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PREFACE
Clyde E. Taylor, Symposium Chairman

This document contains presentations given at the US-USSR Symposdium on Fusion-Fissdon
Reactons held at the Lawrence Livermore Laboratory, Livermore, California, on July 13-16,
1976. Approximately 75 scientists and engineers attended. Nearly all of the work in pro-
gress in the US and USSR was reported at the meeting. The Proceedings give a good picture

of the present state of understanding of fusion-fission hybrid principles.

In the time since the first meeting was held on this topic at ERDA headquarters on
December 3 and 4, 1974 (ERDA-4, DCTR Fusicn-Tission Enengy Systems Review hMeedding edited
by S. Locke Bogart), much work has been done. The atfractive fissile production rates,
predicted by simple calculations, have proven to remain attractive when complications
of engineering structures, cooling, and materials limitations are taken into account.

Complex economics questions have been recognized and answered in some cases.

Considerable progress has been made in understanding the many engineering problems
of using different types of complex fusion devices as neutron sources for breeding of
fissile fuel.

In addition to the prepared presentaticns, there were four informal discussion
sessions on "Fuel Cycles and Economics", "Blanket Designs”, "Overall System Designs”,
and "Fusion-Fission Reactor Safety"; & summary of each of these discussion sessions,
prepared by the respective chairman, is inciuded in these Proceedings.

Participation by the USSR delegation was active, and the geal of information
exchange between the US and USSR programs was achieved.
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*For the following presentations, no written papeﬁs were submitted:

Philosophy of the Fusion-Fission System - A Discussion,
6. E. Shatalev (Kurchatov Institute of Atomic Energy)

Tritium and Inorganic Compounds of Lithium - A Discussion,

V. G. Vasilievw (A11-Union Scientific Research Institute of Inorganic
Materials). The speaker summarized some of the-information contained
in a recent literature review titled Tallium in Incaganic Compounds
o4 Lathiwn, by V. G Vasil'yev and Ye. V. Dmitriyevskava, All-Union
Scientific Research Institute of Inorganic Materials, Moscow (1976);
ERDA-TR-218{19758). '

"MIT Fusion-Fission Studies,
L. Coch (MIT)

Laser Fusion llybrid Reactor Design,
© T, Faank(LASL)
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THE ERDA FUSION-FISSION STUDIES PROGRAM

James M. Williams, Franklin E. Coffman,
8. Locke Bogart, and Ronald N, Kostoff

Division of Magnetic

Fusion Energy

U.Ss, Energy.Research-and Development’ Administration

Washington, D.C.

20545

ABSTRACT

‘The Energy Research and Development Administration,

through the Division of Magnetic

Fusion Energy, supports a fusion~fission studies program to evaluate the possible roles

that fusion-fission applications

paper provides a brief synopsis of past studiesd,

fusion-fission, discusses potential advantages

nature of and current funding of the ERDA-sponsored
Discussions aiso include consideration of the types of information
ed to properly assess the viability of fusion-fission applicatcions.

and in industry,
which will be need

INTRODUCTION

For nearly a quarter of a century,
this Nation has supported research and
engineering to develop the fusion process
as a valuable asset to our society. During
the early years, the principal objective
of the program was to develop a fusion
process to produce filssionable materials
for military applications. In 1958, it
was determined that this objective was being
met adequately by other means. There was
also a growing appreciation of the very
complex problems asscciated with harnessing
controlled fusion as a neutron source.

That year the program was declassified
and, at the same time, a ney primary
objective was selected ~ the production
of electrical power by fusion reacters.
This objective is still the primary
objective of the ERDA magnetic Fusion
Energy Program.

From 1958 to about 1970, fusion-
fission as a viable concept lay dormant
while program emphasis was placed on the
research required to produce controlled
thermonuclear reactions on a laboratory
scale, BFEarly in this decade, as substan-
tial advances were made in plasma experi-
ments and the improved potential of fusion
was recognized, interest in fusion-fission
was also revived. Prior to FY 1974, the
funds provided for fusion-fission systems
studies were modest. In TY 1974, the
funding level for these studies rose to
about $250K per year. This rate was held
constant through FY 1975, but rose to $750K
per year in 1976 as substantial scoping
studies were begun for tokamaks, mirrors,
and theta pinch concepts. The recent

may have in future national energy economies.

This
describes possible alternate roles for
and disadvantages, and describes the
studies at the national laboratories

growth in the funding level reflects the
desire by ERDA to carefully assess the
prospects for fusion-fission systems con-
tributing to the sgolution of the Nation's
energy problems. This assessment effort
is particularly timely in the context of
recent suggestions that fusion-fission
systems may provide considerable relief to
both the fissile fuel supply and fission
product and actinide waste disposal pro-
blems, It has also been suggested that
fusion-fissicn electric power plants may
be technically and economically practicable
and most of the recent ERDA supported
studies focus on this particular applica-
tion,

Figure 1.
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POSSIBLE.ROLES OF FUSION-FISSION IN THE
ENERGY ECONOMY

Invariably, the question is raised
about what are the advantages and disad-
vantages of fusion-fission systems com-
pared to either pure fusion or fission
reactor systems. A definitive answer to
this question cannot be given -at- this time
because a detailed asséssment of the tech-
nical, safety, and economic features of
fusion=fission applications is néet in hand.
However, a few observations are in order
on the conditions under which fusion-
fission systems may be needed.

The current U.S5. fission power economy,
based ypon low enrichment uranium fueled
LWR's, is an economically attractive alter-
native for meeting a wajor portion of the
Nation's near-term electricity needs.
However, rapidly rising uranium prices
may change this attractiveness as reason-
ably priced cores ave depleted., Unless
an alternate supply of fissile fuel
becomes available, the LWR wmay well have
only a transient role in the country’s
energy economy. Recycle of plutonium
generated in LWR's could alleviate the
problem somewhat, but not by many decades.

One possible answer to the LWR fueling
problem is the fast breeder reactor.
Indeed, if the fast breeder is found to
be socially and eccnomically acceptable
by the U.5,, then a major portion of the
projected energy needs of the country can
be satisfied for many hundreds of years.
Numerous problems must be resolved regard-
ing the LMFBR and its fuel cycle. These
difficulties have spurred the interest of
uvtilities to look for all possible alter-
nate sources of fissile fuel breeding
which could extend the useful lifetime of
the already established LWR reactor
industry and protect a major national
investment in the fissicn power economy.

Because of the recent progress in
fusion, the potential for fusion providing
a copious source of neutrons is higher
than ever before. This, coupled with the
changed eccononic conditions of fissile
fuel supply, has altered the perspective
on fusion-fission significantly since thr
early years when fusion neutron sources
were considered as a possible method for
uranium and plutonium productien for
weapoens applications.

Figure 2.
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There is no doubt that fusion-fission
Nas potential for providing an option or
backup to the fast breeder. The crucial
questions are in what form (i.e., [issile
breeding, central electric power stations,
waste burners, hybrids) and on what time
scale? What are the technical problems
which must be solved? Under what condi-
tions is a fusion-fission reactor likely
to be a technically and economically
attractive option to the breeder? How
close is fusion to providing a cheap abun-
dant scurce of neutrons for this purpose?
What are the environmental and safety
trade~offs that have to be made? What
econcmic regimes would fusion-fission sys-—
tems operate in?

As discussed in previcus paragraphs,
fusion-fission may have application in the
areas of actinide and fission product dis-
posal utilizing fusion neutrons, production
of fissile fuel with low doubling times and/
or electric power production at competitive
casts. Some radioactive waste disposal
schemes can involve large costs (such as
rocketing wastes out of earth's gravita-
tional field) or long—term containment
uncertainties (such as storage of wastes
in salt mines for several hundred thousand
vears). The desirability of a fission
waste disposal system which could be
contiguous to the waste producer in an
energy park could be guite high in the
future. However, preliminary studies per-
formed to date with fusion applications
have not demonstrated any major technical,
economic, or safety advantages which indi-
cate that the nation should rethink its
near-term objectives for the disposal of
fission Rad-wastes.



Production of large quantities of
fissile fuel via fusion-fission would be
valuable for continuing an LWR energy
economy, or for providing the fissile
“inventory for & rapidly growing LMFBR
economy. However, the past studies of
fusion-fission for fissile fuel and/or
pewer productlon have not formed a clear
base for assessing this potential since
they have not scoped the costs of such a
system, nor have they designed a -breeding
blanket and associated safety systems in
a level of detail which allows a judge-
ment of the relative technical and safety
werits of fusion-fission reactors.

These and numerous subsidiary ques-
tions must be answered before a major
commitment can be made to pursuing a

specific fusicn-fission concept develop~
ment program. A number of systems studies
have been instituted by both ERDA and

EPR1L to shed light on these questions,

In the next couple of days, we will hear
papers and discuss results of these

studies with a view toward assessing where
the most promising avenues of future efforr
may lie.

INFORMATION BASE NECHSSARY TO ASSESS
HYBRID VIABILITY

The major objective of ERDA's fusion-
fission systems studies program is to
provide the technical and economic analy-
sis necessary for assessing the proper role
of fusion-fission technology in the ERDA
R&D program, For example, it may become
apparent at some future time that there
is a need to institute a major hybrid devel-
opment program, However, until sufficient
background studies have bheen performed,
and until existing laboratory experiments
in the current Magnetic Fusion Energy Pro-
gram provide the physics and engineering
basis for a reliable, compact intense
neutron source, it would be premature to
initiate a large-scale development activity
directed at fusion-fission. As noted in
Figure 3, the fusion neutron source require-~
ments are a strong function of the appli-
cation chosen,

ERDA has adopted the following appreach
to obtaining the required fusion-fission
assessment information. Market penetration
studies are being performed at PNL to
define the possible roles of fusion-fission
devices in the energy economy in the next
four decades. These studies assume various
roles and energy scenarios for competitive
energy suppliers, such as LMFBR's, LWR's,

and LWR's with plutonium recycle; specify
various energy demand levels; and then’
examine the share of the market captured

by hybrids at discrete points in time as

a function of fusion-fission costs.. Hybrid
parameters varied inélude ‘specific capital
cost, fissiie fuel production rate, electiri-
city cost, and electricity production rate.
A major utilization of these studies is in
the specification of technical and economic
targets which the hybrid reactor designers
must achieve, :

Figure 3.
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Specific reacter technology studies
have also been initiated at PPPL, PNL,
LASL, LLL, and MIT. Hopefully, these
scoping studies will cover the more pro-
mising fusion confinement concepts and
exsmine the most promising combinations
for blanket geometries, thermal~hydraulics,
neutron energy specktrum conversion, tri-
tium breeding, and fissile fuel breeding
systems for fusion-fission reactor design.
These scoping studies should provide the
basis for a preliminary assessment of the
potential feasibility of a particular con-
cept, and identify the need for more de-
tailed reference reactor design studies,
These reference reactor designs would
examine in some engineering detail those
subsystems which are critical to determin-
ing the technical, economic, and safety
features of fusion-fissien and provide the
basis for an assessment of whether to pro-
ceed with a major development program for
hybrids. We hope to accomplish this asscss-—
ment at the end of FY 1977.



Figure 4.

FUSION-FISSION ASSESSMENT ACTIVITIES

ERDA HEADQUARTERS MEETING ~
ERDA-4

s JANUARY 1974

LLL MEETING - AN iINTERIM

e JULY 1976
’ REASSESSMENT

A SUBSTANTIAL ASSESSMENT OF
THE ROLE OF FUSION-FISSION IN
THE NATIONAL ENERGY PROGRAM

° FALL OF 1977

o PERIODIC REASSESSMENTS THEREAFTER

PRESENT ERDA PROGRAM

The present DMFE hybrid systems stud-
ieg program is in the initial stages of
the global economics assessment and scop-
ing studies phase. The December 1974
meeting at ERDA Headguarters constituted
a first assessment of the possible roles
and future directions for fusion~fission
and served as a base for initiating the
FY 1976 studies. This meeting at LLL will
provide the basis for evaluating progress
during the last 18 months and for deter-
mining the future course of ERDA supported
activities regarding fusion-fission.

Figure 5,

PURE FUSION VS. FUSION-FISSION
PROGRAM OBJECTIVES

® IN THE NEAR TERM, THE OBJECTIVES ARE THE SAME; WE
MUST DEVELGP A COMPACT, INTENSE, RELIARLE, SAFE
SOURCE OF NEUTRONS.

e ADOPTING FUSION-FISSION AS A MAJOR CRJIECTIVE WOULD
NOT CAUSE MAJOR SHIFTS IN PROGRAM ACTIVITIES FOR
THE NEXT FEW YEARS.

¢ - EXPLORATORY CONCEPTS ARE NOT EMPHASIZED IN THE
ERDA FUSION-FISSION PROGRAM FOR THE SAME REASONS
THAT THEY ARE NOT MAIN-LINE CONCEPTS IN THE PURE
FUSION PROGRAM — THE PHYSICS, REACTOR ECONOMICS,
AND/CR TECHNOLOGY PROBLEMS PRESENTLY APPEAR LESS
PROMISING.

As mentioned earlier, the level of
funding for fusion~fission is approximately
$750K for FY 1976, and is projected to

increase to about $900K for FY 1977. Pre~

sent plans are to continue scoping and ref-
erence studies until promising design con-
figurations are identified or we find that
the technical, econumic, or safety pro-

blems cast significant doubt on the future

potential of fusion=fissien. In the mean-
time, the physics results from PLT,
ORMAK-Upgrade, Doublet IIT, and other ex-
perimental devices sheould be obtained,

and will provide the input to the decision-
making process regarding a major fusion-
fission development activity. Tt should
also be noted that in the near-term, the
objectives of the fusion R&D program are
congistent with the pursuit of fusion-
fission as outlined in Figure 3,

Now, the fusion-fission studies funded
in FY 1976 and ¥Y 1977 will be described
briefly. Fach description contains the
study objectives, an assessment of the
study status, the group leader, organiza-
tion, and funding level.

TCT HYBRID - FY 1976 FUNDING = $283K

This is a scoping/reference design
study of a beam—dviven tokamak hybrid,
with the fusion core effort headed by R.
Mills at PPPL and the fusion blanket
effort directed by R. Liikala at PNL. The
study objectives are feasibility assess-

ments of economical power and fissile fuel

production in a small-scale tokamak. DBy the
the end of FY 1977, the fusion core confi~
guration will have been completed; blanket
neutronics and thermal hydraulics will

have been analyzed in detail; preliminary
fuel cycle, safety, and cost analyses will
have been performed; and we will have a
good idea whether a driven tokamak hybrid
has the potential of being technically and
economically feasible, and whether there
are nearer term applications of tokamak
fusion systems to the fissile fuel shortage
problem.

MIRROR HYBRID - FY 1976 FUNDING = $290K

This is a reference reactor study of
a classical mirrvor hybrid, with the Tusion
core effort directed by R. Moir at LLL and
the fission blanket effort directed by
C. Baker at GA. The study objectives
include feasibility assessments of economic
power and fissile fuel production from a
hybrid with a classical low-Q mirror fusion
driver. By the end of FY 1977, all major
subsystems will have been analyzed, a cost-
optimized fissile fuel cycle will have been
chosen, total reactor costs will have been
specified, extensive safety and environ-
mental impact analyses will have been



Figure 6,

FUSION-FISSION STUDIES CURRENTLY SUPPORTED

BY DMFE
STUDYTITLE | LASOBATONY LeveL of ebfoRT

TCT HYBRID PPPL/PNL $2B5K
MIRROR HYBRID LLL/GA $290K
LINEAR THETA PINGH HYBRID  LASL IN-HOUSE
E-BEAM HEATED SOLENGID Pl S 80K
HYBRID .

LASER FUSION HYBRID LASL $ 55K
FUSION-FISSION SYMBIOSIS mT S 40K
HYBRID ECONOMICS PNL $ 90K

performed, and DMFE will be able to ascer-
tain whether the spherical geometry and
Low-Q mirror device has promise of being
an eccnomical hybrid.

LINEAR THETA PINCH HYBRID - INTERNAL
FUNDING $100K

This is a scoping study of a linear
theta pinchk hybrid directed by R. Kra-
kowski at LASL, The study objectives are
feasibility assessments of economic power
and fissile fuel production under the
conditions of plasma end losses charac-

teristic of quasi-stoppered linear devices.

By the end of FY 1977, different end stop-
pering techniques will have been analyzed,

a preliminary cost analysis will have been
performed for one fuel cycle, and we
should know whether linear theta pinch
hybrids of reasonable length have economic
potential,

L-BEAM SOLENGID HYBRID - FY 1576 FUNDING
$80K |

This is a scoping study of an b-Beam
leated sclenoid hybrid directed by
S. Putnam at Physics International. The
study objectives include determination of
feasible regions of economical power and
fissile fuel production for small linear
systems heated by electron beams. Ny the
end of FY 1977, a full parametric varia-
tion analysis of all subsystems including
preiiminary cost analyses should be com-
pleted, and should provide a basis for
avaluating the need to proceed to a more
detailed reference reactor design.

LASER HYBRID - FY 1976 FUNDING = $50K

This is a &coping study of a laser-~
heated pellet hybrid directed by L. Boocth
at LASL. The study objectives are feasi-
bility assessments of economic power and.
fissile fuel production from a laser hy-
brid utilizing nearer-term low gain pellets.
By the end of FY 1976, the preliminary
design of a magnetically~protected cylin-
drical system should be well under. way,
and we should have some understanding of
which of these two concepts, if either,
should be carriéd forward into a more
comprehensive reference reactor design.
Future ERDA-sponsored systems studies of
lasers will be supported by the Division
of Laser Fusion Energy.

FUSION-FISSTON SYMBIOSIS - FY 1976 FUNDING
= $40K

This is a scoping analysis of a fusion-
fission symbicte directed by L. Lidsky at
MIT, The study objectives are to deter-—
mine the advantages of a blanket which
breeds fissile fuel with essentially zero
fission and to ascertain whether a pure
fuel breeder can be econcmical. By the end
of 1977, sufficient information should be
available tc determine whether a reflference
reactor design would be worthwhile to under-
take.

HYBRID ECONOMICS ~ FY 1976 FUNDING 580K

This is a market penetration study
and cost-benefit analysis of hybrids
directed by D. Deonigi at PNL. Its objec-—
tives are determinations of the roles, if
any, which hybrids could assume in the
energy market, with special emphasis
placed on analysis of fissile fuel productien,
fissile fuel costs, power production,
power costs, plant capital costs, and LWR
and LMFBR economic parameters. By the end
of FY 1977, target design parameters which
the hybrid must achieve to play a role in
the economy will have been assessed, as
well as the assessment of the resource
required for hybrid construction. This
effort is of an ongoing nature, as the
target parameters will vary as the prog-
acsis for the future energy economy changes
and as new design information for alterna-
tive energy systems evolves.



SUMMARY

To summarize, ERDA's fusion-fission
efforts are presently concentrating on
identifying and evaluating potential
roles for hybrids in the future energy
economy. - Market penetration studies are -
identifying the economic regimes for
hybrids. - Potentially desirable fusion-
fission confinement concepts are being
examined in FY 1976 and TFY 1977 through
a combination of mainline concept scoping
and reference reactor studies, including
preliminary analyses of fusion-fission
reactor safety features.

Before a major assessment of fusion=
fission viability can be completed, scop-
ing studies of non-mainline confinement
concepts, comprehensive reference reactor
designs cf the most promising concepts,
more intensive efforts in the areas of
safety and reliability analysis, assess-
ments of environmental impact, and a
detailed specification of a hybrid devel-
opment program including supporting tech-
nology development will be necessary.

These efforts, along with experi-
mental physics progress toward production
of D~T neutrons, should provide the
basis for reazlistic judgement of the
promise of fusion-fission, The scoping
and reference design studies to be
discussed here this week provide the
basis for a continuing examination of
the engineering and safety problems that
must be clearly understood before ERDA,
the utilities, and industry can seriocusly
consider fusion-fission as a viable future
energy option,



THE EPRI VIEWPOINT ON FUSION~-FISSION

William C. Gough
Program Manager for Fusion Power
Electric Power Research Institute
3412 Killview Avenue '
Palo Alto, CA 94303

ABSTRACT

The viewpoints of the Electric Power Research Institute {EPRL) and the utility

industry on the development of

fusion-fission projects suppoveed by EPRL ave described.

fusion-fission energy systems arve discussed.

Specific
The objective of the EPRL

projects is to provide the utility industry a more realistic understanding of the
advantages and limitations of the fusion-fission option to fission Tuel production,

power geneviation, and actinide waste burning.

Before discussing the viewpoints of
the Electric Power Reseavch institute
(EPRI} on fusion-fission energy SYsSLens,
it owould be helpful to review the nature
of EPRI.  The BElectric Power Research
Institute is a nonprofit organization that
serves as the research arm of the electric
utilicy dindustry of the United States.

The 1977 budget is $200,000,000. R&D
plaming guidelines for the five year
period through 1981 total $1,500,000,000.
All funding is provided by veluntary con-
tributions from more than 300 utilicies
that represent about 80% of the electric
power generating capacity of this nation.
These utilities are both investor and
public owned. They vary tremendously in
gize. They include private utilities
with both large and small systems, and
public utilities that range from the
mammoth Tennessee Valley Authority to the
tiny rural cooperatives. The combination
of this diversity within the utility
industry, the primitative state of our
knowledge cn fusion-fission energy systems,
and the large number of variations avail-
able for such systems mitigate against a
single utility viewpoint cn fusion-fission
systams.

The utilities, however, do have a
serious interest in obtaining as rapidly
as possible a greater understanding of
the potentials and drawbacks of fusion-
fission cnergy systems. The geal of the
EPRL work on fusion-fission is te provide
the industry with the informational base
for wise decision making. This desirve
on the part of the utilities for greater
understanding of fusion-fission is a
result of the promising potentials that

such systems appear to offer. Specifi-
cably, they held the hope for (1) the long-
term availability of nuclear fission fuel
with accelerated breeding from fertile
materials including the U.S. reserves of
thorium, (2) characteristics that might
enable such systems to achieve significant
environmental advantages cver pure fission
systems, and (3) the ability to burn
actinide wastes more effectively than
fission systems. To be yet fully evaluated
are the economic tradeoffs. Oun the one
hand, there ave the inherent advantages

of fusion-fission systems to more effec-
tively use the high grade 14 MeV neutrons
from fusion by producing both heat and
storable nucliear energy. On the other
hand are the possible added complexities
from combining two nuclear technologies.

Based upon the potential advantages
of fusion-fission systems, some general
statements can be made regarding how
various fusion-fission systems would be
viewed by the utilitvies. If a fusion~
fission system is designed to serve as a
base-load electric power producer,
utilities will consider it basically
another fission breeder reactor, To gain
substantial utility executive support,
fusion—fission systems prepared for base
> more favorable economic, environ-—
L, and rescurce savings advantages
ed te the fission breeders currvently
under extensive development and would have
to be available well before economic pure
fusion reactors are possible. This is a
very difficult goal to achieve. However,
it is a goal which should be explored
because of the uncertainties still inherent




in the alcternative options and the claims
by some of the economic and environmental,
advantages of such fusion~fission power
plants. This was the apparent direction
of the Soviet program bhased upon our
mutual discussions at EPRI last year.

Nevertheless, most utilities would
prefer a fusion-fission device optimized
fer fuel production that could operate
This would allow the utilities
Lo place their bhase~load requirements

offline.

upon nuclear fission and foszil fuel
systems that have known economic, reli-
abilivv-and safety experic Such

fusion-Tission systems (sometimes called
‘symbhionts) would provide a backup for the
industry to the current uncertainties for
an economic f£ission fuel supply = a need
critical than a new base-load
Ii a sudden U-235
rise or shorvtage developed for fission
Light water power plants, utility exce-
cutive support for fusion-fission systons
would certainly expand.  The possibilicy
that such plants could be operated by a
gseparvate business entity or the governmant
Lo supply fuel for the utilities has an
appeal. The nearer-term potential of
fusion-fission systems and the experience
they would provide for the operation of
large fusion plasma systems could serve

an important transition step from fission
to pure fusion energy systems.

that Is more

brocder sysLoen. ESS

Workers on the fusion-fission option
should give priority to obtaining a better
understanding of research directions that
can lead to improved environmental, oper-
ating and economic characteristics of
fusion-fission systems. Such studies
should seek ways to minimize the cost of
the total development effort to a useful
end product. In particular, they should
point out how total R&D costs can be
reduced by relying on elements thac are
common to the current pure fusion and
fisgsion development programs. In addition,
theught should be given on how to penetrate
the market by developing confidence on
system performance. For example, can sub-
gsystem elements be tested separately and
can the total system reliability and cost
data be obtained through small scale
system tests?

Another issue that is discussed in
regard to fusion-fission systems is the
possible diversion of fissile materials
for use in explosive or radioclogical
weapons.  This is, however, not a gquestion
for the turn of the century. The problem
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is here today; nuclear preoliferation is
underway. In addition to the instability

of multinaticn possession of nuclear weapons,
one must consider extremist groups and warped
individuals. The human race must face the
issue on a worldwide basis and guickly. Un-,
less the world undertakes a wholly new path
of cooperation, the moment of misfortune is
coming. Tt will Likely arrive long before
fusion-fission systems. In the vears ahead,
proiiferation will be independent of the
energy scurce — fossil or solary energy can
provide the electricity to drive new isotope
separation techniques or power ion beaws
ajmed at spallation targets Lo genervate neu-
trons for plutonium production. Diversion of
figsionable material is an immediate problem
that encompasses far more than any single
technology. Hopefully, mankind will give it
the priorvity it desevves and solutions will
[LE well beforve fusion~-Lission
energy systems could even become widely
available,

available

In addition to the possibility of
producing fuel for nuclear fission systems,
fusion neutrons can be used to reduce the
fission waste problem through transmutation.
Such systems would be another “off-line"
application of fusion. The Electric Power
Research Tnstitute is exploring this option
through a series of projects. The reguire-
ments for accelerating the decay of both
fission products and actinides are being
studied. Those fusion transmutation systems
that "burn' the actinides are essentially
fusion-fission systems. Two EPRI studies
on actinide "burners' have been completed
and will be reported upon at this meeting.

Because of the relatively small amount
of work underway to provide the utilities
guidance on the merits of the fusion-lission
options, EPRI has undertaken a number of
projects. The geals are to explore the
requirements of market penetration, eval-
nate the possibility of nearer-term systeuws,
assess environmental aspects, define dif-
ferences in materials and control require-
ments and in general to insert a greater
degree of enginesring rvealism into the
subject te determine whether the proposed
concepts are truly practical frem an overall
reactor engineering point of wiew. Such
studies will point the way for future
research., A brief description of each of
the FPRI projects on fusion-fission energy
follows:

systems

RP268 - A two part study. The first
was an analysis to define ranges of capital
cost that allow systems producing fissionable



material using fusion neutrens te pene—
trate the market place. Assumptions
based upon utility inputs were used.

The second was a study evaluating the
long term possibility of actinide trans-
‘mutation in a fusion reactor. ‘Battelle

Paclf;c Northwest Laboratory (9/74 - 11775
$100K)

RP374 - As a task under a broad
feasibility study of linear laser heated
solenoid fusion reactors, self-consistent
configurations were developed for fusion-
ission designs. 7The final report is
avaidlable as EPRYT ER-171 dated Februarvy

1876. Mathematical Sciences Northwest,
Ine. (12/74 - 9/75 ~$50K)
RPA473-1 - A preliminayy conceptual

design of a demonstration fusion actinide
burner for operation in the mid te late
1980"'s based upon the plasma physics of
the Tekamak Fusion Test Reactor. Project
would lower bound on the nearer-term
possibilities of fusion actinide burning
using tokamaas. Westinghouse Electric
(5/75 - 4/76 $450K)

set

RP473-2 - A preliminary conceptual
design of a demonstration fusion device
for fission fuel production for operation
in the mid to late 1980's based upon the
plasma physics of the Tckamak Fusicn Test
Reactor and the Soviet T-20 devices.
Project would set lower bound on the
nearer—term possibilities of using fusion
neutrons to breed fissionable fuel from
tokamaks Westinghouse Electric
$500K)

RP236 ~ An add-on portion of this
project will analyze the safety aspects
of fusion-fission energy systems. U, of
California, Los Angeles (5/76 - 5/77 $90K)

RP237 - As a portion of a large
study on laser initiated inertial con-
finement fusion a task for the second
vear will be a scoping study of a fusion-
fission energy system using inertial con-

finement. U, of Wisconsin (1/76 ~ 6/78
~$280K)
RP546 An add-on portion for this

project is a study of certain control
aspects of fusion-fission systems. This
will give dinsight into whether the com-
bination of two nuclear technologies
results in greater complexiry in system
control. The Charles Stark Draper
Laboratory 5 Massachusetts Institute of
Technolegy (6/76 - 1G/77 $60K)

RP472 - As part of a much larger systems
analysis of trade-offs on the fusion reactor
first wall and blanket, a structural life
assessment for fusion-fission systems will
be made. This will give insight into the

“ddvantages possible from reduted first wall:

=11~

loadings in fusion-fission systems.
McDonnell Douglas Astronautics Lompany"LasL
(12776 - §/78 ~$80K)

Planned - As part of a larger project
on the definition and conceptual design of
small fusion reactors, a design will
carried out to define the possibility of
obtaining useful outputs mirroy
fusion-fission system chat could be builc
and operated in the late 1980's. Project
would set lower-bound on nearer-term
possibilities of mirrors.
Livermore Laboratory, 1&;1

and Gener A
(1/76 - 12776

he

from a

3

ELSEEIEF

]’Ok)
- An agreement between the
Electric Power Reseavch Institute and the
Kurchatov Institute, USSR, leading to the
testing on T-20 of fusion-fission modules
is under negotiations. The [irst stage
would be the appointment of a Joint Working
Group te prepare an overall project plan.
Flectric Power Research lnsthuLe/SOVLot
Joint Program (1976 - $78K - Joint Nork1ug
Group)

Planned

The availability of a continucus and
plentiful energy supply is crucial to
provide stability and meet minimum living
standards for the people of the world.
There are few opticns ~ none assured and
each with its drawbacks. TFusion-fission
energy systems are one important contender
among these options. We badly need a more
realistic understanding of the advantages
and limitations of this option. This
understanding sheuld net be blocked by
preconceptions cof the outcome or apprehen~
sions as te its threat to existing or
developing alternative options.
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MIRROR FUSION-FISSION REACTOR I}ESIGNS;c

R. W. Moir
Lawrence Livermore Laboratory, University of California
- Livemrmore, California- 94550 -

ABSTRACT

The mirror fusion-fission (hybrid) reactor is seen as a producey of fissile
fuel {2500 kg/vr of 233y or 239Pu). The usc of a mirror machine as the source of
fusion neutrons has some very desirable features, e.g., steadv-state operation, high
power density, negligible dimpurity control problem, and relatively small and simple
geometry. The low Q values (§ = Pygion/ Piniection) of a mirror machine are largely
overcome by the large energy multiplication in the blanket. Because 1t uses near—
term fusion technologies, the hybrid itself is a near-term reactor, especially when
compared to power-producing fusion reactors. The combination of the hybrid fuel
producer plus present-day fission reactors constitutes a "long-term' power source
Just as is claimed for the breeder reactor, but with some very advantageous differences.
Present cost estimates suggest that the hybrid reactor could produce Pu for about
$60/g and 233U for about $130/g.

