept; the suitability of the concepts was explored with
a set of detailed design studies.

The responsibility for these detailed studies was shared
between PPPL and Battelle-Pacific Northwest Laboratories as part
of the cooperative hybrid study program. Plasma equilibrium and
gtability and blanket neutronics were examined at Princeton, while
the plausibility of the blanket mechanical design was assessed by
PNL.

From the initial round of scoping studies one particular
blanket was selected and analyzed to determine its structural,
thermal, and hydraulic pérformance characteristics. (0Of course,
this blanket turned out not to be the chosen reference design,
but since it has a higher power, it constitutes a more stringent
test of the concept.) Separate consideration was given to the
radiation shield or "first wall', the neutron multiplier or con-
verter region, and the moderator-burner salt region. A summary
of these studies and the conclusions are given in the following
sections, which are extracted from a more complete report issued
by PNL.l

b, Summary Conclusicns and Recommendations

Preconceptual scoping studies were performed on the

major components of the TCT Hybrid blanket. To do this, a case
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was taken from the parametric neutronic studies, which identified
the configurations of general interest and the desired volume
fractions of materials and approximate thermal loadings. The
overall blanket and shield configuration considered is shown
schematically in Figure 1. The three components of the overall
blanket that needed vpreconceptual scoping studies were the radiation
shield (first wall), the neutron multiplier region (converter)

and the burner-moderator region (blanket). The studies and re-
sultant recommendations that will help in selecting a mechanically
viable TCT Hybrid blanket design are summarized in Figure 1.

c. First Wall

One question necessary to consider in a preconceptual
study was whether or not the first wall should be the primary
vacuum barrier or more simply a radiation shield to protect the
converter pressure tubes from direct thermal loading by the plasma.
Considerable incentive exists to make it the primary wvacuum
vessel since its location (compared to alternatives) eliminates
many coolant line penetrations. If a stable structure with adequate
life requires more coolant and stainless steel than the volume
fractions shown in Figure 1, it would seriously affect the hybrid's
neutronic performance. Alternative vacuum barrier locations would
then have to be considered.

The BOSOR4 computer codez was used to perform stability
analyses on a toroidal chamber with approximate major and minor
radii of interest, i.e., R = 8.15m, r = 1.6 m. A wall thickness
of about 0.525 in. was reguired to keep the vacuum chamber from
collapsing under two atmospheres pressure., Two first wall concepts

were then designed (Figure 2). The single wall concept of Figure 2(b)
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is relatively easy to fabricate but cannot meet the desired

10 vol% of structural material. The wall itself would be 27
vol% of the 5 cm region. The double wall concept of Figure 2(a)
was then evaluated; it‘has the same stability characteristics as
a solid wall but requires much less structural material.

The maximum spacing of the ribs in the double wall
concept primarily depends on the coolant pressure. in selecting
a coolant and ccolant pressure, low temperature, low pressure
water can be used, which will minimize the structural material
required and extend wall life considerably. This is due to the
fact that thermal loading on the first wall does not affect
overall plant energy balance (less than 1% of the plant output).
For this evaluation, 30 psia water was used.

The flow channel was designed to follow the minor cir-
cumference of the toroidal chamber as shown in Figure 3(a). A
neutron wall loading of 0.74 MW/m2 (0.1258 MW/m2 thermal) was
used with a relative power distribution along the flow channel
as shown in Figure 3(b). 'The resulting temperatures (referenced
to the coolant inlet) are shown in Figure 4. Stability analyses
using the BOSOR4 code confirmed the ability of the local channel
to handle the 30 psia coolant pressure. The maximum spacing of
the ribs coupling the inner and outer walls was set at 4 in.

Critical first wall stresses at different times in the
operating cycle were established using AXISOL, an axisymmetric
finite element code.3 Figure 5 shows the maximum stresses for a
full operating load of 14.7 psi vacuum load, and 30 psi in the

coolant channel and temperature gradients corresponding to a
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neutron wall loading of 0.74 MW/mz. Several potential failure
modes were examined using the stress results to estimate the
potential 1life of the double wall. The following conclusions

resulted:

e Irradiation Swelling

Since the 316 stainless steel (SS) operating tem-
perature will be well below 350° C, no irradiation-
induced swelling is expected to occur in the life
of the plant.

¢ Tensile Strength

The structure experiences the maximum stress intensity
on the outer surface of the outer wall at the junction
with the stiffener:
SMAX = 9856 psi
From the ASME Boiler and Pressure Vessel Code, Section
VIII, Division 2, the allowable stress intensity for
316 SS (reference 17, Table AMA-1) for 100°F - 200°F
is given as:

SM = 20 ksi
For secondary loading, a factor of 3 is permissible
for the allowable stress intensity. Negligible de-
gradation of tensile properties for 316 S8 at typical
TCT hybrid fluences is expected. Thus, tensile strength

does not limit the structure 1life.

@ Plastic Cycling (Ratcheting)

If stresses exceed the yield during the operational
cycles, it is possible that incremental plastic growth

could ocecur with each cycle. Since stresses are well
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below the yield at all times in this structure, it
is not possible for plastic cycling to occur.

e Creep
The creep rupture characteristics of 316 35 indicate
that creep is not a problem below 5OOOC. Thus, creep
rupture deoes not limit the structure life.

e Crack Growth

It was assumed that a crack of semicircular shape
existed in the 0.1 inch thick shell. The crack radius
initially was 0.01 inches. A simple stress intensity

factor was used:

S.L.F. = gfic
where 0 = maximum stress
= 20,000 pei (with a factor = 2.0)
¢ = semicrack length

0.01 inch.

il

Using an extrapolation of data for 20% cold-worked
316 8S at a much higher temperature than the operating
temperature, computations indicate that it would take
several decades for this crack length (and depth) to
inerease by 10%. Thus, crack growth does not threaten
the structure's integrity, nor is it likely to induce
leaks.
¢ Fatigue
The maximum stress intensity due to thermal cycling is:
SMAX = 6590 psi.
With a concentration factor of 5, this amounts to a

cyclic strain of less than 0.1%. Comparison of this
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strain with data of irradiated SS indicates the
structure has infinite fatigue life.

The feasibility of fabricating a toroidal vacuum chamber
using the double wall concept was briefly examined. A method of
fapricating a 30° segment of the toroidal chamber has heen deter-
mined, involving stretch forming the components (i.e., innermost
wall and integral rib and outermost wall plates) and then TIG
or E-beam welding them together. Figure 6 shows the resulting
wall cross section. The assembly method allows adedquate weld
gquality control inspections. Although the fabrication would be
relatively expensive for thin section stainless steel, the long
life should compensate for the expense.

From this brief study, it was concluded that a double
wall structure cooled with low pressure water should be used as a
basis for the conceptual design of the TCT Hybrid first wall. The
first wall could also serve as a vacuum barrier with adequate
life. Although this study was based on a toroidal chamber, the
nasic concept would be adaptable to either a double or single wall
divertor design. A different fabrication method would be considered
for these designs, however.

d. Converter Region

The 238U in the converter region provides neutron and
energy multiplication, due to fast fission, (n,2n) and (n,3n)

reactions of the 14 MeV fusion neutrons, and 239Pu production due

to neutron capture in the 288U. In contrast, the burner-moderator

portion of the blanket in Figure 1 breeds tritium from neutron
reactions with lithium and produces power due to 239Pu fissions.

It thus appears desirable, from a neutronics viewpoint, to separate
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the fuel cycle of these two regions. The pressure tube converter
fueled with U-Mo slugs or spheres would provide the fuel cycle
flexibility desired in the plutonium producing converter. The
objectives of this study were to adjust the initial U-Mo slug
dimensions and the length of the pressure tube to maintain peak
U-Mo temperatures below QOOOC, where an undesirable phase transition
takes place.

Uniform coverage of the plasma chamber by the pressure
tubes 1s critical. Since a polcidal divertor will probably be
used in the TCT Hybrid, most of the preconceptual effort was directed
at evaluating a horizontal pressure tube layout. This type of lay-
out provides better coverage of the poloidal divertor geometry
but does sacrifice flexibility in fueling the converter region.

The converter region used in the thermal hydraulic analyses
is described schematically in Figure 7. In sizing the fuel siug,
the inner and outer radii were simultaneously changed to maintain
a constant fuel cross section. Inlet conditions of helium at
50 atm and 579°F were used for the coolant. Sensgitivity studies
were performed on slug size, pressure tube length and coolant
conditions. The following parameters are recommended as a con-
ceptual design basis:

U-Mo dimensions

Inner diameter 1.15 in. (2.92 cm)

Outer diameter 2.47 in. (6.27 cm)
Helium

Pressure TOOOpsi (47.% atm)

Inlet temperature 579OF (86400)

Qutlet temperature 870°F (4667°C)

AP 10 psi (0.68 atm)

Pumping power 2% of converter thermal power
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CONVERTER GEOMETRY
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¥ig. 7. Converter Geometry.
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Pressure tube dimensions

Inner diameter 2.84 in. (7.21 cm)
Outer diameter 3.05 in. (7.75 cm)
Length (maximum) 24 ft. (7.32 m)

The thermal hydraulic evaluation was made on a reactor operating
at 0.74 MW/mZ average neutron wall loading and circumferential
power peaking factor of 1.5. The assumed operating cycle was
1000 sec on, 100 sec off. The thermal response of the converter
siugs in a 16 ft. channel during the operating cycle is shown in
Figure 8.

The structural response of the U-Mo slugs to the
operating cycle and startup cycle was determined using AXISOL. The
following results were obtained:

Load Case 1 - Startup Cycle

Maximum Fuel Stress Intensity = 6060 psi

Major components of this stress intensity were hoop and
longitudinal tensile stresses near the inner cladding. A major
source of stress was the radial temperature gradient causing the
outer, hotter fuel to pull the cooler, inner fuel outward and
longitudinally. This stresé is approximately one~third of the
yvield stress of the fuel at operating temperature.

Maximum Clad Stress Intensity = 22 290 psi

Major components of this stress intensity are plastic
compressive strains in the cladding due to the bulk ftemperature
rise and the difference in clad and fuel coefficients of thermal
axpahsion. Maximum effective strain is approximately 0.00323,
which is nearly four and one-half times the yield strain at
operating temperature. This value is within the elongation bounds

of the material, but a detailed cyclic strain history analysis
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would be necessary to determine if the cladding would ultimately
undergo elastic action for this loading cycle.

A simplified strain history tracing from the single
cycle analysis performed indicates significant plastic action into
the second cycle due to the radial temperature gradient. The
bulk temperature rise from room temperature to around IIOOOF can
be shown to cycle elastically, resulting in cladding tensile
stresses of approximately 27 ksi (RT yield = 30 ksi) on cool down.

The cyciic life of the cladding can be roughly approxi-
mated by using the ASME Boiler and Pressure Vessel Code (BPVC)
fatigue curves with a stress based on the effective strain and
the modulus at temperature. This "elastic" stress level indicates
a fTatigue life near 1000 cycles, adequate for the short life of
a fuel slug. Incremental plastic deformation, or ratcheting, has
not been examined at this analysis level.

Load Case 2 - Operating Cycle

Maximum Fuel Stress Intensity = 4062 psi

This completely elastic stress intensity primarily results
from the radial temperature gradient and is in the same location
as the startup cycle peak fuel stress.

Maximum Cladding Stress Intensity = 18,490 psi

This stress intensity indicates slight inelasticity, but
effective strain is much less than twice yield strain at temperature,
indicating elastic cycling starts immediately Tor the operating
cycle. Effective strain 1s 0.00094, which, with the modulus at
temperature, can be used to approximate fatigue life for the
operating cycle strain traverse. This elastic stress indicates
a Tatigue life of 106 cycles, adequate for a short-term pellet

cladding.
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A potential concept of a horizontal converter tube
layout for a R = 8.15M, r = 1.6M plasma, using a single null
divertor is shown on Figures 9 and 10. The pressure tubes run
a fuli 60O arc; however, the bayonet joints every SOO aliow
disassembly of the vacuum vessel and converter into 300 segments
To refuel the converter region, the horigzontal layout would proba-
bly require blanket disassembly; however, more knowledge about
magnet design, divertor openings and neutlral beam ports would
be required for developing a specific disassembly procedure.

Adequate plant availability would result only if the
converter fuel has a long residence time. The burnup effects
due to fission product buildup and retention in the fuel appear
te physically limit the U-Mo slug life; U-~Mc alloys have proved
dimensionally stable to 10,000 MWD/MT. In the TCT Hybrid con-
verter region, this would give approximately a 3-4 year life. If,
however, fuel cycle economics dictate a shorter coanverter fuel
residence time, a vertical tube layout is recommended. Perhaps
the U~-Mo should be in spherical form for easier fuel handling,
although fabrication of cilad U-Mo spheres would require development.

e. DBurner and Moderator Region

The blanket burner and moderator ﬁere analyvzed as a
single unit (Figure 11). The burner consisted of 5 vol% 316 88,
15 vol% He, and 80 vol% salt. The moderator consisted of 5 vol%
salt and 95 vol% graphite. The composition of the salt is
52 mole % Ber, 47.5 mole % LiF (0.83 a/o Li6), 0.5 mole %PuFS.
This composition resembles the molten salt, flibe. The power
generated in the salt in the burner region is 7.4 MW/m3 and
52 MW/m3 in the salt in the moderator region (negligible power is

generated in the graphite).
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SCHEMATIC OF BURNER AND MODERATOR
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In designing the heat removal system for the burner-
moderator region, transfer of the heat to the helium system
in the blanket appeared desirable, as this has two beneficial
effects. First, if the salt remains in the blanket during the
power-off portion of the cycle, it acts as a thermal storage
medium. This minimizes the thermal shock to the structural
materials, piping, etc. Secondly, not removing the energy with
the salt would eliminate the development of large molten salt
pumps. Only a processing stream flow to remove the tritium would
be required; this can be accomplished with MSRE pumps.