This paper discusses the role of hybrid reactors and compares the mirror
approach with other approaches. Past and present mirrer hybrid studies are reviewed.
A comparison between the hybrid and fusion reactors is made; the conclusion is that
hybrids are technoleogically less demanding in many ways except in dealing with fission
wastes. Pinally, the development steps that might lead to a commercial hybrid are
discussed,

INTRODUCTORY COMMENTS ON THE MIRROR A simple but powerful argument will
FUSTON-FISSION (HYBRID) REACTOR help illustrate why power production is
not the best goal for hybrids, The
Early in the preogram to develop fusion argument goes as follows: The cost of

power, people realized that the 14-MeV electrical power for very capital-intensive
neutron resulting from the fusion reaction plants (where cost of capital >> fuel-cycle
D+ T ~ 4e + n could be used to induce costs) is proportional to the capital cost
fissioning of uranium; the result would be per unit electrical power, C/Po. Now,

a greatly increased energy yield. Thus although the cost of a fusion reactor, C,
began the hybridizing of fusion and fission. is increased only modestlyl (by less than
tThe designer of a fission assembly given a factor of 2) by the addition ¢f a fission
extra neutrons has two cholces: blanket, the power is increased by a large

factor (5 te 10 or more). Thus,
C/Pq hybrid << C/Pe fusion® The hybrid
reactor is a fission reactor with the
i f . . complicated additien to the inside of the
Egggure2§3 ertile maﬁ?rlél fission core of a magnetic field and a
_ U3239 Th}53§xtr§ fissile vacuum system with all the fusion plasma
fuel (27Py, U) is produced. paraphernalia. The cost must thus be
Thus, hybrid designs can emphasize either significantly higher for the hybrid than
power production or fissile-fuel production. for the fission reactor. Hence,
We have studied hybrids at both ends of

. If he provides for more fissioning,
extra energy is released.
. If he provides for more neutron

the spectrum of energy production (40 times C/Pe fission << C/Pe hybrid << C/Pe fusion’
the fusion energy release and little fuel (1)
production) and fuel production {3 times Our studies, which are based on

the fusion energy release and 0.7 233y rather crude models of fusion systems,
atoms per fusion event or 10 times the provided quantitative verification of
fusion energy releases and 1.7 239py atoms Inequality (1); we therefore conclude that
per fusion event). Our studies suggest hybrids can not compete as power producers
that fuel production may be more economical with fission reactors if fissile fuel is

than energy production. not too costly,
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Uranium resource studies predict that
the fuel cost for fission reactors will
eventually vise significantly compared to
interest on capital, If so, hybrids as
power producers may compete more faverably.
However, fuel-producing hybrids and other
fuel-producing methods discussed below will
set an upper limit on fuel-cycle costs.

Inequality (1) does not bode well for
fusion reacters becoming economical power
producers and poses multiple challenges to
designers of fusion reactors:

o To raise the power-handling
capability of all fusion ‘
components ;

. To exploit to the fullest the
potential for fusion to be
inherently less hazardous from
a radiolegical point of view
than fission by some orders of
magnitude; and

¢ To exploit the potential of low
fuel~cycle costs for fusion,

Present—day studies that have shown
the significantly lower radiological
hazard associated with fusion reactors
have not shown concommitant cost reductions.
Also, because the power density in fusion
reactor blankets is limited by potential
structural radiation damage, power density
is not only lower than in fission reactors
but also is very low by comparison when
averaged over the reactor as a whole
(inside the magnet).

We find that hybrids may indeed
produce 23%Pu and/or 233y at a cost that
may be of commercial interest. Alternative
sources of the fissile fuel needed to make
fission a long~term energy scurce are

. Fuel produced by mining uranium
and separating the 2353 {isotope,

[ TFuel preduced in a breeder
reactor; and

. Fuel bred either from neutrons

produced by accelerated protons
or from deuterons striking a
target.

The cost of the fuel produced from the first
method will increase with time due to
depletion of higher-grade ores. Although
mining is the only fuel source today, it

is only a question of time until this
method will become uneconomical. The

second source, the fission breeder, is
nearing the commercial point, with the
main issues being safety and economics.
The last source, fuel bred by neutrons, is

.an option that depends mostly on economics.

With a modest extrapolation from existing
technology, the accelerator technclogy
would be available. Fuel from a hybrid
reactor plus that bred by a fission reactor
or a neutron accelerator (if the latter

two methods materialize) could lower the
price of 235y by isotope separation due to
competition.

In comparison to the breeder, the
hybrid fuel producer has some significant
differences that may be major advantages:

. The hybrid can produce fuel for
5 to 10 fission reactors of the
same thermal rating.

* The hybrid can be located away
from electrical load centers
(the breeder must be located
relatively near the load center).

» The fission reactors making up
the bulk of the power-producing
system are already developed
[the light-water reactor (LWR),
heavy-water reactor (HWR), and
the high-temperature gas reactor
(HTGR) 1, and expansion could be
rapid especially because the
hybrid needs no enriched fuel.

] Enough fuel can be bred from one
hybrid to provide the initial
inventory for one fission
reactor per year.

The mirror concept for the fusilon
component of the hybrid offers a number of
advantages over alternative concepts.
Steady-state operation, high fusion power
density, and relatively small size and
simple geometry (spherical) are highly
desirable features not shared by Tokamaks,
G-pinches, etc. We can make the general
comment, however, that any fusion concept
that comes close to meeting the Lawson
criterion of nt=10M% em™ (more precisely
Q= 1, (Q= Pfusion/Pinjection} would be
a candidate for a hybrid reactor. For
example, the beam-driven Tokamak? may be a
good candidate for a hybrid.

DESIGN PROBLEMS

The problems facing the designer of
the hybrid fall intec three categories:
technological feasibility, safety, and
economics,
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TECHNOLOGY

Technological feasibility of the
hybrid reactor rests on obtaining fusion
plasma conditions such that Q = 0.5, -For
lower values 0f Q, recirculating power
begins to dominate the economics; for
higher values of §, recirculating power
contributes very little to.the cost.. The
same situation occurs for the mirror fusion

[

reacteor at Q's about 5 times higher.
SAFETY

Any situation that can lead to the
release of radioactive nuclides to the
environment is considered a safety problem,
Under normal conditions, very little
radioactive release is expected from a
hybrid reactor. Abnormal or accidental
releases form the crux of the safety
problem. Such accidents usually involve
melting the fuel. MHowever, accidents
caused by a nuclear excursion {criticality
accidents) are not possible for our hybrid
designs because the infinite-medium neutron
multiplication constant is less than unity,
This is a major advantage over fission
reactors, particularly the breeder reactor.
Melting of fuel due to a loss of ccoling
{LOC) is the most seriocus safety issue with
the hybrid. Due to the thin wall between
the fuel region in the blanket and the
plasma and due to the complex geometry,

LOC accidents are more likely for the
hybrid than for fission reactors, Studies
of the primary cooling systems with their
auxiliary backups indicate that the hybrid
can be designed safe enough to be licensed.
We should point out that the risk to the
public can be considerably reduced by
placing the hybrid at a location remote
from population centers,

The issue of diversion of radioactive
elements from the hybrid should not differ
from that for the breeder unless the 232Th-

U cyele is employed; in that case, the
hybrid would pose significantly less danger
of diversion.

Some argue that hybrids should be
neasureably safer than fission reactors
before they become very interesting. This
is probably so if the hybrid is viewed
primarily as a power producer; however, as
a fuel producer the hybrid itself need not
be safer than a fission reactor if the
hybrid plus the fission reactors that burn
its bred fuel are safer as a system than
the alternate system (the breeder)}. Thus,
some additional hazard could be incurred
to obtain the necessary fuel to supply
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converter fission reactors which due to
fuel scarcity would otherwise be breeders,
The relevant hazard question is: Is cne
(remotely located) hybrid plus half a dozen
converter reactors less hazardous than a

like number of breeder reactors?

ECONOMICS

The question of ecconomics boils down
to the cost of producing Pu oxr 3y per
gram and a comparison of that cost to that
of alternative sources. Our studies” show
production costs of $60/g for Pu and $130/g
for 2333, These numbers are highly
uncertain due to uncertainties in fusion
technologies, particularly those not yet
demonstrated. Our studies do, however,
show the relative importance of the many
details of the design. If true, these cost
projections would lead to a significant
penetration of the market by hybrid reactors
if breeder reactors either are not developed
successfully or are developed at too high
a cost.

Although our studies emphasize fuel
production, we find that the economics are
strongly improved by converting the heat
generated by the nuclear reactions in the
blanket to electricity. At the least, this
electricity can run the plant; possibly,
there would be modest amounts left for sale.
{The Pu producer has an overall thermal-to-
electrical conversion efficiency of ~20%,
whereas the U producer falls just short
of being a net power producer,) We have
investigated the concept of a fusion
electric breeder in which electricity is
supplied to a driven fusion reactor to
produce fusion neutrons for fuel preduction
without generating any electricity.
Although this is a sigrificant simplifi-
cation of the blanket design, it leads to
higher fuel costs by about $50/g for Pu for
our low-Q concepts (Q=1). Thus, we find
that the fusion electric breeding concept
makes sense only for high-Q (¢ > 3) fusion
reactors.

Our ¢ost projections are sufficiently
low to encourage us to proceed with more
studies, knowing full well that the fusion
components are being vigorously pursued in
the fusion program and likely will be
available in one decade (as a spin off)
for the hybrid.

REVIEW OF PREVICQUS WORX ON THE MIRROR HYBRID

Work on the mirror fusion-fission
reactor concept began in 1972 with the



work by Lee® on the fast-fission blanket.
From his blanket neutronics calculations,
which included various structural fracticns,
uranium thicknesses, and Li thicknesses,
Lee concluded that 1.7 atoms of Pu and

140 MeV could be produced per fusion
neutron while at the same time tritium was
being bred, Hansborough and Werner?
designed a modular blanket which
incorporated a thermal lattice; when
fitted together, the modules formed a
geodesic shell.

Then a jo:int8 Lawrence Livermore
Laboratory-Pacific Northwest Laboratory
(LLL~PNL) study was carried out in which
the modularized blanket desipgn was
integrated with the Yin-Yang magnet of the
fusion system. Slots in the blanket
alleowed for plasma leakage, and ports
provided for neutral-beam injections.
System performance studies showed that the
plant efficiency was 32%, with 25% of the
gross electrical power recirculated. The
blanket was based on the PNL %concept of a
thin uranium converter zone (sometimes
called a fission plate) followed by a
graphite-moderated thermal lattice and
tritium-breeding zones. The energy of the
14-MeV neutron was multipled by a factor
of 38, Some thermal aspects of design
were studied, However, the study had
certain deficiencies:

. The blanket at room temperature
was near critdicality,
. The structural design of the

blanket did not allow for
containment of the pressurized
helium coolant,

] No means was provided for
routine removal of the blanket
modules,

] No economic analysis was made,
and

. The blanket used enriched fuel,

In spite of the deficiencies, the
conclusion was that a fission blanket could
preduce fissile fuel and greatly increase
the energy yield of the non~breakeven
fusion machine.

Other analyses included some
parametric system studies by MoirlO that
showed the quantitative reduction of nT
allowed by the fission blanket and the
importance of low injection energies (100
keV). A study of safety by W. C.
Wolkenhauer et al.,ll showed that the
radicactivity associated with the hybrid
was only slightly less than that of a
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fission reactor of the game rating and that

.the large thermal capacity of the low

power density (6 Wrem 3) graphite thermal

lattice greatly reduced the problems usually
associated with LOC accidents.

In a point design made in 1975 by
Moir et al.,i2 a number of the earlier
deficiencies were remedied. The design,
based this time on the fast-fission blanket,
was a conceptual design of each of the
fusion and fission components (magnet,
injector, direct converter, vacuum system,
blanket, cooling system, and the balance
of the plant). The design incorporated a
removal scheme for the blanket modules in
which the blankets were withdrawn in a
linear wotion along rails through wvacuum
locks. The mechanical design of the
biankets was based on the concept of
pressure cvlinders with a hemispherically
shaped first wall. DBoth one-stage and
multistage plasma direct converters were
studied: a one-stage converter was shown
to be more economical than no converter,
but no additicnal advantage was found for
multi-stage converters., A detailed
conceptual design of a 100~keV neutral-
beam injector with direct conversion of
unneutralized ions was made for the first
time (see following discussion of the
injector system). A fuel cycle analysis
and a study of the plasma physics design
were also inciuded. It was determined the
reactor would produce 600 MWe at a cost of
$2000/kWe and 700 kg of Pu/yr at a cost of
$120/g, However, there were several
deficiencies in the design:

. The blanket (highly nonspherical
and hence not equidistant from
the roughly spherical plasma),
due to its design requirement
te be easily removable, had a
large power variation C(high
ratio of peak to average power),

] The fuel cycle was not optimized,

. The magnet design was not
cptimal,

® The plasma parameters were not
optimal.

Even with these deficiencies, the
design was the first hybrid design done in
enough detail to justify a cost estimate,
Although by our standards the results were
not economical, with the design improvements
we could see, the potential for economic
fuel breeding seemed good. Fuel production,
not power production, was seen te be the
goal of this hybrid.
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direct
converter —
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direct converter
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Fig. 1.

REVIEW OF PRESENT DESIGN STUDIES

OVERALL DESCRIPTION

Previous design studiesl2 had shown
a movement towards practicality and near
economical cperation (within a factor of 3
of a fissile fuel cost that seems economical
for fission~reactor fuel), The present
studies have capitalized on design
optimization and on a new design idea,
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Mirror fusion reactor.

namely, a design in which the twc halves

of the magnet are oriented vertically, with
one half resting on a float so that the
magnet can be opened up to give access to
the blanket.l3 As shown in Fig., 1, the
reactor is bulltf on a dry dock. The blanket
can be handled with an overhead crane and
can be made in the spherical shape of
previous designs, The blanket is shown in
Fig., 2. By greatly reducing the peak-to-
average power ratlo, the power can be



raised by a factor of 4 at the same peak
power density as the earlier design., Lee
has made more detailed designs of the
blanket.

14

Bender4 has made an economic analysis
ol a nuclear park composed of burner
reactors consuming the fissile fuel
produced by the hybrid reactor. The

Coils

Pressure vesse]

nuclear park economic model allows
optimization of such parameters as mirror
ratio (ratio of magnetic field at the
mirrors to central vacuum magnetic fileld)
fuel burnup, injection energy, etc.

Table 1 gives some parameters for
the mirror hybrid design. Both Pu- and
233U—producing versions are shown.

;:zildf’___‘_‘,__——~Mirror teakage port

it

Back plate

\‘\\\\\\~B?anket

segments

(a)

Coolant piena

Lithium fuel can

Uranium fuel pins

Fig. 2.
cf the blanket submodule.

-20-

Blanket, showing (2) segment of a spherical shell or "lune", and (b) detail



Table 1. TFusion-fission reactor parameters.
Parameter Pu production 233U production

Pf . 470 MW 1500 My

usion
P 4300 MW 3600 MW

thermal
Pnet electric 1040 MW =40 MW
Fuel production 2400 kg/yr 2600 kg/vyr
Cost 2.3 BS 3.3 BS
Fuel cost 55 $§/g 127 $/g

INJECTOR SYSTEM In ocur earlier study, we had
15 determined the plasma density profiles on

The injector system for the hybrid
is based on 100-keV positive (D¥, 1) jons
and includes direct conversion of
unneutralized ions, An experimental
program to develop the injector and direct
converter is underway at LLL-LBL; 1-MW
modules will be tested this vear. The
efficiency of producing neutrai-beam power
from electrical power was determined to be
70%.

' One bank of injectors producing 60 MW
of neutral beam is shown in Fig. 3; a
gingle-beam injector module is shown in
Figure 5 shows detailed injection

Fig. 4.
paths,

each of the field lines, The penetration
of the plasma by each of three rays
representing the neuvtral beam from the
injector system was studied and found to
be consistent with the assumed radiai
density profile but with a noticeable
density depression at the center. If the
density were slightly higher, the beams
would not penetrate the plasma very well.
At the higher density of our recent reactor
designs (1.7 times the previous design),
the injection either must be nearer the
mirrors where the plasma is both thinner
and less dense or it must rely on inward
convection (which is predicted when the
density gradient is radially outward) as
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is now being assumed in the mirrer fusion
reactor design study.

DIRECT ENERGY CONVERTER

The direct converter in the current
hybrid reactor design is the one-stage,
modular type shown in Fig. 6. The
efficiency at 100 keV is expected to be
52%.

TECHNOLOGY ASSESSMENT

After comparing the technological
requirements of the mirror hybrids with
those of the mirror fusion reactor, we
conclude that the technology is much less
demanding for the hybrid and (importantly)

the time for its development is much shorter.

In fact, most of the fusion technologies
for the hybrid will be developed for near-
term fusion reacter prototypes. The
technology requirements discussed below
are summarized in Table 2.

MAGNET

For the hybrid design, the magnetic
field strength at the conductor is 8 T,
There is only modest value in raising this
field strength, whereas there is a strong
incentive to employ fields up to 16 T for
the fusion reactor. The hybrid can employ
Nb-Ti conductor. This conductor is already
being used for somewhat lower fields and
in smaller sizes, and it will be available
at full requirements within a decade {on
the same time scale as the Fusion 16
Engineering Research Facility (FERF)™].
The fusion reactor will need high-field
superconductors such as NbySn, which
because of its brittleness is more

difficult to werk with and will take
longer fo develop.

BLANKET STRUCTURAL MATERIAL

The hybrid uses stainless steel as a
blanket structural material rather than
the refractory metals considered in some
fusion designs. Developmental costs are
greatly reduced because new materials need
not be tested. Not only the blanket
material but also the fuel {stainless-steel
ciad uranium molybdenum alloy, for example)
are well known. Use of known materials
under relatively low neutren fluences will
allow the hybrid program to bypass
developmental steps such as the Fast Flux
Test Facility (IFTF) that is required for
the breeder program.

NEUTRAL-BEAM INJECTOR

The injection energy for minimum-
cost fuel production by a hybrid reactor
is ~100-keV D0 and 70, At this energy, a
positive-ion technique with a charge-
exchange cell giving 50% conversion to
neutrals followed by a beam direct
converter is expected to convert electrical
power to neuttal-beam power at 70%
efficiency. Such a system:? (1 MW, 120 keV,
and 0.5-s pulse length) will be tested
within one year by Lawrence Livermore and
Lawrence Berkeley Laboratories for eventual
use on the Tokamak Fusion Test Reactor
{TFTR), thus giving credence to the claim
that such beams are nearly state of the
art.

As injection energy is increased to
meet the expected requirements for a fusion
reactor, the efficiency falls rapidiy.

Table 2. <Comparision between technology requirements for the mirror hybrid and

the mirror fusion reactors.

Requirement

Fusion-fission

Fusion

Magnet material

Blanket structural
material

Neutral-beam injector
Plasma direct converter

Required Q

Fusion power

Nb-Ti(9 T)

Stainless steel

Positive-ion type
(~100 kev)

1 stage or none at all
0.5-1
470 MW

Nb3Sn(l6 T)

Niobium

Negative-ion type
(~200 keV)

Multistage
>2
1300 MW

-23-



For energies above 120 keV or so, the
negative-ion technique is proposed. This
concept is still in the very early stages,
and considerable development will he
required to produce working systems.
Although success seems likely, most of the
requirements of the fusion development
program for the next 10 years can be
achieved with positive ions., Therefore,
there will be less development work on
negative-ion systems than on positive-ion
systems,

PLASMA DIRECT CONVERTER

A velatively simple converter with a
cne-stage, immersed grid performs the
direct conversion of plasma end leosses in
the hybrid reactor. The direct converter
performs several functions that would be
needed even if energy recovery were not;
€.g., it pumps the neutral gas to prevent
excess end heat losses via electren
conduction and provides magnetic expansion
to reduce the power on the end surfaces.
Our studies have shown that a one-stage
converter reduces the cost of fissile fuel
by only a small amount; there is no
benefit from the higher-efficiency,
multistage converters.

PLASMA

The value of Q required for the
hybrid is between 0.5 and 1.0 (our design
uses the classical value of 0.7). If Q
should drop by a factor of 2 from the
classical value due, for example, to plasma
turbulence, the cost of fissile fuel would
about double. Thus, we see that this
hybrid design is fairly sensitive to Q for
Q = 0.7. By comparison, the mirror fusion
reactor is about equally sensitive to
changes in Q at Q=x2.

The hybrid injection energy of
100 keV implies a value of the plasma
dielectric constant (wpa/mce) almost
twice that for the wirror reactor, which
has an injection energy between 150 and
200 keV. High values of (wpe/Bee)?2
contribute to reducing micreoinstabilities.
Since high values of are not as crucial
toe the hybrid, the He ' ions need not bhe
adiabatically contained for the heating of
electrons — as is necessary in the fusion
reactor. The implication is that for a
given physical plasma length the magnetic
field can be reduced (by a factor of 2),
thus increasing the orbit size. However,
the lower energy somewhat compensates for
this gain. Thus, the length of the
machine measured in orbit radii, L/ai, can

~24-

be reduced; this reduction helps stabilize
the convective, high-density, loss—cone
microinstability. However, the drift-
cyclotron loss-cone microinstability is
aggraveted by larger orbits.

To compensate for the 10 times energy
multiplicaticn in the blanket, the fusion
power in the hybrid reactor is several
times lower than that in a fusion reactor.
This has two advantages:

@ Because the power is less, the
prototype developmental stages
for the hybrid are also smaller
than the eguivalent fusion
reacter stages; hence, they are
more quickly and cheaply built.

* Because the plasma density is
lower, beam penetration is
easier.

The second advantage may be explained
as follows. The midplane of the plasma is
too thick (rplasma > 3Ajonizarion) for the
beam te penetrate to the center (as is
necessary for uniform §illing of the plasma),
Hence, we must either inject away from the
midplane where the plasma is both thinner
(due to field line fanning) and less dense
(moving towards the mirrors) or rely on the
fluting fnward caused by the resultant
inverted radial density gradient (as in
the mirror fusion reactor), Baving lower
density tends to somewhat alleviate this
problem,

The physics assumptions for the
plasma are discussed in Chapter 5 of Ref,
12, Also, a relevant discussion is given
in Appendix A of the FERF report.l® More
recent physics developments are discussed
in Ref, 18.

DEVELOPMENT STEPS BETWEEN AN MX-SIZE AND A
COMMERCIAL-SIZE MIRROR HYBRID REACTOR

We have prepared four mirror reactor
designs which can be examined from the
poeint of view of a progression of steps
toward a commercial-size mirror hybrid,

The first of these is the MY (Mirror
Experiment) design.19 This machine will
extend the plasma physics of mirror
machines and have limited D~T operation,
The next larger machine is FERF,16 yhich
was designed primarily for testing many
small samples for studies of radiation
damage effects., Although this machine was
not designed for testing the hybrid concept,
it would have limited provision for testing
one 2-m-deep blanket module that would



Table 3. Parameters for a series of machines leading to a fusion-fission reactor,
Parameter MX FERF DEMO Commercial
Field strength 7 9 8 8
at conductor (T)
Plasma density (cm ) 1x10t w10t novact® 1LaxoM
Piasma diameter {(m) 0.6 0.5 2.4 4.8
Plasma length (m) 3.4 4.2 7.5 15
Q — 0.3 0.7 0.7
Fusion power (MW) 0.3 3.4 44 475
Fissile fuel - 3 190 2400
production rate (kg/yr)
Cost 100 M3 300 MS 540 M$ 2.3 BS
have a 50 cm X 50 cm surface facing the REFERENCES
plasma.20 If this module were a hybrid
module, plutonium would be bred at the 1. This part of the arguments seems
rate of 3 kg/vr.2l The third machine, a justified by our technological
demonstration reacteor, DEMO, is the minimum studies; however, it could be
size which can have a reasonable converage invailidated by social and
blanket between the plasma and shield. institutional considerations such as
Used as a hybrid, its Pu production rate extraordinarily expensive safety
would be above 200 kg/yr. The commercial- systems.
size reactor would produce about 2000 kg/vr.
2. D. Jassby and J. D, Lee, "Counter
Some of the parameters for this Streaming Ton Tokamak Fissile Breeder,"
progression of mirror machines are given in these Proceedings.
in Table 3. The costs given in the table
are highly uncertain, The plasma physics 3. K. R. Schultz, G. A. Backus, C. B,
scaling should be established in the MX so Baxi, J. B. Dee, E. A, Estrine, R.
that only a modest extension of parameters Rao, and A, R, Veca, "Mirror Hybrid
would be needed for the DEMO and commercial- Reactor Bilanket and Power Conversion
size machine. As argued in Ref. 3, the System Conceptual Design,' in these
fission technology is already in hand; Proceedings.
thus, going from a FERF-size machine to a
DEMO-size should be relatively simple, 4, D. J. Bender, "Mirroy Hybrid Reactor
Optimization Studies,” in these
CONCLUSION Proceedings .
Based on studies of mirror reactors, 5 D. L. Dionigi and R. L. Engel, "The

Economics of Fusion-TFission Systems,'

many generalizations have been made up to
in these Proceedings.

this point. Much experimentation and
further studies are needed; however, let

me conclude by stating that J. D, Lee, "Neutronics of Sub~

Critical Fast Fission Blankets for
D-T Fusion Reactors,'" Proc. 7th
Intersociety Energy Conversion Conf.,
1972, p,1294 (unpublished); also J.
D. Lee, "Neutronics Analysis of a
2500-MWth Tast Fission Natural
Uranium Bianket for a D~T Fusion
Reactor," Proc., lst Topical Meeting
on the Technology of Controlled
Nuclear Fusion, San Diego, 1974,
CONF-740402-P1, p. 223 (unpublished).

. Successful development of a fuel-
producing hybrid along with
conventional fission reactors
should c¢onstitute a long~term
energy option just as is
promised by the breeder, and

. The new fusiocn technology
needed will be developed anyway
as part of the fusion power
development program.

w? B
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MIRROR HYBRID REACTOR OPTIMIZATION STUDIES7

D J. Bender .
Lawrence Livermore Laboratory, University of Callfornla

Livermore,

California 94550

ABSTRACT

A system model of the mirror hybrid reactor has been developed.

The major compo-

nents of the model include (1) the reactor description, (2) a capital cost analysis, (3)
various fuel management schemes, and (4) an cconomic analvsis that includes the hybrid

plus its assocciated fission. burner reactors.

The results presented describe the opti-

mization of the mirror hybrid reactor, the objective being to minimize the cost of elec-

tricity from the hybrid fission-burner reactor complex.
rors with two types of bhlankets, one conLawn1ng natural uranium, - the other thorium. The
W : ized reactor

ical paver producer,

crence between the two optini

net ole

electrical power Our projectod

for 239Dy c.nd vi25 S/e, for 233y,
INTRODUCTION

The primary cbjectives cof the first
Lawrence Livermore Laboratory (LLL)
fusion-fission hybrid reactor point de-
signl were to determine a mauner in which
all of the necessary system components
could be integrated into the reactor, to
assess the technological problems, and
to obtain a rough cost estimate. The re-
sulting design was not optimized in ei-
ther an engineering or eccnomic sense,
but rather was a reference point design
from which further study could proceed.

Based on the point-design cost esti-
mates, it appeared that the requirement
of incorporating both fusion and fission
components in the hybrid reacter would
make the hybrid capital cost ($/kWe)
greater than that for a fission reactor.
However, the impressive fissile-breeding
performance of the hybrid, as compared
to a fast-breeder reactor of comparable
thermal rating, indicated that the most
promising avenue for commercialization
of this reactor concept was as a fissile
breeder with electricity production as a
by-product. Therefore, the hybrid study
at LLL this year has concentrated on op-
timizing the hybrid for fissile produc-
tion, empleoying the technique of para-
metric system analysis of the plant eco-
nomics. The optimization was defined as

o

This work was pervformed under the auspices
W—7405-Eng-48.

Administration, under contract No

We have examined hybrld reac-

is that the uranium hybrid is a

hvhrid dust aghout hreaks

production are 230 §/p

a determination of the reactor parameters
which minimize the cost of producing fis-
sile fuel. The optimization thus mini-
mizes the electricity cost component that
ig attributable to the {issile fuel
burned by the fission reactors.

RESULTS AND DISCUSSTON

SYSTEM MODEL

A large number of independent param-—
eters that define the fuslon component
of a mirvor hybrid are available to the
reactor designer. Variation of these
parameters can significantly affect the
hybrid performance. In addition, plant
economics are influenced by the blanket
fissile management scheme and by the
characteristics of the fission component.
To assess the interplay of these various
factors, we have developed a computer
model of the mirror hybrid that permits
rapid evaluation of the many possible re-
actor configurations. The compenents of
the system model developed for the para-
metric analysis are as follows:

@ Reactor Description

Plasma physics
Magnet design
Blanket geometry
Power flow
Capital cost

of the U.S. Energy Research and Development



8 Fuel Ménapement

llme dependent mass and energy
flows

Capacity factor s ]
‘Cash-flow accounting techniques

e '"Nuciear Park" Economics

Hybrid and fission reactors

The mirror reactor model {essen-
tially the analysis developed by Carlsonz)
includes mirror plasma phySLcs magnet
design, blahket geometry and power flows.
Capital costs are a key element in the
analysis, and here ‘we have attempted to
be as thorough and consistent as possible,
However, th¢ costing procedure entails a
hiah de of uncertainty due to the in-
fusion technology.

tancy of

Acunique feature of hybrid reactor
fes, as comparcd te those of

victly power-producing fission and fu-
noreactors, is that fissile fuel does
Logenerate revenues on a continuous

i Revenue from fissile fuel is only
ized when blanket segments are re-
moved from the reactor and reprocessed.
In addition, the blanket multiplication
increases and the breeding ratio de-
creases with increasing fuel exposure,

as described by Lee, To model these
effects, we developed a fuel management
package to evaluate the time-dependent
production of power and of fissile fuel
as functions of specified fuel-management
parameters In this analysis we also de~
termined the timing and magnitude of fuel
and blanket fabrication costs as well as
spent-fuel shipping and reprocessing
costs. The economics of this time-
dependent "fuel-cycle" is evaluated using
cash-flow accounting techniques.

A second unusual feature of the eco-
nomic analysis is that the hybrid pro~
duces two products, fissile fuel and
electricity. To fix the cost of produc-
ing these two products, it is necessary
to specify a constraint. In the present
analysis, we have chosen to fix the cost
of hybrid electricity at the same cost
as electricity produced Ly the fission
reactors which burn the hybrid fissile
fuel. By considering the hybrid and its
assoclated burner reactors as a single
entity producing only electricity, we can
calculate the electricity cost. Having
established the electricity cost, we can
then evaluate the cost of the fissile ma-
terial from the hybrid,

RESULTS OF PARAMETRIC ANALYSTS

In optimization studies to date we
have employed variations of the following.
parameters:

® Plasma Physics

Injection energy
Mirror ratio
Injection angle
Confinement time

omemtDmlp
CondugLor field
Mirror-to-mirror length
@ Fuel Mandgement

Maximum fervtile burnup
Exposure distvibution

the blanket

wichin

in our experience these quantities hava
the mest important influence on the
aomies of the hvbrid reactor. fwo de-
pendent guantities which have been found
te strongly influence plant economics are
the blanket coverage and the plant capac-
ity factor.

eon-

The peometric relationship between
the plasma and blanket are shown in
Fig. 1., Holes in the blanket must be
provided for plasma leakage and neutral
injection. We have found that 1if the
power deHQity in the blanket exceeds 100
to 200 W/em3, the plenum dimension re-
quired to handle the hellium flow becomes
excessively large, pushing the blanket
inward and severely decreasing the blan-
ket coverage. Also, large neutral beam

FUEL

PLENUM

SHIELD

Fig. 1,

Blanket coverage.



current requirements demand large injec-

_tien ports thus reducing the Blanket cov-
erage. -The equatilons used to model the
plant capacity factor, 8, are:

§ = o
€+t +t  FE
op- sm - um- be
5 1
1.2 + (tbc/top)
A 5
: exposure (MW-vr/m™)
op '

fiux (Mw/mz)

Here, tgoy, is the cperating time for the
reactor, Lg, is the ¢i for scheduled
maintenance, Uy, 1s the time for unsched-

i1l LEnAance

ne

o Ty

el s Uile

e Torime ree
for the blanket change operation.
The capacity factor evaluates the trade-
ol I between high fivst-wall {lux (and,
therefore, high product generatvion rates)
and the aeed for shutting down the plant
to perform blanket change operations af-

ter maximum blanket exposure is reached.

lwived

The fission reacteors chosen as burn-
ars of the hybrid fissile fuel are lisced
listed in Table 1 along with their fuel

Table 1. Descripticen of thermal

converter reactors.,

Burner
23 233
Parameter QPU U
High-
Reactor type LR gain
HTGR
Fuel cycle
Nat-
Fertile feed ural U Th
Fissile feed Pu 233y
Fissile recvcle Pu 233U
Conversion ratio 0.5 0.8
Tissile feed requirements 0,333 0.185

(kg/yr/Mie)

make-up requirements., For
we have used a light water
on a Pu recycle fuel cvcle which is sup-
plemented with hybrid Pu. As a %330 bur-
ner, we have used a high-gain high tem—
perature §as—cooled reactor (HTGR} on the
thoriun-2331 fyel cyele.  Ancther possi-

a Pu burner,
reactor (LWR)

bility as a 233U burner, but not vet ex-
amined, is the CANDY reactor.

The representative thermal reactor
- fuel cycles that are used to couple the

fusion and fission

reactors (Figs. 2 and

3) have been adapted from fuel cycles
based en thermal reactor-produced fissile

- - ’
fuel .o~/ Actually, the fuel cycles used
REACTOR. 1000 MWE
0.8 CAPACITY FACTOR
32.000 MW-D(TON BURNUP
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Fig. 2. The LWR fuel cycle.
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should be rteevaluated, because the iso-
topic composition of the hybrid fissile
fuel differs from that produced in a
thermal fissicn reacter as a result of
differences in flux spectrum and burnup
in the twoe types. of reactors. ‘

The LWR fuel cycle” (Fig. 2) uses
plutonium recycle and has a conversion
ratio of 32%, F¥issile feed consists of
the 77U component of the natural U fer-
tile feed combined with hybrid-produced
239py. Here we have assumed that hybrid
Pu (DQOZ fissile) is equivalent to Pu
from a dranium-fueled LWR (W70% fissile).
In future studies we plan lo examine a
variation of this eyele that will permit
Nigher uranium utilization. The uraniunm

and the hybrid Fu
compensate for rhe
s, che rid fuel HEAN

to ultimately fission the

che aranium.

The HTCGR fuel cvelebs/

233y

and

'y fervile feed e
flssile feed from the hvbrid and has
ersion ratio of 0.7%.  This conver-

gion ratio is considerably higher than
that of the 230 HIGR (CR ~ 0.66) due to
the use of “22U, to the higher fertile
te fissile ratico and to the lower burnup
(52 JUU MI-D/T vs 95 000 MWU-1/T for the
le)

2

Figures 4 to 8 show some of the de-
tails of the optimization process, pri-
mariily for the uranium blanket. Figure
shows that a rather broad optimum exists
for various combinations of mirror ratio
and injection energy (Wyny).

4

As shown in Fig. 5, the minimum cco-
nomical size is about 10 m, wirror-to-
miryor. Below this size, the blanket

ovevage decreases rapidly, strongly de-
Hradhng the plant economics., A 7.5 m
machineg appears to be the minimum "dema"
size.

The optimization of mapnetic field
ig shown in Fig., 6. For the uranium
blanket, a near optimum can be attained
at 8 resla, which vields the optimum
blanket power density of ~100 W/ ee. For
the thorium blanket, 12 to 147 fields are
required to minimize the fissile cost,

p rtion of fissile cost wiph
fertile burnup is shown in Tlp 7. At
iow buruup, high fabrication-reprocessing
costs and low capacity facter are in-

T30
2o b o UrMe

Wing-1560

15

¥ og00 | =
g 4 @
@ &
o =

TS m -
@ Q
O ~ @]
O N w
VL3 ~
= o -
—_ TLelh

oo | :
@ {: *
TR B o

~
x

VACUUM MIRROR RATIO

Fig. 4. The plasma physics varfation.

curred. As the maximum burnup increases,
larger temporal variations occur in the
thermal output due to increasing blanket
multiplication with burnup.  Thus, this
situation requires that an increasing
fraction of the plant thermal capacity
remain idle during periods of non-peak
thermal output. Alse, the high burnup
implies longer delavs in the realization
of the revenues from fissile breading.
For the urvanium blanket, the optimum
occurs at a 1% burnup, which is about the
maximum tolerable burnup for the U-Mo
fuel. TFor thorium, the C.5% burnup is
well below the maximum obtainable with
this fuel.

There is some degree of uncertainty
as to the actual plasma Q that will be
attained in mirror reactors. Tt is pos-
sible that microinstabilities will limic
0 to a value somewhat below the classical
value.8 A second possibility is thac @
enhancement techniques under considera-
tion?Y will elevate 0 above our presently
predicted values. VFigure 8 shows thart
electricity costs are not strongly per-
turbed even if classical confinement is
not attained. A two—fold enhancement of
Q improves the economics of the hybrid
reactor but, in general, electricity
costs are rather insensitive te higher Q.

40~
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Table 2. Parameters for the optimized
hybrid reactors.

Parameter U/Mo Th
Mirror ratic 2.50 2.75
Injection energy (keV) 10 2100
Conductor field (T) 8- 12
Q 0.68 0.75
Fuslon power (MW) 470 1500
Firet wall [lux MW/mZ} 1.3 4.2
Blanket thermal power, 4220 3340

Caverage (M)

Electrical output (M) 1640 -40
Capacity Tactor 0.75 0.73
Mirror-to-mirror length 15 15

- {m)
OPTIMIZED REACTOR CONFIGURATIONS

From the reactor parameters for the

nd thorium blankets (Table 2)
enificant differences bhetween
reactors are evident.

several
the two

The uranium blanket, hecause of

its high energy multiplication, re-
sults in a plant with a large
electrical output. The therium
blanket rveactor does not produce
net electricity, just fissile fuel.

(]

Both blankets have about the same
thermal rating., This results from
the much greater fusion power re-
quired for the thorium blanket re-
actor as compared to the uranium
blanket reactor,

The high fusion power of the tho-
rium blanket reactor is obtained
by using a wore intense magnetic
field than for the uranium blanket
reacter. Therefore, the latter
may rely on existing NbTi super-
conductor magnet technology,
whereas, the thorium blanket re-
actor will require the more tech-
nologically advanced Nb3Sn super-
conducter.

economics for the thorium
are obtained at high ex-
abeout 9 Mw—yr/mz. The
uranium blanket requires only
about 4 Md-yr/m*. These results
assume that the blanket structure
is capable of tolerating these ex-
posures.

Optimum
blanket
posure,

-mately the same thermal rating as

The reactor size selected,. as given
by the mirror-te-mirror length of 15 m,
is not an optimum. Rather, this size was
chosen as being representative of a plant
with good economics and with approxi-

present-day nuclear power plantsl A

“ point to be emphasized is that the first-

4D

wall fluxes for the two blankets were not
arbitrarily cheosen. In the present anal-
ysis, the first-wall flux is a dependent

parameter whose value 1Is defermined by

an economic optimization of the reactor.

Blanket parametérs for the
optimized reactors.

Table 3.

Parameter

/Mo Th
Fissile output (kg/vr) 2360 2590
Avg. energy multiplication 111 2.8
Blanket coverage 0.86 0.77
Fertile burnup (%) . 1.0 0.3
Blanket exposure (Mw—yr/mz) 4.1 9.2
Fuel power density (W/emd) 150 110
Peak to average eclectrical 1.13 -

output

Blanket enrichment, average 1.02% 1.06%

The blanket parameters for the opti-
mized reactors are listed in Table 3.
Both blankets produce about 2 1/2 metric
tons of fissile fuel per year. However,
the thorium blanket requires a rather
high exposure, and the possibility of the
blanket structure being able to attain
G Mw—yr/mz exposure is quite uncertain,.
For the uranium blanket, the average
energy multiplication is higher by about
a factor of four than for the thorium
blanket; these blanket energy multiplica-
tions include the effect of the frac-
tionmal blanket coverage.

The economic parameters for the hy-
brid are listed in Table 4. The higher
capital cost of the thorium blanket hy-
brid is associated with the fusion com-
ponents required to generate the higher
fusion power. The 233y cost is more than
two times greater than the Pu cost. The
lower cost for Pu results from the lower
capital cost and from electrical power
production revenues. However, because
of the lower fissile requirements of rhe
HTGR, as compared to the LWR, the cost
of the electricity from the two fission
power plants is approximately the same.



Table 4. .Economics for the optimized

hybrid reactors.

Cost U/Mo Th
Capital cost (10%§) 2.3 3.3
($/kWe) 2200- -
Fissile material cost ($/g) 55 127
Capital 80 103
Fuel cycele 13 21
Operation and maintenance 1 1
Electricity revenues ~39 2
Electricity cost L 24.8 25.3

“Table 6,

actor. Here, the important result is

that the hybrid fissile fuel costs of 4.1-
and 5,3 mills/kW~hr are a small fraction
of the total cost of the electricity,
Based on our current capital cost model,
we conclude that the mirror hybrid re-
acter is capable of converting the world's
large fertile resources into fissile fuel
at a cost that does not strongly influ-
ence the net cost of electricity,

Economics for the hvbrid/
thermal reactor complex,

(mills/ki-hr) Cost U/ Mo Th
Tnstalled capacity (Mie) 81130 14 000
- - . Hvbrid 1040 e
1 PENEO LTSS S G DA IR R TC R LLe maverlal ) Fiasaion roacrors 70 \}ﬂ 14

outs indicate tihat they are dominated
by capital costs. The l-cvele costs Capital cost {($/kWe) 935 885
decount far blanket fabrication, fuel Plectricity cost 2% 8 95 3
fabrication, reprocessing and speunt-fuel (mills/i~hr)
shipping.  Current (high) estimates for
the fuel services have been used,l0 bue Capital 19.7 20.5
, 1 . - g . - /
they are not a dominant cost. For the Fuel cycle b3 4.0
uranium blanket reactor, approximately Operation and maintenance 0.3 0.5

60% of the plant revenues are generated
by fissile production. 7This is in con-
trast to the thovium hyvbrid reactor where
100% of plant revenues ave generated by
fissile material.

The fission reactor economics are
listed in Table 5. Here, the category
"fuel cyele without fissile material” re-
fers to all normal fuel cycle charges ex-
ciuding the cost of fissile fuel, i.e.,
fabrication, reprocessing, spent-fuel
shipping and purchase of fertile fuel,
The fissile fuel cost is the cost of pro-
ducing this material in the hybrid re-

[

5. Economics for the fission

reactors.

Table

High-
gain
Cost LWR HTGR
Capital cost (§/kie) 750 750
Electricity cost 24.8 25.3
{mills/kW-hr)
Capital cost 16.1 la.1
Fuel cycle withour
fissile material 3.9 3.2
Fissile fuel 4.1 3.3
0.7 0.7

Operation and maintenance

~43-

The overall nuclear park economics
shown in Table 6. Examining the

U hybrid/LWR combination, we sce the
1040-MJe hybrid supports fissile require-
ments for about seven 1000-MiWe thermal
reactors. The combined capital cost of

the hybrid and the fission reactors is

835 $/kWe vs 750 §/kWe for the LWR's.

The Th hybrid produces enough fissile ma-
terial to support fourteen 1000-MWe HTGR's,
resulting in a capital cost for the nu-
clear complex of 985 8§/iWe vs 750 §/lkWe for
the HTGR. The fuel cycle costs do not
include any cost for fissile fuel since
this material is produced entively within
the hybrid-fission reactor complex.

are

The fact that the hybrid fissile
production costs are capital cost dom-—
inated (sae Table 4) dictates that we re—
gard these fissile costs with a degree
of uncertainty, reflecting both the in-
faney of fusion engineering and our in-
ability to accurately assign costs to re-
actor components which are merely con-
ceptual designs. However, the presently
predicted costs are within the realm of
bheing economically attractive. Tn our
opinion, this ceonclusion justifies vigor-
ous support of the hybrid concept, with
future design efforts continuing to re-
fine the engineering and to incerperate



experimental results as they become

available.
energy option thar will ease
ition te a full fusion power

well be an
the trans-
Bconomy in

The result could

the next century and will provide com-
paratively early benefits from the large
R&D investment that will be required to-
commercialize this energy source, .

‘Livermcre Laboratory Report,
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ABSTRACT

The conceptual deéign of the blanket and power conversion 5)3Lem for a gas-cooled

mirror hybrld fusion~fission reactor is presented.

The designs of the fuel, blanket mogulc

and power conversion system are based on existing gas-cooled fission reactor technology tha

has been developed at Ceneral Atomic Company

Inconel-clad rods and is cooled by helium gas.
segment medules which surround the fusion plasma.
a cenventional steam cvele turbine generator.
wassive blanket modules and helium ducts remain to be determined.

tual design anpears to be technically faa

Liminary

ary coolant circuit containment and

§ S
L"\AQLln‘

INTRODUCTION

This report is the summary of a study
performed by General Atomic Company to
investigate the feasibility of applyving gas-
cooled reactor technology to the Mirror
Hybrid Fusion-Fission Reactor.l The work
was specifically directed at design and
analysis of the blanket and power conver-
sion system of the Mirror Hybrid Fusion-
Fission Reactor (MHFFR). A goal of the
study was to use conventional gas-cooled
reactor technology so that the conceptual
design would have potential for near term
construction with a minimum of large scale
develeopment programs. The study was done
in conjunction with mirror hybrid reactor
design efforts at Lawrence Livermore
Laboratory.z!

BLANKET DESIGN
FUEL DESIGHN

Fuel Materials. The candidate fuel mater-
ials that have been evaluated for use in
the MHFFR include uranium alloys, uranium
oxide, uranium carbide, and uranium nit-
ride. A comparative evaluation was made in
terms of the important parameters, such as
fuel density, neutron economy, physical,

*Work done under United States Energy
Research and Development Administration
contract number AT{04-03)-167, project
agreement 38,

safely analveis shows that with the

The uranium silicide fuel is contained in
The fuel is contained in 16 spherical

The hot helium
the method of support
Nevertheless,
reciimology., A
method of
licensed

The details of for the

) et
hoexiscing @

development of a satisfactory
the hvbrid reactor could bhe

Nuclear Regulatory Commission regulations.

meehanical and corrosion properiies,
irradiation effects, compatibility with
cladding and with impurities in the helium
coolant (particularly tritium), and fabri-
cation cost. Two important characteriscics
of the hybrid reactor are the low burnup3
{< 1%) and the importance of high fuel
dznsity.

The operational conditions tend to
favor the use of metallic uranium allovs,
in particular uranium silicide (U3Si) fuel
which has been under development in Canada
for the CANDU reactor program during the
past decade. Uranium oxide is less desir-
able because of the significantly lower
fuel density, lower neutron economy, and
higher fabrication cost compared to
uranium silicide. Uranium carbide and nit-
ride alsc are less desirable because of
similar reasons. However, uranium carbide
may be a suiltable alternative fuel.

Three primary fuel candidates were
selected from those evaluated: uranium-
molybdenum alloy, uranium carbide and uran-
ium silicide. The density and maximum
operating temperature for these canhdidate
materials are shown cn Table 1,

Since any of these materials would be
an acceptable choice for the MHFFR, the
final selection was based on cost estimates
for the system ecconomics that each alter—
native would dictate. The economics of the

45~

is used to raise stean for

the concep-



various fuels is affected by four factors:

1 Basic fuel cost.

2 Fabrication cost.

3. Revenue from power produced.

4 Revenue from fissile production.

- Table 1. Fuel material candidates.

Table 2. Fuel cohfiguration options.

Honeycomb

Plates

Rods ¢
Cross Fiow
- Parallel Flow - Solid Pellets
Parallel Flow - Annular- Pellets

U-MOLY uc UaSi

Uranium Density

(g/cc) 17.1 13.0 15.5
Maximuin Opera-

ting Temper-—

atures (°C) 700 2000 300
Approximate Rod ’ )
Diameter (mm)’ 10 18 17.
Blanket Cost
(M5 154 112 94
(ﬁGL (S /Y1) - +17.1 +24
nues (ME/YE) - -41.,7 -17.¢
Benefit (M§/Yr) -- =246 +7.1

Compared to U0, cost as a base, it is
estimated that U~Moly will be three times
as expensive (due to stringent Q/A require-
ments), UC will be twice as expensive and
U481 cost will be on par with U0,. 5 The
fabrication cost of blanket rods is a
function of the number of rods in the
reactor. Due to the lower peak temperature
permissible in the U-Moly, the allowable
rod diameter is smallest among the three
fuels. The allowable rod size for UC and
U351 is approximately the same as the
cladding temperature is the limiting para-
meter. Estimated blanket costs are shown
in Table 1. These estimates include fuel
material and fabrication costs.

Revenues [rom power and fissile produc-
tion are roughly proportional to the uranium
density in the fertile material. The
estimates of changes in power and fissile
production with U-Moly as reference, are
shown in Table 1. Taking U-Moly as the
reference case, UC represents a net loss of
$24 . 6M/vear and U381 represents a net bene-
fit of $7.1M/year.

In addition to the small economic
advantage, Uq5i has the advantages of
requiring less stringent quality assurance,
of allowing larger fuel rods and of reduced
parasitic neutron absorption when compared
te U-Moly. UqS5i was cheosen as the fuel
material for the MHFFR

Fuel Configuration. ' Five different fuel
configurations were investigated for use in
the MHFFR blanket as shown in Table 2.

-45-

Honaycomb material has the potential
for a high fuel density. Due to the small
heat transfer coefficient in the blanket
very small holes would be required which
would regult in high fabrication costs.

The technclogy for fabrication and cladding
of honeycomb fuel structure is not developed,
A.plate configuration has the potential of
offering a large heat transfer surface.
Donding technology appears to be difficult
to achieve for U,8i and the preferred
cladding material, Inconel. A red config-
uration appears to be better suited to
application in the hybrid reactor.

In the hybrid reactor, the requirement
to keep the first wall cool generally
reqguires that the ccolant first cool the
first wall and then flow radially outward
through the blanket. The fuel rods may be
arranged parallel or perpendicular to this
flow. The use of cross flow perpendicular
te the axes of the rods does not enhance
the average heat transfer coefficient but
does introduce a large variation in this
coefficient and thus temperature arocund the
rod. A radial rod arrangement, on the
other hand, results in a uniferm heat
transfer coefficient around the rod, reduc-
ing the potential for het spots., The only
problem expected with the use of radially
arranged rods is due to the fuel swelling
with burnup. By including a hole in the
center of the fuel pellets, this swelling
can be greatly reduced. As a consequence,
annular fuel pellets arranged in a radial
direction were selected for the MHFFR
design. Te¢ get the maximum possible
helium outlet temperature, a high temper-
ature cladding material, Inconel 718, was
selected. This choice is discussed further
in the section on Module Structural
Material below.

Fuel Performance. With the fuel materials
selected as U381 fuel and Inconel 718 clad,
maximum design temperature limits were
chosen. The helium inlet and ocutlet temp-
erature conditions were selected to
correspond to the fuel temperature limits
although these helium conditions were not
optimized, The temperatures are shown on
Table 3.




Table 3. MHFFR temperatures (0C)

Maximum Cladding Limit 800
Maximum Fuel Limit : : 300
Maximum First Wall Limit " 500
Coolant Inlet 280

Coolant Qutlet - 530

The fuel design was based on hot spot
_temperatures obtained by applying hot spot
factors to the nominal temperatures
calculated for an average channel. End-
of-1ife conditions were used since these '
represent the maximum blanket wultipli-
. cation and power density. Hot spot factors
were-determined for the MHFFR using a
semi-statistical method’ and are shown on
Table 4.

Tty T A
Table 4,

Coolant Teuperature Rise 1.3

Film &7 (for clad) 1.8

~ Film &7 (for fuel) 1,25

Fo - Cladding AT 1.25
Fg - Fuel-Clad Gap 4T 1.3
Froo= Tuel A7 1.2

The blanket is designed with a flow
baffle to keep constant flow velocity over
the first wall. The maximum first wall
temperature can in this way be limited to
468°C,  The fuel rod diameter was selected
to be 17 mm which limits the peak hot spot
cladding temperature to 800°C and the peak
hot spot fuel temperature to 900°C. The
power distribution and resulting nominal
temperatures along the fuel rod are shown
in Fig. 1.

The coolant flow was treated as a one-
dimensional incompressible flow., The
blanket module was modeled as a flow
resistance network and the pressure drops
shown on Table 5 were calculated.

Table 5, Helium pressure drop in module.

Blanket Fuel Region 1.2 X 104 Pa

{1.8 psi)
Module Total
-full power operation 3.9 X 10% Pa
(5.7 psi)
—depressurized decay
heat removal 0.2 X 104 pa
(0.3 psi)

MODULE DESICN

Structural Material. To insure good
neutronics performance of the blanket, it
is fmpertant that the first wall be kept

as thin as possible. It must operate,

~however, at high temperature under high

pressure, Inconel 718 was selected for the
blanket structural material and fuel
cladding material because it exhibits high
strength at elevated temperature. The
design stress limit for Inconel at 800°C is

296 MPa (43,000 psi).
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Fig. 1. Power and temperature distribution.

Module Design. The blanket fuel rods are

wire wrapped to maintain the proper coolant
gap and are grouped into standard sized fuel
assemblies on a close-packed triangular
piteh. Rectangular assemblies are grouped
together with a trapezoidal assembly on each
end to form a submodule 25 cm wide with a
variable length depending on the position

of the submodule in the module., This is
shown on Fig. 2. The cool incoming helium
flows radially inward along the outside of
the submodule, cooling the pressure contain-
ing wall, turans at the first wall and flows
radially outward threugh the fuel rods.

Forty-five submodules are arranged to
form each of the 16 modules., The medule is
in the shape of a spherical segment as
shown on TFig. 3.

Each module is a separate pressure
vessel, With a 25 cm submodule width, and
6.08 MPa helium pressure, the pressure
containing first wall can be kept to 0.5 cm
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MEFFR

submodule.

~ HELHIM
OUTLET
PLENUM
HELIUM
%7 INLET
URANIUM PLENUM
FUEL ZONE

LITHIUM
BREEOING
ZONE

MHFFR blanket module

Fig. 3.

thick, A reentrant coolant flow system
was chosen which allows the external
module walls to be kept near the coolant
inlet temperature of 280°C. The helium
coclant flow path leads into the inlet
plenum at the back of the module. From
there the coolant helium flows radially
cutward through the U3Si fuel region and
the LiALO, tritium breeding zone. The hot

~48-

helium is collected in the outlet plenum and
flows to the power conversion system.

POWER CONVERSTON SYSTEM

SYSTEM PARAMETERS

The system parameter choices influence
the reactor component design and the plant
economics. The helium temperature and
pressure have a significant bearing on the
design feasibility, fabricability and size
cf the power conversion componentém The
maximum temperature limits are set by - mater—
ial considerations, minimum temperatures are
get by steam conditions and heat transfer '
surface requirements. Pressure has an
impact on helium and steam duct sizes and
upon the cireulater design.  Consideration
of these effects led to selection of the

viten parameters shown on .

Yo

Table

Rl

H
i

FFR system paraneters

Helium

Average pressure 5.08 MPa (60 atm)
Blanket inlet

temperature 530°C (986°1)

Steam

Superheater outlet

prassure 8.3 MPa (1200 psi)
Superheater outlet

temperature 445°¢ (832°F)
Reheater outlet

temperature 504°C (93998)

With these system parameters, the power
conversion system could be designed, A
schematic power flow diagram is shown c¢n
Fig. 4 and some of the important reactor
power variables are shown on Table 7.

10 M
S

i Ve e
tF e
.
MRECT THERGY
% EONVERILT
LT PLASMA Y
Poogte e .
Poeoarg 368 MW T
. ==
ST M
67 MW
o e—
v SI0°C_§ 3B MW
IR 2l ——
§ KE NLA
u“ﬁ' %l et N rver T,
$150C i jCU!iD[HSE B

STEAN GENERATOR

Fig. 4. DMHFFR power flow diagram.



Table 7. Reactor power

Fusion Power : 470 MWt
Total Nuclear Power 4015 MWt
Direct Converter Output 368 MWe
Turbine Genervator Output 1574 Mde
Total Electric Power J1942 Mde
Net Electrical Qutput - - 889 Mie

Station Efficiency 22.1%

PRIMARY COOLANT SYSTEM

The reacter blanket consists of 18
modules. These are grouped into four quad-
rants, each consisting of four intercon-—
nected modules. Each quadrant has four
steam generators, two helium circulatoers,
two auxiliary heat exchangers and twe
auxiliary circulators as shown on Fig. 3.
Fach quadrant is also connected to one
: rrey of the direct converters. The
system components are based on standard
gas cocgled reactor technology.
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Fig. 5. MHFFR primary loop arrangement.
Helium Circulators. Each quadrant has two
circulators to provide cooling system
redundancy. FEach cireulator is rated at
13.2 MW (17,000 HP} and has a single stage
axial flow compressor powered by a single
stage steam turbine driven by superheated
steam from the main loop steam generators.
The circulator turbine is located in the
main steam loop between the superheater
and the resuperheater sections of the
steam generator as shown on Fig. 4. This
series arrangement provides interent load
following characteristics to the main
loops,

49~

Steam Generators, Fach quadrant has four
steam generators, one for each module.

Each stéam generator is 3.2 m in diameter
and 14.6 m high, which is about the largest
size that can be rail-shipped without
restrictions. The generator uses:-a
helically-wound tube bundle with cross-
counter flow of the helium gas.

Auxiliary Cooling Loops. Each quadrant is

provided with an auxiliary cooling loop to

provide an independent means of cooling

the shutdown reactor to remove decay heat.

The main loop components are sized so that

one main circulator and cone steam generator
could adequately cool the blanket quadrant

"even 1if the helium coolant were depres-
.gurized.

Nevertheless, the auxiliary
cooling loops are required to provide
diverse, redundant backup cooling. The
auxiliary leoops could aleo be used for |
term decay heal removal, 1f desired

The auxiliary circulators consist of
an electric motor driven centrifugal com-
pressok. The motor is driven from a vari-
able frequency power supply to be able to
accommodate the large difference in circu-
lator speed required to operate under both
pressurized and depressurized conditions.
Each circulator is rated at 2.75 MW (3700
HP).