The gquestion then becomes whether the heat can be re-
moved from the moderator region and still maintain acceptably
low (GOOOC) graphite-salt interface temperatures. The concept
shown in Figure 11 would be the most acceptable from the neutfonics
standpoint and perhaps from a fabrication standpoint.

A two~dimensional code was written to analyze the heat
transfers in the blanket. It inciuded the appropriate power
generation in each region, conduction in the moderator, conduction and
natural convection in the burner, and heat transfer to the bank
of helium coolant tubes. The code was also equipped to handle
phase changes in the salt since the heat of fusion is substantial
and & regiocn of permanently solid salt is undesirable. Thermo-
physical properties were permitted to be temperature dependent.
Average thermophysical properties and power generation rate were
applied in the moderator region based on volume percentages and
structure; however, a lack of complete agreement seems to exist
in the literature on the thermophysical properties of this parti-

cular salt {(notably ligquidus temperature and viscosity).



421
B3

Thermal profiles in the helium coolant, S8 tube wall,
burner and moderator are shown in Figure 12(a). These profiles
represent conditions at the reactor midplane (Section A-A in
Figure 11) at the end of a power-on period (1000 sec) and at
the end of a power-off period (100 sec). The helium coolant
inlet temperature is 35000 and outlet temperature is 490°C with
a nominal pressure of 50 atm, 1 atm pressure drop, and velocity
of 100m/sec.

The salt and graphite will be in contact in the moderator
at temperatures near 180000. Compatibility problems begin to
appear above a temperature of approximately GOOOC. This temperature
difference cannot be reduced significantly by any reasonable
changes in helium velocity or inlet temperature. Note: Natural
convection in the salt effectively promotes a nearly isothermal
profile except at the S3 interface. At this interface, the
relatively low thermal conductivity of the salt leads to a very
steep thermal gradient.

In view of the excessively high temperatures, another
Situation was examined where one bank of helium coolant tubes
was placed at the burner-moderator interface and an additional
bank was placed in the center of the moderator. The thermal pro-
file for this case satisfied compatibility requirements for both
graphite and SS as shown in Figure 12(b). Unfortunately, intro-
ducing additional SS results in excessive neutron absorption, thus
yvielding inadequate tritium and plutonium production. Using this
configuration would require using a tubing material with much
lower absorption cross section than SS or higher fissile plutonium

enrichment in the burner salt.
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Neither case considers circulation of the burner salt
in the graphite moderator. With the large temperature gradients
calculated in Case 1, significant natural circulation would proba-
bly occur. To make any meaningful calculations, however, would
require spending some time designing discrete channels in the
graphite moderator. The channels would have to vary, depending
on the orientation of the blanket as it wraps around the plasma
chamber. (This effort was beyond the scope of ﬁhis study).

It may also be possible to induce foreced circulation of
the burner salt in the graphite moderator. The process stream
for extracting tritium could be brought back into the blanket so
that it caused some circulation in that region. More work must
be déne on laying out the blanket tanks before any meaningful
analysis of this concept can be made.

A final situation was briefly examined. The original
helium coolant configuration (two rows, one each at the outer
face of each burner) was maintained, but the molten salt was
pumped through the burner and moderator regions. An average
velocity of approximately 10 cm/sec is estimated to be sufficient
to keep temperatures within bounds. A heat exchanger along with
the tritium recovery cycle loop would then be used external to
the blanket and shield. This situation could be considered as a
last resort since it grossly changes the dynamic characteristics
of the blanket heat removal and requires the development of large
molten salt pumps.

The analysis did not include magnetohydrodynamic (MHD)
effects. MHD effects are expected to be especially noticeable on

natural convection currents in the molten salt and, hence, the
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temperature profile. Transient natural convection velocities of
the order of 1 m/sec were noted in the absence of MHD forces.
Other MHD effects of potential concern are increased pumping
losses and corrosion. It is recommended that MHD effects be

included in future detailed thermal hydraulic studies.
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4. Electrical Systems

a. General

The electrical systems for the hybrid reactor accept
(supply) energy from (to) the commercial high voltage transmission
system and transform, condition, store, transfer, and distribute
it in accordance with the needs of the hybrid reactor and the
commercial power system.

1. Commercial Power System

The interface between the hybrid reactor and the com-
mercial power system is established at a high voltage, high power
location in the commercial system. The stiffness of the commercial
system is typically such that a 1000 MW power plant can be instan-
taneously disconnected from the system (equivalent of 1000 MW
load imposition) without preoducing unacceptable voltage or fre-
quency transients. Hence the load duty cycles imposed on the system
by the hybrid reactor operational requirements need not be cushioned
but can be imposed directly on the system.

ii. Hybrid Reactor Electric Power Generation

The conversion of heat energy to electric energy (3000 MW)
in the hybrid reactor complex is accomplished by relatively con-
ventional steam turbine generation units which derive their steam
from helium heated steam generators. The steam turbine units
are rated 1000 MW.

iii. Operatioconal Energy Storage and Transfer

The energy storage and transfer functions required for
proper reactor cperation include energization and deenergization
of the toroidal, ohmic heating, vertical and divertor field coils

as well as the neutral beam injectors. The choice of devices to
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achieve the requisite storage and transfer is dependent, for each
purpose, upon the amount of energy involved, the rate of transfer
and the cost effectiveness of the approach. Establishment of the
requisite coil fluxes inevitably results in energy being stored
in those fields. Changing the flux levels, therefore, involves
transfer of energy between the coil system of interest and

some alternate energy storage repository. In the case of the
hybrid reactor, the energy storage repository is the power grid.

b. Constraints/Ground Rules

The constraints, assumptions and ground rules upon

which the candidate system is based are as follows:

a) The commercial power system stiffness at its inter-
face with the hybrid reactor is more than adeguate
to accept the reactor pulsed loads. No pulsed load
cushioning is required.

b) Maximum utilization of commercial equipment is made
in consideration of cost, schedule and proven per-
formance considerations.

¢}y Personnel safety and equipment protection features
are factored into the designs, considering both
normal and abnormal operating modes.

d) The toroidal field will remain energized.

e) Energize time for ohmic heating, vertical and di-
vertor coil systems is 10 seconds. Deenergize time

is also 10 seconds.
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f) Electrical output of the power generation equipment

must be maintained constant at 3000 MW.

¢. FElectrical Systems

The hybrid reactor electrical system is presented with
minimal justification for its candidacy. Advantage is taken of
prior tradeoff studies and conclusions to establish this viable
candidate system.

The block diagram of Figure 1 shows the overall electrical
systems configuration. Each of the hybrid reactor coil systems
(TF, OH, VF, DF) as well as the NBI system is energized from the
power system via appropriate voltage transformation and controlled
rectification/inversion power supplies to permit energy transfer
from power system to coil and vice versa.

i. General

The electrical systems treatment primarily is oriented
to the reactor coil and neutral beam injector systems. Interfaces
with the power grid and the power plant are established.

The superconducting parallel circuits in the various
coil systems present a potential problem because their essentially
zero resistance introduces the possibility of large disparity
in parallel path currents. Each path in a superconducting circuit
should be energized by its own power supply, the power supplies
controlled for appropriate coil current coordination.

The ac input harmonic current demand of the rectifier/
inverter power supplies hés negligible effect on the commercial
power grid voltage by reason of the stiffness of the power system,
No interference is anticipated among the several rectifier/inverter

equipments supplying de to the various reactor coils.
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ELECTRICAL SYSTEMS
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Electrical Systems of Hybrid Reactor.
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Equipment and personnel protection is designed into
the electrical systems in the form of overvoltage protection and
fast energy dump capability for the coils.

aa. Commercial Power System Interface

The interface between the hybrid reactor and the com-
mercial power system is represented by the summarization of the
plant auxiliary and energy storage and transfer system loads. The
plant auxiliary load is approximated at 300 MW and includes such
loads as compressors, pumps, fans, blowers, heaters, and lighting
and utility systems. The interface load characteristic is shown
in Figure 2a. The steady state and cyclic loads are indicated in
Figure 2b.

bb. Power Plant Interface

The heat energy developed by the hybrid reactor is
recovered by helium heated steam generators whose steam output
drives steam turbine generator units.

cc., HEnergy Storage and Transfer

The energy storage and transfer system reguirements are
determined by the needs of the plasma and the relationships between
the plasma and the pressure vessel.

The toroidal field, whose function is to contain the
plasma, remains energized throughout the cyclic operation of the
hybrid reactor. The inductance of the toroidal field circuit is
50 high (9.2 x 103 H for 748 turns/coil, 68 ccils) that the resulting
long energizing time prevents timely cyclic decay and buildup to
the required field strength without excessively high applied voltage.

Energization to the toroidal field strength of 75,000

gauss al plasma center requires 8400 volts for 3 hours. Superconducting
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coils require some profiling of voltage and current so the last
hours of energization incorporates voltage reduction to limit
the rate of change of current. The energy stored in the TF mag-—
netic field is 460 GJ.

The toroidal field energy conversion system (TFCS)
consists of controlled thyristor rectifier/inverter devices appro-—-
priately interconnected with the TF coils for optimum voltage and
current performance to be equivalent to an all-turns-—-in-series
rating of 8400 volts, 10,000 amperes.

The ohmic heating field, whose functions are to initiate
and heat the plasma and to adjust plasma current during burn, acts
as the primary of a transformer whose secondary is the plasma.

The required voltage (of the order of 100 volts) is induced in

the plasma by forcing a high value of di/dt in the ohmic heating
coils, thus causing a high value of d¢/dt in the plasma loop. In-
cidentally, a high value of voltage (37 kV) is also induced in

the ohmic heating coils, assuming all turns in séries.

The OH, VF and D¥ coils are inductively coupled with
each other and with the plasma. Consequently there is considerable
current loop interaction that must be taken into account in the
analysis of current responses and design of the poloidal field
colils and control circuits.

The current in the ohmic heating coils is forced to a
peak value (1l0kA) in one direction, then reversed rapidly (6.7 sec)
to a similar peak in the opposite direction and maintained with
a constantly increasing small variation until the end of the burn

period when the reverse operation takes place. The energy stored
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in the OH magnetic field is 0.62 GJ.

The ohmic heating field energy conversion system (OHCS)
consists of controlled thyristor rectifier/inverter devices appro-
priately interconnected with the OH coils for optimum voltage and
current performance, Fach circuit path is powered by its own
thyristor device, the equipment complex exhibiting equivalence to
an all-turns-in-series rating of 37 kV, 10,000 amperes. The field
reversal reqguirement dictates the high voltage as well as greater
gophistication in the QOHCS design.

The vertical field determines the radial position of
the plasma within the torus. For a fixed plasma position, this
field must be generally proportional to the plasma current. The
rapid initial rise of plasma current, and conseguently of vertical
field and current, is the compelling factor in equilibrium field
system design.

The divertor field, whose function is to establish a
field contoured to divert spent plasma to a remcoval peint, must
gsimilariy be controlled toc be generally proportional to the plasma
current,

The current in the vertical/divertor field coils re-
flects the plasma current variations and, at burn'cycle initiation,
is forced rapidly (10 sec) to a high value (10,000 amperes).
During the remainder of the burn the current is held coanstant. At

the end of the burn the current decrease is essentially the reverse

of the initial current buildup.

The vertical/divertor field energy conversion system
(VFCS/DFCS) consists of controlled thyrister rectifier/inverter

devices interconnected with the VF/DF coils for optimum voltage



434
B4

and current performance. Each circuit path is powered by its

own thyristor device, the eguipment complex exhibiting equivalence
to an all-turns-in-series rating of 5700/36,000 volts, 10,000
amperes,

The neutral beam injection function serves to raise the
plasma temperature and to maintain it at the required level. The
duration of injection depends upon plasma density, plasma tem-
perature, burn time and whether the plasma is ignited.

The neutral beam injector (NBI) requirements differ
from those of the functions (TF, OH, VF, and DF) already discussed.
The functions discussed earlier incorporated the energy storage
characteristics of the filelds as prime factors to be considered,
whereas the neutral beam injector system utilizes the input power
(energy) to provide, and pass on, the required output power. No
. inherent energy storage exists although recoverable energy losses
unavoidably occur as dictated by the NBI system design,

The input power requirements of the NBI power supply
function are 100 MW or more. The sudden load imposition can
easily be tolerated by the power grid.