The auxiliary heat exchanges are awial
flew, helically wound and transfer heat
to pressurized water at 14.5 MPa (2,100
psi). The heat is transferred to the
atmosphere in an air-blast heat exchanpe-r,
A control system is provided to regulate
both the auxiliary circulator speed and
the water flow rate so that both the
blanket helium inlet and outlet temper-
atures remain with acceptable ranges,

SECONDARY COOLANT SYSTEM

Steam Loop Design. The steam loop of the

power conversion system is gquite conven-
tional. Steam raised in the 16 once-
through steam generators is routed through
the helium circulator steam turbines, is
reheated and then fed to. the main turbine
generator. The turbine is a tandem-—
compound machine with an inlet pressure of
5.1 MPa (744 psi) and inlet temperature

of 503°C (937°F). The turbine exhausts

to a conventional water-cocled condenser.
These steam conditions are quite modest;
the temperatures are limited by the
capabilities of the hybrid blanket fuel
and c¢ladding materials. The total thermal
power input tc the power conversion



system from the blanket and direct convertor
is 4381 MW, the output from the turbine
‘generator is 1574 MWe and the power conver-
sion system efficiency is 35.9 percent.

Due to the large power requirement of the
neutral beam injectors the net station
efficiency is 22.1 perceat. -

plant control system (PCSY used on the
MHFFR power conversion system is quite sim-
ilar to that developed for gas-cooled
{ission reactors and allows automatic lead
following over a wide range. The on-load
piant control system compares a set of
process variables to the proper load-
dependent set points of these variables

and generates feedback signals for regu-
. Inoaddition to the on-load control
syvstem the plant control svstem also has a
ceony heat vemoval control svstem which
matic operation during shut-

i plant shutdown control
startup control system which
assist during startup and shutdown. These
contrel systems act to prevent thermal
shock by controlling the steam loop to
mateh the helium loop characteristics
during startup and shutdown.

The MHFFR is also provided with a
plant protection system {(PPS) which hand-
les those contrel fuctions which might be
required to protect the health and safety
of the public. Various critical plant
paramerers are monitored by the PPS.
Should any of these go beyond the safety
iimit specified by the plant technical
specifications, the PPS auvtomatically
actuates reacter trip. In the event of g
serious accident the PPS also actuates the
plant engineered safety features. The
reacter trip parameters are shown on
Table 8. Reactor trip is accomplished by
stopping the neutral beam injector current
which almost instantly reduces reactor
power to decay heat productioen enly, The
plant control system then acts to shut down
the power conversion system in an orderly
manner.

POWER CONVERSION SYSTEM LAYOUT

A& relatively compact system arrange-
ment can be achieved by dividing the
blanket intc four quadrants of four mod-
ules each. To minimize the length of the
large diameter (1.2 m) helium ducts, the
four guadrants are not interconnected.
LEach quadrant comprises one main loop,
divided into two interconnected sub-loeps,
and one auxiliary loop, azlso divided into
two sub-lcops. Each maid sub-loop has two
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Table 8. Reactor trip parameters

Sensed Variable

Indication

Manual : -
Neutron Flux High
Power-to-Flow Ratio High
Blanket Coolant Moisture High
Blanket Coolant Delayed

Neutrom Activity High
Blanket Coolant Pressure High or Low
Contalnment Pressure High :
Main Steamline Pressure . Low
Main Feedeater Pressure Low

Power Loss
Logic Network

Plant Electrical System
Mzin Loop Trouble

blanket modules, two steam generators and
ong helium circulator. Each auxiliary sub-
loop has one auxiliary heat exchanger and
one auxiliary helium civeculator. These
main and auxiliary components and one-
quarter of the direclt converters are
connected together as shown on Fig. 5.

The conceptual arvangement of these com—
ponents around the reactor is shown on

Fig. 6,
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Fig. 6. MIFFR quadrant concept,
SAFETY

MHAFFR _SAFETY ANWALYSIS

The petential routine radiocactive
releases from the MHFFR will contain both
fission products and tritium, The poten-
tial fission product releases will be
smaller than those of a fission reactor
due to the low burn-up and the highly
retentive UqS1 fuel. The tritium contain-
ment aspects of the MHFFR are expected to
be the same as those of a pure fusion
reactor. Since both of these potential
routine releases can be assumed to consti-
tute only very modest and acceptable public
risk, the preliminary safety analysis of
the MHFFR has concentrated on the study
of potential accidents. The accidents
considered are listed on Table 9.



Table 9. Potential accidents .

Reacrivity Imsertiocn Accidents
Local -Flow Blockage

Steam Leakage

Fuel Handling Accidents
Belium Leakage -

A préliminary and admittedly conser-—
vative estimate was made of fuel heat up
rates in the absence of forced cocling by
assuming totally adiabatic heating. - Start-
ing at normal. operating conditions with
totally adiabatic heating at full power,
the design limits for the UaSil fuel are
met after 6 seconds. If reactor trip’
accompanies initiation of adiabatic heating
so that the power production is from
fission product decay heat only, the fuel
degipn limits are reached after about
128 seconds of adishatic hesting.
preliminary resulus are quite conserv
and more detailed analysis may extend
these time estimates considerably. Never-
theless, 4t is expected thav forced
cooling will have to be assured at all
times in the MHFFR. To¢ this end, two
redundant helium circulators were provided
in each main loop quadrant and these are
backed up by two redundant auxiliary
circulators of a totally diverse design.

ative

An aspect of the MHFFR that needs
further study is the design of the
helium coolant ducts., The ducting and
module support and containment concept
will have to be designed in such a way as
Lo assure reliable maintenance of adequate
cooling of the blanket through either the
main cooling loops or the auxiliary cooling
loops.

Reactivity Insertion Accidents. The MHFFR
blanket is designed to be substantially
subcritical at all times. There are, how-
ever, effects that could petentially
increase the blanket multiplication which
are outlined bhelow.

Bianket Movement. Since the system
will normally be far suberitical, flow or
seismic induced vibration and thermal
bowing effects are not expected to have any
substantial reactivity iwmpact on blanket
multiplication.

Steam Ingress. The addition of water
to the blanket will soften the neutron
spectrum and, dus to the low plutonium
inventory, will result in reduced reactivity.

Fuel Rearrangement. Major changes in
the fuel geometry could potentially be
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" tures.

caused by earthquakes .or fuel melting.

These would be major accldents with possible
sericus consequences. It is expected, how-
ever, that the blanket burnup will be low
enough so that criticality will be impos~
sible. E€riticality thus will not-add to

the risks of fuel rearrangement,

Flow Blockage Accidents. Blockage of flow
to an entire module will be avoided by
adequate redundant and diverse design fea-
"Local f£low blockage could cenceiv-
ably oceur and cause local fuel failure.
Propagation of such damage must be limited
so that cooling geometry is not extensively
altered. Based on experience with analysis
of the gas-cooled fast reactor, minimum
times for fuel damage propagation have been
estimated. Assuming full power operation,

total coolant blockapge and increased multi-

)

vo fuel
mindmun

vion due
ed that the
propagate from one the
acent assembly is 13 seconds. The
inket coolant activity detectors and
delayved neutvon detectors are estimated to
be able to detect cladding failure in less
than 5 seconds. Reactor trip in the MHITFR
occurs almost instantly upon initiation of
the trip signal. Thus it is expected that
fuel damage will not propagate in the event
of a flow blockage accident.

melting, it .
time for fuel damage

agsenmbly Lo

Steam Leakage Accidents. Rupture of a stean
generator tube could introduce water inte
the blanket coolant stream, This is
expected to cause no significant damage to
the blanket but could increase the helium
loop pressure and ultimately cause the loop
pressure relief valve to 1lift, venting
coolant-borne activity to the containment.
In the event of a water leak, the loop
moisture monitors trip the plant, isclate
the locp and dump the steam generator.

Even if the wrong steam generator is
dumped, the water ingress accident does not
constitute a serious risk tc the plant or
the public. Steam leakage into the
containment building or turbine hall is
similarly not expected to constitute a
significant hazard.

Fuel Handling Accidents. The method of
fuel handling during refueling was not
addressed in this study. Due to the decay
heat, the modules will probably have to be
actively cooled during refueling and trans~
port. Adequate cooling will have tc be
guaranteed. A reliable means of handling

the massive modules will have to be developed.

Helium Leakage Accidents. The primary haz-
ard from helium leakage is from coolant




borne fission products and tritium. Pre—
liminary estimates indicate that tritium
contributes little to this risk and that
the release of the c1rculat1ng activity to
the atmosphere would result in off-site
doses within 10 CFR 100 gu1de11nes.

A double—ended main helium duct rup-
ture could constitute a significant hazard
to the MHFFR and will have to bae designed
against. The danger from a main duct rup-
ture is the potential for causing further

amage that could compromise the ability
to cool the blanket. Suppert and contain-
ment of the helium ducts has not been.
addressed in this study. A number of
alternatives are possible including the use
of the supports and snubbers as used in
LWR's, the use of metallic "rip stops'' on
the ducts te restrict the = num size of
anyv duct ruptures and the use of i
or even total prestressed concrete reactor
veeqe? containment of the ducting and
primary loop components.

oy

DESTGN BASIS ACCIDENT

The design basis accident (DBA) is a
hypothetical, non-mechanistic accident that
is not expected to happen but that is
postulated for the analysis of engineered
safety capabilities. The DEA is initiated
by a sudden depressurization of one of the
helium loops. Tt is postulated that one of
the two main helium circulators is rendered
inoperable by this accident. The capabil-
ities of the reactor tompecnent designs are
such that occurrence of this DBA and the
loss of the remaining main helium circu-
lator, loss of off-site power and occcur-
rence of the design basis earthquake could
be tolerated without undue risk to the
public. Derailed system reponse analysis
to occurrence of such a severe hypothetical
accident has not been done for the MHFFR,
Nevertheless, the MHFFR conceptual design
safety philosophy and component specifi-
cation are sufficiently gimilar to those
used in the GCFR that the MHFFR could
probably be designed to withstand such an
accident without undue risk to the public.

 LICENSING

On the basis of the discussion above
the MHFFR appears to possess no inherent
features that could compromise the safety
aspects of the reactor. An adequate
methed for support and containment of the
massive blanket modules, helium ducts and
primary loop components needs to be
developed. If this can be done, the MHFFR
should be licensible under existing
Nuclear Regulatory Commission regulations.
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COST

Some very prellmlnary cost estimates
were made, based on the conceptual design
for the hybrid blanket and power conversion

system. The blanket must be replaced
approximately every four yvears., Its cost
should thus be considered part of the fuel
cvele cost rarher than a capital expend-
iture. The blanket cost was estimated to
be $94 million. Since one quarter of the
blanket is replaced at each reload interval,
the reload blanket cost is. $23.5 million.

The cost was estimated for the nuclear
steam supply system (NSSS) to be $295 mil-
lion or $3327Kw, for a net electrical out-
sut OL 889 h Included in the estimate
ig v coolant systen, the g
coolant qquew refueling ecuipment

P U i ontrols assocd
the primary coolant svstem. The
cest oests specifi sxcludes

the nuclear plasma 191and the fuel and

-such equipment that are notmally considered

in the balance of plant. The cstimates
include project engineering costs, indirect
costs, and an allowance for contractural
risk and fees. The cost estimates are
based on July 1975 dollars and do not
include escallation or interest during
construction. The estimates are for an
"eguilibrium' plant; first-of-a—kind
engineering and development costs arve not
included. '

CONCLUSIONS

The purpose of the work summarized
here was to assess the feasibility of
applying gas-cooled fission reactor tech-
nology to the mirror hybrid fusion-fission
reactor. The conceptual designs of the
blanket and power conversion system pre-
sented here are directly derived from
Ceneral Atomic's design experience with
the High Temperature Cas-Cooled Reactor
and the Gas Cocled Fast Reactor. From rhe
analysis of the conceptual design we have
concluded that the hybrid blanket and
power conversion system concepts are tech-
nically feasible. Existing gas-cooled
fission veactor technology is directly
applicable te the mirver hybrid reactor.
There are a number of aspects of the pres-—
ent design rthat may present problems.
Nevertheless, in general, the design
appears feasible,

There are no inherent features of the
hybrid concept that present fundamentally
new safety considerations to the reactor
design. Further work is needed, however,
in the area of the primary loop ducting



design, support and containment to assure
that the reactor will be adequately cooled
under all circumstances. The apparent
total absence of potential accidents that
could cause the system tc become super-
.critical does offer the hybrid reactor some
" advantages compared to fission reactor sys-
tems.  If the maintemance. of cooling can-

be adequately assured,.the hybrid reactor
covid be licensed under current Nuclear
Regulatory Commission regulations.
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- PLASMA PHYSICS BASIS FOR THE TOKAMAK
HYBRID REACTOR WITH INJECTION

‘ V. 1. Pistunovich
Kurchatov Atomic Lnergy Institute
Moscow D-182, USSR

INTRODUCTICH

_ The many years of successful research
by the c¢coltlective of the I.V. Kurchatoy
Atamic _hLIUJ Instityte and the studies of

w&n; aJP ries throughout the world in
YECE TAYE advUncou the Tokamak-

bype Sij(l; to the forefront among the
laberatories working in the fiéld of con-

- b .y PR Y s Doy aa i -
Lo Ted thersomictear fusion.

caneriment el

id

at an ion Lure
electron temperature of = | keV

Laipe Of e UL

TFR devices

On Lihe other hand, on The
Fecords he heen et ';h LG Tne
Ton L atum‘ tﬂn heat na, a pl"ci'la by

HWJ ‘.J\

fasv-neutral
GEUTYE l"[u! in
b ox iU

3 Grature
LEMnerd Lie

Tne results of these siudies permii
nighly retiable extrapolation ot fhe he-
navior of @ plasma in the reactor regise.
The Tokamak hybrid reactor with injection,
in which the (-factor of ths reactor with
respect Lo the plasma Qg &~ 1.7 s intvca-
sed to O = 10 by placement of uwranium-238
in the reactor blanket, c¢an be considered
the first step toward the creation of the
therponuclear reactor with DT fuel igni-
tign”.  As the calculations of Ref. (3}
demonsirated, in this case it is possible
Lo conceive of an eccnomically advan-
tageous stationary reactor with total fuel
efficiency n= 0.3 and a 14-MeV neutron
Flux to 6 x 101° cmm€.s-1.  However, in
these calculations it is oassumed that tha
value of g characterizing the stability

argin in the Tokamak plasma s 1.5, A

va1ue of gf{a} this small has not been ob-
tained at the boundary of the plasma column
in any experiment. Moreover, for a current
distribution in the plasma column that is

*Translated from the Russian by Addis
Translations International, Portela
Valley, Ca. 94025

c¢lose to parabolic, it is hardly possibie

to hope for a vaiue of g{a) less than 2.5
without taking additional measures to modify
the plasma column. Thus, hereafter we

shall consider o = 3.4,

Three years have passed since the
appearance of the first calculations for
the-stationary hybrid reactor based on .the
Tokamak 3 anu new experimental and calcu-

pohinye boon acoun WELh ro
tain problems which can in-
3 ' an s wWhola
e onew infor

tg dieounsod
el '-‘ sl

Inved da lated

this paper.

BASTC A,UPNTA ES OF THE
TORAMAK HYBRID REACTOR

The design of the hybrid reactor based
on the Tokamak presupposes the vealization
Fa two-conponent regime in the Tokamak
clasma by ine injection of deuterons with
anenergy of £y =~ 200 keV. To achieve a
{ ctor of G)i ~ 1.7, it s sufficient t
have a product of the p]asma den%nt t1rg
the Jﬂelgy Fifetime ngrp &~ 3 X 1073 em?

{see Fig. 1); ‘that is, for the plasma
densities already Jchieved it is necessary
to increase the energy lifetime by only
5-6 times and the plasma temperature by
about 19 times to T & '0 keV.

el

/
- /
e
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4 e
F 7’ 0 // i
) | /////// ATF =0
//
2 > /‘//
-~
» S
O 0.5 ] 1.5 2x10
-3,
neTE, cm Y-8

Fia. 1. O-factor of the reactor 0. as a’
i

function of Nafr at T = 10 keV,



in a reactor with -ignition, the ther- this a!so‘appears attractive to us, since

monuclear reaction is maintained at the in this regime one may expect less Sputter-
“expense of the energy of the w-particles ing of the material of the first wall of
which -are decelerated on the plasma elec- the reactor , for the coefficient of de-
trons and ions.  Therefore, in addition to %OPQLIOH of the gas from the métal surface
satisfying the Lawson criterion for the: dnder the effect of clectron impact is
operation of the reactor, it is necessary EOZ—on times less than the sputtering
that the Tifetime of the w-particles in coefficient of the wall material arising
Lhe piasma be no less than their bra?1nq rmm the fast WOnS and noutra1s 4 Thig in
tie, T#al 15, a value of @ =1 s for W, s i Tux of inpurvi-
A0 e and T om 15 kev. This addi- ties in the piacma in a two-component To-
_taonaE condition wiich is recuired for a kamak as compared to the reactor with
2rctor with dgnition is vnnecessary in Tgnition {ses Fig, 35,

tion,

*%n case of a i
ictor of the reacios

Fig. 7 shows the 0-
ol as a function of ng- oo considering . 4
heatinq of the piasma by the e-particles . 6x10. [ ‘ ]'

I\O solid curve] and without considering !
fhre -particles in the plas - :
baidnce (ihe dotted curve) for LhL Ui-re- ; '
actor on 1n3ect10n of a deuteron beam . “? a4l L= 6/

I intg the T T .- i

= 200 ke

i IL) [ ; 3 -4 i . \ : /
sence of the processes ]ead119 Lo the in- Tl { ‘/ : ,/
stantaneous drift of the - par11rTrﬂ from =Y ol

r plasna LU Lhe chamber waiit o
araciice no cot oon the {-factor of e

rEacLor, ' //‘ L

Gy .
: -
a| -
[ Fig. I n w. as a function of 7 .. for
< - ' @l f ) eff
éi two walues of 2001 - 6, 7 - 40,
1 for 7 = 10 keY, Ng ¥ s Q= 2,
| L , , xy Sy 200 keY, Fos b0
0 1 Z 3 &x10
-3 e . e
neTE’ cm ~es SELECTION OF THE INJECTION EMERGY
AND THE TOMNIZATION OF FAST HEUTRALS
o " N R IN A PLASMA
Fila. 2. U)w as & funcition of n_. con-
P et . 3 ‘
stdering the s-particle heating hs 1§\kn0wn Y oa deuteron energy of
; A Lpom 200-300 keV s most advantageous
(s017d curve) and without con- from the point of view of achieving max-
. or sart il T vaiies of the resctor -factor.  Howe
. ever, This energy xauge is disadvantageous
curve ;. from the standpoint of the efficiency of
obtaining the atomic fluxas both during
. _ charge exchange of the positive ions in
A% T5 Rnown, the two-component regime the gas and when using the cycle with
of the Tokamak reaclor is also attractive negative ions. This Tact forces us to
it the sense that, in order to realize consider the firsi demonstration designs
Gisoregiie, L is sufficiest for oniy wWiliv an injection engrgy of ty « 20U xev.
the nlasma electrons to be hot, while the The use of an injection enerqy of £y < 100
tons can be cold, that is, T, - Ty, A kel can lead to so-called injection insta-
possibie reactor operating régime such as bility connected with intense bombardment



by the charge-exchange neutrals of the : 0.2y
first reactor wall near the injection
point. Fig. 4 illustrates the charge-
exchange neutral distribution over the re-
actor wall with the parameters n =

7 x 10137 em3, F = 15 keV for different
values of injection energy. The propor-
Stjon of neutrals drifting to the chamber
wall as & function #f the injection energy

~is presented in Fig. 5. Fig. 6 ilius-
trates the spectrum of the charge exchange
neutrals drifting to the chamber wall, ‘ 0.1

.01+

Fig. 5. Proportion of the charge-exchange
neutrals drifling to the chamber wall
as a function of {he injeciion energy.

Fig. 4. Charge-exchange neutral dis-

tribution over the chamber wall, 0.03 -
Ed = 30 keV, ]max = 20 keV, .
ST IS E. = 80 keV
Max 107 em 7.
From the data presented, it fcllows 1 0.02

that in order to decrease the amount of

impurities entering the reactor plasma

from the wall, the injection energy must i

be increased above 160 keV. Increasing
the injection energy is also useful with
regard to maintaining a given density in 0.0% -
the reactor, for the corpuscuiar 1ife- '
time of the particles exceeds the energy
lTifetime.

- = !
EO 200 ked

Recent indication that the presence -
of impurities in the reactor piasma can
Tead te @ decrease in the depth of pene-

. ) . 1
tration of the atomic beam into the plasma
also indicates the necessity of choosing 0 2 818325072098
a higher injection energy. Thus, the in- . _ S, keV
Jection enevrgy of Eg = 200 keV selected d
in the initial version of the design3 is Fig. 6. Spectrum of the charge-exchange
still sufficiently well substantiated neutrals drifting to the first
today. wall of the reactor.



- STABILITY OF THE ION BEAM IN A PLASMA

The recent intense theoretical studies
‘of the probTem of the stability of the ion
bean in the Tokamak plasma®.® have re~ .
veaied that in a iscthermal plasma with
Te = Ty -the most dangercus instability
may turn out to be the Alfvén wave in-
stability. However, even in the presence
of this instability it is possible fo
point out regimes in which it will not
develop, for example, on injection of the
beams at different angles to the magnetic
field. In the nonisothermal plasma with
T« Ty, the instability of the oblique
ion-sound vibrations is the most danger-
ous. The-theoretical studies of Ref, 7
as well as the model experiments Ref. 8
and @ indicate that 7t will apparently be
tpossible to insure a stable state for
the ion beam in the. two-component -Tokamak
plasma ‘at Ts 2 3 Ty, The ion-sound in-
stabiiity developing here will lead to
intense scattering and braking of the ion
beam. Unfortunately, this reduces the
possible advantages of the two-component
regime.

OEVICES FOR PUMPIRG PARTICLES

In order to create a stationary
reactor based on the Tokamak with injec-
tion, it is necessary to provide for pump-
ing of the injected particles after
their deceleration.  The particie fluxes
which must be dealt with are such that %o
remove them from the volume it is neces-
sary to achieve pumping velocities cor-
responding to particle velocities = 107
an/s.  This leads to the unavoidable use
of the devices which are known as diver-
tors. The application of one type of
divertor or another complicates the reac-
tor structurally and increases the volume
of the magnetic field for the same volume
of plasma. At this time it is difficult
to give preference to any one type of
atverior, but the fact that without such
a device the stationary reactor based
on the Tokamak is impossibie remains
unquestioned.

The structural development of the hy-
brid reactor with a divertor can lead to a
reduction in the initial output data of
the reactor.

PLASMA PARAMETERS

Recent experiments on the ALCATOR,
T-10, 7-4, and TFR Tokamaks have demon-

strated that from the point of view of
the accumulation of impurities in the
plasma, the r@gimes with high density
(n 2 1014 cn™) are preferable. Under
other equal conditions, increasing the
plasma density leads to an increase in

,3-_=”8w2nT/HZ;or an increase in thecurrent
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in the plasma. On the other hand, increas-
ing the stability margin q means using a
system with a large magnetic field H and,
consequently, implies an increase inthe
critical value of the magnetic field on

the surface of the superconductor. .

Thus, the choice of the following
reactor parameters appears at the present

time to be the most justified:ﬂ q =~ 3.0
instead of 1.5,/ = 6-10"7 ¢ 3, 7 o ¥
15 keV, g 2

1L = 0.5-0.3 5, a = 1.2+
1.4 m, R/a = 4, . :

ihese parameters lead Lo somewhat
worse output data for the reactor compared
with Ref. 3. However, it is obvicus that
with the exception of the value of g, from
the present standpoint the choice of the
remaining parameters in Ref. 2 has proven
to be close to optimal.

CALCULATING THE REACTOR Q-FACTOR

The single-particle approximation was
used in the first calculations of the re-
actor Q-factor to calculate the probabil-
ity of the BT reaction during braking of-
a fast deuteron. The guestion of the ac-
curacy of this approximation has been
raised, For this reason, calculations
were made of the plasma ion distributicn
function, by means of which it is possible
te determine precisely the energy yield of
the two-component system. The question of
the effect of the collisions of the beam
particles with each other on the ion dis-
tribution function and, ai the same time,
on the magnitude of the Q-factor of the
two-component system has been ciarified.
The evolution of the system was consider-
ed for plasma velocities uniform in space
and 1sotropic in space: the deuterium
bgam in the deuterium-tritium plasma, as-
suming a sufficiently large energy life-
time. The results are presented in Figs.
7, 8, and 9. From the figures it is ob-
vious that, compared with the quasi-linear
approximation, a consideration of the col-
Tisions of the beawm particles with each
other leads to little variation in the



deutéron distribution function and to an
5% in the energy

increase of less than

yield,
2.5
2 L
C:}~
J05 -
1
Fig. 7. Reactor Q-factor as & function of

beam density.
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¢4
10 0.4 0.6 0.8 1
v/vo
Fig. 9. Plasma deutercn distribution

function.

Thus, for calculations of the Q-fac-
tor of the model close to the real two-
compenent Tokamak, 1t is sufficient to
solve the quasi-Tinear problem in which
the coliisions of the beam particles with
each other are not considered, but the
effect of the beam on the basic plasma is
taken into account. The error in deter-
mining the (-factor does not exceed 5% in
cemparison with the exact nonlinear prob-
tem. This conclusion is quite general in
spite of the fact that in the given model
the tritium ion temperature was considered
to be constant, and the contribution of
the tritium ions to the precess of relax-
ation of the deuteron beam was not taken
into account.
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OPTIMIZATION OF FUSION-DRIVER PISSIONING SYSTEMS

Do L. Chapin and R, G, Milils
Plasma Physics Laboratory
Princeton University
Princeton, New Jersey 08540

ABSTRACT

Potential advantages of hybrid or fubiOn/flbblon systems c¢ah Dbe
exploited in different ways., With selection of the U238.pu239 rye) cycle,
we show thatl the system has greatest value as a power producer, HNumerical

n oW production va, Pu=?Y production
are discussed, and possible plant characieristics described. The analysis
tends to show that. the hybrid may he more ecconomically attractive than
pure fusion systems.

avamples of  relaitive rovenue from

I. Introduction prossible systems superior to those
- ) - : C -utilizing fission or fusion alone.
A fission system  has the
;-l(j\,rantag@ of rgnerating a large Hypothet]’,gﬁa% studies of fusion
amount of  energy  (~ 200 MeV) per nower nplants s indicate that
individual neutron-induced event. although apparently possible, it is
A fusion Syst e generates a difficult to fing an economic
smaller amount {~ 20 MeV) per fusion svstem. Sheuld the current
individual event, but a larger research programs prove that high
amount per unit mass of fuel temperature plasma confinemgnt
consumed, Fither svstem alone has annot comfortably  exceed  the
gifficulty with the neutron traditional Lawson criterion,
economy, on the one hand because achievement of  practical pure
the fission neutron spectrum is fusion systems may prove very
soflt (vielding LWR conversion difficult indeed.
ratios of ~.8), and on the other
because the principal Cost estimates of fusion power
fuel-breeding reaction, systems, even those done very
carefully as in the cited
4 references, must be viewed with
Li6 +n -+ T+ He . (1) considerable skepticism since these
systems have not vet been proved
possible and may require systems or
produces only one fuel nucleus per ancillaries not  anticipated  in
neutron absorbed, and the fusion these studies.
gaction,
Although any complete
evaluation of the economy of =a
D+ 7 -+ ]{e4 + n , (29 proposed system must include & .

valid cost estimate of the plant,
we seek in this paper Lo discuss a

more restricted question: Is a

makes only one neutron, hybrid fusion-fission system more
valuable as a power producer or as

However the neutron from (2) a generator of fissile fuel for use

iw highly energetic (14 MeV), and in Tission reactors? Tmplticit in
the interaction of this fast our argument is the assumption that
neutron with fissionable materials the total idnvestment in the final
can remove the difficulty of the plant will prove relatively
neutron econony  thereby making ingensitive to  the design changes
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nccesbary to shlft the use of the
neutrons liberated.in the. machine
between fuel production and power
producticn.

-neutron balance of the system, and
variocus ways to ‘use the neu*rons
to generate revenue,

TT. Blanket fleutron Balance

The Tirst step in the
analysis is to derive an
expression for the neutron balance

in the hybrid reactor blanket that

relates the fissile fuel
production to the energy
-witwnl10a110n (fisgsile fuel
B ) This o be  found by
sy egquating the neutrons
d\a]i tble in the Dblanket {source
plus multiplication) to the
neutzons absorbéd in the blanket
plus  leakage from the blanket.
The total number of neutrons in
the hlanket (normalized to one

source neutron) is written

i

Neutrons available

(32

1 + & + v + vs

where

1 = the source neutroen

£ = neutron multiplication through
{n,2n) and (n,3n) reactions in
the blanket

¢ =z number of (fast) f{fissions in
Tertile nuclei (e.g., U238 oy
Th232) per source neutron

v oz oaverage number of neutrons
produced per fissiocn of fertile
nuclei

s % pumber of fissions in fissile
nuclel per source neutron

v = average number of neutrons
proeduced per fission of fissile
nuclel.

This equation (3), of course,
represents a spectral average for
v and v since they will be strong

Below we describe the
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functions of eneryy3
a -one group average,
define v by

it is really
i.e,, . we

JI\)(E)of(E)n(z)d;(E,E)d}:dl:?
oo, ryaran

v

(4)
where of(E) is  the. fission cross
sectioch, nir) is the nuclear
density, and &(r,E) is the neqtron
flux, This one group approximation

for v and v will be
for our analivsis since
interested in general
the neutron specirum is
insensitive S to  the
variations to be made,

satlisfaciory
we are only
trends, and
relatively

limited

The absorption of the neutrons
in the blanket mav be written as

Neutrons absorbed =
T6 +p +C+ 8 (53
where
T6 = nupber of neutrons absorbed in
1106 per source neutron
P = parasitic absorptions (e.g., in
structure and shield) and
leakage Tfrom the Dblanket per

source neutron

C £ number of neutrons absorbed in
fertile nuclei per source
neutron

S £ number of neutrons absorbed in
fissile nuclel per source
neutron.

We assume all absorptions in
the fertile and fissile nuclei
either produce a Tission or
radiative capture (n,v) event, so
that

C=c 4+ v . (63



‘where Y is  the number of capture
events in the fertile nuclei penr
source neutron. We choose to
write S as .

S = s(1 + a) _ ()

where o 1s the capture-to-fission
ratio, Again, o 1s  a one-group
average to ofB) and is defined in
a manner similar to eguation (4),
i.e,,

[E I’.ir

[{GW(E)H(X)é(E,I)dﬁdF

CTTN
oyl

ERTR A O T
i [ ) :

IR R

i

P
e
-

whiere QY(E) is  the capture cross
section.

A pavameter of interest in
defining the blanket performance
is I, the net number of fissile
Tfuel atoms produced per source
neutron, defined as

F=vy-85 . (9)

By equating (3) and (5) and using
{(6), (73, and (9), we arrive at an
expression for the neutron balance
in the blanket:

-~
1 + & + ve + vs

= TG + p +t o+ F

+ 2s(1 + a) , {10)

which may be rewritten to vield a
direct relation between F, the net
number of fissile fuel atoms
produced in the Dblanket, and s,
the number of fissions of fissile
atoms

r

(1 -Tg) + (¢ - p)

+ (Y - 1)

+

alv -~ 2(1 + w)l . (11)

We could alsc ‘write this
balance in terms of M, the -  system
energy multiplicaticn defined as:

M= L [17.6 + Ec(cts)]  (12)

17,6

where Ef is the enerpgy release per
fission. (x 200 MeV), and 17.6 MeV
ts the fusion reaction energy.

Thus  eguation  (11) is  the
basic form ‘©of the neutron balance
that ‘relates  the fissile fuel
production - (1) to  the blanket
Tissile fission rate (8) and  wil]
: used in GONTT meotion in

caleulation the value of a mole

of
af neuirons, As  Aan dinteresting
aside, eqguation (11) shows that ¥
will increase with s (i.e., a

breeding lattice) if

V- 21 + @) >0 . (13)

Thig is simply the well-known
requirement from fission technology
that Tfor a reactor to breed, the
gquantity n must be greater than 2,
where n is defined to be the number
of neutrons produced per neutron
absorbed .in g  Tissile nucleus.
Since

the requirement in eqguation (13) is
the same as that of a breeder
fission reactor,

I11. Revenue from a Mole of Source
Reutrons

If we consider the hybrid
reazctor as an independent device
capable of producing large
guantities of 14 MeV D-T neutrons,
we can design the blanket either to
emphasize the production of fissile
fuel or the generation of power,
The trade-off between these two
products can be evaluated by
calculating the potential value of
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a certain quantity of
(say one mole) in terms o
Trom the sale of electri
from the sale of fissile

The revenuc Trom th
power,; Ry, in dollars pe
source neutrons, may be w

neutrons - - Power for Sale
f revenue sys ~ .Total Power Produced
city and . .

Tuel, o b

S

e sale of ' P I _ (17)
r. meie of : : |
ritten as

For. a beam driven reactor with

r 3 R T A R
R, = 4.71 x 107 M n o (14) total beam injector _power Py, the
B . - BYs - tetal power produced is
where Po=P QM (18)
Newe = the reactor power plant
T fa VT e e {ddiarngacd in R . . . R .. .
1 v L 1(;A(1l 3 enmRee H WO Q 1 v LT Mo Wi HETECIN RO
detail below power ta beam  power., Tvpically @
- . . . will be on the order of one for a
o ~ =y Y 8 TR M - at
¢oE price of electricity, beam-driven system,* but can be

dollars/kwh,

The revenue from the
Pissile Jfuel, Rp, in do
mole of source heutrons
written as

RF =T A D
where
A = atomic weight of
fuel
P # price of the fiss

dollars per gram,

quite large for an ignition device.
Here M is the multiplication of ithe
fusion neutron power in the

sale of . . . “
blanket, defined in cguation (12),

llars per
.,  may bhe

Thus, the total revenue R, in

dollars per mole of
neutrons, is the sum of R

D

B = 4,71 x 10" M

+ F AP .

Systen Ifficiency

The reactor system e
is defined as

The power for sale, PS, is
written as
(15) b,
I)n N, lr\ - T
& Lh 1 nI
i
o = P %
he fissile 1y @ nI) (19)
ile fuel,
where n,, is the thermal conversion
efficiency and n is the beam
injector efficiency’
source Then from equations
M and RF: (17) - (19) the system efflficiency
' is
lgys ©
1
N =n,, {1l - g1 . (20)
3 MG
(16) sys  th M,
Thus, since Mgy s Is o funciion of
M, we can Cobbine equations (16)
fficiency and (20} and use eguations (11) and
(12) (with Ef = 200 MeV) to
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eliminate I to find an expression
for R(M): . '

1

. =4
Ro=4.71 x 10° eM - ]
| o Weply

nth

APl = )+ (2 - p) * eV - 1)

ol - 2(1Fn) ] ow [0,0880M21) - o]
(21)
Hence  equation  (21) is a
relation for the value of a mole
I A P S T FE TR Pnoneerres of 0 &
number of variables, Eight of
these - 4, .’!“6-' Gy, V,u, and
v - are diréctly related t€o the
blanket materials and their
neutronic performanceo, Three
others - P, e, and P depend
. . ; SYVS : .
on  the market the Aybrid is

serving and on the overall reactor
plant design,

Iixample One

For an exanple  the fTollowing
values for the neutronic
variables: Vo= 3,9, vo= 2.9,
o = 0.72, ¢ = 0.35, Tg =1, € = p,
By o= 200 HeV were adopted., These
were found to he typical of
several blankets.” Also assume
Ney = 0.40, np = 0.50, @ =1, a

price for electricity
¢ = 0,02 5/kWh, and Pu fuel
(A = 239), Then equation (21)

reduces to

R o= 3.77 x 10° M + P(299.1 - 11.4 M)

- 1.88 x 10% (22)

This is plotted in Tig. 1 for four

different values of P = 835, 3100,
5331, and 5400 gm/Pu. The
break-even price for this example
is $331 - extremely high in
today's market (~ 335/gm). Hence

we concliude it is  better to
optimize the blanket for power
production. llowever, as the

blanket multiplication approaches

very high values (M.~ 25 - 30

{00+ Y / T 1 T
e P=$400/gm Pu

90

80}
\ $ 330

-0l (ingifference Price}

0% $)

ex$0.02 /wh
My 040
c= Q.35

i $JOG e /"""5“ 55
i a0 //

e Brégn, - Ly el
/ (£ !

LTRONS {b

£

USION N
o
(=]
T

F<0

= | S
_i: Fusion : © k~0.9
i

Pure

10 / F-NET PU ATOMS PER SOURCE ~ NEUTRON ™
fooo8 8 4 2 0 -2 -a

S AU B -

OL 4 L ! | i |
& 5 10 15 20 25 30 35

M-BLANKET ENERGY MULTIPLICATION
Figure 1. Heutron revenue vs.
blanket energy multiplication M
for c{fertile fissions per source
neutron) = 0,35,

three sigaificant problems arise

which tend to limit - the
desirability of this case. One
factor is the wvery high inventory
ol Pu needed to  achieve these

values of M; anocther is that the
blanket may become close to
critical. Also, the thermal power
output of the reactor could bhe too
large to be practical, even for a
low Q beam-driven reactor, Hence
the nost desirable situation would
seem to be one in which ¥ is as
large as practical (~ 20) within
the inventory, criticality, and
total  power outpuil limiis; there
would then still be a substantial
production of excess Pu for sale to

fisgion reactors which would
renerate additional revenue for the
hybrid plant. A similar

calculation for a pure fusion
reactor, assuming a total energy
vield of 22 MeV per fusion event
(M = 1,25), gives the wvalue of a
mole of fusion neutrons in such a
system to be 34700, also plotted on
the graph, Hence, the hvbrid

-67-



blanket can significantly increase
the value of the fusion neutrons.

To investigate the
case of the break-even price of
"Pu, we can take the derivative of
equation (21) with respect to M
and set it to zero to solve for
P., the Pu indifference price,

B - as 6 Nn €
Yo T 03 x 100 sy T -
(23)
Clearly the price, P., will

sensitive to the neltronic

RS 0=, woand v ous well  as
e and e, However for realistic
vilues  we always find PC is about
$300 - dndicating it is  more
profitable to optimize for power
production.
Example Two

In the above example we used

a value for ¢, the number of
(fast) fissions in U<938 per source
heutron, of 0.35, which yields a
multiplication (M) of 5.0 and
lissile production rate (Fy of
about 1.0 with no Py fissions in
the blanket. The value of ¢ will
of course strongly depend on the
fast fission (converter) zone
thickness and material composition
(particularly through the ratio of

fertile material to structural
material); the value ¢ = 0.35 was
found to be typical _of several
blankets investigated.

However, if a different
neutron converter design is

utilized, a larger number of fast
fissions may occur. As a second
example, we will wuse ¢ = 0.63,
which gives ¥ >~ 8.2 ang F ~ 1.8
from equations (11) and (12) with
s =0 {(no Pu fissions) and
assuming Tg = 1, £ = P, and
v o= 3.9, These values of ¢, M,
and F are approximately those of
the blanket design of reference 8.

For the sake of comparison,
we can derive an  expressicn for
the revenue per mole of neutrons
similar to equation (22) except
for the larger value of ¢ = 0.83

general
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=
It

(with
Nehe

the same values for v, q,
etc, as in example one):

3.77 x 10° M + P(529.3 - 11.4 M)
88 x 10° : 24)
~1.88 x 0% . (24

This is plotted
we see that the

in
Py

| TP 8400/ Py -

-BOL
P T L

Fig., 2., where
indifference

¥ 330

{indifference Price}

$>//

100
/

e:5002 /kwh
k=040
c=063

o]
=

$35

[o13
(=]
I}

VALUE OF A MOLE OF FUSION NEUTRONS

k~ 09

pure  F-NET. PU ATOMS PER SOURCE NEUT#SKFT

/Fusion 18 -6 14 12 o 8 &
[ I i 1 L

201

L

SOV BT
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M-BLANKET ENERGY MULTIPLICATION
Figure 2, Neutron revenue vs,
blanket energy multiplication M
for c{fertile fissions per source

neutron) = .63,

]
35

price P is still the same as
example one, i.e, about $331/gm Pu.

This is shown by equation (23) for
Pa, which is independent of ¢
(fertile fissions). However, what

the larger ¢ does is to increase
the revenue (R) for the same M and
P relative to example cne, This is
due to the fact that the increase
in ¢ results in a larger F for the
same blanket multiplication.

By cemparing Figs., 1 and 2, we
can see that for the same blanket
power production the revenue Trom
the neutrons increases with ¢; e.g.
for P = $100/gm and M = 10, blanket
2 yields about a 60% increase in R



over blanket 1. -Also, if we wish
to obtain the same revenue from
each blanket, then for blanket 1
seme of the Pu must be burned to
raise M (dnd at the same” time
lowering F), while "blanket 2 can
operate at a lower M, producing
more fuel. Nonetheless, if the Py
price is less than the
indifference price then the value
of the neutrons in either blanket
can  be further increased by
optimizing Lor power production.

IV. DPossible Plants

To  avoid a Targe dnitial

RIS

inventory, 1t would be pousi
begin plant onerations as a  fuel

RSN i

time recycle the produced fuel 1o
incr & . The plant SISy

output grows in fime.

Tt would be fairly easy 1o
shift the blanket characteristics
from high M to high ¥F, the most
obvicus method being to control
the Pu inventory in the blanket,
Another way is to vary the IEAY
atom percent in the Li -~ a lower
Li®  concentration will tend to

raise M by allowing more Pa
fissions, and the extra fission
neutrons can still providg
adeqguate tritium breeding.®

Conversely, a higher Li6 densitv
can guench the fission reaction
and raise F, Molten salt type
blankets would be particularly
amenable to this isotopic
conecentration control.

As an example, take a beam
driven (Q =~ 1) machine with the

following paraneters: M= 8,
= 1,1, P, = 300 MW, where Ppois
the fusion™ core power, Such a

plant would produce 1800 MWth and
about 1500 kg Pu/vear.

Il we are interested in high
M o{~ 203 blankets, the regquired Pu
inventory may be about 8000 kg Pu,
s0 that the low M, high T blanket
would need t€to run about 5.5 vears
to bhuild up this much Pu.

However, suppose we run the
low M blanket Tor Lwo years,
producing about 3000 kg Pu at a
power level of 1800 MWth. After
this ftwo-vear period, the 3000 kg
of Py is  transferred to  the

blanket, raising M to about 12 and
lowering T to ~ 0.75. Then the
piant would run another five years,
at about 3600 MWth while producing
~ 1000 kg DPu/year,  so that at the
end 6f this period the total plant
inventory would be 8000 kg ~ enough
for the large ¥ blanket.

Thus, after this initial seven
vears of operation in which the Pu
Inventory is  bullt wup to 8000 kg,
the plant could run oat M o= 20
(= 6000 MWth}y and, with ¥ =.0.3,
could then sell about 400 kg Pu per
year for the balance of the plant
operation,.

AUN Optimization of Revenue wva,

in this paper We have
addressed the question of the total
revenue available from a - quantity
of fusion-produced neutrons,
However, this deoes not directly
specily the most  economic svstem,
since that question 1requires plant
cost  information. As one shifts
plant design towards greater power
production at the expense of fTuel
preduction, one must add heat
exchangers, turbines, etce. as  well
as modify the blanket to handle the
higher energy generation. It is
clear that accurate inclusion of
these effects 1in order to minimize
the cost of power rather than
maximize the revenue would reduce
the plutonium indifference price,
but it would he surprising if the
effect were strong. Hence, it
seems likely that the most economic
fusion-driven system will turn out
to be a hybrid producing power ai a
competitive cost with a low cost
bypreduct of fissile material,
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- INTRODUCTION

here on one vear of
at the Princeton Plasma
Laboratory on the
Is there a2 commercially
interesting "TCT style" tokamnak
hybrid that c¢an be built in the
1990's?  Implied in  this guestion
i the further query: Can such g
device be viewed as a practical
spin-off from an eninently
successful Toroidal Tusion Test
Reactor (TPTR) experiment? The
answers to  these questions have
been sought through a conceptual
design, Participating in this
study, in addition to PPPL
personnel, have been an industrial
fellow from Stone & Webster
Engineering Corporation and
personnel from the Battelle
Pacific Northwest Laboratories.

We report
study
Physics
guestion:

The answer to the first
guestion is not yet c¢lear, but the
study has revealed that the
implied second question nmust  be
answered in the negative, namely:
The tokamale hybrid appears Lo be
sufficiently larger (R > 6 m,
a ~ 2 m) than the TFTR (R ~ 2.7 m,
a ~ 0,85 m) and sufficiently more

complex, hy virtue of the
necessity for a divertor, that the
TFTR cannot be considered to bhe a
good Ttest  bed? for the fusion
part of & commercial hybrid.
However, the success  of  a bean
driven plasma in the TFTR has hcen
assumed and BErVes as the

-1 e . -
nd i

o

Is required,
~double null style of divertor are considered.
multiplier region containing natural uranium followed by burner
(flibe) loaded with PuFa to enhance
hag e

-7~

P beams.
Both

vear of-study of 4 tokamak hybrid réactor. Thoe

To obtain long burn times u
the single null and the
The blanket consists of a

tha energy
1tly to w

plicd only

il 9 [
foundation of <the analvsis of the
hybrid plasma reacsivity,

A second  assumption thoat has
been made dis  that the lhybrid
plasma will not, or cannot,
satisfy the condition that the
product of the electron density,
N, and the energy replacement
time, Ty, . he greater tiran

o)

1014 sec/cm3, For if the hybrid
plasma could attain this condition
- akin to the so-called Lawson
criterion - then the plasma would
be near a state of dgnition, and
the rationale for a beam driven
hybrid operation would be
guesticnable.

fallen into
somewhat
plasma,
economic

plasma  and
through the
divertor ducts,
requirements,
form of the

has
but
the
and
The

The study
three related
independent areas:
the blanket,
considerations,
blanket interact
geometry, size of
and shielding
Leonomics - in  the
estimated cost of electricity
produced by the hybrid -~ is to bhe
used to make design decisions., We
shall discuss the blanket first.

BLANKET DESIGH

blanket has its
the desire Lo
different from
done, intuition

The choice of
subtleties such  as
analyze something
what others have



be easier to make

af .

as to what will
or what will be

in  the future, and so on. The
question of how much power versus
how much fissile fuel the hybrid
should make is still not fully
rescived in  our minds, but for
most  of  the time ' we have heen
persuaded in  favor of making
power, Therefore we have

approached the blanket design with
the desire to preserve the option
of  high energy multiplication.
High encrgy wultiplication coupled
with the necessity for each 14 MeV
neutron to, cause the breeding of
at least one triton places a
proetium on the need  for neutron
muitiplication in blanket .
RN BEUUron i N
neutrons
think of
region
We have alsc had
experience thinking about the
molten salt, flibe, as a source of
Yithium from which toe hreed
tritium,. It is easy to remove
tritium from flibe. The molten
salt  can  be slowly pumped across
magnetic fields and through
aimost arbitrary shapes - features

the

. H ':,‘u:t.'i,f-‘;z'
cnergetic
Honeos  we
multiplier
uranium,

than /
a neurron
containing
some

that ralse  the possibility of
continuous processing of the
toroidal Dblanket. It has a high
heat capacity, but its use as 2
coolant in magnetic fields is
dubious hecause of rossible
corresive electrolytic action
between the molten salt and the
conduit walls., We chese helium
gas at some BO atmospheres as a
coolant. Figure 1 shows our
VoIn S0 va e 15 vio
Hy0 10 vie SALT, 5wl STEEL SRvio
STEEL ¢ v/ [4 8l vio SALT, 80 v/o
SHIELT HIDERATOR SCAVENGER
RADIAT T4 l i
5 15 10 30 010 20 10100010
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Figure 1. HYBRID SALT BLARKEY 2 SHIELD

more interest.

-T2

standard blanket and shield model
from which fuarther variations will
be made, The fissile fuel bred is
plutonium, -

cccupy
multiplier
to consist of g
bank of long tubes filleg with
hollow slugs of natural uranium -
moly alloyv and cooled by helium gas,
Here the 14 MeV'  néutrons  are
seattered and absorbed, fast
fissions multiply the neutrons, and
plutonium is bred as a consequence
of neutrons scattering back from the

blanket and shield
The neutron
imagined

The
150 cm,
region is

burner and moderator regions, The
burner  regions  are mostly flibe
apiled Wi il sOMme Palk, | o
proportions  of  Bep and " Lii  ar

adjusted to minimi%e the melving
temperature of the sair, The Li0

content 1is depleted to 0.83 a/o in
order to  reduce  ‘the neutron
absorption even though Li® is the
principal source of tritium, The
carbon nmoderator thermalizes an
otherwise rather energetic

epithermal neutron spectrum thereby
reducing the captures and enpancing
the fissions in the piutonium,

The
flibe with

scavenger
4  smali

region contains
amount of UR, .

The Li% is enriched to 10 afo, This
region  is  designed to utilize the
fission-horn neutrons from the

burner region which would otherwige

leak into the shield.

At a  first wall loading of
0.5 MW/m2 of 14 MeV neutrons and a
blanket energy multiplication of 23,
the power density is 15 My/m3 in the
U-to  _in  the converter region,
5 MW/m? in the salt 1in the burner
region, and 35 MW/m3 in the salt in
the wmoderator vregion., There is noe
power produced in the carbon
moderator and a negligible amount in

the scavenger region, A net of 0.34
atoms of Py is produced per
14 MeV neutron. The k o 18 0,7,
eff

The blanket energy
multiplication and the net Tissile
fuel production can be varied in
approximately a linear fashion with
increases in multiplication
accompanying decreases in fuel
production, The energy
multiplication c¢an be varied from
hear 33, at which value the net
Tissile Tuel production vanishes, to



be
the

This variation can
by -changes . in:
amount of Pu¥F, in the sali, the
sige of ° the birner region, "or the
Li% content of the burner salt.
" The scavenger region can keep the

below 6,
produced

tritium breeding ratio above 1.1
over this range of  parameter
changes. So rmuch for the blanket.
PLASMA MODEL

A steady state HOTO
dimensional medel has been used to
describe the plasma, We consider
1 background plasma consisting of
and trifium at some

hoth d(?lll,n}“l_lll‘-l
DULE U ol
‘:“:\l'

izv the
neutral
deuterons

plasma is sustained
injecrion  oi energetic
beams of tritons and

into the plasma, To permit long
pulses without ‘"loss of fusion
power a divertor is required. The
injection energy of the {ritons is
taken Lo he 1.5 times the
injection energy of the deuterons
to ensure egual penetration of the
plasma by both beanms. 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 “veloeity
distribution, characterized by the
bulk piasma temperature, plus a
"hot" distribution of slowing down
beam ions., The total reactivity
of the plasma 1is then the sum of
four reactivities: that due to
the bulk plasma alone, that due to
the slowing down deuterons with
the Dbackground tritons, that due
to the slowing down tritons with
the background deutercns, and that
due to the slowing down deuterons
and triteons interacting with each
other, Four paramcters
characterize the reactivity of the
plasma. They are: the deuteron
beam injection energy, Vs  the
background plasma temperature Tes
the ratio of the densities oi the
superthermal or 'hot" d1lons to
clectrons, n /np, and the ratio of
Dowo T in LLg Dackground plasid.
The rcactiv1ty is also
proportional to n, However, the
electron density 1% coneraJned by
considerations of both hear
penetration and the maximum p]a%m&
Prsssnre that the tokamak

this
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can sustain, Scome
results of this plasma
presented in Figures 2-5
Jassby and U, H, Towner,
Reactivities and Neutron
Characteristics of.
Beam-Driven Toroidal Reactors with
Both D and T Injection, Princeton
Plasma Physics Laboratory Report
MATT-1180, 19786), '

discharge
caleulated
model are
(. L.
Fusion
Source

the ratio
powver produced o

Figure 2 presents @,

of  total fusion

i ] A 1 1
6 020 029 028

1
Q12
fingt/g

O l 1
0 004 008

Figure 2.

total beam in
plasma
insensitive to the
n.. lHere a 50:50

in  the background
assumed as well as completa
retention of Lhe Tusion alphs
particles during their slowing down.
For plasmas rich 1in  superthermal
ions the wvalue of Q tends 1o be
limited to that achievable by the
beari—plasma and beam-beam
interactions alone valtues ol

power
Varsus

deposited the
np/tgs Q 15
absolute value of
nixture of D and T
plasma has been

The



curves, are
order to
power,

NaTy, shown in dotted
‘relatively low in
accemmodate the high ~beam

The reverse is true for plasmas
that are iean in superthermal
ions, Tlre  higher values of Q

reflect the larger fraction of the
plasma ~ reactivity “heing produced

by the thermal background plasma
rather than by the beams, Also,
with the reduction of - plasma
heating by the beams it is
necessary  to  reduce the energy
loss  rate froem  the plasma, and
hence relatively high values of
D,Tw are necessary, The value of
n,T; is  thus to be viewed as a

réguirement on the plasma behavior
deterrsined by the chuice
pararneters in the plasmn

that 1is

of other

Wkl

can

and
reactor

Total  bean
loading of an
auproximated Lhe H
mode 1 provided additional
assumptions are made regarding the

power
entire
with

T
I

plasma  geometry and the strength
of the torecidal and poloidal
magnetic fieclds, The resulis
shown in Figures 3 and 4 apply 1o
circular plasmas with: the aspect
ratio equal to four: the "safety
factor", q, equal to 2.5 at the

edge of the plasma: and the Plasma
bressure being limited by either
"beta-poloidal” {(the ratio of
plasma pressure to the pressure of
the poloidal magnetic Tield)
egualling two-thirds the plasma
aspect ratio or the e-~-folding
iength of bearn penetration
ecualling half the plasma minor
radius,

relates ( to the

developed in
plasma. For a
and nl/ne there is a
among  Q, T,

Figure 3

Tusion power
different sizes of
choice of W
unigue relationship
and n}TF as indicated in Figure 2.
For Tedctors 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 To
in the vicinity of 1013 g ¢pS3%
Furthermore there 1s a masirium
fusion power for a Tfixed plasma
size. Conceptually one arrives at
this maximum by somehow adjusting
the value of 0, T

total
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Figure 4 displays the neutron

wall loading
plasma sizes,

versus W, for various
(The wall is taken to
lie 20 em beyvond the plasma.) The
maximum in wall loading is created
by the limitations placed on the
plasma  density. Tor low values of
injection energy, the plasma density
is being limited by the reguirement
that the beams penetrate
sufficiently deep into the Plasma.
AT high values of injection energy
the density is limited by the limit
placed on beta-poloidal, The main
effect of increasing nh/n, seems to
be to shift the maxima in  wall
leading to lower values of injection
energy. This shift is caused by the

beta-poloidal Yimit of the rlasma
being reached at lower injection
energies when the relative
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is
wall

iocns
the
loadings are less than 1 MW/ m=,

population
increased.

of energetic
Generally

Figure & displays another
consequence of the limitations on
plasma density. Here the wall
loading 1is 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 1s being limited by the
value of beta-poloidal, Hence
increasing the toroidal magnetic

~75-

1.0p— 3 T T t T y -I
L . i
ogh Ry /g OG5
L 5200 kv (0% Qp:75¢m
Gl T Ti=B kev . 100 ¢
50¢m
200em 5
Gp:75em )
:;_E 100 ¢m -
w 7 150¢em
P
5

|
o

WAl L

NEUTRON

023

TOROIDAL FIELD (kG)

Figure 5.

field allows the discharge current
to  be increased - in order to
preserve  the assumed value of
¢ = 2.5 at the plasma surface - and
hence the poloidal field strength
and hence the plasma pressure, in
this part of the curve the wall

loading reflects the Rlasma pressure
and displays a B* dependence,
However, for magnetic Tields above
the knee the pressure is limited by

the requirement of beam penetration
and therefore cannot increase with
higher magnetic fields, Thus
smaller plasma sizes can capitalize
on higher magnetic fields and hence
higher densities bhefore becoming
beam penetration limited, Another



feature of the
is the
loading
"increase
population
effect is a
interplay
beta-poloidal
requirement for

curves in Fig. 5.
inerease in maximum wall
at the knee with an
in the relative
of hot ions, This
conseguence - of the
between the
ilimitaticns and the
beam penetration.

Te  see this effect consider that
for a beta-pcloidal limited
plasma, an inerease in  hot ien
population requires a
proportionally larger decrease in
the cooler background ion
population and hence in the
electron density, How the

reactivity is dominated by the sum

ol the beam-plasma  and beam-beam
inveractions and is rather weakly
arffected- by an ierease in
(ny /ng ). However the beam
penetration depth varies almost
inversely  with  the clectron or
background  ion  density  and will
therefoere increase with (nh/ne).
Thus an increase in nh/nﬁ will
allow an  increase in pressure
without vielating the beam
peretration limit, To  reach the
beam penetration itimit the
magnetic field must be increased

to allow the increase in pressure,
which 1In turn will increase the
wall loading at the knee.

PLASMA SCALING WITH DIVERTOR

poloidal
the hybrid

Incorporating a
field divertor into
design requires a significant
modification of several of the
above assumptions. In the first
place the plasma will not be
circular. Second, the
specification of g = 2.5 at the
plasma edge loses its relevance
hecause the plasma will be
effectively bounded by a
separatrix surface on which g is
infinity. Third, the effective
wall area will be reduced by the
areca necded for the divertor
channels., In addition there are
the questions of stability of the
divertor configuration, pressure
limitation, and scaling of a
separatrix-bounded plasma,

To elucidate these questions
we have made numerical
exploraticns of several torcidal

for separatrix-bounded
both the single-null

equilibria
plasmas of
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conly slightly larger

and double-null variety. The
equilibria were characterized Dby
parabolic distributions for both the
plasma pressure and poloidal current
as  functions .of the ©poloidal
magnetic flux. In addition the
safety factor, ¢, was required to be
than unity- on
the magnetic axis, and the plasmna
pressure was kept at a high level
such that beta poloidal was in the
vieinity of the plasma aspect . ratio,
Since the plasmas are non-circular,
the precise definition of the aspect

ratio is not clear, However, a 10%
increase in pressure above the
values chosen for a given

equilibrium will produce a negative
toroidal current density in the
inside  (smail major radius) region
of  the plasma. Intuitively such a
toroidal current distribution would
seen magnetohydrodynamically
unstable - the positive and negative
current channels  tending to rotate
about each other in a poleoidal
sense, Guided by an experienced
intuition a chosen shape of poloidal
flux distribution on the midplane
was  roughly preserved through a
variety of changes in toroidal field
coil location and wvertical field
strength at the magnetic axis. TFor
this variety of equilibria we have
been able to make a rough analytic
correlaticn hetween the locations of

the magnetic axis, R; the toroidal
field coil, h; and -the length
designated as the minor radius of
the pilasma, a_, In addition we have
a similarly ?ough correlation for

both the total discharge current and
the peak plasma pressure in terms of

h and a_, These correlations are
similar,™ but distinct, for the
single-null and double-null
configurations and  allow us to
explore a variety of plasma sizes
for their economic conseqguences
without going through a detailed

magnetic field coil design for each
case, One example of a single-null
configuration is shown in Figure 6,
This figure shows the minimum size
gingle-null plasma we could obtain
and still have: the discharge
current at least one megamp, an
adequate core size lLo ensure a
1000-second plasma burn time Tor
Zoge = 1, a maximum toroidal field
o% £80 tilogauss, and 50 cm between
the separatrixz and the first wall of
the blanket. (To obtain the field
pattern over such a large arvea =a
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line current at the magnetic axis
was substituted for the
equilibrium current distribution.
This substitution appears to
produce very little change in the
field patiern outside the
separatrix surface.) The
ghielding 1s cress hatched and
adequate for superconducting
coils, The cross—-sectional
aliowed fTor the coils has been
calculated on the basis of _a
current density of 1275 amps/cmz,
which is supposed to allow
sufficient room for dynamic
stabilization of the
superconductor, support structure,
and Iiguid helium Dewars. The
economics of thig size do not seem
attractive,

Figure 7 shows the vacuum
poloidal field for the
configuration of Figure 6 togoether
with the separatrix surface,
There are several points  of
interest here. PFirst is the "good
curvature' of the magnetic field

in the region of the plasma. This
curvature is expected te produce
equilibria  stable against rigid
body displacements. Second is the
rather abrupt increase in field
strength in the neighborhood of
the null point, This design
Teature enables one  to expand (o
contract) that part of the

areax .
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VACUUM FIELD FOR SINGLE NULL

Figure 7,

separatrix  surface enclesing  the
discharge while keeping the null
point and the remainder of the
separatrix surface nearly JTixed.