The neutral beam injector energy conversion system includes
ac to dc power supplies, each feeding an ion source, neutralizer
and ion dump mechanism. The NBICS design further incorporates

recovery of the ion dump energy.
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5. Energy Storage for Hybrid Reactor Cycles

a. Introduction

It is likely that tokamak reactors will have an inherent
characteristic requiring periodic plasma reignition. This intro-
duces the problem of energy storage to permit continuous electrical
output to the power grid. The cycle under consideration in this
gection is a 1000-second burn followed by a 100-second rest time.

The physical size of the toroidal plasma reaction
chamber for the hybrid reactor is comparable to that of the fusion
power plant reactor described in Ref., 1, and the thermal energy
storage requirements are almost identical. TFor these reasons,

Ref. 1 will serve as a basis for much of the ensuing discussion.

b. Energy Transfer Mechanism

The heat transfer mechanism from the blanket to the electric
power grid involves four energy transfer "loops" as shown in Figure 1.
The plasma reaction vessel is surrounded with a molten blanket
of plutonium-bearing flibe for the purpose of energy multiplication
and tritium breeding. Distributed throughout the flibe is a flibe/
helium heat transfer pipe grid for cooling the flibe. The hot
helium, in turn, is circulated through helium/steam generators
to produce steam. The steam powers steam turbine generator units
which deliver electric power to the power grid.

Inherent in the heat transfer mechanism is some signi-
ficant energy storage capability. The blanket has heat storage
capability (assuming a IOOOF temperature drop) corresponding to
approximately 35% of the total thermal storage reguirement of 9220
gigajoules. There is some nuclear afterheat which amounts to

approximately 5% of the total reguirement. There ig additionally
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gsome storage in the helium and steam volumes whose contributions
are assumed to be negligible.

i. Flibe Loop

The four energy transfer loops of the hybrid reactor
present a variety of possibilities for energy storage. The flibe
loop offers the possibilities of storage in an extra volume of
flibe or in a volume of a less expensive galft via an additional
heat exchanger.

ii. Helium Loop

The helium loop offers the potential for incorporation
of a variety of heat storage devices such as ceramic refractory
blocks, fluidized beds or steel tubes, referred to generally in
this discussion as "hot rocks",

iii. Helium/Steam Interface

The interface between the helium and steam loops offers
the possibilities of integrated heat transfer and energy storage,
utilizing either the fiuidized bed or the flash steam approach.

iv. Steam Loop

The steam loop offers the possibility of storage of
steam itself.

v. Electrical Loop

The electrical 106p offers the potential for utilization
of mechanical/electrical energy storage in the form of rotating
machines incorporating flywheels, hydraulic storage in the form
of pumped storage, magnetic field storage in the form of super-
conducting coils or electric field storage in the form of capacitors,
A further possibility is modification of power grid operating pro-

cedures (and possibly configuration) to permit inherent compati-

bility with the reactor cycles.
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¢. Assumptions/Constraints

The constraints and assumptions guiding this energy
storage study are:

a) Electrical output to the power grid must be main-
tained constant at approximately 2500 MW.

b) Steam temperature change at the turbine inlet can-
not exceed 5OOF. This constraint derives from data applicable
to the 1000 MW steam turbine generator units used presently in
nuclear power plants. Utilization of 250 MW units might permit
a relaxation of this requirement. Designs of these smaller
machines have been developed to permit temperature and load cycling.

¢) For metallurgical reasons the helium temperature
at the hottest helium loop point in the reactor should be limited
to 600°C (1113OF). To allow a reasonable margin, a helium hot
spot temperature of 550°C (10220F) is postulated.

d) Allowable helium and flibe temperature change during
the reactor downtime is judged to be 100°F. This Judgment is based
on the probability that flibe and helium mass flow rates can be
controlled to limit the steam change to the 50°F required by the
steam turbines. The helium loop cool side temperature must be
maintained no cooler than 710°F to prevent flibe solidificatiocon.

e) Implementation of the energy storage concept will
be achieved by methods closely approached by state-of-the-art to
the extent that no breakthroughs are required.

d. Energy Storage

Various energy storage methods incorporated into the
flibe, helium, steam and electrical loops were investigated. Several

of these methods are shown, and their advantages and disadvantages

summarized in self-explanatory figures 2, 3, 4, 5, 6, 7, 8 and 9.
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One disadvantage i1s common to several of the approaches.
It is identified in the figures as "ingufficient temperature
difference', and it is based on the fourth assumption/constraint
which assumes a 1OOOF temperature excursion for the flibe and the
hot side helium and a 50°F excursion for the steam. When energy
is transferred across a heat exchanger alternately in both direction
(i.e., hot rocks are heated by, and then heat, the helium) and
when the temperature differential is small (cannot be more than
lGOOF, probably closer to SOOF), the heat exchanger must necessarily
have a very large heat transfer area. Size and cost are consequently
large.

The preferred method, the flash steam approach, is one
which constitutes the helium/steam interface and which incorporates
the energy storage function as well as the basic energy transfer
(steam generation) function.

i, Flash Steam Ccncept

The flash steam concept given in Figure 10 stores energy
in containers which are filled with a water/steam combination at
at temperature determined by regulation of the pressure. The
containers are essentially fire tube boilers with the boiler and
tube axes oriented vertically. The hot helium passes through the
tube and transfers its heat through the tube walls to the water/
steam combination which occupies the spaces between the tubes and
the boiler shell.

The boiler complement constitutes a series element in
the heat transfer system, all of the helium/steam energy being
transferred via the flash steam medium. Further, the boiler com-

plement integrates the two functions of helium/steam heat transfer
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and the required rest time energy storage and recovery. During
the 1000-second reactor burn the helium transfers more energy
to the water/steam combination than is demanded by the steam tur-
bine generator units. Therefore, there is an increase in the
pressure, and hence the temperature, of the boiler contents. A
pressure regulator function governs the steam delivery to the
steam turbine units. During the 100-second reactor downtime the
pressure regulator demands constant steam, thereby depleting the
steam in the boilers and reducing boiler pressure. The reduced
pressure lowers the boiling point of the boiler water, some of
which immediately flashes into steam and lowers the boiler contents
temperature. The pressure and temperature reduction continues
until the next reactor burn occurs. The flashed steam drives the
steam turbine generator units for constant electrical output.

aa. Flash Steam System Preliminary Design

Twelve boilers are required, each being 105 feet high
and 17 feet in diameter and incorporating 4000, 1 1/4 inch tubes
for an active surface area of 125,000 sguare feet. Each boiler
is rated 250 MW electric,

Water partially fills the boiler immersing the tubes
to the 54 foot level, the remaining height being occupied by
steam. Although the boilers are 105 feet high, only 95 feet of
height is tubes. The remaining 10 feet of boiler is manifolding
at top and bottom. Hence, 41 feet of the tube height is immersed
in steam. Approximately 39 feet of tube at the bottom heats
solid water while the next 15 feet constitute the area where the
steam is formed. The top 41 feet act as a superheater, perhaps

making a moisture separator unnecessary.
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bb. Flash Steam System Cost Investment

The basic uninstalled cost of the helium/steam energy
transfer system is estimated by Foster-Wheeler (boiler) and Leslie
Company (pressure regulators) to be $145,000,000.

The increase 1in costs to provide the energy storage
function is very low, perhaps non-existent, in view of the fact
that the compelling factors determining the boiler design are the

steam generation factors rather than the energy storage factors.
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C. Balance of Plant

1. Power Conversion Systems

The power conversion system selected for the reference
plant uses three 1,000 MWe turbine generators in parallel to
achieve a gross output capability of 3,000 MWe. These machines
are considered current technology suitable for operation in the
late 1980's. The steam cycle for each 1,000 MWe turbine generator
is typical of present practice.

Each turbine consists of one high pressure, one inter-
mediate pressure, and three low pressure sections arranged on a
single shaft. Two moisture separator/reheaters condition exhaust
steam from the intermediate pressure section. Low pressure section
last stage blades are 31 in.; rotation speed is 3,600 rpm.

Main steam conditions are 2,200 psig at SSOOF, with flow
of 8,600,000 1b/hr at rated power cutput. To supply steam at
these conditions, three steam generators are provided per turbine.
Each steam generator consists of an evaporator and superheater,
cach in separate vessels with a molsture separator/dryer between
the vessels. Assuming bulk helium inlet temperatures between
932°F (SOOOC) and 968°F (52000), this arrangement allows for a
pinch point of 82-118°F at the steam exit from the superheater.
Each set of three steam generators will produce approximately
2,600 MWt at design conditions.

Five feedwater heaters, plus a deaerator, are reguired.
A topping heater, which reclaims heat from the moisture separator/
dryver supplements the feedwater heaters to give a final feedwater
temperature of BSOOF. All drains are cascaded, allowing for full-

fiow condensate polishing. Feedwater pumps are turbine driven



453
C

with reheat steam extracted downstream of the moisture separator/
reheater.

This cycle produces electric power at a gross thermal
conversion efficiency of 38 percent. An alternate cycle consisting
of two cross compound turbine generators, each of 1,500 MWe gross
capacity, is also possible. This cycle efficiency is alsoc near
38 percent. However, turbine generators of this size for the
prescribed inlet steam conditions are currently planned. Consistent
with the study guidelines utilizing current or near steam tech-
nology, the three-turbine generator scheme was selected.

The circulating water system must reject 4,900 MWth
at 100 percent power., Assuming a circulating water temperature
use of 27°F through the condenser necessitates a circulating water
flow rate of 2.0 x 108 1b/hr or 445,000 gpm for each turbine and
a total flow of 1,335,000 1b/hr for the unit. This heat load can
be accommodated by two natural draft (hyberbclic) cooling towers
or multiple cell mechanical draft towers.

2. Auxiliary Systems

With the exception of helium purification and tritium
extraction system, balance-of-plant auxiliary systems would closely
resemble those conventional fossil (in the turbine plant) or LWR
(in the reactor plant) systems. -

3. S8tructures and Plant Arrangement

The plant arrangement is expected to consist of the
following structures:

a. Reactor Building including Primary Containment

Contains fusion reactor with blanket, magnets,

neutral beam injectors, tritium extraction and
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recycle equipment, and liquid helium refrigeration
system,

Steam Generator Building

Contains evaporator, superheater, and moisture
separator/dryer vessels, helium circulators, thermal
energy storage system, helium purification and
makeup system, and (unspecified) blanket standby

cooling system eqguipment.

Fuel Building

Houses irradiated fuel storage facility, fuel
transport equipment, molten salt processing and
conditioning equipment, and remainder of blanket
standby cooling system equipment.

Turbine Building

Contains turbine generators and auxiliaries, con-
densers, feedwater and condensate system equipment,
compressed air equipment, plant chilled water system
equipment, and condensate polishing eguipment.
Control Building

Contains plant control room, standby electrical
equipment, and control building atmosphere condi-
tioning equipment.

Diesel Generator Building

Radwaste and Health Physics Building

Contains health physics laboratory and office,
plant chemistry laboratory, liguid and solid rad-
waste storage and processing equipment, and hot

machine shop.
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Magnet Power Supply Building

Contains energy storage and transfer equipment
for poloidal field coils, normal switchgear, and
relay equipment.

Cooling Towers, Screenwell, and Makeup Treatment
Equipment

Office Building and Warehouse

Contains offices, warehouse, normal machine shop,

and instrument calibration facility.
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Appendix I. Blanket Nucleonics

A. Blanket Desgign Options

Designing a hybrid blanket requires that choices be
made among reasonable alternative approaches to many design
features. Such choices obviously must be made based on prior
experience and preliminary evaluations; only the process of
actual design can validate their suitability. Even the final
analysis cannot establish optimality: this requires the com-
parison of results from designs where alternative choices actually
were made,

Since this study was initiated as an exploration of the
potential of the TCT concept as a neutron source, even the fun-
damental goal of the blanket had to be chosen: to produce energy
or fissile fuel. Beyond that were choices of fertile material,
fissile material, tritium breeder, coolant, structural material,
configuration, spectrum, residence time, etc. The conceptual
blanket of Section I1I.B and the reference design of Section VI.RB.2
were the final results.

Because of the current low price of plutonium, pre-
liminary studiesl were done on'the economics of trading net Pu
breeding for in-situ burnup. Since the conclusion was that the
latter could well be preferable, depending on the relative market
prices of fissile fuel and electricity, it was felt that the

option of producing power as the major output should be preserved,
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This dictated the choice of a blanket which could be loaded with
figgsile fuel,

The next major decision was the choice between the
uranium cycle and the thorium cycle. Tentatively thorium was
chosen because of an anticipated higher market price for U-233
than for Pu-239. This was based on the superior performance of
U-233 in thermal reactors; poorer performance in fast reactors
was deemed irrelevant, since if fast reactors were in wide use,
the hybrid would not be needed as a source of fuel. However, a
fuel cycle study2 predicted parity values (relative to 90%
enriched uranium) in the 1990's of'0:85 and 0.76 for U-233 used
in LWR's and HTGR's, respectively, compared to 0.67 and 0.75 for
Pu-239. Hybrid fabrication costs penalized the U-233 in this
analysis.

The choice of the Th-U cycle was reversed following a
few preliminary blanket neutronic calculations. A hybrid blanket
may consist of a sub-critical lattice driven by the fusion neu-
trons to produce power, or it may have a neutron multiplier
region and optionally produce power or breed fissile fuel. The
latter configuration is more flexible in output, and also better
exploits the high energy DT neutrons. TFor blankets of this kind,
and in terms of neutron multiplication, thorium is inferior.