The separatrix surface can therefore

function as an  expanding limiter
during start-up,. Third is the

coupling of the entire poleidal flux
that links the discharge in a sense
to help induce the digcharge
current, The demand on the . ohmic
heating core is thereby reduced.

Figure 8 shows the equilibrium
flux surfaces for the single null of
Figure 6, The relatively short

5.0

EQUIiLIBRIUM POLOIDAL FLUX

Figure 8.



distance between the magnetic axis

and the separatrix surface at the

midplane is a consequence of the
high value of Dbeta-poloidal and
facilitates neutral beam

penetratioh,

An example - of a ‘double-null
configuration is shown in
Figure 9. The toroidal coil has

- .DOUSLE NULL CONFIGURATION
|
12 meters
Figure 9.
been placed at the same major
radius as in Figure 6. This
confliguration meets the same

specifications as the single-null
configuration discussed above with

the exception that the core size
is  too small to provide the
NeCcessary voli-seconds. The
separatrix passes so close to  two
of the colls that a narrow
divertor c¢hannel and at best
marginal shielding are produced.
These two features seem 1o  Dbe

characteristic of double-null
configurations., Comparing the two
styles of design for a given h and
the toroidal field coil is
and wider and the lDlanket
smaller solid angle
plasma in the double
than in the single
These features argue
relative performance

A
taller
subtends a
about the

null design
null design,
against  the

78

double null configuration.
the double-null plasma can
better utilize the toroidal field
because it can  be located closer to
the toroidal field ceil than can the
single~null plasma. This effect
coupled with the ability. for the
vertically elorgated plasma to. hold
a higher nressure than the
horizontally elongated plasma argues

ol the
However,

Tor a better perfermance of the

double-null than the single-null

design. - :
Figure. 10 shows the vacuum

poloidal field for. the configuration

VACUUM FiELD FOR DOUBLE NULL

Figure 10.

of Figure 9  together with <the
separatrix surface. The most
striking feature is the Yhad
curvature"  of  the Tield in  the
region of the plasma, This
curvature is expected to produce
equilibria unstable against rigid
body displacements and is  of major
concern., Plasmas at larger 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 double-null
designs, We also note the larger

fraction of the poloidal flux that
links the discharge in a sense that
opposes the induction of the
discharge current. This feature
increases the demand on  the ohmice



heating core and-is the reason why

the available core space in- the

design of Figure 9 is inadequate,
Figure 11 shows the

equilibrium flux surfaces for the
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Figure 11,

double-null design of TFigure 9.
The high wvalues of beta-poloidal
produce the same kind of crowding
of the magnetic surfaces to larger
major *adii as 1s seen in the
gingle—-null design.

ECONOMIC AHALYSIS

The econcmic analysis of the
hybrid consists of equating the
annual 7revenue to the sum of the
annual operating and maintenance
costs plus  the product of the
annual fixed charge rate and the
capital cost of the plant. The
reveinue is  simply the annual
production o¢f some product times
the price of the product. The
plant costs thus determine the
uinit  price, or, in other words,
the unit cost of the plant
product, The diflficulty in
analysis is determining what
gquantities are to bhe counted as
plant costs, how these depend on
deslgn parameters, and  what are

"fuel or both?
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the associated costs, The
production -capacity of the plant
is also a function of the design
parameters and subject to
uncertainty.  In spite of - these
uncertainties one hopes that
design guidance can be obtained
threugh  the choice of  design
parameters that will produce tLhe

lowest unit cost of the product.

For the hybrid resctor there
some uncertainty as to what
constitutes the product. Is the
product electricity. or fissile
‘Should one view the
in isolation from the
fission reactors that would burn
the hvbrid's net fissile Tuel
production?  Should tvhe hybrid bo
judged as one part of an
integrated system consisting of a
hvbrid plus dependent fisgsion
reactors  where  the only  sSysten
product is electricity? How are
the Tissile fuel reprocessing and
fabricating plants to be accounted
for? In view of the fact that
there are no plutonium
reprocessing plants in commercial

is

hybrid

operation, it is particularly
awkward to assess thelr costs,
Furthermore, it is readily
apparent that the capacity of a

single fuel reprocessing plant can
service more tharn one hybrid and
associated fission reactors.

mode of
treat the

Our most recent
economic analysis is to
hybrid and sassociated figsion
reactors as a single system or
nuclear park, Processing of the
molten salt in the hybrid blanket
is to be inside the park, but the
fabrication and reprocessing of
the uranium in the hybrid and the
fission reactors is to Dbe done
outside of the park, Thus the
fuel cyele costs take the form of
costs per kilogram of fuel charged
against the operation of the park.

The only product is electiric
power, The fission reactors are
taken as 1000 MW(e) light water
reactors, Their capital and
operating costs are taken from
present experience, For the
hyvbrid reactor the capital costs

are a function of the geometlry,
the blanket wall area, the wall
loading, injected neutral Dbeam
power, gross  thermal power, and
magnetic field strength. The wall



loading is connected to the
neutral beam power by the plasma
parameters, . Maintenance costs
reflect first wall or blanket
replacement costs and schgdule.
We have taken 5 MW-year/m of
14 MeV neutrons as the first wall
capability’ before requiring
replacement and, if current
thinking is correct, to achieve
such fluence will reqguire Llimiting
First wall  temperatures to less
than 600°C if a stainless steel is
used for structure,

We have only recently begun
to exercise this economic model.
We are engaged in wandering around
in  parameter space under certain
congtraints, namely: plasma
equilibrium with the g > 1 on the
magnetic axis, adequate neutral
beam penetration,
neTp < 5 x 1009 8 - en=3) adequate
core size to ensure a plasma burn
time of 1000 seconds, total
heutral beam power not to exceed
600 MW, and the gross electric
power of the hybrid not to exceed
4000 MW(e), We are looking at
both single-null and double~null
configurations for the plasma,
From an earlier analysis we expect
that the price of electricity will
be most sensitive to the thermal
conversgion “efficiency; °~ - the
effective wall area, and the
blanket energy multiplication. An
example of cur rreliminary
findings with single null scaling
is shown in TFigure 12 and the
following table.
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Reector 5C0 Blonke!
Q=109 ) M=15
88 s 5250
Plesma
568
575
Other
Injector Power. Therma!
057 Converfer
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7 system = 0. 76 J
Net {049 MW

Figure 12,
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B0, 100 kev (D°), 1.4N10“3 cm'js, 0= 1.5, l4-MeV neutron production = 175
M, the blanket ¢ ins a sgion zone of natural U plus Mo (7%), followed by a Li-

poaring zone for 7 The reactor produces a net power of 480 MWe and supplies
sufficient Pu te support a system of LWR's producing 3800 MWe, with an estimated electri-

rgy cogi for the entire systew of 27 mills/kWh,

caloe

INTRODUCTTION trical power and tritium that must be cir-
culated, are nearly inversely proportional
The potential performance of a tokamak to ¢. A large number of experiments have

fusion plasma as. a coplous source of l4-Mev indicated that the tokamak plasma heated by
neutrons raises the possibility of empley- injected neutral beams is an attractive po-
ing such a device to produce fissile fuel tential means of achieving high &-values.
for disgribution to thermal-fission reac- It seems probable, however, that a high-0
tors, 7 in competition with the usuval min- device would have extremely large unit size
ing and isotopeé~separation processes, or and cost, and many unrescolved difficulties
with proposed accelerator-based neutron associated with guasi-stationary operation,
sources. One attractive strategy is to in- such as particle exhaust, fueling, and cur-
corporate the tokamak fissile breeder in a rent maintenance.

so~called nuclear energy center, where the
reeder supplies the entire demand for make-
up fissile fuel of a group of LWR's, for ex-
ample.  In this role, on-line electrical
power production by the breeder itself is a
secondary feature of its performance, so
that the | er could be integrated with
relative ea
er economny.

3¢ into the present fission pow-

Econcmic considerations for a tokamak
breeder tend to favor the maximization of
fusion power density Pf,z since the cost of

4-MeV noutrons from the reactor is roughly
1Y O verthel
it is also important that fusion power mul-
tiplication Q be greater than about 0.5,
since the reguired investment in neutral-
ctors, and the guantities of elec-
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Recent neutral-beam injection expari-
ments in tokamaks have demonstrated that it
is relatively straightforward to raise the
total plasma ion energy well above the elec-
Lrom energy. These results provide support
for the concept of energetic-ion tokamak
Pplasmas in which the ion population is sup-
plied wholly by injected neutral beams, ang
t quantity 5 = (ion energy de Jlty)/
(oloctron energy density) »>> 1. TIn small
dovicoes atively low ix3 i

Lo

directed D and T neutral beams (sec Pig. 1}
are used Lo stack large densities of coun-
terstfegming energetic deuterons and tri-
tons. %7 an important advantage of this CIT
t ng-ion-tokan

omponent-torus)

{count
TCT {(two-¢

1

aling,

mace

GXNAausT m [R

Mroug

contended with, houovcr )

The principal disadvantage of CIT oper-
ation is that the product N dy {plasma den-
i # plasma radius) must be restricted te
wllow adeguate penetration by neutral beans
in the energy range for which CIT operati
is optimal (W, = 50-100 keV). The fu
power is then limited to a maximum of about
200 MW, and the unco]]lded lé-MaV neutlor
wall loading ‘can be ‘at most 0.5 MW/m How-
ever, this relatively modest value may be
appropriate for near-term applications, in
order to take advantage of state-of-the-art
materials technology and wall-cooling tech-
nigues. The Q-values that are likely to be
attained in practice in the CIT mode are in
the range 1 to 3, which are adeguate for a
device whose main purpose is fissile
breeding.}"

The present report describes a sCoRing
study of a CIT reactor of maximum size with
a blanket containing either U or Th, and de-
signed especially to maximize the breeding

= of 3"Pu or “Y7U, respectively, The
» of the tokamak Ry = 4.7 m} is rather
smaller than those contemplated for "pure-
fusion” power plants, and the specified 100-
keV neutral beams are well within the reach
of present technology. The plutonium breed-
er can supply make-up fissile fuel to sup-
port a system of LWR's producing 3800 M,
and at the same time generate a net power of
480 MWe, with an estimated delivery price
for the entire system of 27 mills/kuWh,

PLASMA PHYSICS BASIS

IDEAL CTT PERFORMANCE

VdOpOSJLlOH “from the energetic ions.’

In steady state the ion population of
a CIT plasma makes up two nearly thermal
distributions, oppeositely displaced in ve-
locity ‘along the magnetic axis. These dig-
tributions are maintained by introducing
hzacta(aily all vlsamd ions by beam injec-

the hot reacting region. The electron tem-
perature T, i maintained by Coulomb power
Most
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Pig. 2. Sample distribution functions for
ion velocity components parallel to the
toroidal magnetic field in a CIT plasma
when influx of warm ions is significant.

Injection energy = &0 keVv (D°), 90 kaeV
(T°), indicated by arrows T = 10 kev,

At the beginning of a cycle the in-
jected fast atoms are trapped by an Ohmic-
heated low-density (n, - 1013 om 3), low
temperature (T, ~ 1 keV) tokamak plasma.
During injection for several slowing-down
times {a period typically less than 0.5 s},
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n, is built up to the range 3 to 7x10%3
,cm‘3, Te reaches.a steady-state value of at
least several keV, and the ion peopulation
becomes dominated by encrgotic'ioﬁs. In the
steady state, injected encrgetic neutrals
are trapped by charge exchange and impact
ionization with the ions in the energetic
distributions. - The velocity distributions
£ v}y of Fig. 2 were calculated numerically
from the Fokker-Planck eguation, assuming
chat 1 i perfcotly confined

are lost at a rate
cling is minimized.
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Fig. 3. Dependence of (a) T, and (b) ideal
@ on electron energy confinement parameter
for steady-state CIT operation. D° and T°
injected at same energy. 17.6 MeV per reac-
tion. MNelther charge-exchange loss nor
fusion-alpha heating is included.

F*gur@ 3{a)
with n

shows the variation of T,
witen fusion alpha particles are

e'Ee’
not confined. Fusion power multiplication
@ 1s calculated by integrating fusion reac-

tivity over the ion velocity distributions,
and dividing by the injected power. Figure
3{b) shows that for injection enexrgy of 60
keV, @ = 1 ("break-cven") is attained,
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ideally, at ngTp, ~ 2X1012 cm'BS, cCorres-—
ponding to T v 3.5 keV. . If fusion alpha
particles are retained in the plasma,7 the
ideal @ reaches 5 when NoTas ™ 3x10%3 em™ 3,

PRACTICAL LIMITATIONS TO PERFORMANCE

The degree to which ideal CIT perform-
ance can be approached depends on charge-
exchange loss and the size of the warm-
ion uopulutzon * The
Lo nds first on
rated lons in .
and second on the influx of ncutlalb and .
cpld plasma to this regign. For small ma-
chines the most severe limitation is ex-
paectaed Lo be set by co]cwldcar'*(lo influx

B surrounding the

nIr O]DOI’{ ion O]— Warm

cycling can be
EYh i
U exhausts
dly from the torus those ions diffusing
oui of the reacting plasma.

rap-

! TR T ey i
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ol 0.2 05 i 2 5
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Fig. 4. Reduction of Q by inward flux of

warm ions. The hot-ion flux is supplied by
nreutral beams. Reduction is less severe at

W, . = 100 keV (D%},
inj

In order to determine the proximity of
a practical operating point to the ideal
CIT regime, initial calculations of reactor
performance have been made with a coupled
Fokker-Planck radial transport code,
Figure 4 shows how Q decreases with rela-
tive cold particle influx into the reacting
region. With increasing cold-particle in-
filux, beam-target reactions eventually be-
come the dominant source of neutrons. In
the limiting case of interest, the plasma
ig operated in the TCT regime, driven and
fueled by injected D and T beams., ”t very

large n 1y, which generally implices large



Ta, ions in the counterstreaming distribu--
tionsg tend to thermalize with each other be-~
fore slowing down. The CIT then evolves in-
to a beam-driven thermonuclear reacter, with
ion temperature Tyor T, In many practical
cases, the ion velodity distribution resem=-
bles that of Fig. 2.

OPTIMAL INJECTION ENERGY

imum Q-values for CIT plasmas

ned with Wy - v AT aiher

L or preforyi; 50 keV are that

(1) neutral-beam lDJLCLOIS are extremely ef-
ficient in this range; (2) for a given input
power the rate of particle injection by the

baams can overwhelm the cald-particle in-

i ) l}lf beam momentum je thus

1 arge,

rogulre c’ :w'.’or i .

Nevertheless, there are important rea-

sang for employving a larger Lb (1) At
1 Vi, one can take better s arte o f
b "
-plasma reactions, so that O-values

are not

as scvercly deqrad@d jn the LVDH{

(}1g 4). (2) The anguldr acaLLerlng rate
of fast ions by impurity ions is reduced at
increased Wy. (3} The charge-exchange loss
that accompanies beam trapping decreases
with increasing Wy {4) Larger Wy, permits
penetration into plasmas of larger naap

Por these practical reasons the optimal an-
ergy in CIT operation is probably 80 to 100
keV for D® (120 to 150 keV for T°), where
the efficiency of neutral-beam injectors is
still high.

The small plasma size permitted for
adeguate neutral-beam penetration with tan-
gential injection (<ngra, 2 5x1015 cm'z)
severely restricts the attainable fusion
power production « (npa,,) “<ov>, and corres~
ponding l4-MeV neutron wdlj loading, oo
For practical CIT paramoters, Pr o= 0.5-1.5
W/oem? and Gy = 0.1-0.4 hW/m“.

A less anisotropic energetic-ion dis-
tribution can be established by means of
very obligue injection. For Wy 100 kev
(B®}, <ov> would be degraded by relatively
little from its value in counterstreaming
operation, and the factor of 1.5 or more
increase in N, now permitted for acceptable
penetration results in a larger Pey This
approach is used in the present Jtudy,
where the reacting plasma has a fusion pow-
er output of 220 MW — probably the largest
practical value for CIT-type operation.
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DEVICE PARAMETERS

PLASMA CHARACTERISTICS

The neutral beam energies are 100 keV
for D® and 150 kev for T°, (These beams
can be produced with egual efficiencies and
have e@ual penetration lengths in the plas-
ma.) With present-day Berkeley-type ion
qources, the overall injector offlcioncv ﬂ!
can be as large 0,74 vhen direct
ery of unneutyral 1 ions is. ool GE
In this study we use iy 0,70 to take into
account some transmission loss in the beam
ducts.

12T

TRANSFCRVE & rfeE
Mo, §n TF

LHKET &
BUBNKET & 5afip

B

N ErTTTIERRs tarNrcrar i cei TERET,

Fig. 5. Schematic layout of the CIT fia-
sile breeder.

Table 1. Plasma pavameters of CIT fusion

driver.
geom?trz
Transformer core rad. 1.0m
TF coils Nb4Sn
Thickness of TF coils . 1.2 m )

(radial
X 8,3 m’

TF-coil bore 5.3 m

Bpax &t TF winding 2T

Inner shield/blanket 1.3 m

Scrape-off channel G.2 m

Flasma half-width 1.0 m

Plasma half-height 1.6 m

Circumference/Zﬁa) 1.5

Major radius, R, 4.7 m

Plasma characteristics

B, on magnetic axis 5.6 T

Plasma current, Ip 4.8 MA

q at limiter i 2.8

N> 7.0 % 1043 3

<Ty> 10 kev .

N, 1.4 x 1013 e

Bp = 0.85 R /a 4.0

Neutral- beam enquy 100 kev, 70 MW (D)
and power 150 kev, 75 MW (T°)

i 5

Power production

Q 1.50

Py 1.35 Mw/m°

14-MeV neutron power 175 MW

0.40 MW/m<
0.64 MW/m2
Pulse length » 100 s

14-MeV wall loading (avg.)

{peak}



The device geometry is shown schemat-
“ically in Fig. 5, and the plasma parameters
are given in Table 1. The dimensions bave”
been chosen to give the maximum possible fu-
slon power productlon compatible with ade-
guate neutral-beam penetration. Under the
constraints of maximum plasma pfessure and
uate beam penetration, higher neutron
wdll loading is possible by employing a ver-
elongated (noncircular) plasma crosg

heorotical slysls and
Y oindioe
hia < 1.6

Giongarion of 3 is feasi-

ble. Conseguently, our design specifies a
D-shaped cross section with b/a = 1.60. The
plasma half-width, a, = 1.0 m, has been cho-

jlasma pressure
TNy SRSV (GEEh
Seam axls cros R

which give up the bulk of
thereby giving a

For the condi-

thelr

ERergy Lo

e

plasma electrons, lavger 1
{and Q) wi EPT
tions of Table 1, the ideal Q-value is 3.9,
witen charge-exchange loss is neglectec
The effects of the slow-neutral influx from
the scrape-off region are to increase the
proportion of warm ions in the reacting
plasma, and o enhance charge-exchange logs
af energetic lons. If the warm-ion flux is
no more than twice the hot-ion flux inject-
ed by the beams, then taking intc account
all charge-exchange losses, QO is reduced by
60%,7 so that we have finally ¢ = 1.5.

2

ti tha same

{The maximum field at the NbySn wind-
ings is nominally Bp.. = 12 T. If the plas-
ma beta (presently £ = 5.2%) could be in-
creased by a factor off two, as an extreme
axample, by means cof certain technigues now
under theoretical investigation, ~ a de-~
crease in Bp.. to 8.5 T would be possible.
With higher B it might be feasible to em-
ploy nermal TF coils {copper or aluminum),
gince the extra power consumption could well
e acceptable in a device whose main purpose
is fissile breeding — especially if the
substitution of normal colls for supercon-
ducting coils results in a substantial de-
crease in capital cost. However, for
steady-state operation a further reduction
in Bpay and corresponding increase in ap,
would be reguirved.)

PARTICLE EXHARUST

The vacuum pumping requlrement is gilwv-
o by

nvnA =F_ +F (1)
PpPPp b g .
where Fy, = 7.SXI021 st (1200. A-equiv.} 1is
the rate of particle injection by the nreu-
tral beams, Fo » 2x1021 571 is the estimat-
ed fiux of slow gas molecules from the beam

“ducts, n, is the particle density outside

the discharge, Y is the drift velocity of
these particles, Ap is the pumping area,
5 efficiency. If no

as donsid
11

i

aiviy

reutral-g

vy which a1 tooabout 100 om
and v, corresponds to a temperature of or-
der 10 eV. Rapid particle exhaust could he

accomplished in pr1n03p]e by use of a. very
o]owgh.oo vacuum : 3

Tt e

above and bel
haff ] @-protect od movil nq qot‘t
; : : tially
Then hp ~ 90 m? is about
surface
A serious difficulty with

ing neutrals. one-

third the plasn

ared, and Hm must
be at

) ; that in ordaer (o avol
niflcant neutron energy loss on the getters
the getter surfaces must be very thin and
reguire cooling.

24 T T 1 Y T ¥ 1 T T
3 PDX~ I {Elongation} .
2.5 MA
161 qlo} =039 -
08 . 4
»
. . m
O+ .
-
_08 - - .
1.6+ -1
_24 | 1 1 L ] ] i 1} !

(m)

Fig. 6, Flux plot for D-shaped PDX-II
plasma with elengation b/a = 1.9, Uncleosed
flux lines can be used for particle exhaust.
Dots show position of low-ampere-turn colls
required for gross stability. (Ref. 14)
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If @ peloidal magnetic divertor is
used to exhaust ions diffusing out of the
reacting plasma, then v 1s very large
(~ 32007 cm/s) and A, can be relatively
small., In-employing the divertor technique,
it seems most ‘straightforward to usé a '"nat-
cural” divertor, that is, to take advantage
of the separatrices that tend to form when
the plasma pressure is made very large.l3
In that case the aﬁpere—turn requirements
of the divertor-field coils are relatively

: & shows an example of flux
"natural” divertor oporation
for the PDX-TT tokamak at
A suitable collection scheme
for the diverted ions is a labyrinth of
Jiguid-lithium covered screens. +2

Princeto

NEUTRAL BEAMS AND BURN Cv(C

The neutral heam injector system con-
sists of cight beam lines (of which 5ix are
shown in Fig. 1). The injector charac

kS wized in Table 2. The prodae-
tion of 100-keV D° and 150-keV 1° beams with
ny T 0,70 using essentially state-cf-the-art
positive-ion techuology is discussed in Ref.
10, (Reference 16 discusses the character-
istics of 60-keV D° and 90-kev T° injectors
for CIT operation, as well as the details
of tritium processing.)

Table 2. Neutral beam injection systams.
Beam energy
Beam power

Beam current

70 MW D% 75 MW T°
700 A-equiv. D°

500 A-equiv., T°

No. of beam lines 8 .
Total beam apert. 6.0 m? at 0.0z A/cm2

Fraction wall area 1.4%
Overall effic,. 70%
Power consumption 207 Mue
Pulse length dc

Since all plasma fueling is carrviced
out by the injected beams, the length of
the burn pericd is determined fundamentally
by the voli-sec available in the transform-
er core to drive the toroidal current.
While ihe streaming ions are in fact capa-
ble of carrying a large portion of the tor-
cldal current, our design accommodates suf-
ficient volt~sec so that the transformer
can by itself support a burn time of at
least 100 s, with Zeff Up to 2. At the
start of each cycle, 3 s are required to
form the target plasma, raisc IJ to 4.8 MA,
and attain the equilibrium plasha. At the
end of each cycle, 20 s are reguired to
ramz-down the plasma current, exhaust the
torus, and recharge the OH transformer

0.8, .

100 kev D°, 150, keV ©° -

primary, Thus the duty factor is at least

The OH (Ohmic-heating) and EF
(equilibrivm-field) coils .are constructed
of water-cooled copper. Some of the EF
colls must be placed inside the TF coils,
in- order to reduce power reguirements, and
to afford better control over plasma shap-
ing. In particular, a number of coils of
relatively small ampere-turns must be
placed 40 to 50 cm from the vacuwn vessel,
somewhat as illustrated in Fig. 6, in order
to ensure that the elongated configuration
has gross stability. The resistive power
dissipaticn in the copper coils during sta-
tionary discharge conditions is estimated
Lo be 30 MW, The total C¢irculating power
of the reactor 1s 260 MW, comprised of 207
: for the injectors, 30 MW for the copper
colls, and 23 MW for refrigeration and
Rlanket coolant.

BLANKRET

The blanket composition and neutronics
analysis are precisely those used in recent
mirror-machine hybrid studies.:7:18 As in
those studies, the object is to maximize
the production of fissile fuel for supply
to thermal convertor reactors. Electricity
production by the breeder is ragarded as a
byproduct, and the net thermal efficiency
is of secondary concern.,

The geometry used in the present blan-

.ket calculations is shown in Fig. 7. The

blanket coverage is assumed to be 90%, with
10% of the fusion neutrons lost in the beam
ducts and in the particle collection areas.
The heat from the lost neutrons (18 MW) is

not recovered.

The plutonium-breeding blanket has an
inner fast-fission zone containing a homo-
geneous mixture of uranium plus 7% (by
weight) of molybdenum. Tritium breeding
is performed in the outer zone. (Sce Ref,
18 for details of the blanket composition,)
While natural uranium {(0.72 235U) is used,
only about 20% of the fissions are of 235U,
£0_that the use of depleted uranium (0.25%
2350) would give very similar results.

The production of plutonium and the blanket
power multiplication M increase monotonic-
ally with fusion~neutron fluence, 18 The
irradiation period after which 23%y is re-
moved from the blanket is determined by the
optimal economics of fuel use in the LWR's
{light~water-moderated reactors) and the
breeder. 1In any event, keff is always sub-
stantially less than unity.I8 wor this
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blanket the thermal-to-electric convers

ion
- efficiency can be taken.as 0.35. Co

BLANKET GEOMETRY

0m———
.
A 222;
£ ///é /’éZQé
| . g
_ .
i .
6§L3m’é _ C;;
2%%/ 0 -
! // ~: Blanket &f?hiald
- |
Vi 4Tm !
¢
Fig. 7. Geometry for blanket neutronics.

The regions above and below the plasma are
used for particle colleqtion. (The plasma
is actually D-shaped with b/a = '1.60.)

ECONOMICS

OQur economic analysis is identical to
that in the mirror hybrid studies,18 which
calculates the cost of electrical energy
produced by the breeder together with the
system of LWR's that it supports, The
23%py is removed from the blanket of the
breeder after a period that gives the low-
est price of electricity for the entire
system. This optimization is determined by
the capital costs of the CIT breeder and
LWR's, the CIT circulating power, the LWR
conversion ratio, and fuel-processing
costs; these data are given in Table 3,
The plant facter for all reactors is taken
as 80%.

Figure 8 shows the variation of elec~-
trical energy cost with the fractional

" determined the optimal fuel management per-

iod, the blanket performance ‘averaged over
its lifetime is readily determined, and is
given in Table 4. (The intecgrated fusion-
neutron energy current during this period
is 2.4 MWw-yr/mé¢, averaged oveér the first

. wall, so that a stainless steel wall oper-

ated at moderate temperature need be re-
placed only at every second fuel management

. peried. T 7)
Table 3. Basic data for economic optimiza-
tion.
Cit Breeder
Capital cost? 1430 MS {1976)
Circulating power 260 Mue
Pusion power 218 MW
LWR with Pu recycle
Capital cost 750 S/kWe (1976)
Conversion ratio 0.5
Fissile requiremaent 0,35 kg/MWe/yr

burn-up of U at the time of blanket removal.

The cptimal removal time occurs at 0.4%
burn-up, or a period of 7.4 years. Evi-
dently the entire fissile fuel production
should be removed at that time. Having
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@ 80% D.F.

Fruel process plus Q&M 4.6 mills/kWh

AIncludes reactor equipment, turbine plant,

buildings, and indirect costs (607 M$),
100 7 Y T 280
98+ ;
CiT REACTOR 1éi8
U/ Mo BLANKET
96 o«
-
~276 3_1,
94l <.
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rig, 8. Variation of cost of electrical

energy from CIT-LWR system with per-cent
fertile burn~-up in CIT blanket at removal.
NRBL number of fuel management regions
in the blanket.



Table 4.
30~yr. lifetime at 0.80 duty

factor.
Fuel manag. period 7.37 yr.
Blanket exposure 2.4 Mi-yr/m?
‘Avg M ' 10.84 - -
Avg fertile burn-up 0.41%
Avg enrich. in-core 0.63%
Avg enrich. at removal 1.00%

Avg T breeding ratio 1.09
U consamption 1790 kg/yr

Li consumption 23 kg/yr
Net Pu production 1270 kg/yxr
Net T production 0.96 kg/yr

Table 5. Characteristics of the nuclear

enargy center.

Gross thermal pwr 2110 MWt
Gross elect, pwr 740 MWe
Circulating power 260 MWe
Het clect., pwr 480 MWe
Net plant effic. 0.23

Net Pu product, 1270 kyg/yr

IWR elect. cutput 3805 MWe
Total elect. output 4285 Mwe
Total capital cost?® 990 $/kWe
Effective Pu cost® 84 $/g

Elect. power cost® 26,8 mills/kwh

. 81976 prices.

Table 5 summarizes the economics of
the CIT-LWR system. The effective cost of
Pu ($84/g) is determined from the increase
in electrical energy cost of the LWR system
that is due to the tokamak breeder, but
this Pu cost is meaningful only in compari-
son with other potential sources of fisgile
fuel. The important result is the cost of
electricity, namely, 26.8 mills/kWh, A
second optimization study was made for a
CIT device with more modest performance:
This example used beam injection of 125 Mw
into a plasma of identical size as the
first, but with a larger vacuum chamber for
alleviation of the particle handling prob-
lem. The neutron wall icading was reduced
to 0.31 Mw/m?. 1t was found that the ef-
fective cost of plutonium increased to
$106/g, but the cost of electricity in-
creased only to 28.4 milis/kWh. This re-
sult reflects the fact that capital cost
rather than fuel cost is the dominant fac~
tor determining the price of electricity
from fission reactors,

Blanket performance averaged over

- the effective cost of

A similar study was made for a cir

"breeder with -a thorium blanket18 producing

233y for supply to a system of HTGR's with

conversion ratio of 0.85 and fissile make-

up requirement of 0.186 kg/MWe/yr. While

U was found to be
extraordinarily high ($380/q), the cost of
electrical energy was 36 mills/kWh, or just
33% more than that from the LWR system.

PROSPECTS FOR A CIT-TYPE FUSION DRIVER

The total ion energy (including fast
ions) in present injection experiments is
already comparable with or even exceeds
electron onergy3 (ﬁi 2 1.53), In larger
tokamaks presently under construction or
heginning operation (PLT, PDX, DITE), Wy
will be sufficiently low so that at least
half the beam energy will be transferred
to bulk-plasma ions, and the beams them—
selves will provide significant fueling.
Therefore a continuation of the presc
trend toward higher I, seems likely, a
with it enhanced interest in hot-ion, warm-
electron tokamak reactor plasmas such as
the CIT.

The principal plasma-engineering prob-
lems are those associated with achieving
large fusion power densities in quasi-
stationary operaticn, such as providing ad-
egquate means for maintaining a large parti-
cle throughput and impurity contrel. Two
new divertor experiments {DITE, -PDX) are
especially relevant for testing the heavily
driven CIT operating mode, since an “un-
lead" divertor should be effective in the
rapid pumping of ions that diffuse out of
the discharge, thereby reducing the recy-
cling of cold plasma and neutrals into the
hot reacting region, 1In PDX, elaborate
getter-pumping surfaces can be installed
in large compartments above and below the
discharge region,20 50 that even without
divertor operation, the influx of cold par-
ticles into the discharge should be reduced
greatly. It is worth noting that very low
recgfling is observed in the Alcator toka-
mak (without a divertor), where the den-
ity drops continuously in time unless
puffs of gas are injected into the plasma.
In the ATC device the same result has been
obtained by titanium gettering of the vacuum
wail,22

The PDX device will hbe equipped with
4 MW of 40-keV neutral beams, so that tne
effectiveness of fueling and plasma-
current control by the beams can also be
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explored. Injector systems with character—’
istics reguired by the CIT breeder are pres-
ently under develbpment in conjunction with
various tokamak programs. Thus both the
physics and engineering feasibility of the
fusion driver described in this paper can

be assessed within the next several vears.
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ABSTRACT

The principal characteristics of o beam driven tokamak fusion~fission hybrid reactor for actinide
depletion have been deveioped in this design study. Based on mid-to-late 1980's technology, this

reactor provides o fusion neutron well loading of T MW /mi* corresponding to ~10
The blanket is fueled with residual actinides contained in the high level
These residuc! actinides are the only fissionable material contained in

the 14 MeV energy range.
waste from the LWR-U cycle,

n/cm~sec in

fhe fast helium cooled blanket lattice and provide sufficient neutron multiplication to give neutron
fluxes in the range of 1019 n/cm?-sec. A principal result of the study has been the development of o
revised criterion relating hazard potential from the wastes to that of the naturally oceurring parent
uranium ore from which the wastes were produced. Results of the study indicate that the total fluence
required for effective depletion is quite high and fusion neutrons do not apfecr to have distinct neutronic

advantages for actinide burning until wall locdings approcching 10 MW /m

are considered. Equally

significant, some extremely challenging problem areas were encountered in the design area, particulerly
for the fusion driver. The impact in plasma engineering and technology required for fong puise, high
duty cycle operation necessitated the use of superconducting magnets, o divertor system for control of
impurities and particles lost from the plasma, @ urique concept for a neutralizer system to remove
particles swept into the divertor, vecuum and neutral beam systems capable of sustained operation, and

a viable means of tritium injection.

INTRODUCTI ON

The objective of this project was to perform
a preliminary design study of a fusion~driven
reactor based on coupling o TCT fusion driver
with existing fission reactor technology. The
goal of such a design was to demonstrate early
practical use of TETR! technology to dispose
of actinide wastes from fission reactors with a
target for operation in the mid-to-late 1980's.
The choice of a TCT for this application is
attractive for several reasons. |ts selection for
the TFTR puts the TCT in the mainstream of fusion
development, Accordingly, the cctinide burner
would be able to draw on the copious amount of

"
This work was sponsored by the Electric
Power Research Institute under
Contract RP473-1

k3
Princeton Plasma Physics Laboratory
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information expected to be developed with the
TFTR and therefore enable such o device to be
designed with only comparatively minor extra~-
polation of the plasma physics data, The TCT
does not inherently require the solution of all
problems encountered for a true ignition machine,
Specific concerns with regard to plasma charac-
teristics, such as confinement time and tempera-
ture, are significantly relaxed in the TCT. While
some uncerfainty exists with regard to the feasi-
bility of a TCT as an economic power producer,
it has the potential to supply a substantial number
of fusion neytrons, Calculations performed by
Princeton,2r3 have shown that the power density
{and, hence the neutron density) in TCT can be
an order of magnitude larger than the maximum
attainable with a thermal fusion reactor of the
same beta at any temperature, Among other
applications, these neutrons could be used to
transform very long-lived fission reactor waste
products into more acceptable shorter-lived
radicactive waste products for ultimate disposal,



Several papers have been published over the past
few years in which the transmutation of radjo-
active wastes by neutron bombardment has been
considered. These studies indicate that while
fransmutation of certain fission products by
fusion neutrons may be of. interest, actinide
disposal in fision driven devices was potentially
very attractive. Although the hazard level repre -
sented by actinides is lower than that of

fission products, the duration of the hezard is
much longer., Therefore, it was suggested that
transformation of the actinides by utilizing

fusion neutrons offered a means to alleviate the
need for very long term storage or other forms of
disposition, This could present a good solution fo
a serious problem now confronting the utilities
operating fission power plants.

The design chosen for the actinide burner
shouid utilize a concept that is extrapolatable
fo an economic commercial actinide burning
reactor and which represents significant improve -
ments over pure fission recctors in the areas of
safety, environmental impect and safeguards. To
achieve these goals, the following design require-
ments and guidelines were developed:

e  Utilize TFTR plasma physics.

e Apply existing fission reactor technology
for blanket concepts to the maximum
extent possible.

¢  Minimize technological risks by placing
heavy emphasis on projected state~of-the -
art technology for the 1980s,

&  Minimize use of fissionable materials other
than actinides.

e  Promote actinide disposal by fission rather
than transmutation.

o  Accelerate the disposal of actinides relative
to natural decay by orders of magnitude.

¢ Provide ready access for remote refueling
and maintenance operations on the blanket.

e Minimize the production of other radic-
active by=-products.

Although TFTR physics parameters such as
plasma temperature, density and confinement
time can be utilized, it is necessary to increase
the neutron preduction rate and first wall toading
relative to TFTR to accelerate the disposal of
actinides. it is also necessary to adopt a high
duty cycle mode of operation (long pulses with
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short fime intervals between pulses) to chiain

the required neutron fluences. Limitations

in the state-of-the-art technology in areas such
as materials, however, impose restrictions on how
one approaches the burning of actinides in a first
demonstration reactor, Therefore, the use of the
TCT concept with wall ‘loadings consistent with
mid~1980"s technology requires neutron multi-
plication in the blanket to achieve the neutron
fluxes necessary to burn octinides ot o reasonchble
rate,

REACTOR LAYOUT

A number of limitations were found in
attempting to adapt availeble tokemak design
concepts and fusion driver configurations te the
actinide burner, In order to meet the actinide
burner driver requirements, several significant
departures from the TFTR-TCT fusion driver para-
meters were identified. These are evident in the
parametric data comparison shown in Table 1.
Initial fusion driver studies indicated the need
for a divertor system to permit fong pulse duration
{~50 sec) operation, Also, initial blanket nuclear
studies indicated that blanket neuiron populations
and conversion requirement and emphasized
multiplication factor requirements and emphasized
the need for as high o first wall loading os possibie,
The near steady-state operating conditions which
result from the longer pulse duration and higher
plasma power levels (~700 MW) that are required,
imposed a major design problem for the liner and
vacuum vessel for structural cooling as well as o
need for a divertor; a significant departure from

the TFTR.

The principal fusion driver design require-
ments imposed by the actinide burner application
are generally common to all long pulse durgtion
tokamak devices, including the power reactors,
fn addition, the fissioning required to obiain
odequate neutron multiplication in the blanket
system imposes constraints in blanket configura-
tion and cooling that must be accommodated.
The design considerations are |isted in Table 2.

Table 1. Fusion Driver Design Parameters for
TFTR and the Actinide Burner

*

Actinide Burper TFTR )
Ro {m) 3.9 2.5
a {m} 0.9 0.85
A 4.33 2.9
Elongation 1.50 1.0



Table 1. Fusion Driver Design Porameters for
TFTR and the Actinide Burmer {Cont'd).

Actinide Burner TFTR*
Horzontal wall
" radius {m) 1.50 11
Plasmo volume (m3} 104 35
2 +* ¥
First wall aree {(m™} 218 110
B? on axis {T) 3.65 5.2
Bf on coil (1) 8.9 (2.7} 9.5
;P (MAY 3.8 2.5
q 2.5 3.0
- - K]
" (cm 3} 1.0 x IOM 7x10]
Te = 'i'E (keV) 8.5 8.0
rg (om0 9 x 102 15x 107
W (keV) 200 120 & 60
Beam mean-iree
path {m) 0.54 0,60
Beam power (MW} 325 35
r 0.92 0.60
Ao 3.4 2.0
Q 1.24 1.0
b 3
P‘c W/ cm™) 3.36 0.80
Total nevtron pro- 20 18
duction {n/s) 1.4 x 1C 9 x 19
Neutron loading of
first wall (MW/m?) 1.47 0.1
Total neutron power
(MW) 320 16
Total thermel power
{MW)} 725 55
TF coil inside
dimensions diameter
{bore), {m) 535 x 9.6 2.8
Magnet type Superconducting, Woter—cooled
Nb3Sn copper
Imputity control Liquid Lithium Injection of
cocted nested cold neutry!
chevrons and goses near
external pumping the wall

Pulse duration {s) 50 1 to 4 flaf top
Time intervel

(between puises)

(s) 10 284

*Lesign parameters as of 4/1/76

**Applies to liner for Actinide Burner, vacuum vesse! for
TFTR
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Toble 2. Key Design Requirements,

Common to Long Duration Devices

e Large pumping requirements for plosma main-
_ tenance/on-line operation.
& Removal of confaminant (scrape-off particles)
by « diverfor system, =~
e High beam injection mates and long durations
{except for ignition system).
&  On-line rafuelting (O-T) during operation.
e Steady-state structural cooling.
e  Provision for first wa!l* replacement and
vacuum vessel meintenance/repxir,
&  Maximum first wall neutron loadings,
e High electrical impedances in shructures
{first wall and vecuum vessel).
“The tiner is the "first wall " facing the
plasma in the actinide burner,
Unique to Actinide Burmer
e Blanket neutron muitiplication and large
thermal power removal from blanket,
6  Blanket fuel redistribution end removal sys-
tem {fuel management),
e  Fission product contrel and mancgement.
o Criticality considerations.

FUSION DRIVER PARAMETERS

The modest n rg required for TCT operation
indicates that the fusion plasma can be relatively
smail, Table 1 gives the plasma porameters for
the TCT fusion driver of the actinide burner re-
ference design, while Figure 1 shows the verti~
cal cross section. The plasma half-width of
0.9 m insures that the required n 7 can be
attained, is convenient for penesration by
200 keV neutral beams, and results in a satis-
factory neutron output.

The blanket on the inside of the torus has
been omitted. Including o blonket in this region
would result in an unocceptably large device
for o given wall joading, while there is serious
question concerning the feasibility of servicing



inner blonket modules. The major radius is then
determined by the thicknesses of the transformer
zore, the TF coils, and the fnner shield,
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Fig. 1. Vertical Cross Section -~ Actinide Burner,

The plasma parameters were derived assum-—
ing o rectangular cross-section for the plasma;
for K = 1.5, the shape factor § = (plasma cir-
cumference)/(2 = x half-width) = 1.59. The ae-
tual plasma cross-section is more D-shaped with
S 1,45, Since P a (5B, mcx)4 for a given plas=
ma aspect ratio and g, the plasma pressure (and
neutron source strength) can be maintained by
increasing B above the nominal design value
of 8.9 T. Note that the design limit for the
NbaSn coils that are employed is af least 11 T,

Since the fusion driver for the actinide bur—
ner is based on an extension of the TCT concept
s employed in TFTR, it is appropriate to discuss
fusfon driver parameters as they relate fo those
of the TFTR,
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Peincipal features of the TFTR? qre fisted in
Table T. The TFTR plasma properties ore fairly
close to those required of the fusion driver for
the cctinide burner - that is, plasma current,
density, femperature, beam voltage, confinement
time are similar. The pulse length in the TFTR
will'be adequate for studying plasma heating and
neutron production by the beams, temperature de~-
pendence of confinement time, and in fact gl
facets of beam-plasma interaction. The princi=
pal distinction between TFTR and qctinide burer
operation is one of duty factar. The TFTR will
have o duty factor of ot most 19%; it utiiizes
room-temperature TF coils, short-pulse beam in-
jection, no refueling, and no divertor. The ac-
tinide burmer, on the other hand, has o stecdy-~
stote beam injection, continuous refueling, and
@ magnefic divertor. Thus, the TFTR experiments
will provide the necessary plasma physics back-
ground for the actinide burner, but great advances
in plasma engineering beyond TETR capabilities
are required,

Since the actinide burner study initiated in
early 1975, a number of tokamaks have generated
experimenial information that is especially rele-
vant to the actinide burmer design parameters,
as well s the design of other beam-driven hybrid
reactors. These results, which ere summarized
here, confirm the essential soundness of the de~-
sign values,

Confinement Scaling, While scaling of NeTE
from present ohmic heated tokamaks to begm-
heated tokamak plasmas of larger size and Te

can be only speculative at the present time, use-
ful estimates can be mode. Most ohmic-hegted
tokcmak]s/show an "Aleator-[ike" scaling; viz.,,
TE N q 2 or Ng TE & Ay q] . The sccling with
plasma radius is not known definitely, but pre-
liminary results from T=10 and PLT indicote that
Eeieq /2%, The following table shows th
=g a”. Tne following teble shows the
expected e TE%Ng q] 2(02 + b2)5calin%. If
Ne 7 increases with size at least as a! 2 and
does not deferiorate markedly with temperature,
then the required n .. for TCT reactors such as
the actinide burner design can easily be met,
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_Polm'dal Beta. 8.~2 has been obtained in the
Alcator device? with ohmic hecting alone, and

in TM~3 with electron resonant heating.

Neutral-beam injection on the ATCé and
ORMAK devices has resulted in 5P~] 5, There
appears fo be no experimental evidence at this
time that would preclude the actinide burner
design value of ﬁ = 3.4 (0.7 times the aspect
ratio).

Beam Pressure, [n peutral-beam heating of

ATCS and ORMAKZ values of {beam pressure/
bulk-plasma pressure) up to 0,6 have been

obtained with no deleterious effects, Consequently,
the actinide burner design valuve of 0.92 seems
quite fecsible,

Perpendicular Injection, Near-perpendicular
neutrai-beem injection experiments have been
successfully performed on the TFR device, with-
out excitation of any deleterious instability®,
and with effective plasma heating, Near-
perpendicular injection can often be convenient
in beam-driven reactors, because of better
accessibility through the blanket, and ease of
penetration to the cenfral plasma region.

Vertical Elongation, Elongated plasmas with

K = 1.4 on the Doublet |1A device appolenHy
perform according to theoretical expectahom
Consequently, a reactor design value of K = 1.5
appecrs to be feasible.

in summary, these new experimental results
confirm the essential feasibility of our plasma
physics design values, But there are formidable
plasma engineering problems, especially the
injection of several hundred megawatts of neutral
beams into a relatively small volume, the main~
tenance of the desired plasma density and compo-
sition, and the control of impurities.
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DIVERTOR AND VACUUM SYSTEMS
CONSIDERATIONS

"Disposition of the energy and pcrrscies leck~
ing from the plasma during the 50 sec ON pulse
constituted a malo; technological problem that
had to be solved in order to establish practical
parameters for the fusion driver. A novel solution
was conceived as described later. Special atten~
tion was given to minimizing both the amount of
void in the blanket created by vacuum and neutral
beam injection ducts and the amount of space
required for the divertor chamber,

The particle removal requirements are listed
below:

Totel leakage of fons, MN/s = n, \’p/ o 6.6 x 1022 0. T/s
Leokoge of D/fs = F’B/WO 1.0 x ?022 D/s
Leakege of T/s 5.6 x 1022 T/s
Fusion nevtron praduction 1.4 x 1020 n/s
teokage of o/ l4x 1020 os

A double null poloidal divertor is incorpor~
ated in the design to remove particles from the
plasma chamber which leak fram the plosma or
sputter off the walls. The total thermal power
(725 MW) is composed of neutron power, P
alpha power Py, and neutral beam input power,
Pp. Since this is a Q = 1 machine, P ~Pg =
325 MW and P_~80 MW. The neutrons are not
captured by the divertor, the alphas ore considerd
to give up most of their energy to the plasma, and
some 40% of the remaining energy is given up in
radiation and charge exchange so the energy carried
by the divertor scrape-off-layer to the burial cham-
ber is about 285 MW, Figure 2 illustrates the
various mechanisms contributing to the particle
load N « p (1 = f54) in the burial chamber; con-
fributions. from impurities and from recoiling D and
T atoms are neglected since they are at least 102
times smuiler, Mercury diffusion pumps or cryo-
pumps in conjunction with necessary cold traps,
isclation valves, and pumping ducts can provide
a pumping speed of about 3 £/s per cm? of duct
area. Flowing lithium has been proposed '™ as o
surface for the neutralizer plate in the UWMAK
design. |t has several very aftractive features:

1) it has o high sticking coefficient (F~0.9) for
hydrogenic particles since it combines chemi-
cally to form hydrides, 2) it continually presents



a fresh surface to the particles so saturation does
not occur, and 3) it can efficiently carry heat
oway from the neutralizer plate. Therefore, flow-
ing Li was selected for the divertor of the acti-
nide burrer. -

The following table shows the required pump-~
ing speed and duct area for reasonable values of
Ac, Cp, and foy, first without o lithium getter and
second with o tithium getter.

Mo Lithium:
3.65x 1022 D, 1/s

&7 950 torr - 4/

P 1072 torr

Sy = Q1/p 108 4/

A 2x 107 em? = 2000 me

With Lithium:

tg, scrape-off layer capture efficiency 0.9

¢ps fraction of scrape-off layer enfering 0.9
burial chamber

fsd (flowing Li surface) 0.9

N ace,, (1 = fig) 53x 1020 p, 1/s

O 74 torr ~4/s
S2 = Qo /p 7.4 % 10°0.2/s
A2 2.8x 106 cm? = 280 m2

The available surface area is ot most 400 m2;
duct area required for pumping out the burial
chamber is more than 50% of this.

Two schemes for reducing this void areq
were investigated: o) use of cryopanels inside
the burial chamber and b) manipulation of the
paramefers de, cp, fsd. Cryopenels have an ef-
fective pumping speed of 10.4/s/cm? so the ne~
cessary orea will be 74 m*, which is rother large
but can be accommodated, Regeneration of the
cryopanels by heating the surfoces would be re-
quired once o day; the collected particles when
vaporized would generste & pressure of 15 torr
requiring about 2 x 104 ¢m? of duct area for
mechanical pumps fo pump the pressure down to
107 torr in about 15 minutes. Re-establishing
the liquid He temperature on fhe eryopane| sur-
face would recondense the remainder of the D
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and T atoms and establish the original low pressure
condition, However, the location of these cryo-
panels in the divertor chamber just above the plas-
ma exposes them to the neutron flux., To maintain

the desired femperature against the heating effect

of the neutron flux would require some 80 MW of
refrigerating capacity, Since shielding for cryo-
panels would generate similar amounts of heat
close to the panels, the refrigeration load would
be only slightly reduced. In either cose, the re-
frigeration load is too large and cryopanels turmed
out not to be feasible,
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Fig. 2, Mechanisms Involved in Particle
Transport

Divertor Capture Efficiency, Cp. The capture
efficiency ¢, = T=exp (=W/X); the scrape off lay~
er width )\’z?2 em is evaluated from the relation

A =4 x 106 aD_L 1/2 (eV) logtq M/ne

where D) ~ 2 x 103 cm2/sec is the coefficient
describing diffusion of charged particles across
the plasme into the serape-off layerond M =2



is the mirror confinement factor for the inner di~
vertor configuration, For W = 30 em, ¢ = 0.92.
Since \ is insensitive fo small changes in plasma
properties and W cannot be any larger because
of space limitations, cp appears to be fixed ot
~0.9, '

Scrape ~off Layer Capture Coefficient, a.. Con-
sider making the scrope-off layer particlly trans-
parent; (i.e., a.<1) in order to reduce the par-
ticle locd in the divertor chamber, This allows
emerging D and T ions and neutrals to strike the
wall ond couse sputtering; becouse the scrope-
off layer is partictly fransparent, some of these
impurities will enfer the plasme ond couse its
Zoff to increase. The concentration of impurities
ny required to make Z_pp = 3 is shown for three
possible wall meterials,

Moteriol z " ek

Li 3 22 % 1072 ng
Fe 26 4x 107 0,
w 70 4x107% ng

From Fig. 2 the flux of impurities back into the
plasma is N o {1 - o) porticles per second.
In 50 seconds the total number of impurity por=-
ticles in the plasma

N ot

= 50 ngVp o (1 - uc)z/',p

Since N must be <n pr We can solve
for og cndogef e (L1) %) é’é{and a. (Fe) = 0.93.
The capture coefficient, b, turns out to be
foirly insensitive to choice of wall materfal or
to level of fusion power in the plasma. This is
because even though n for LT was 22% n;
and for Fe was only 0. iﬁ: ny, the sputtering com
efficients were in the opposite direction.

o (L) =107, o (Fe) = 5x 1072
The optimum value for a, appears to be fixed in
the range C.9.

Sticking Coefficient of Neutralizer Plote, f 4.
Getters such as freshly evaporated Ti can cap-
fure hydrogen particles until they saturate. The
PDX design! | evaporetes a new loyer of Ti on
getter plates in the divertor after each pulse.
This is clearly not applicable to the quasi-
continuous operation of the actinide burner.
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However, using o single flowing Li neutralizer
plate, as in the UWMAK 10 design, does not re=
duce the particle load sufficiently as was shown
in the previous coleulation.

A modified hor\ey‘comb]q2 design has been
conceived! S which retains ail the advantages of
flowing L1 and increases the overall sticking co~
efficient of the system to >0.99 by providing
several Li covered surfaces so perticles are forced
to undergo many bounces before they can emerge
into the divertor chamber. The configurafion for
this design consists of nested chevrons as shown
in Fig. 3. Since 90% of the incident D and T
particles are absorbed at each bounce, only fwo
bounces will reduce the D and T particle load fo
1% of the origine! flux, This concept differs
from the original honeycomb concept in that:

1) it is designed for use in o divertor chamber
rather than in front of the first wall of the plos-
ma chamber, 2) it uses flowing L1 as the surfoce
of contact thereby increasing the sticking factor
ot each bounce, 3) the peculiar geometry of
flux lires in the divertor region requires that
there be no side walls that could block particle
impingement on Li so an array of plates is used,
The total surface area will be determined by the
need to remove about 285 MW of power; o con-
servativethermal limit fon liguid lithium is

1 MW/m®, Thus, 85 m 2 of liquid lithium cover~
ed plates will have fo be used. This is easily
achieved for the multi-layer chevron array with-
in conservative divertor volume designs,

This concept solves the problem of particle
remove!; furthermore, the powerful geftering
action of the multiple bounce orray of Li covered
plates provides the possibility of completely
eliminating the need for cryopanels inside the
divertor chamber and substantially reducing the
requirements for pumps outside the chamber.

The design approach considered to best
accommodate the actinide burner design require~-
ments included the following features:

o Double, inner-major-radius divertor system
with divertor coils external to blanket, in
conjunction with an elongated plasma and
D type TF coils.

e Lorge liquid metal (lithium) covered chev-
ron "gettering” surfaces for divertor neu-
trslizing plates.



o Full torus annuler vacoum manifold internat
to vocuum vessel ond TF coils.

e Free standing segmented replaceable liner,

‘® " Multiple beam, dispersed angle reutral beam
injection at o minimum number of points
{four principal locations).

o Cmission of inner blanket sectors because
of severe access limitations and reactor size
considerations.

e Modular blonket sectors to held fuel ele-
ments and confrol coolant flow,

¢ Plosma on~line fueling by T injection,
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Fig. 3. Divertor Particle Collection System
Reference Concept

The principal fectures developed to accom-
modate the above requirements are embodied in
the reference design depicted in Fig. 4. Tenfa~
tive arrengements and approximate configura-
tion and sizes are illustrated for the plasme,

liner, divertor system, vacuum vessel and
blanket, The shield space and cojt locations

are also shown.

With the exception of local diagnostics,
all vacuum vessel systems requiring penefrations
are confined fo the common beam and vacuum
system entry ports focated of four azimuthel
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locations. This minimizes the seql welding re-
quirements, The blankef and vacuum vesse| cool-
ing system (entering at the botiom and exiting at
the top of the sectors) is fully outside the vacuum
system, -requiring no penetration.  The coolant
required for structures within the vecuum vesse|
is limited to liquid metal (lithium). The general
arrangement shown provides the means o remove
the firer, divertor system, and coolont plumbing
with minimum difficuity. These systems are inte-
gral and con be supported on Hrocks located at
the tep and bottom of the vocuum vessel . These
components are also segmented for ease of hond -
ling. ‘

The functions and advantages of providing
a vacuum manifold end intercepting the parti-
¢le flux obtained with the incorporation of o
first wall liner have been substantioted during
this study, However, the thermal advantoges of
providing o radiation cooled system, coupled
with the high wall loadings that ore desired for
the actinide burner, leaves an area of large un~-
certointy and design development that has not

been fully resolved,

The incorporation of an effective divertor
system, Fig. 3, does reduce the surface heat fiux
considerobly. However, o substantial heat de-
position (of the order of half the scrape-off
energy, and an infernal heaf generation due to
the possage 81: the high energy neutrons of nearly
10 watts/em”) must be dissipated. Since the
identification of o suitable high temperature ma-
tericl with appropriate surface characteristics has
not been possible based on the current estimates
of diverfor system effectiveness, an alternate
configuration has subsequently been adopted,
This concept involves the augmentetion of radiq-
tHon heat transfer by "conduction paths” to the
cooled vacuum vessel structure.

Preliminery sizing, structurel requirements,
ond limited thermal analyses have been conduc~
ted on the divertor system. Also, « preliminary
experimental assessment of the heot transport co-
pobilities of the lithium concept has been ini-
tiated, Preliminary onolysis of the divertor field
has indicated that o shift in the location of the
divertor chevron collectors to be more cojnci-
dental with the trajectory of particles swept from
the scrape-off layer may be needed.

The design concept of separation of functions
permitted the selection of Mo~TZM as the liner
material. This easily replaceable, segmented
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Fig. 4. Reference Configuration, Fusion Driven Actinide Burner

system provides o thermal barrier to the more
crucial vacuum vessel, The liner also provides

the meons of attaining the desired vacuum mani-
fold,

FIELD COIL DESIGN

Figure 5 shows the preliminary layout of the
hybrid fusion reactor plan view. The TF coil ar-
rongement and available spoce befween the coils
provides reasonable access for the neutral beam
system and will permit shielding for the TF coils.

A cryostatically stebilized superconducting
magnet configuration has been defined for the
TF and QH coils, Figure é shows this configur-
ation af the inner torus region. In order fo ac-
commodote the small (3.9 meter) major redius,
the TF coil nose section and OH coils must be
enclosed in ¢ common dewar system. A dewar
arrangement has been identified that permits
torus separation without dewar wall connection:
being required, To facilitate separation, a
two~way circumferential flow system separated
at the mid=plane is provided and the dewaors are
fitted back~-to-back to limit heat leaks info the
system.

The principal design criteric established for
the conceptual design include:

¢ Positive positioning and containment of each
TF coil conductor in o bobbin structure.

PLASMA g

LINER

T 3.9 METER
RABIUS

T.F. COILS

Fig. 5. Reference Concept Plan View

e Positive, controlled liquid helium cooling
of exch conductor.

e Compressive loads from the wedging action
of each bobbin of the coil structure to be
reacted by the stainless sieel bearing sur-
face and not by the conductor and not ex=
ceed a compressive stress of 4,3 x 104

kN/cm2 (60, 000 psi).

~00.-
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e Cryostatically stabilized desigg with
NbSSn superconductors at 4, 2 K,

o Reference fusion driver dimensional con-
straints,

Scoping calculations were made that indi-
cated the mass relationships needed for conduc-
tors of superconductor filaments plus copper ery-
ostatic stabilizing material plus cooling channe!
geometry were satisfied by the configuration
shown in Fig, 6. A total of seven stainless steel
bobbins are sufficient to provide the space and
structure necessary for the conductors of each
TF coil, These bobbins ore in direct wedging
contact with each other in the nose section of
the coil. This minimum space configuration re=
quires the use of o common dewar system for the
cryogenic cooling in this region.

The Tiquid helium used to establish the
4.2”K cryogenic temperature of the conductors
and the stainless steel bobbins is provided by two
coolant inlet manifolds, One manifold is shown
ot the inner major radius of the TF coil and the
other manifold is ot the same horizontal plane
on the plasma side of the TF coils. However, a
more suitable region for access could be af the
top and bottom of the coils. These channels
feed liquid helium into the bobbins of the coils
where it s in contact with the conductors,
Angled feed channels provide « uniform pressure
source for flow in all channels of the TF coils,
A similar manifolding system exists at the outer
major radius position of the TF coils, At this lo-
cation, the liquid helium is retrieved from the
coifs and returned to the refrigerating system.
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TF Coil Nose Area

Two coil centering and stiffening rings made
of stainless steel are located in a horizontal
plane at the inner torus major radius of the TF
ceils. These rings provide the manifold systems
for the coolant of the TF and OH coil systems,
They also assure centering so that no individual
TF coil bobbin is displaced significantly from its
neighbors,

The TF coil bobbin configuration defined as
depicted in Fig. 6, assures o maximum physical
constraint of each individual conductor, as well
as o positive liquid helium cooling capability,
The configuration of the liquid helium coolant
distribution channel in the TF coil provides for
a minimum loss of structure cross sectional area
in the region where the fluid enfry and exit fake
place. The preliminary conceptual configuration
should prove adequate with only minor modifica-
tions once more defailed structural and therme!/
fluid analyses are ultimately completed.