At about 14 MeV, the number of neutrons per fission
for U-238 is N = 4.4; while N = 4.0 for Th-232. However, the

fission cross sections for these nuclides are 4.4 barns vs 1.4
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barns, so that thorium is substantially poorer as a fast fission
multiplier. This is not the whole story, though, as Figure 1
shows. When scattering and the n-2n and n-3n reactions are
taken into account, the overall number of secondaries per
collision for U-238 is about 1.9, and about 1.8 for Th-232.
Unfortunately most of these secondaries will have energles below
the n-2n threshold at about 7 MeV, where the U-238 fission cross
section is about four times that of thorium. The net effect,
through several generations, is that the neutron multiplication
in a uranium zone will be two or three times greater than in a
thorium zone, a factor which substantially benefits the perfor-
mance of a uranium blanket.

Since there 1s no way to prevent neutron capture by
the multiplier, a blanket using uranium in that region will, by
necessity, produce plutonium. Although it would probably be
possible to load an additional U-233-breeding thorium region in
such a blanket, the idea of running both fuel cycles simulta-
neously ig not attractive. Therefore the thorium cycle was
dropped, since it did not appear that the unit value of U-233
would be sufficiently high to offset a greater production of
Pu-239.

The lack of even a tentative commitment by the U.S.
nuclear industry toc the use of the thorium cyecle, compared to
the firm plans for recycling plutonium, seemed an additional

Justification for this decision. However, recent pronouncements
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on the use of plutonium in the future cast doubt on its wisdom.

In order for the multiplier material chosen to be
effective, the source flux of DT neutrons must be as little
attenuated as possible. Therefore the material, configuration,
and coolant of the multiplier are very important. It is readily
apparent that helium cooling will provide the best neutronic
performance, because of the very low density of atoms which
would compete with the uranium. A scoping calculation of the
heat ioad in the multiplier indicated that helium at 5 MPa
(50 atm) could provide sufficient cooling with a AT of 150 K at
a flow of about 200 m/s. These conditions seemed acceptable
(the speed of sound would be about 1000 m/s) so helium cooling
was adopted.

The use of pure metallic uranium would obviously pro-
vide the best neutronic performance, but physical requirements
rule this out. The next best possibility is metallic fuel of
uranium alloyed with some other strengthening element. Early
work in the fission reactor program identified alloys with low
weight percents of molybdenum as candidate reactor fuels. The
molybdenum stabilizes the swelling which otherwise occurs at
catastrophic rates during even moderate burnup. With 7% Mo,
exposure to at least 0.5% burnup seems feasible, with 1% burnup
not out of the question. The economics of LWR's makes burnup
in this range impractical, but it was felt that buildup of Pu

in the multiplier might actually require frequent reprocessing
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(and hence low burnup) in order to avoid large power excursions.

Although there has been a great deal of experience in
the fabrication and reprocessing of metallic fuel, the commercial
nuclear industry is more oriented to uranium oxide. Therefore a
series of scoping blanket neutronic calculations were performed
to see 1f a UO2 rod-type multiplier could be developed. As
summarized in Ref. 3, these studies indicate that the initial
multiplication is simply too low. This is probably due to the low
atom fraction of uranium, which in the U-7 Mo is about 84%. On
this basis, U- Mo was chosen as the fuel material for the mul-
tiplier. The material UBSi, recently suggested for hybrid use,
is gualitatively similar and perhaps quantitatively superior
to U~7 Mo. Future studies should include it among the multi-
plier options.

The configuration of the multiplier region was chosen
by analogy with calandria-~type reactors. Pressure tubes confine
the helium coolant and contain long cylindrical slugs of metallic
fuel, centered by spring clips. Stresses in the tubes are
suitably low when the diameter is about 8 em. A double layer of
close-packed tubes provides reasonably good interception of the
streaming paths of the fusion neutrons. Using hollow fuel rods
decreases the thermal thickness and increases the surface area,
thereby reducing the peak temperatures in the uranium.

Other configurations were considered, with greatest

attention given to rod-type fuel contained in large canisters.
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Actual comparisons of manufacturing steps were not performed,
but it was felt that the simplicity of the basic pressure tube
would compensate for the complications of the helium inlet and
outliet plena. A further consideration was the potential for
"on-line" or 'continuous" refueling.

Despite a desire to minimize the amount of material
between the plasma and the multiplier, it was felt necessary to
incorporate a genuine "first wall" in this reactor design. This
wall serves hoth as the radiation shield to absorb plasma x-ray
losses and also as the primary vacuum vessel. The structural
material chosen for the wall and for the multiplier region is
type 316 stainless steel. Less conventional materials were
ruled out because of lack of experience with fabrication and
because of uncertainties in the lifetime under irradiation.
Predicted lifetimes for steel have been disappointingly short,
but at least there are experimental programs underway which
give some confidence to the predictions. Furthermore, as more
data are accumulated the recommended design lifetimes are being
increased. Recent reviews5 suggest that if the ltemperature can
be kept below about 550_65000, a deslign life of about 6 MW -
yr/m2 may be achieved. This would allow operation for half
the plant life (15 years at 3/4 load factor) at 0.5 Mw*yr/mz.

Cooling of the first wall is achieved with water (non
boiling, perhaps pressurized). Because of the high energy

multiplication of a hybrid blanket, the surface radiaztion and
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volume heating of the wall can be removed at a low temperature
and dumped without greatly affecting the overall net efficiency.
Although the water has a rather strong negative impact on the
performance of the multiplier, it should greatly simplify the
design of the wall. The low temperature should ameliorate the
radiation damage problem, while reduced thermal cycling should
increase the reliability of the wall or the main vacuum barrier.
(Putting the vacuum wall here, rather than outside the blanket,
allows refueling and repair of the blanket without disturbing
the vacuum seals.)

Behind the wall and the multiplier there must be
regions where tritium is bred and extra power may be produced.
The active material in these regions is the molten salt flibe:
iithium-beryllium-fluoride. As discussed in the Princeton
Reference Design Fusion Power Reactor report,6 flibe is a
satisfactory material for tritium recovery. Furthermore, as
explored in the Molten Salt Reactor project,7 it is an excellent
medium for fueling a fission reactor: fissile and fertile
nuclides may be dissolved and circulated as fluoride salts,
while fission products are continuously removed from drag streams.

The use of molten lithium was considered, but rejected.
Pure lithium is an excellent material for breeding tritium, but
noe sure method of recovering that tritium from reasonably low
blanket concentrations has been proposed. Furthermore, the

incorporation of a fissile lattice in a lithium region would
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complicate the design., Finally, molten lithium is a rather cor-
rosive material, leading to concerns about failure of the fuel
cladding as well as the basic blanket structure.

S0lid lithium compounds were also considered. 1In this
case some mixed arrays of lithium pins or cans and fissile rods
could be envisioned, with lithium as the coolant. Disadvantages
of this design are the marginal trituim breeding characteristics
{(poor neutron economy) of the solid breeders, the buildup of
figssion-product neutron poisons in the fuel, and the problem of
designing large blanket modules to withstand the helium pressure.

Having selected flibe as the active material, the choice
of coolant arises. In the molten salt fission reactor concept
“Tlibe serves as both the fuel and the coolant. In tokamaks a
flowing conductor will interact with the magnetic field, leading
to suppression of the turbulent regime and to EMF's across the
flow channel. The former effect decreases the cooling capability,
while the latter effect increases the corrosiveness.

Since the magnitude of these effects is still a subject
of some dispute, it was felt necessary to design for cooling with
high pressure helium flowing through tubing embedded in the
blanket salt tanks (as in the PRD). This has the advantage of
allowing a combined cycle with the cooling of the multiplier
region; the disadvantage is the introduction of a significant
amount of steel, a neutron parasite, into the blanket. The

aption of circulating and partially cooling with the flibe itself
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has not been entirely ruled out.

Although the molten salt is the active ingredient, a
large portion of the burner region actually consists of graphite.
Again, this follows the lead of the molten salt fission reactors,
where graphite moderates the neutron spectrum. For tritium
production in a low power blanket this would probably not be an
important consideration, since the decreased amount of lithium
required in a more thermal spectrum would be offset by the volume
required for the graphite. However, for power production the
moderation is very important,

The fissile inventory of the reactor will depend on
the relative magnitude of the fission cross section compared to
all other cross sections in the region. For plutonium, the
fission cross section increases as 1/v as the neutron energy
is decreased; therefore moderation toward a thermal spectrum
will reduce the reguired plutonium concentration, Thermalization
will also increase the effective cross section of lithium-6,
which is good for tritium breeding but very bad for fisgile
inventory. This leads to the conclusion that the fissile-bearing
flibe must be made with depleted lithium, i.e., lithium with a
very small fraction of lithium-6.

In order to accommodate these variousg factors, a sub-
division of the hurner region into four individual zones was
adopted. The first and third zones consist of the burner salt

with helium coolant. The zone between them is mostly graphite,
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with a small volume fraction of salt for heat transfer to the
cooled regions. The fourth mone, facing the shield, is loaded
with a fissile-free flibe made with enriched Iithium. The first
three zones form a composite burner with a strong central
moderator and adjacent all-salt regions for absorption of the
resulting thermal flux. The last zone serves as a scavenger of
neutrons leaking out of the burner, producing substantlal amounts
of tritium from neutrons which would otherwise overload the
shield.

The choice among alternative shielding materials has
not bheen explored in this study. Instead the iron-boron carbide
layered shield discussed by Abdou8 has been adopted as a nominal
reference. For superconducting magnets shielded by this combi-
nation of materials roughly one order-of-magnitude reduction
in radiation damage is provided by each 17cm increment of thick-
ness. This has not been shown to be an optimal shield, but it
is a cost-effective material where thinness is not the prime
requirement.

In a review of radiation damage to superconducting
coils, Ullmaierg has suggested that the fast neutron fluence
should be limited to 3 x 1017 n/cm2 for reliable operation. This
criterion, together with the attenuating power of Fe~B4C, provides
a basgis for estimating shield thicknesses. As an example, for the
Reference Blanket of this study the leakage from the scavenger

region into the shield is calculated to be 0.15 neutron per DT
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fusion neutron. At a wall load of 1 MW/mz, this would result

in an unshielded total flux of 4.5 x 1013 n/cmz—SeC, of which 32%

is for energies above 0.1 MeV. For an exposure of 30 years at
3/4 load factor, an Fe—B4C shield thickness of 80 cm would be
required to meet Ullmaier's criterion (giving a total blanket-
plus-shield thickness of 165 cm). Changes in the wall load or
reductions in the scavenger leakage would affect this thickness
only logarithmicly, but the use of special shielding materials

where space is critical would reduce the thickness in direct

proportion to the attenuation length.
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B. Development of Parameterization

Within the hybrid reactor systems optimization code
the blanket is represented by a '"black box'" routine which supplies
values of the basic performance parameters. The inputs to this
routine are the desired energy multiplication, M, the required
tritium breeding ratio, T, and the target fuel region burnup, B.
The principal outputs are: J, the integrated wall iocad corre-
sponding to B; F, the net fissile production per fusion reaction;
P, the gross fissile production; and p, the density of plutonium
in the burner salt.

The blanket performance is calculated from a set of
simple equations in which M, T, and B are the independent
variables. This parametric formulation is essential in keeping
the ccde execution time within acceptable limits, and paraliels
the treatment of the plasma physics of the fusion core. Variation
of the constants in the parameterization allows the performance
of any type of blanket; the derivation of specific values
corresponding to the chosen U-Mo, Flibe—PuF3 blanket is the
subject of this section.

The forms of the various equations were chosen after
consideration of the basic neutronic effects associated with
each physical variation. The constants were then fixed by using

either performance parameters or average cross sections from
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several blankets derived from the basic conceptual design.
These include the reference design (case No. 8163}, a blanket
with no plutonium in the salt (No. 8624), a blanket with high
lithium-6 loading (No. 1229), and a blanket containing Pu-240
(No. 4976) (the one used to illustrate actinide buildup in
another section of thisg Appendix).

1. TFissile Production

The derivation of the equation for F will be described
first since it is the most involved. The net fissile production
is the difference between gross production in the multiplier and
gelf-consumption in both the multiplier and burner regions. It
is dependent on J because a longer exposure increases the proba-
bility of burnout in the multiplier., It also depends on M
because more energy multiplication requires a greater fission rate
in the burner.

The equation for ¥ (M,J) was developed in stages, the
first one being for F(M,0) = FO (M). Actually, it is Fo(f) that
is derived, where f is the total number of fissions per fusion.

M is replaced by f using the assumpticn that 14.06 M = 198f + 20.
Initially a straightforward neutron balance was used to find F.

The total source, S, of neutrons is taken to be the sum of: one

DT neutron; fo DT-induced fast fissions in uranium times Vg neutrons
per fission; f—fo other fissions times v; and e extra neutrons
produced by n-2n, n-3n, ete., reactions of DT neutrons. The total

loss of neutrons L(=8) is taken to be the sum of: the absorptions
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in lithiuam, taken to be T; fODT~induced fast fissiocons in uranium;
g, other fissions in uranium (e.g., in U-235); FO+ captures in
uranium; FO— absorptions in pliutonium; and A, neutrons lost by
parametric absorption. Now FO+ = o4 FOM, while Fo" = (f - £ -8
* (1 4 o), where o is the capture-to-fission ratio; thus the loss

equation can be rewritten

=
Il

T+ 4+ g+ 2 (1 +a) * (f - fo - gy + A
while
L = 8 =1 + VOfO + u(f - fo) + e

From case 8624 (no Pu) fo is about 0.352, and f = fo + @
= 0.426, while from case 8163 (f = 1.815)fO + g is about 0.509;
Irom this a linear equation in f can be derived for g. 1In both
cases e 1s about 0.45, and Vo is about 3.75. In case 8163, § =
7.040, and A takes 19.9%; in case 88624, S = 2.977 and A takes
22.67. Because of this agreement in greatly different circum-
stances, the parasitic absorption is put in the form A = a * s,
using 0.20 for a. In case 8163, o = 0.5098, and v = 2.92, with
simiiar values observed in other cases; 0.51 and 2.90 are used
Tor the eguations.

Using these values, L = 8 can be solved for FO + T =
2.207 - 0,580f, Checking this against the reference cases, it
predicts T + P = 1,960 for No. 8624, compared to 1.856, and it

predicts 1.155 for No. 8163, compared to 1.130. The agreement

across the full expected range of £ is not bad. However, since
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the derivation is only approximate and the functional form so
simple, an ‘alternative approach to T + F was adopted.

An ad hoc linear form was simply forced to fit the two
casesg, giving T + FO = 2.078 - 0.521f (which is not greatly

different). Making the back substitution for M finally yields a

nominal equation for FO:
FO (M) = 2.1308 - 0.037025 M - T

2, Effects of Exposure

Because plutonium bred in the multipiier will have
some probability of fission or capture before it 1s removed
from the blanket, the cycle-average net production will also be
a function of J, the integrated wall load. Whereas FO can be
calculated from the production and loss rates at zero exposure,
an integral balance approach is required to find ¥ (JY. J is
proportional to the total DT neutrcon source per unit area of
blanket, and hence is an index of the total fluence; the total
DT neutron production corresponding to J is equal to J/el, where
A is the wall area, and e is the neutron energy per fusion.

Letting P and U stand for the densities of Pu-239 and

U-238 and V for the volume of the multiplier, the amount of

plutonium built up after an exposure J is

p
—( ¢,
P(J) = v<1 - e a) Uog/ai ,

where ¢ is the fluence corresponding to J, and the ¢'s are micro-

scopic cross sections (averaged over energy and space). For low

exposure the exponential can be expanded in a series; truncation
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after the squared term leaves
N U p )
P(J) = VUo,¢ (1 0T 6 /2
Dividing by J/elA gives F+; the average production per fusion

neutron:

Fho= (V/A)UUS(¢/J)@ (1 - OE(¢/J)J/2)

The first part of this expression is just F;, as calculated
previously. The last term gives a deduction for the loss of
plutonium before reprocessing, equal to the loss probability
(0§¢) times the first-order approximation to the average Pu
present, F;/z. Thus F+ is in the form F; {1-hJd).

Now an expression for F(M, J) can be devised, since T
= Fg accounts for depletion in the burner and is assumed not to
depend on J:

F(M, J) = F' -~ F = Fg(l - hI) - F

i

(F+ . F“) v JFth
O (e} O

+
Fo(M) - JF_(M) h (1)

il

Rather than attempt to derive equations for F; and h directly,
the procedure used previously for FO was applied again: linear
equations in M were fitted to data from cases 8163 (the Reference)
and 1929 (plutonium bearing but with low multiplication). The
linear approximation is justified by the dependence on {(¢/J),
since a higher multiplication due to more burner fissions would
increase the fluence for a given wall load,

Inserting the relations, F; = (1.5013 + 0.05925 M - T)

and h = (0.05453 + 0.003883M), gives an expression for F which is



475

linear in J, quadratic in M, and includes a JT cross term. The
latter is eliminated by approximating T = 1.1 in the F; equation,
leading to the final results for the net fissile breeding ratio:
(FM,J) = (2.131 - T - 0.037M) -~ J(0.0219 + 0.00479M + 0.0002301M2)
3. Relationship to Burnup
The natural form for the equation for F is in terms of
J, the integrated wall load; however it is B, the burnup, that
is the externally specified measure of blanket exposure. There-
fore an eguation relating B and J must be developed. Letting S

be the density of U~235, with P and U for Pu-239 and U-238 as

before: U
-0 ¢ S
U=Ue a s=8e © ¢,
9.9 U p
P = UO 1 -e OY/Oa’
U
-3 ¢
B (U +8.) = U (1-e a)oU/oU
o O 0 f'7a
S
- q)
a 5, 8
+ SO 1 - e of/oa

su, (reR) (oFe - (1o 34)) (o)

For small exposures, the exponential can be expanded:

. U S Urp,.2
B (UO + SO) S U ogb + S _0%9 + U 0,0.67/2
Once again, linear equations in M are fitted to
Gg¢, d§¢,0§¢, and a$¢ (which is related by a scale factor to
Fz), using the results of cases 8163 and 1929. The result is

an equation for B which is quadratic in both J and M, due to the

¢2 term:
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B(M,J) = J * 1079 % (2140. + 6.93M)

-6

+ J2 * 10 ¥ (75.35 + 16.218M + O.7519M2)

For later convenience this was factored into the final form

6

B(M,J) = J x 1077 x (2140. + 6,93M)

x |1 + J x (0.0343 + 0.00758M + 0.000351M%)

6 M term has been ignored in the denominator.

where a 6.93 x 107

4, Plutonium Inventory

An important factor in the reactor economics iz the
inventory of plutonium in the burner salt. To provide this num-
ber, the blanket parameterizations calculate p(M), the mole
fraction of PuF3 required to achieve a given level cof energy
multiplication.

As noted before, M = (198f + 20)/14.06, where { is the
number of flssions per DT neutron. Furthermore, simple chain
reaction theory shows that in a suberitical assembly with
multiplication constant k, the total number of fissions due to
S initial fissions will be f = 8/(1 - k). In case 8163 (the
Reference Blanket) there were a total of 1.815 fissionsg per fusion
neutron, and a special eigenvalue calculation (reported in another
section) gave the value 0.7778 for k. Using the formula 8 = f
(1 - k) gives 0.4033, in good agreement with the actual number
of U-238 fast fissions, in this case, 0.3986. The nominal value
S = 0.40 was adopted.

Given 3, a relationship for k(p) would allow the deri-

vation of M{p), and thus p(M) by inversion. In fact, the "four



477

factor formula' states that k is proportional to the thermal
utilization and to three other factors which are (more or less)
independent of p. Since the thermal utilization is the ratio
of fuel (here Pu) absorption to total absorption, and the Pu
absorption is proportional to its density, k can be written in
the form:
k(p) = cp/(d + p)
Rather than try to derive values for ¢ and d, they

are calculated to fit two points: £ = 1.815 for case 8163 with

p = 0.25; and p = 0.30 for case 6221 where f = 2.200 implies k =

0.8182., The result is
k(p) = 1.1016p/(0.10401 + p)

This can be substituted intce the equation for f, which then isg
inserted into the equation for M. Solving for p(M) with 8 = 0.4
gives

p(M) = (1.4624M - 10.318)/(1.4285M + 77.168)
This equation predicts p = 0 at M = 7.05, whereas a rounded
nominal M of 7.0 for no-fissile blankets had been adopted earlier.
To meet this nominal value a revised final formula for p was
adopted:

p(M) = (1.468M - 10.276)/(1.429M + 77.17)
This predicts p = 0.253 at M = 26.68, a good match to the perfor-
mance of the Reference case.

5. Gross Pu production

A formula for the gross pluteonium production is
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required by the systems code, since losses in the reprocessing
cycle are specified as fractions of the process stream. A
suitable formula for P seemed to be at hand from the middle of
the previous derivation: P = F;(M). One slight revision was
made, however., P should equal F at the value of M corresponding
to no plutonium in the burner. This has been assumed nominally
to be 7.0, based on about 0.4 uranium fissions in the multiplier.
The previous equation for the plutonium production rate was

+

F

o 1.5013 + 0.05926 M - T ;

i

to ensure that P(7) F(7), the slope was preserved but the
intercept modified so that
P(M) = 1.457 + 0.0593M ~ T

Actually, this equation is not entirely appropriate
for the intended use. The gross plutonium processed is really
the gross produced minus the amount burned in situ. Thus

P(M, J) = F' = FI(M)(1 - Jh(M))

would be more accurate. As indicated, this was not the formula
used; however, the economic impact of the reprocessing losses is
very small,

a. Average Power Level

In all of the formulae above, the variable M implicitly
represents the energy multiplication at zero exposure. Since it
is assumed that some bred plutonium will fission, a corrected

formula for the average M as a function of exposure, M(J), is

required.
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In the derivation of ¥(J), it was assumed that the
depletion of bred plutonium amounted to JF;(M)h(M). This is due
to all absorption; the corresponding number of fissions is
1/(1 + o) times this value, where o is the capture~to-fission ratio.
¥or the Reference case, the average o in the multiplier was
0.5098. Other cases were not greatly different, so a nominal
value of a = 0.51 was adopted. Using the equations for h(M) and
Fz(M) derived above gives a guadratic formula for the increment
in the average number of fissions per fusion. Applying the
energy scale factor finally yvields

W(J) = M + (0.7400 + 0.08289M + 0.002146M%)J

6., Initial Enrichment

One last correction to M might be required. In all the
blanket calculations the multiplier was assumed to contain de-
pleted uranium with 0.3% U-235. If in fact some other isotopic
composition, u, were specified, there would be a small effect on
the number of fissions. To account for this it was assumed that
the actual number of U-235 fissions would be proportional to:
the number in the Reference Blanket, 0.1108; the enrichment ratic,
u/0.3; and the relative thermal fission level, (M - 7)/(27 - 7),
gsince this is the predominant factor in scaling the thermal filux.
Altogether this gives a correction term, Mtails + 0.26007
(u - 0.3) = M7,

7. Super Blanket Option

The discussion above summarizes the derivation of the
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set of egquations which define the performance of the Nominal
Blanket as used in the hybrid systems code. So that the code
could be used to explore the impact of more opitimistic assump-
tions about the blanket performance, an alternative set of
equations for a "Super Blanket"” was developed.

An example of a more optimistic blanket is that reported
in Ref. 1. This blanket features a multiplier zone loaded with
U~Ma fuel but has no fissile loading to produce extra figsion.
However, the calculated performance parameters are M = 10, T =
1.14, and T = 1.8,

To achieve M = 10 would require about 0.6 fTast fissions,
vielding 2.25 secondary neutrons (at 3.75 per fission). Adding
in about 0.45 more from n-2n and n-3n reactions, plus the initial
P neutreon, implies a total neutron source of about 3.70 neutrons
per fission. Setting this equal to T + F plus the number of
fissions plus the parasitic absorption implies that the latter
is only 0.16 neutrons per fusion, or 4.3% of the total source.

The high number of initial fissions and low rate of non-pro-
ductive absorption are very favorable figures of merit. The
reason why they differ from the neutronic results of this study
(using standard, but different, codes and data) has not been
determined. An exploration of this question is reported in Ref. 2.
8. Super Blanket Derivation
The Super Blanket equations were developed by propagating

assumed values of 0.6 fast fissions and 10% parasitic absorption
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through the derivations reported above, retaining the other
factors which presumably depend on the molten salt blanket. No
attempt to justify this boosted performance was made.

For the Nominal Blanket, the minimum M is M' = 7,
corresponding to zero fissile loading., Thus T + FO = 2,131 -
0.0370M = 1.856 -~ 0.0370(M - 7), and T + FO = 1.856 is the
maximum no-exposure composite breeding ratio. TFor the Super
Blanket the corresponding figure is found by the neutron balance
procedure outlined above: 2,730 = Fo + T. For the variation with
M the same slope is preserved, since this depends on the burner
salt region, but the zero point is set to M' = 10 (corresponding
to the 0.6 fast fissions):

T + FO = 2.730 - 0.0370(M - 10)
To derive the variation with Jd, formulas for F; and h are required,
but the latter can be carried over from before. For any blanket,
T+ ¥, =T+F when M = M'. Since the variation with I should
not depend on the fast fisgion calculation, the previous slope
is used again, but now zeroed at M':

F' = 2.730 + 0.0593(M - 10)

Combining all these factors, for the Super Blanket
F(M,J) = (3.100 - T - 0.0370M) - J(0.0566 + 0.00726M + 0.023OM2),

Using the same factors in a consistent derivation vields
for the gross fissile production

P(M) = 2.137 + 0.0593 M ~ T
To adjust the burnup equation a similar procedure is applied: the

pilutonium fission factor is unchanged; the uranium capture factor
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is FZ derived above; and the uranium fission factor keeps its
same slope with intercept of 0.6 at M = 10 = M'. The result.is
B(M, J) = J * (2958. + 6.934) * 10°°
* 1 + J % (0.0658 + 0.00821M + 0.000254M2)
The inventory formula is easily rederived using the
same equation for k(p) but setting S = 0.8, to give (after slight
adjustment to force p(l0) = 0):
p(M) = (1.468M - 14.68)/(1.428M + 116.77)

Finally, the relation between the average and initial values of

M is revised to be
M=M+ (1.0871 + 0.10754M + 0,002146M2)J

This completes the parameterization for the Super Blanket.

9. Options in the Systems Code

As discussed in the chapter on the systems code there
are six blanket options available, three each for the Nominal
Blanket and the Super Blanket. The first short-circuits the
burnup calculaticon and sets J to zero. The second uses the per-
formance equations as described above to calculate ¥, p, P, and
J when given B and M. The energy multiplication is assumed to
ramp up while p is held constant, and 2 - M/M is returned as a
power peaking factor to be imposed on the balance-of-plant costs.
For the third blanket type it is assumed that the energy multi-
plication is held constant at Mo' This is achieved by allowing
P to decline from its initial level to the value consistent with
M=M- (M, - M). The value of p for inventory charge purposes

is the average of this final p and the initial p(Mo). The
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equations for F and P are evaluated at M to allow for the ramping
of the burner fission rate,

Certain combinations of energy multiplication, tritium
breeding, and multiplier burnup specified by the systems code
would require blankets with negative fissile loading (M very low)
or negative fissile output (M very large). Since the one case is
unphysical and the other "illegal', the parameterization attempts
to solve for a reduced level of burnup at which the offending
parameter (p or F) is just zero, (Actually F is reqguired to be
Jjust enough positive to cover normal reprocessing losses.) Since
a smaller value of B implies a smaller integrated wall load an
additional ultimate constraint is imposed: the value of J/{wall
load times capacity factor), i.e., the installed lifetime of the
multiplier fuel, is required to be greater than one year.

10. Graphs of the Parameterizations

To end this section, a series of figures is presented
in which the blanket parameterization equations are plotted.
Figures 1, 2, and 3 for three values of the target burnup show
the performance of the ramping-power Nominal Blanket as a function
of the average multiplication. Figures 4, 5, and 6 show the
performance of the ramping-power Super Blanket. Figures 7, 8,
and 9 show the performance of the constant-power Nominal Blanket
as a Tunction of the constant value of blanket multiplication.
Figures 10, 11, and 12 show the performance of the constant-power

super Blanket. Table I gives the key for all 12 figures.
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Table I. Parameter Key for all Performance Plots.

] Integrated Wall Load J

A Initial Multiplication M

0 Gross Pu Bred P

X Net Pu Bred F

0‘ Limit Pu Density P(M) (x 10)

e Average Pu Density [p(M) + p(M'Y {1 /2 (% 10)
* Power Peaking Factor

Abscissa = M or M
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C. Special Calculations

In addition to the basic neutron transport and reaction
rate analysis for the Reference Blanket, several sets of special
calculations were performed. The most important of these was
aimed at providing estimates of the power density in the blanket;
this work is reported in a separate section on heating. Three
additional categories will be discussed below: blanket criti-
cality; actinide buildup,; and design sensitivities.

1. Criticality

One of the advantages frequently claimed for hybrid
reactors is freedom from the criticality accident. Fission
reactors by necessity must be made of materials which will sus-
tain a critical chain reaction; possible perturbations into a
super-critical state constitute one severe (but well constrained)
class of accidents. TFor fissile fuel producing hybrids it is
probably true that no reconfiguration of the materials would lead
to a critical state; therefore such reactors could be considered
safer in some degree than fission reactors.

Unfortunately this is not a valid conclusion in general
for hybrids which are optimized to produce power. Loading the
blanket with fissile material to promote extra fission provides
the potential for an accident. Specific analyses of possible

rearrangements of the fuel must then be checked to determine the
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need for engineered safeguards.

A brief exploration of this aspect of the Reference
Blanket was undertaken. Criticality is determined by the eigen-
value of the transport equation, commenly known as the multipli-~
cation constant, k. The ANISN code, which was used to calculate
the flux distribution in the Reference Blanket performance studies,
can also solve for the multiplication constant in one-dimensional,
cylindrical systems and for infinite media. The former condition
is the same geometrical approximation applied in the original
blanket analysis, i.e., ignoring the toroidal curvature and
assuming symmetry around the poloidal axis. The infinite medium
calculation ignores the effeet of leakage from a finite body and
hence overestimates (usually) the effective k.

The eigenvalue calculation for the Reference Blanket,
using the same cross sections and discretization as for the flux
calculations, gives k = 0.7778. By fission reactor standards
this is substantially less than I, the critical value.

This result can be used as the fixed point to derive
a simple formula to estimate k. Let S be the number of fast
fissions induced by the external source DT fusion neutrons, and
let f be the total number of fissions in the blanket. The
original fissions, releasing typical fission-spectrum neutrons,
will initiate a damped chain reaction with a ratio of k fissions
in each later generation: thus f = § + kS + KES + ... , which

reduces to f = S/(1 - k). For the Reference Blanket, f = 1.815,
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implying that S = 0,403; indeed, for this blanket a fast fission
rate of § = 0.39 was calculated. Therefore a nominal value of
S = 0.4 was‘adopted for the remaining analysis.

For the Reference Blanket, the concentration of PuF3
in the burner salt was 0.25 mole %. The performance of a

blanket which differed only in having a 0.30% loading of Pu was

calculated, giving f 2.200. Using the nominal formula, this
implies k = 0.8182. These two values of k can be used to form
a simple formula for k in terms of P, the mole percent of
plutonium.

An elementary expression for k is the so-called four-
factor formula: k = nepf. Here n describes the fission source,
e and p describe interactions of fast and intermediate energy
neutrons, while f (the thermal utilization factor) is the ratio
of fissile to total absorption at thermal energies. Variations
in P should only affect f, and in a simple manner: the numerator
is proportional to P, while the denominator is a sum of terms,
one of which is proportional to P, Therefore the four-factor
formula can be rewritten as K = cp/(d + p) where ¢ aﬁd d are
parameters which can be calculated from a two-point fit. The
result is k = (1.1016P)/(0.10401 + P). By substitution, an
equivalent formula, £ = S*(0.10401 + P)/(0.10401 - 0.1016P), is
found. These equations actually fit 3 points which span the
range of interest in P: the point P = 0, k = 0, f = S is

included by construction.
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The preceding discussion was addressed to the normal
operating state of the hybrid, i.e., with the salt properly
confined to the blanket. It should be recognized that this
blanket has, by fission reactor standards, a rather peculiar
configuration: a thin fissile fuel layer bounded by a strong
uranium absorber on one side and a strong lithium absorber on
the other. To attain a satisfactory effective multiplication in
this highly poisoned system, the infinite medium, k, of the
fissile region must be rather high. This is confirmed hy a
calculation for the moderator zone, 85% graphite and 15% salt,
with P = 0.25%: k_ = 1.706. However, it is difficult to con-
celve of an accident which could assemble a rather large volume
of this mixture without the addition of other materials,

A more plausible accident would be leakage of molten
salt from the blanket, with the possibility that it might
accumulate in some compact configuration. Thus the k  for just
the burner salt is of interest. Two calculations were performed,
giving k= 1.182 for P = 0.25 and k = 1.034 for P = 0.15,
Fitting a formula of the form previously explained gives an
equation for k_ as a function of P: k., = (1.5052P)/(0.06835 + P}.

From this, a critical value of P can be derived: k= 1 when P

0.135.

The conclusion to be drawn from these analyses is that
this hybrid concept is not free of concern about criticality

accidents or accidents aggravated by criticality. However, the
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seriousness of this is open to question. Obvious engineered
safeguards can be applied to reduce the accident potential.
Indeed, this approach has taken criticality off the list of
most important concerns for fission reactors.

2. Actinide Buildup

In considering the uranium-plutonium cycle for the
conceptual hybrid blanket, only the buildup of plutonium was
specifically assessed. The justification for this was that the
production of other actinides occurs at a lower rate, so that
the low burnup expected would mean that only low concentrations
would accumulate., A very simple actinide chain model was
developed to investigate the actual situation,

The following definitions are required:

It

density of uranium-235

density of uranium-238

fl

1l

density of plutonium-239

density of plutonium-240

H

density of plutonium-238

i

dengity of neptunium-237

v/ 3 oo B > T © B [04]
it

burnup as fraction of original
uranium

time

(-,.
il

total flux

-
it

OX = cross section for reaction =x

X = absorption, fission, n-y or n-2n

D = time derivative.
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With these definitions, a set of simple equations for

the nuclide concentrations can be written:

J mcg¢t
buU = - OaU¢ y, U = er ;
S —ogtt
bs = . 0a8¢ , B = S e
DP = ogUé - 0§¢ , with U = u,
Pt (o) (1 e )
DQ = 0$P¢ - cgq¢ , With U = U
Q = (UOUE/OE) (0?/02) (1 - e~02¢t)
+ (Uocg/ci) (oﬁ/(cg - og)/)(e—0§¢t~e_0§¢t) ;
pT = olup - o T, T = (Uoog/og) (1 - e—og¢t) ,
with cg 0, 1oz uolet
DR = U§P¢ + 0$T¢ - G§R¢ , Wwith o, = o
DR = c§P¢ + 0$U005¢2t )
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2,2

+ ¢ U o ¢"t7/2 ;

T
Y O

B d

il

S
Bx (s, +0,)= (s,6%08)(1-e )

ncg¢t)

+

(Uocg/cg )(1 - e

—op¢t
+ UO(OE/UE) (o?/og) [0§¢t - (1 e @ )].

A special transport calculation was performed so that
spectrum-averaged cross sections could be obtained for these
equations. (Obviously the validity of their solution depends on
the suitabllity of the parameters supplied.) The blanket for
this calculation is a variant of the Reference Blanket, with
some judicious anticipation of the buildup of the actinides.

In the multiplier, the uranium density was reduced by a factor

of 0.992 (i.e., 0.8% total loss), and the U-235 enrichment was
dropped to 0.25%. In addition, Pu-239 was added at a density

of 0.5% of the initial uranium concentration, and Pu-~240 was

added at 3% of the Pu-239 density. In the burner salt, the

PuF3 mole fraction was raised to 0,.3% to counteract the added
poisons, and 7% of this plutonium was assumed to be Pu-240. The
resulting blanket performance parameters were: energy multiplica-
tion M = 24.5; net fissile production F = 0.165; and tritium
breeding ratio T = 0.79. (It is assumed that the T value could

be boosted at the expense of F and M, but this was not explored.)
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Solutions of the actinide equations for this blanket
are shown in Figure 1, and selected values are listed in Table I,
The independent variable is the integrated wall load, i.e., the
period of exposure to the driving fusion source. Notice that the
burnup rate accelerates as the bred Pu-239 is fissioned; the
burnout of bred plutonium causes a decrease in the net production
rate. The cumulative time-average net fissile production per
fusion neutron is reported as T, It is calculated by subtracting
a constant Pu-239 burnup rate in the burner region (where the
salt processor keeps the composition fixed) from the declining
net multiplier production rate. Reprocessing of the mulitiplier
at relatively low burnup is desirable to keep F near its initial
value., The burnout of U-235 increases also with exposure, but
since the initial loading is with tails, the enrichment of the
spent uranium is presumably of little concern.

The density of Pu-240 builds up from =zero at a declining
rate because the burnout increases with the density. The satura-
tion ratio of Pu~240 to Pu-239 would be 9.49%; the ratio reaches
half this value at a burnup of 0.63%. This ratio is substantially
lower than that for plutonium bred in LWR's, where values around
22% are more typical. This has both good and bad aspects. As a
fuel for thermal fission reactors, the cleaner material will give
better neutronic performance. However, clean plutonium is also
more suitable for the production of fission weapons, leading to

a more difficult safeguards problem.
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Since the blankets considered in this hybrid study are
consumers as well as producers of fissile material, the production
of actinides in the burner sale is also of concern. A simple
model again based on the use of time-independent spectrum and
volume averaged cross sections has been applied to the same model
blanket discussed above.

Using the previous notation, equilibrium balance

equations for Pu-239 and Pu-240 can be written:

P, _ P
P0a¢ = § 5
QU§¢ = 9+ Pc$¢

Here & stands for the equivalent external source density, i.e.,
the total external source divided by the total volume of salt to
which it is added. However, the feed rates are related by the
isotopic composition of the external source material, GQ/SP = Q' /P,
This allows solution for the equilibrium composition of the burner

region plutonium.

_ /P, Q P, Q
(Q/P) = (OY/oa) + (Q'/P') (ca/oa)
Using effective cross sections from the model blanket

described above,

Q/P = 0.1212 + 00,3483 (Q'/P')
This shows that the composition is principally determined by

the local balance between production and burnout, with a per-
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turbing effect due to the extra Pu-240 feed brought along with
the Pu-239 makeup fuel. Using (Q'/P') = 0.042, the isotopic
ratio in the multiplier plutonium at 0,5% burnup, the overall
ratio for the burner is 00,1195, i.e., 12%.

This is still substantially better than the LWR ratio,
but would definitely hurt the neutron balance of the hybrid
blanket. Comparison of the performance of two blankets covered
in a series of scoping studies illustrates this. For a blanket
like the Reference Blanket except that the PuF3 concentration
in the burner was 0.3%, the basic performance was: T = 1.308,
M= 32.4, and F = ~0.393. Adding 7% Pu-240/Pu-239 to the burner
salt drastically decreases the fission rate, giving M = 20.6
and F = +0.404; while T drops to 0.698 due to the reduced neutron
population. (Of course, optimization of the blanket for the
presence of Pu-240 should greatly improve these figures.)

One possibility for minimizing this effect would be to
feed all the freshly produced multiplier plutonium into the
burner salt, while extracting older plutonium with a higher
Pu~240/Pu~239 ratio from the salt for sale. Of course, this
drag-stream approach to isotope control will only be possible if
the hybrid does indeed produce a net excess of plutonium for use

in fission reactors.
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3. Design Sensitivities
The design of the Reference Blanket began as a process
of trial-and-error examination of possible configurations and
compositions1 and developed into a more rational search technique
as the basic conceptual design was identified.2 As the parameters
of the Reference were tentatively determined, a series of calcu-
lations was performed to study the variations in performance due
to changes in the blanket specification., An important consider-
ation was a desire to minimize the inventory of plutonium in
the burner salt while keeping the energy multiplication high,
tritium breeding ratio greater than one, and net fissile breeding
non-negative.
The results of a number of variations are listed in
Table II. The same results are displayed in Figure 2 as points
on a plot of F versus T. As the plot makes obvious, the values
of F and T are strongly correlated, even when perturbed by
rather different blanket changes. These results are also dis-
played in Figure 3 as points on a plot of M versus T + F. Again,
strong correlation is shown, with the points generally lying in
a band.
The Reference Blanket consists of seven regions:
First Wall (5 cm) - 10% S8, 10% Water
Multiplier (15 em) - 8% SS, 44% U-7 Mo
Burner (10 cm) ~ 5% SS, 80% Flibe with PuF3

Moderator (30 cm) - 85% Graphite, 15% Flibe-Pu
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Results of Some Parameter Variations on the Reference Blanket.

Case No. 6Li% PuFS%

8163
8094
8161
6221
3600
3565
6233
3879
4301
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o o O o o ©

oo O
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.00
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Q

oo O O
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25
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.30

. 30

.30

.30

.30

.30

26.
26.
22,
32.
31.
39.
20.
27.
23.

12.

®» 9 O

o2

+0,
+0.

+0,

036
246

443

. 549
. 341
770
.404
. 047
. 260

.929

.094
. 030
. 851
. 306
.220
. 689
. 698
. 155
. 008
. 766

Comments

Reference Blanket

50% U-Mo in Multiplier
95% Graphite in Moderator
Scan in Lithium-6

15% Water in Wall

No Water in Wall

7% Pu-240/Pu-239

Scan in Lithium-6

Scan in Lithium-6

Scan in Lithium~6
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Burner (10 cm) -~ 5% 88, 80% Flibe-Pu

Scavenger (15 cm) - 5% S8, 20% Graphite, 70% Flibe

Shield (~ 80 cm) - 8S and Boron Carbide.
Three of the variations involve single changes to this specifi-
cation., In the first, the volume fraction of the U~Mo fuel in
the multiplier is increased to 50% (reducing the void fraction),
This increases F substantially (compared to its near-zero
reference value) but drops T very close to one. However, since
the F increase is partially due to increased fast fission, the
AT/AF ratio is the smallest among all the variations. The second
change is to increase the volume fraction of the graphite in the
moderator to 95%, at the expense of the burner salt. This in-
creases F due to a reduced fission rate, with a resulting large
impact on T. The third variation is an increase in the PuF3
mole fraction in the burner salt to 0.30%. This boosts the
fission rate, reducing F, and thereby raises T because of the
increased neutron flux.

The remaining cases can be considered to be double

changes to the Reference, or single parameter variations to
this last, higher inventory blanket. Two complementary varia-
tions examine the effect 6f the water coolant assumed for the
first wall. Raising the volume fraction to 15% has a relatively
small impact, increasing F and decreasing T comparatively sharply.
On the other hand, removing all the water allows a harder spec-

trum and more fast fission. This substantially raises T and
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¢
decreases F because the burner region is driven to a greater fission
rate by the higher source. Adding plutonium-240 to the burner
salt so that the Pu-240/Pu-239 ratio is 7% decreases the fission
rate (M falls to 20.6), which raises F and decreases T. Time did
not permit a proper study of the impact of the higher actinides
on net breeding and tritium production: clearly a reoptimization
of the blanket would be reguired.

The last series of variations examines the effect of
changing the lithium isotopic ratio. As the lithium-6 is raised
from 0.1% to 0.15, 0.25, ang finally 1%, the increased competition
with the plutonium for thermal neutrons causes the Tission rate to
fall. This raises F, but the reduced supply of fission aeutrons
more than compensates for the increased dengity of Li-6, lowering
T. It can be seen from the plot that performance nearly the same
as the Reference Blanket could be achieved with about 0.2% Li-&
and 0.3% PuF,. While this‘might result in some savings due to
the reduced lithium isotopic separation requirement, it would
entail a 20% increase in the blanket inventory of plutconium. This
was presumed to be the more important effect and Jjustifies the
specification of depleted lithium,

A more elegant approach to the problem of design
sensitivities is that incorporated in the computer code SWAN.3
This pregram is a numerical embodiment of the first-order per-
turbation theory for variations in a response function with

respect to variations in material densities, It uses the trans-
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port code ANISN to calculate the direct flux and the adjoint

flux for the target reaction, multiplies these by the cross

sections of materials of concern, and then integrates to obtain
sensitivity coefficients. SWAN was originally written for shielding
and pure-fusion reactor application;4 for this hybrid study it has
been extended to treat fissionable materials properly.

The principal performance parameters for a hybrid

,
blanket are: T, the tritium breeding ratio; F, the net fissile
breeding ratio; and M, the energy multiplication. TFour SWAN cal-
culations were performed to find the sensitivity of these para-
meters fer the Reference Blanket to changes in the composition
of the blanket. (Two calculations, one for breeding and one
for burnup, are needed for F sensitivities.)

The primary output of SWAN is a table of "effectiveness
functions'. These give the variation in response due to a unit
change in density of each material in each interval of the blanket
model. From these numbers a sensitivity profile can be plotted;
the volume integral of the sensitivity times a hypothetical den-
sity change profile gives the predicted variation in the response
functions. Tigures 4, 5, and 6 show several such sensitivity
profiles, together with superimposed zone-averaged sensitivities.
{Note that proper evaluation of a density increase usually in-
volves subtraction of the variation due to removal of some dis-
placed material; SWAN can calculate "substitution effectiveness

functions” for this purpose.)
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Figure 4 shows the effectiveness function for carbon
multiplied by the smeared density eguivalent to 1 volume % gra-
phite, i.e., sensitivity profiles for 1% graphite additions. 1In
the burner salt regions all four sensitivities are positive and
quite flat. This reflects the importance of moderation in
lncreasing the fission rate and hence the flux. All the pro-
files ramp negative in the multiplier, where extra slowing down
of the fast neutrons decreases the production of secondaries
from the fusion neutrons. It should be ncoted, however, that
since the Pu burnup’'s sensitivity is greater than the breeding
sensltivity, the effect on net plutonium breeding from adding
graphite would be positive in the multiplier and negative in the
burner.

Figure 5 shows the effectiveness functions for type-318
stainless steel multiplied by the smeared densitv eqguivalent to
L volume %. i.e., sensitivity profiles for 1% addition of steel.
These are mostly negative. In the multiplier region extra steel
would increase the slowing down rate of the high energy neutrons.
thus decreasing the driving source. In the burner region steel
is a parasitic absorber which poisons the blanket. The compara-
tively large magnitude of the sensitivities demonstrates that
the placement of steel in the blanket should be given considerabile
study. The strong spatial dependence of the profiles shows that
Judicious placement of the required structural material can

minimize the impact on performance.
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Figure 6 shows effectiveness functions for two material
variations involving uranium. The profiles in the multiplier give
the sensitivity to the depleted uranium in a 1% volume inecrease of
U~7 Mo (the effect of the molybdenum is not shown here). The pro-
file in the scavenger region gives the sensitivity to a 1 mole %
addition of 238~UF4 (the effect of the fluorine has been added).

The shifting sensitivities in the multiplier reflect
the changing spectra through this zone. Uranium added adjacent
to the burner region would be in a soft spectrum and hence very
effective at absorbing neutrons and producing plutonium; it would
also decrease the fission and tritium rates by their absorption.
In the hard spectrum at the other face extra uranium would mean
extra fast fissions. Unfortunately, material added to a homo-
geneous medium effectively increases the density uniformly, so
that only the zone averages are important for the uranium in the
multiplier. On this basis extra fuel would lower T and M, but
raise F.

In the scavenger region all the profiles are similar,
as the thermal flux leaking from the burner region is rapidly
attenuated., The sensitivity was calculated for UF4 to investi-
gate the possibility of breeding plutonium in the scavenger salt
as well as the multiplier. (The idea of using ThF4 to produce
fissile U-233 might also be considered.) However, this is seen
to be a bad idea. The plutonium production rate is small

because of the strong competition of the lithium-6, but enough



i

521
C
, , —0 340 [~=12.90
{a) (b)
-0.80 -{-0.80 260 ~250
-1.60 —-160 180} —2.10
-240F -240 100} ~1.70
~ ~ P!- r~
o o © =
-3.20 —-3.20 0.204 (.30
4001 xh\ -400 -080 090
480 ~}-4.80 -140 0.50
-5.60 -560  -2.20F 0.10
- { 1 | | . _ i I I _
4050 270290 300 330 o940 T T R T 30 350 090
RADIUS {cm} RADIUS (cm}
160 | , | 1140 0 | , 360
{c) {d}
140 |- 120 s N
120+ L 100 -2 260
1.00 imj | 0,80 -3k ~2.10
5 5 2 o
0801 060 4k 160
060 040 -5 110
0401 0.20 -6l —os0
0.20 - 0 -7 1 oo
0 | { | -0.20 -8 1 | | ]
250 270 290 310 330 750 270 290 310 330
RABIUS {cm) RADIUS (cm}
Fig. 6.

Profiles of Sensitivity of the Reference Blanket
to Depleted Uranium in the Multiplier and 238 UF
a) Tritium Breeding c)
b) Pu Production

in the Scavenger,
d)

Fission Rate
Pu Depletion



522
C

neutrons could be absorbed to depress the tritium breeding ratio.
Worse yet, uranium added near the burner would enhance the fission
rate, probably by faster slowing down and greater reflection of
fission neutrons which otherwise would have been lost from the
burner. This causes the sensitivity of the net fissile breeding
to be negative, too. An increase in F and a minimal decrease in T
could be arranged, however, if the uranium were added only to the
back half of the scavenger.

4. Predicted Performance Variations

The effectiveness functions are functional first partial
'derivatives. Integration of these times sz shape function for per-
turbing the independent variable gives a first order partial
derivative of the response function (reaction rate) with respect
to the magnitude of the perturbation. The algebraic sum of a set
of these derivatives constitutes a first order derivative of the
response function and may be used to predict the joint effect of
simultaneous changes. Ignored in such a prediction are the Cross
terms (synergistic effects) and, of course, second order factors.
This limits the range of usefulness to a region which must be ex-
perimentally determined.

From the SWAN results for the Reference Blanket a number
of these partial derivatives or ”sensitivity coefficients™ have
been extracted; the values are listed in Table III. The independent
variations considered are: dL, an increase of the lithium-6 en-
richment of the burner salt (in atom %); dP, an increase of the
plutonium content of the burner salt (in mole % of 239mPuF3); du,

an increase in the amount of uranium fuel in the multiplier region
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(in volume % of U-Mo); dW, an increase in the amount of water in
the first wall (in volume %); dS, the addition of steel (88-316)
to the moderator region, displacing an equal volume of graphite

(in volume %); and dC, an increase in the amount of graphite in

the moderator, displacing an equal volume of the burner salt (in
volume %).

The sensitivity coefficients are displayed for tritium
breeding, net fissile production (production minus depletion), and
energy multiplication. Typically the dM values are much larger
than the others because of the 198/14.06 factor which scales up the
reaction rate changes. For ali six cases the dM and dT coefficients
have the same sign, and dF the opposite.

The success of these coefficients in predicting actual
performance change has been explored for a few of the cases in
Table III. The results are displayed in Figure 7, an F versus T
plot similar to Figure 2. Changes to dP, dU, and dW are well pre-
dicted, and the change due to dL is reasonably close. The altered
performance resulting from changing the moderator for 85% graphite
and 15% salt to 95% graphite and 5% salt is not well predicted, but
this is a rather large change. No case is available to check the
coefficient for the steel, but the accuracy is probably not very good:
the effect is very strong and would quickly outstrip the first-order
formulation. Surprisingly good results were obtained for the si-
multaneous increase of both the lithium-6 and the plutonium salt;
the coefficients are of opposite sign and so the effects nearly

cancel, with small error.
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Table IIT. Sensitivity Coefficients for Variations to the Reference

Blanket
Variation dT dF __.aM
dL: 1 atom % increase of ~2.3244 +5.,7463 -02.,068

the Li-~6 enrichment
of the burner salt.

de: 1 mele % increase of +3.7282 -7.5379 +100.427
the PuF3 content of
the burner salt

dU: 1 volume % increase of ~-0.012106 +0.0338942 -0.13879
the U-Mo content of the
multiplier

dW: 1 volume % increase of ~0.016698 +0.008105 -0.25329

the HoO content of the
first wall

d3: 1 volume % increase of ~-0.51726 +0.60187 -9.3140
the steel content of the
moderator (replacing
graphite)

dC: 1 volume % increase of -0.013426 +0.026444 ~-0.26398
the C content of the
moderator (replacing
burner salt)
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Sensitivity coefficients can be used to write an equa-—
tion for the change in each of k major blanket parameters in terms

of the I independent variations (good to first order), e.g.,

ar o= tPan + £Pap + tUau + tYaw + t5as ¢ tCac |
sF = fPan + £5ap + 2Uau + 2Yaw + £Sas + £Cac
A = wPAL + mPaP + mUaU + mAW + mSas + mCac

If specific changes in N of the performance parameters are derived
(N < k, and N < I), these equations can be solved to determine the
values of N of the independent variations in terms of specified
values for the other I - N variations.

For example (and using matrix notation):

AT AT £¥45¢C AW tLeP Y AL
AF' = AF - WeSeC AS = ebePeU o ap
AM' AM m¥mSm® AC mtmFm? AU

This will give the changes in lithium—-6 enrichment, plutonium concen-
tration, and uranium thickness (the three major blanket parameters)
reguired to produce a desired set of changes in T, F, and M, as cor-
rected for variations in the other parameters,.

In fact, the matrix to be solved can be inverted, using

the values of the sensitivity coefficients from Table III.

+ 1.2324 AT' + 0.2996 AF' - 0.02328 AM'

It

AL

AP + 1.2000 AT' + 0.3406 AF' - 0.00904 AM'

AU + 50.429 AT' + 47,408 AF' + 1.6857 AM!

Il
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This predicts, for example, that F could be raised by 0.1 with T
and M held constant if the Reference Blanket were changed to 0.13%
lithium-6, 0.284% PuFB, and 48.74% U-Mo.

Forcing AU to be zero yields reduced equations for the

twe remaining parameters:

AL 1.9288 AT' + 00,9542 AF!

AP 1.4703 AT' + 0.5848 AF',
Now the 0.1 increase in AF would require L = 0.195% and P = 0.309%,
and this would cause a 2.8 decrease in M,

It should be apparent that when sensitivity coefficients
can be obtained, they are quite useful in two ways. First, they
provide quick estimates of the effects of hypothetical design vari-
ations (perhaps required by non-neutronic considerations). Second,
they can be used to estimate the magnitude of design changes re-—
quired to meet performance objectives imposed on the neutronics.
Since the sensitivity coefficients are only first-order, successive

refinement will still be necessary, but predictions of the direc-

tion and distance are of great help in this process,



528

References

'D. T. Aase, M. C. C. Bampton, T. J. Doherty, B. R.
Leonard, R. A. McCann, D. F. Newman, R. T. Perry, C. W. Stewart,
TCT Hybrid Preconceptual Design Studies, Battelle Pacific North-

west Laboratories Report PNL-2304 (1978).

2D. L. Chapin, Molten Salt Blanket Calculations for a
Tokamak Fusion-Fission Hybrid Reactor, Princeton Plasma Physics

Laboratory Report MATT-1236 (1976),

SE. Greenspan, W. G. Price, Jr., H. Fishman, SWAN: A
Code for the Analysis and Optimization of Fusion Reactor Nucleonie
Characteristics, Princeton Plasma Physics Laboratory Report MATT-

1008 (1973).

4E. Greenspan and W. G. Price, Jr., Tritium Breeding
Potential of the Princeton Reference Fusion Power Plant, Princeton

Plasma Physics Laboratory Report MATT-1043 (1974).



529

Appendix II. Profile Effects

The model of the plasma used in this study is a zero-
dimensional or point model. In this model several reactor parama-—
ters, such as the total fusion power, the injected beam power,
radiative power, etc., are found.by first calculating the quantity
of interest of a "typical unit of plasma volume" and then multi-
plying this result by the total volume of plasma. Certain values

for the plasma temperature, Te’ and density, n etc., enter into

e’
these calculations and are assigned in the mind‘'s eye to the
"typical unit of plasma volume!". The relationship between Te,
for example, and the spatial average of the plasma temperature,
<T>, is not well defined since it will depend upon both the tem-
perature profile and the reactor quantity being calculated with

the help of the number, T It is not clear how one should interpret

e
the point model calculation of reactor guantities for various
assumptions about the plasma temperature and density profiles.
In this appendix we make a few remarks on these gquestions. We
concern ourselves with the fusion power density, PF’ and the in-
Jected beam power density, PB'

Forra uniform plasma it is a good approximation that
PF ﬂjni, and PB ﬂ1n§ (see section IV.B). Hence the ratio, PF/PB,
will be essentially independent of the density. Therefore, under
the assumptions that PF and PB are determined only by local prop-
erties of the plasma and that the temperature is uniform, the
ratio, pF/PB’ will be independent of any density profile. The
temperature dependence of both PF and PB is more complex and will

render PF/PB dependent on the temperature profile. Thus PF/PB

will be sensitive to the total pressure profile.
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If one assumes PB is not determined by only local
gquantities, but depends on the spatial averages of the plasma
temperature and density, then it would seem reasonable to take
PB ﬂa<ne>2. (Motivation for such an assumption is the possibil-
ity that the slowing down orbit of an injected particle can
undergo a radial excursion of 50 cm in a typical hybrid plasma.

The distribution function of the "hot ions" is sensitive to how
the injected particles slow down.) Under this assumption, then,
PF would be compounded of thermconuclear terms proporticnal to

the local ng and terms reflecting beam interactions that would he
proportional to <ne> or <ne>2. We are thus led to consider that
the ratio, PF/PB, can be sensitive to density profiles even for

a uniform temperature plasma.

For most of the calculations in this study we have used
the relation, PF/PB ﬂJ<n2>/<ne>2. In these calculations the
value of g produced by the point model (see Section IV.B, Eq.(9))
is used for <ne>. To evaluate this ratio of averages we have used
a density profile of the form (1 - rz/az)X which reflects the choice
of pressure profile adopted for most of this study (see Section IV.C).
This density profile leads to <n2>/<ne>2 = (x + 1)2/(2x + 1). This
ratio equals 1.33 for x = 1 and 1.80 for x = 2. The "new pressure"
profiles correspond to a different spatial density profile and

numerically produce <p2> / <p>" = 1.873.

To explore the effect of temperature profiles we have
considered a particular plasma in which both the density and tem-
perature profiles have the above form with x = 1. We assume all power
densities are determined by only local parameters. Curves for the

temperature, T, T2, PB’ PF and the thermal fusion power density, Pé,
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are shown in Figure 1. These curves were calculated for the fol-

lowing paramaters:

<p> = 107% o3

<T> = 6.2 keV

WO = 180 keV (injection energy)
nh/ne = 0.16 (hot to thermal ratio)

%D = 52

The last two parameters are assumed to be independent of the radius.
The calculated quantities have been scaled so that the spatial
average of each quantity has the same geometric ordinate.

Results from six such calculations as described above
are shown in Table I. The quantities in column A are calculated
using only the average plasma parameters. The value of PF has
not been enhanced by the factor <n§>/<ne>2. The quantities in
column B are spatial averages reflecting the effects of the density
and temperature profiles. The effect of the profiles is to enhance
both PF and PB, somewhat differently, by modest amounts except for
a condition of low temperature "ignition" where PF is enhanced by
almost a factor of five.

Producing Table I took a large amount of computer time
( >100 minutes on a CDC 7600 computer). Due to limitations in
time and effort this type of calculation was not extended over a
wider range of parameter space. To provide a technique for testing
the sensitivity of many hybrid reactors to profile effects, the
enhancement of PF displayed in column C of Table I was used. Let
this enhancement be called R. R was taken to be independent of
both the injection energy, WO, and the percent of D in the plasma

on the grounds that the probability of beam induced fusion has a
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broad maximum for 150 < Wo < 250 keV, and that the optimum D-T
mixture is never far from 50-50. The tabulated values of R
were fit with the following function:
R = exp {2.400 - 12.59 (nh/ne) - 0.1584 T
2
+ 0.5401 (nh/ne) (T) + 14.16 (nh/ne)

+ 0.003830 T2}

This function tor R was introduced into the survey type calculation

of hybrids reported in Section V.B.3.a.
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Symbol Table

distance
inventory of fissile fuel
minor radius

aspect ratio

distance to'magnetic center
neutrons lost by parametric absorption
plasma area

power plant availébility
wall area

penetration index
theoretical wall ares
capture-to~fission ratio

profile factor

B

burnup discharge value

magnetic field

magnetic field at major radius of tokamak
toroidal magnetic field

average magnitude of poloidal magnetic field
field at TF coil ~ 160 kG

vertical magnetic field

plasma pressure/poloidal magnetic field pressure
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semicrack length
stability constant
plant capital cost, $§

conversion ratio
D

theoretical diffusion coefficient

divertor field

trapped electron mode diffusion coefficient
duty faetor

scrapeoff layer thickness

cost of hybrid generated electricity,
$/MWehr = mills/kWehr

neutron energy per fusion

combined cost of total annual production of electricity
"park cost" of electricity

minimum price of electricity

annual energy production, MWehr

proton energy measured in eV

plasma resistivity

divertor thermal collection efficiency

injector efficiency
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Qo
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H/T

final value

fraction

price of fissile fuel

total number of fissions per fusion

fraction of total fusion power density in alpha
particles

DT induced fast fissions in uranium
"park value'" of fissile fuel
fissile breeding ratio

fuel cycle costs, $/yr

net fissile production

fissile fuel price

captures in uranium

absorptions in plutonium

other than fast fissions in uranium
plant capacity factor
net fissile fuel production

revenue from sale of figsile fuel

distance

radius of the point of maximum toroidal field strength
toroidal field coil location

height of coils

net recoverable production of fissile material

ratio of hot to thermal population in plasma
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ho S - T R

initial values

plasma current

current density
integrated wall load
injection current of D
recycle current

injection current of T
K

multiplication constant

multiplication constant of infinite medium of
fissile region

load factor

total loss of neutrons

width of blanket

mean free path for ionizing neutral beam

coulomb logarithm

M
mass species

blanket energy multiplication

blanket multiplication
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nD/nT
nh/-ne
hot

nhot/ne

nt

NBI

LWR

Ps

<n>

OH

density

electron density

deuterium to tritium ratio
hot-to-thermal ratio

hot population density

hot-to-thermal ratio; fraction suprathermal
density of plasma species (arbitrary)
confinement property of the plasma
average number of neutrons per fission
toroidal mode number

neutral beam injector

number of LWR's supported by the hybrid
standard penetration

fraction of the incident beam power-actually absorbed
by the plasma

number of fission neutrons released rer neutron absorbec

spatial average of the plasma density
0

annual operating and maintenance costs, $/yr

ohmic heating field
P

density of plutonium in burner salt
fractional parasitic loss

pressure

fusion power density
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MAX
net

rad
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PBURN

541
maximum pressure
density of Pu-239
gross fissile breeding ratio
gross fissile production
plasma pressure
alpha particle power
beam power density
blanket power, MW
power lost by plasma due to thermal conduction
power lost by plasma due to charge exchange
power deposited in divertor
power lost by plasma due to diffusion
price of electricity
price of electricity from hybrid
fusion power density
thermal fusion power density
gross electric power
beam power
power to injectors, MW
power lost by plasma due to ionization
maximum beam power
net electric power for sale
power lost by plasma due to radiation

annual fixed charge rate, yr"1

flux swing required for maintenance of the plasma
current over burn time
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®CORE
PpL.ASMA

SVERT
¥ (X,2)

v S v B

o~ W

flux swing produced by OH windings in core
flux swing required to induce the plasma current
flux swing due to vertical field rise

poloidal magnetic flux
Q

safety factor

ratio of total fusion power produced to total beam
power absorbed in the plasma

R
plasma resistance
distance
major radius
general reaction rate

ripple penetration
S

density (or other index) of the fissile loading
injection rate

stress

total source of neutrons

stress intensity

strict penetration

fusion cross section

maximum stress
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length of time associated with burn
absorptions in lithium

plasma temperature

tritium breeding ratio

plasma temperature

equivalent annual time at full power
toroidal field

temperature of a plasma species (arbitrary)
maintenance time (hour/year)

time at power (hour/year)

refueling time (hour/year)

total wall replacement time

energy confinement time

energy balance derived confinement time
wall capability (MWyr/mz)

particle confinement time

physics derived confinement time

"slowing down" time for injected particles
slowing down time for alphas

spatial average of plasma temperature

density of U-238
Vv

velocity of an arbitrary plasma species

injection speed
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v plasma volume
v volume of the multiplier
VF vertical field
Vp plasma volume
W
w coil width
W wall load
WC "eritical energy'" at which beam particle delivers
energy at equal rates to background electrons and
to ions
WL wall load
WO injection energy
Z
Z fraction of neutrons to hit blanket
Zw effective wall area backed by blanket, m2
24
Z2 effective wall coverages
Z
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