VACUUM VESSEL CONCEPT

Attempts to adapt the various vacuum ves-
sel concepts that have been suggested for current
EPR and other fokamak reactor designs to the ac-
tinide burner have not resulted in an adequate
apptoach compatible with the requirements for
blanket fuel management, Some of the princi-
pal differences that have produced this situation
are:

e The very large, non-symmetrical "D" shaped
vacuum vesse! cross~section that s required,
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e The necessity to have an easily replaceable/
movable bianket system that must be periodi-
cally shuffled,

¢  The high neutron woll loadings that are ne-
cessory (an order of magnitude greater than
EPR designs now being considered),

o The need for incorporation of o quick re~
sponse leak detection system,

¢ The patent magnitude of the material mass
needed to provide the size vacuum cavity
that this device reguires.

The very large non=symmetrical cross-sectior
of the vacuum vessel coupled with the feak-
tightness requirements of the fusion driver repre~
sented ¢ substantial structural design problem.
Conventional design of pressure vessels typicelly
results in heavy wall thicknesses, This is unten-
able for the size pressure vessel needed for the
actinide burner, and for the anticipated radia-
tion damage distortions, as well as unacceptoble
from assembly/disassembly and operation imprac~
ticalities.

It appeared prudent to separate the two
major functions of sealing and reacting pressure
toading. By this approach it was possible fo con-
sider the use of less sophisticated (even non-
ductile) structural sectors that could be self-
supporting and mutually constraining, thus pro-
viding a more fractable remote handling arrange -
ment. These sectors could be assembled with no
necessity for forming a leak-tight structure. The
concept is depicted in Fig. 7. Some of the more
pertinent vacuum vessel design assumptions and
requirements considered are outlined as follows:

e The vacuum vessel cross-section geometry
and key dimensional constraints as shown in

Fig. 1.

e A leak-tightness for a 1077 torr initial
vacuum condition for sfartup.

o "Bakeout" capobility on the order of 500°C.

e long life operation of >5 years {contingent
on design/replacement ease, but high
material activation and huge mass of struc-
ture dictates a very long usefulness).

e Remote assembly/disassembly/repair and
maintenance capability for entire vacuum
vessel,

e Provision for leak detection to identify and
locate leaks at ~1077 torr.
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e Cyclic operation (the order of 2 x 10° per
year at 75% utilization).

e« Upto? MW/mei‘el‘2 of 14 MeV neutrons at
the inner radius {additional neutron loading
will come from the blanket source).

e Structural support that is sufficient fo resist
a collapsing pressure locd of 3 etmospheres.

e High electrical impedonce (azimuthally).

The inner surface of the supporting struc-
tural sectors must accommodoie the heat thet is
rejected by the liner as well as thot which is
generaied by the high neutron flux. The separa-
tion of the liner functions permit the following
advantages in meeting these severe requirements:

e  Ability to select the best materials for: 1)

distributing the heot ot the inner interface;
2) structurat support and long life in the neu-
tron envirenment; and 3} leak-tightness re-
quirement where high ductility requirements
exist permitting selection of the material

that has minimum ductility degrodation, but
which might not have recsonable strength or
structurel capacity at high temperature.

e Freedom to redesign for periodic blanket re-
arrangement and removal without violafing
integrity of the vacuum vessel - (the separa-
tion of the blanket from the vacuum vessel
is considered necessary for a tractable design
approach).

e Provision for cooling the vacuum vessel with-
out imposing blanket coolant pressure loading
(cooling alore presents a formidable problem.

The approach that is suggested for maintain-
ing feasible temperatures for the structural
material is shown in Fig. 7. The cooling of the
wrapper by use of the helium that would be avail-
able from the blanket cooling couid be permissi-
ble if the high pressure is contained in a header
and ducting system within the wrapper, Other-
wise, it would present an impossible pressure load
against the vacuum vessel structure.

Heat removal from the flanges mokes the use
of heat pipes appear mandatory in order to main-
tain reasonable maximum temperatures, However,
this does make a more complex design with the
uncertainty associated with an unproven tech -
nology. Options for the wrapper cacling include
the use of a formed coolant sheet for the cuter
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leyer which could be cooled by liguid metal or

by another {iquid or gas coolant system. If inter-
connected with the blanket cooling system through
feck=tight quick disconnect fittings, it could be
part of the blanket cooling system, The candi-
dote approach is to cool! the wrapper and the
shield by separate cooling systems. This approach
permits the blanket to be rearranged end shuf-
fled without interference with the leak-tightness
of the vacuum vessel cooling system.

BLANKET DESIGN

Large surface areas exist at the periphery of
the tokamak fusion driver vacuum vessel. There-
fore, o practical blanket concept requires modu~
lar design and the ability to easily and repeatediy
attuch both modules and cooling systems. In the
case of the actinide burner, these modules con-
tain fuel pins that are loaded with the actinides.
Cooling system connections are o major concern
for attachment of fission hybrid blanket modules.
The requirement of the fuel management operta-
tions associated with movement of the modules on
o periodic basis mokes o leak-tight quick-discon-
nect submodule design important, Features that
must be provided include:

¢  Containment of high pressure, high tempera-~
ture coolant such as helium,

¢ accommodation of deformations and deflec~
fions associated with cyclic, long life, high
temperature operation and remote handling,

e  the removal, replacement and repair of mo-
dules with very short turn-around times,

o leak-tightness,

e maximum utilization of the available space.

None of the module arrungements or concepts
that are currently available from the literature
completely satisfy the required functions. Also,
desired features such as: 1) rugged, simple attoch-
ment with, if possible, a single attachment lever;
2) large module fit-up tolerances to accommodate
repeated replacement and variation in surface
alignment; 3) provision for repetitive attachment
even after deformation is sustained; 4) provision
for thermal expansion and manufacturing dimen-
sional differences; 5) provision for loading/un-
loading one module in o hot bay area while o
second module is in operating position in the re-
actor; and é)elimination of the requirement for
welding at the reactor or in the subassembly to
the blanket sector are quite important to a prac-
tical design.
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BLANKET CONFIGURATION

The conceptual approach suggested for the
actinide burner uses the high pressure coolant and
a novel attachment device and medule configura-
tion to provide the desired fectures and overcome
several of the major problems associated with cur-

rent moduie configurations. The conceptual
approach for the reference design is shown in

Figs. 8 and 9.

Preliminary analyses have been completed
on this concept, Compromises were found neces-
sary to obtain desired blanket performance and
meef design guidelines. Placement of the coolant
duct outboard of the fuel region was necessary to
reduce neutron attenuation and keep the modular
blanket design and its associated coolant mani-
fold independent of the vacuum vessel, The prin-
cipal features of this module include the follow-

ing:

e Standard fabricated fuel pellefs of simple
geometry,

e  Multiple blanket segments permitting flexi-
bility in the re~shuffling and assembly/dis-
assembly of the blanket,

e Redial coolent flow of helium through the
blanket segments with common inlet ond exit
plenums for each segment (48 segments).

¢ Leak-tight single entry quick-disconnect- for
the helium connections to the blanket,

¢ Cooled module containment structure.

¢  Ruggedness and simplicity of attachment; i.e.,
the use of a single attachment lever,

o Large tolerances permissible for module fit-
up to accommodate repeated replacements and
variations in surface alignments,

e  Provision for repeated attachments and de-
tachments even after deformation is sustained,

e Allowance for thermal expansion and manu-
facturing dimensional differences,

o  Ability to load/unload one segment in a hot
bay arec while a second segment is in posi-
tion in the operating reactor,

e No requirement for welding ot the reactor or
in the subassembly of the blanket sector.,
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A modular configuration offers the flexibility
to accommodate different fuel loadings and thus
appears to provide o reasonable reference concep-
tual design approach. The module concept incor-
porates o quick~disconnect and hermetic sealing
feature, is designed to'include a double~welled
containment, and would be loaded in o suitoble
hot cell or bay area.

The conceptual design of the reference mo~
dule/cooling manifold assembly minimizes remote
handling assembly/disassembly problems, and
maximizes leak-tightness without requiring weld-
ing during reactor assembly. 1t permits the accom-
modation of relatively large tolerances and per-
mits the substitution of components,

The reference blanket module configuration
is shown in Fig. 8. The fuel pellets are modeled
after the gos cooled breeder reactor (GCBR) con=
cepts' 7 that operote in similar thermal and cool-
ant systems, However, the arrangement of the
module is such that if could accommodate other
fue!l forms such as the modified LMFBR fuel ele~
ment or other fuel options.

The blanket and shield conceptual design ar-
rangement have been defined to facilitate the re-
moval of the oufer shield sectors and blanket sec~
tors without disturbing the fusion driver or TF coil
systems. Conceptual design assessment of neutronic
performance has shown the desirability of reducing
the number of shield sectors to 32 and the need for
design optimization to reduce the structural ma-
terial between the plasma and blanket. MNeither
of these modifications have required a departure
from the assembly/disassembly approach.

COQOLING CONSIDERATIONS

Separate cooling systems have been con-
sidered desirable for the blanket and outer shield
systems of the actinide burner as illustrated in
Fig, 10, This provides improved blanket system
thermal performance since it permits the maximum
possible temperatures in the blanket coolant for
maximum power conversion efficiency. Also, the
shield sector can operote of lower coolant pres-
sutes by virtue of the lower shield power densities,
The reference blanket cooling system is d on
the gas cooled fast breeder reactor design
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The configuration of the blanket coolant flow
manifold which supports the modules and provides
the mating flange and seal surface components of
this quick~disconnect module system is shown in
the cross=section in Fig, 8. This duct concept
permits the high pressures in the rectangular duct
sections to resist duct deformation, The double
wall coolent inlet channels not only resist a fen-
dency for the duct to deflect but permit duct de~
sign to the pressure load of the lower exit pressure
of the inner chamber, Since the high pressure

gas is cold, the structural containment system
operates at low temperatures for maximum strength
and minimum femperature variation during normal
operation or transients.
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This concept uses a non-structural inner hot
liner which consists of o thin meta! sleeve inside
the structural wall. The sleeve contains the flow-
ing hot gos and provides not only an additional
interface, but a stagnant region to insulate the
structure. Differences between cold cells and the
inner finer for the hot gases, which would run al -
most at hot gas temperatures, require a high ther-
mal expansion allowance for the sleeve; this is
readily obtained because the sleeves can be sec-
fioned. Preliminary structural analysis has indi-
coted that the monifold with blanket modules gt~
tached is sufficiently stiff to permit transport and
assembly to the reactor without undue deformation,

Based on the results of the scoping and para-
metric analyses as well as mechanical and neu-
tronic considerations, a paralle! flow configur-
tion was selected as the reference blanket design,
The coclant flow paths around and through the
fueled region of the blanket are shown schemati-
cally in Fig, 17, A fuel pin diameter of 1.5 cen~
timeters wos selected to keep the fuel centerline
temperature well below the melting points of the
actinide oxides (the melting points ore expected
to be greater than 2250°C). The moximum pin
ciad surface temperoture calculated is 1130°C,
The important temperatures at various regions of
the blanket are summarized in Fig. 1.
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Fig. 11, Schematic Diagram of the Blanket Re~
gion tllustrating the Thermal~Hydraulic

Mechanisms Involved,

ACTINIDE DEPLETION CHARACTERISTICS

CRITERIA FOR ASSESSING RADIOTOXIC HAZ -
ARDS

Several radiofoxic hazard indices have been
commonly used in connection with nuclear safety
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and nuclear health analyses. These are the inges-
tion hazard index, the inhalction hazard index,
and the rediotion dose rate. The first two cre de-
fined as the volume of water and air, respectively,
required fo dilute a given amount of radionuclide
to the ingestible and inhalable levels established
by the maximum permissible concentration (MEC)
or the radioactive concentration guide (RCG).
Early studies on nuclear waste management prob-
lems have generally used the ingestion hazard as
the index for evaluating relative toxicities, pri=
merily because ingestion is the most relevant
hazard over the long term. However, it should

be pointed out that the absolute magnitudes of

the ingestion hazard index hove little practics!
meaning when foken out of the context of speci-
fic safety analyses that involve waste release
mechonisms, including considerations such as spe -
cific quantities of the radicactive materials, di-
lution of the waste within a geclogic formation,
the leach rates of solidified waste forms, and the
absorption of radionuclides in the soif. The waste
relecse mechanisms that must be considered should
include the probabilities of waste release under
various postulated failure events that cause the
wastes to be dispersed through the ecosystem.

Without consideration of these mechanisms,
computation of the absolute value of the inges-
tion hazord becomes somewhat meaningless as
pointed out by Claiborne | who showed that, for
one mefric ton of fuel, the dilution of actinides
to satisfy the MPC criteria would require "a
volume of water equal to the yearly flow of the
Mississippi River into the Gulf of Mexico™. A
relative hazard index was therefore developed for
use in the actinide burner study. This index con~
sists of the ratio of the ingestion hazard of o given
amount of high level nuclear wastes to the inges-
tion hazard of the amount of naturally-occurring
parent uranium ore (assumed in this case fo be carm

nofite, containing 0.2% uranium) from which the
wastes were produced. Formulation of & relafive
hazard index on this basis is considered to be o
more realistic measure of the effects of high level
wastes since it depicts the change in hazard po-
tential from that of naturally occurring radicac~
tive substances which existed on earth before
primitive life began.

The various processes and the mass bolances
for the fue! cycle are illustrated in Fig. 12, The
ratio of actinide mass to that of the uranjum ore
was obtained by an overall mass balance, 1t is
significont to note in the figure that many radio-
active daughter products associated with the



actinides are already present in the ore and in
the ore tailings. The mass balance was normal -
ized fo one metric ton of enriched uranium feed
to the LWRand based on data given inRef. 17, The
enrichment tailings end plutonium from reproces~
sing are currently being accumulated in storage,
pending potential future use in heavy wofer mo-
derated reactors (enrichment tailings) and in plu-
tonium recycled LWR's, respectively, The uran-
jum from the reprocessing plant is assumed to be
recycled as shown. The hazards from enrichment
tailings and reprocessed plutonivm were not in-
cluded in the total hazard because these streams
were assumed fo be recyclable in a totally inte-
grated nuclear power economy of the not too dis-
tant future. Even using the normalized hazard in-
dex, however, one cannot merely evaluate the
change in the present hazard index as a criferion
for actinide burning performance because an im-
provement in the present ingestion hazord does
not necessarily result in am improvement in the
long term hozard, as was demonstrated by Clai-
borne and by the résults of this study.
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PRINCIPAL DECAY CHAINS OF HEAVY ELE-
MENTS

The primary radionuciides in the actinide
wastes are Np-237, Am-243, Am-241 and Cm-244,
The principal decay chains for the actinides are
summarized in Figs, 13-16. Uranium 234, 235
238, and Th-232 are all found in nature within
natural vrenium and thorium ores; consequenﬂy,
the decay phenomena beyond these elements are
naturally occurring, while the higher mass iso-
topes {actinides) are produced by reutron cap-
ture fransmutations in either fission reactors or in
actinide burners, The chain stariing with Cm-244
contains Th=232 as a daughter product. This
element has the longest half life (1.4 x 1610 yrs.)
among all the doughter products and the half tife
is significantly greater than those of the other
doughter products, For these reasons, Th=232 ond
its daughter products are found in equilibrium
wherever Th=232 is found. The chain starting from
Cm-243/Am~243 has U~235 as a daughter product,
U=235 clso has an extremely long half life -

7 x 107 years, For this reason, its daughter
products are also found in equilibrium with 1.
Because of these extremely long half [ives, the
radiotoxic hazards of these two chains are rela~
tively minor since the radiotoxic hazards (inges-
tion or inhalation) are inversely proportional tfo
the half life and inversely proportional to the
RCG (or moximum permissible concentration,
MPC). 1t should be noted that the RCG's of the
principal radioisotopes are not significantly dif-
ferent when compared with the differences in
their half lives,

Although U-233 is found in nature, if exists
in trace quantities when compared with U-235
and U-238, Consequently, from an overall nu-
clear huozard standpoint, the chain containing
Np~237 (daughter product U~233) may be consi-
dered man-made. Np-237 is a daughter product
of Cm=245 or Am-241. It has g half life of some
two million years and has highly toxic daughter
products in Th=227 and Ra-225. For these rea-
sons, radiotoxic hazards (ingestion and inhalation
hazards) are expected to become important at
relatively fong times (~10° years) following de-
cay, In the Cm=242 chain, Pu~238 and U-234
are daughter products followed by other highly
toxic daughter products, Th=230, Ra=226, Pb-Q%O
and Po=210. U-234 has a half life of 2.4x 10
years. Consequently, ingestion and inhalation
hazards are expected to become important at
times on the order of 10° to 10 years following
decay of either Cm~244 or Pu-238. However, it
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should be noted that, since U~234 and all its
daughter products are in equilibrium with U-238,
these toxic elements already exist in nature.

The above analysis of the decay chains sug-
gests that meaningful evaluations of the effects
of actinide burning must involve a study of the
long-term effects on rodictoxicity, For these rea-
sons, one must follow the decay chains out for
~105 years in order to see the effects of radioac-
tive daughter products on the potential ingestion
hazards.,

ACTINIDE DEPLETION AND RADIOTOXIC
HAZARDS

The evaluation of the effect of neufron wall
loading on actinide depletions showed that the
principal actinides from fission reactors can be
depleted effectively using fusion neutrons. This
is illustrated in Fig, 17 for the reference case.
ft can be seen that the rates of depletion for
Np~-237, Am-243 and Am-241 are nearly exponen-
tial; consequently, a convenient means for com-—
paring the rates of their depletion with the rates
of natural decay is fo define an "effective half
fife" as the holf life of the isotope over the pericd
of time the actinide is irradiated in the actinide
burner, The effective half lives of the three main
actinides are compared with their natural half
lives in Table 3. The significant depletions of
these actinides when irradicted by fusion neu-
frons are evident by the several orders of magni~
tude reductions in their effective half lives,

The appreciable dapletions of the getinide
isotopes initially ploced in the blanket lattice

occur mainly by fransmutation (neutren capfures),
however, even for the very hard neutron spaectrum
of the reference actinide bumer blanket. As a

consequence, significant amounts of Pu-238, Cm-
244 ond Cm=-242 are produced initially but are

eventually depleted with extended irradiation, as
seen in Fig. 17. The net effect of the production
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Table 3. Comparison of Effective and Natural Half Lives for Actinide Depletion and Decay

Effective Half Life, Yeors

Tokamak Driven, Fusion Actinide Burner

1.15 MW/m2
MNatural Half Neutron Wall
Actinides Life, Years Loading
“Np-237 2,146,000 4,45
" Am-243 7,354 8.90
Am=241 456 4,20

5 MW/m2 10 MW/m2
MNeutron Wall MNevtron Wall Thermal Flux,
Loading Loading PWR Burner
2.40 1.50 3.15
4,70 2.4 *
1.25 0.70 *

*The depletion does not follow an exponential function.
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Relotive Ingestion Harord, Ratio of Hozard of Nuclear Wastes

To Hezard of Corresponding Uranium Qre

of Pu-238 and Cm~244 is g significent increase

in the hazard index over the first few years of ir=
radiation. This results from the relatively shorter
half lives of Cm=242, Cm~244 and Pu-238 when
compared to the other actinides. Since succes-
sive neutron reactions {e.g., transmutation followed
by fission) are required to convert the majority of
the actinides to suitably short [ived fission pro-
ducts, the total fluence necessary for effective ac~
tinide depletion is quite high, Thus, the reference
case utilizing a fusion neutron wall loading of
1.15MW/m2 is only marginally attractive in terms
of elimination of the long term hazards due to ac-
tinides us indicated by the relative ingestion huz-
ard histories summarized in Fig., 18, In fact, ir~
radiation for only 10 years produces a significant
increase in hozard index for the reasons discussed
above. [n particular, it should be noted that the
ingestion hazard fends to increase after 107 years
to ¢ maximum and then decrease with further de-
cay. This phenomencn is due to the appecrance
of highly toxic daughter products mentioned ear-

lier. Many of these daughter products as well as
2
19 E 1 i ,
s Dty Oty
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Fig. 18, Comparison of Relative Ingestion Haz~

ards from Actinides as Functions of De-
cay Time. Bases: One Metric Ton of
Uranium Fuel to an LWR,
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Np=-237 do not have their MPC's listed in the
Code of Federal Regulations {10 CFR 20). Asq
consequence, the default values were used to
compute their confributions to the mges’non haz~
ard. The default values are 3 x 1070 Ci/m3 for

8 ~decay nuclides with half~lives greater than

2 he, and 3 x 10~8 Ci/m3 for alpha~decay or spon-
taneous fission nuclides. These default vaives are
admittedly conservative and this conservatism
may account for the relatively high ingestion
hazards of the actinides in general and for the in-
creases in ingestion hozards over the long term in
particular,

As shown in Fig, 19, the effect of neutron
wall loadings on relotive ingestion hezards shows
that 5 MW/m2 of neutron wall loading wilt reduce
the ingestion hazards by one order of magnitude
when compared to naturaf decay, while 10 MW/
m? of neutron wall loedings can reduce the long
tzrm Ingestion huzards by 3 orders of megnitude,
For the letter case, 10 .’\/\W/m2 provides neutron
fluxes ~10 n/cmz-sec ot very high enecgy
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Fig. 19. Comparison of Relative Ingestion Haz~

ards from Actinides as Functions of De-
cay Time. Bases: One Metric Ton of
Uranium Fuel fo an LWR.



(10~15 MeV). Enhancement of very high energy
neutron flux favors fission rather than transmuta -
tion of actinides. For example, the fission cross—
section for Np=237 is less than 0.1 barn ot 0.1
MeV but increases to ~2.5 barns in the 10-15
MeV energy range while the absorption cross-
section for Np=237 is a few tenths of a barn over
the energy range 0.1 - 15 MeV, This fact, cou-
pled with the increased value of v (neutron re-
lease per fission) for very high energy neutrons,
gives a significant increase in blanket neutron
multiplicetion for a given amount of fuel leading,
Therefore, o substantial reduction in actinide
loading density (¢ foctor of ~4) can be made
while retaining the same blanket power density.
Since the power density, P, is held constant in
these calculations, the following relationships

apply:

Plo = P
Nyglodhg = Ny (e e), (1)
N,
(0}, = ——e (0 ¢)
16 NIO ]

where N is the number density of the actinide,
o is the cross~section, ¢ is the flux, and the sub-
scripts refer to the 1 MW/m? or 10 MW/m? case,

respectively,

Also, the actinide depletion rate can be ex-
pressed as:

¢ IN/Noy
depletion rate = 5 = —(adu)]o
d (N/N ) @
o1
aF =-loe)

For o constant power density, the 10 MW/m?2
cuse requires an initial nurgber density a factor of
four less than the 1 MW/m* case because of the
much higher flux level. Consequently, (ord))m is
4times (o¢), (equation 1). Therefore, the deple-
tion rate {equation 2) for the 10 MW/m? case s
significantly higher than for the 1 MW/m2
case resulting in a decrease in the effective half-
lives of all the actinides. For example, the effect-
ive half-life of Np~-237 decreases from 4.5 years
to 1.5 years and that of Pu~238 from ~ 7 years to
2 years for the 1 MW/m? case and 10 MW/m?2
case, respectively. Since the irradiation period
is 30 years (long compared to the effective half-
life), the exponential nature of the decay results

in a factor of 103 - 104 decrease in the residual
Np-237 or Pu-238 for the two cases. The hozord
at long times (105 100 years) is directly propor-
tional to the residual Np-237 and Pu-238 at the
end of the [rradiation. Therefore, the 10 MW/m2
irradiation reduces the long term hazacds by 3-4
orders of magnitude over the T MW/m* irradiation.
The ultimate copabifity of a beam=driven tokamak
appears to yield a wall loading on the order of 4
to 5 MW/m2 if one can achieve an elongated
plasma (b/a = 3) and if close to 1000 MW of neu-
tral beam power can be injected into the plasma.
At present, laser fusion appears fo be the only
current identifiable means to attain a 10 MW/m
neutron wall loading,

As previously mentioned, examination of the
ratio of fission to transmutation for each actinide
isotope showed that transmutation is the dominant
mechanism for depletion of the actinides origin-
ally ploced in the blanket lattice even with a
very hard neutron spectrum. Thus, the origingl
goal of promoting actinide depletion by fission
has not been achieved with the referéence fusion
neutron wall loading of 1. 15 MW/m®. For com-
parison purposes, actinide depletion calculations
were performed utilizing a neutron spectrum rep-
resentative of a PWR. While the ratio of fission
fo transmutation is smaller for the PWR spectrum,
cross-sections for both reactions are sufficiently
greater that somewhat more favorable actinide
depletion characteristics were obtained, There-
fore, fusion neutrons do not appear to have a
distinct neutronic advantage over recycle in
fission reactors until fusion neutral wall load-
ings approaching 10 MW/m? are considered,

The preceding discussion on actinide deple~
tion is based on the premise that all actinide iso-
fopes that contribute to the hazard index are un-
desirable nuclides. On the other hand, Pu~238,
Cm-244 and Cm~242 have identifiable commer-
cial applications as beneficial radioisofopes.
Pu-238, for example, is useful for portable and
remote power sources that include pacemakers,
artificial hearts, and space and terresirial power
stations. The demand for Pu-238 for commercial
applications can be readily estimated. Although
large numbers of pacemakers will be nuclear-
fueled {currently there are 2000 implanted nu-
clear: pacemakers world wide), the actual amount
of Pu~238 required is small (~60 kg by the year
2000). By far the application requiring the lar-
gest amount of Pu~238 is the power source for
artificial hearts. The projected demand for Pu-
238 for the year 2000 for various applications

~112~



could amount to 335 metric tons (335, 000 kg).

it should be pointed out that the cost of Pu-238
may be substantially reduced from its current
price of $750/g by producing large amounts in
actinide burners. The projected supply of Pu-238
from actinide waste accumulations is only

50, 000 kg. Consequently, there would be ashort-
fall of some 300, 000 kg by the year 2000, Cm-
244 has an appreciably shorter natural helf life
(18 years) compared with that of Pu-238, As ¢
result, it has o higher power density. The higher
power density is frequently useful in space and
remote terrestrial power systems, particularly
systems utilizing thermo~electric generators.

The principcl deterrents to the use of these
nuclides to dute have been their unavailability
and high cost, The actinide burner may be
prolific source of these radioisotopes produced
by transmutation of actinides, On the other
hand, Pu-238 is the principal contributor to
increases in the hazard indices during irradia-
tion and its daughter product Ra-226 is respon-
sible for the secondary peak in the hazard index
shown in Figure 18 at 109 years, Thus, these
radioisotopes are o cleor example where o value
judgment is needed to weight the beneficial and
potenticlly detrimental attributes of nuclear
materials,

CONCLUSIONS

In the evaluation of the preliminary conceptual
design of the actinide burner, some extremely
challenging problem areas were encountered,
The fusion driver, in particular, posed some of
the principal design problems because of the
necessity for advancing the state-of-the-art

in plasma engineering and fechnology required
for long pulse, high duty cycle operation. This
type of operation necessitates the use of super-
conducting magnets, a divertor system for control
of impurities and particles lost from the plasma,
a highly effective neutralizer system to remove
particles swept into the divertor, vacuum and
neutral beam systems capable of sustained oper-
ation, and a viable means of fritium injection.
A double null poloidal divertor was selected
with the separatrix on the inner major radius
side of the plasma. This divertor configuration
was combined with a slightly elongated plasma
to help compensate for the limitations in field=
on-axis. A novel lithium coated nested chevron
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concept was developed to provide an effective
means of removing particles from the divertor,
thus minimizing external vacuum system pump-
ing requirements. While this particle collection
concept oppears to be a viable approach, the
need to remove and reprocess tritium from ligquid
tithium has led to a very large totel tritium
invenfory.

Actinides are produced by fransmutation of
fuel in fission reactors and represent the longest-
lived components in high level radicactive
wastes, Results of this design study of a fusion-
driven actinide burner with a fusion neutron
wall loading of ~1 MW/mZ indicate that the
principal actinides can be depleted with effec-
tive half-lives (during irradiation) that are
orders of magnitude shorter than those for
natural decay. The accelerated depletion of the
actinides isotopes initially placed in the blenket
lattice occurs primarily by transmutation
(reutron capture) to form other heavy nuclides,
even for the very hard neutron spectrum of the
reference actinide burner blanket, The net
effect of this transmutation is ectually a signi-
ficant increase in hazard index due to the
actinides over the first few years of irradiation,
Since successive neutron reactions (e.g., trans=
mutation followed by fission) are required to
convert the majority of the actinides to suitably
short~lived fission products, the total fluence
necessary for effective actinide depletion is
quite high. In contrast to results of earlier
neutronic studies, an actinide burner with a
fusion neutron wall loading of 1 .'\/\W/rn2 and
with realistic provision for structure between
the plasma and blanket fuel fattice is only
marginally attractive in eliminating long term
radictoxic hazards due to the actinides, Fusion
neutrons do not appear to be distinctly advan~
tageous in effecting o major reduction {several
order of magnitude) in the total fong term radio-
toxic hazard due to the actinides until wall
loadings approaching 10 M\N/m2 are considered,

Although major contributors to the hazard
index, some of the isotopes produced by trans=-
mutation have commercial applications as bene~
ficial radioisotopes for use in protable and
remote power sources. The actinide burner may
be a prolific source of these radicisotopes pro-
duced by the transmutation of actinides. Deple-
tion of the actinides also produces o significant
amount of power, Although the capital cost per
kW appears to be significantly higher than that



for current fission power plants, it may be
acceptabie as an incremental cost to dispose o
the actinides. A meaningful cost benefit study
to assess the merits of actinide depletion will
require further work to define processes and
costs fo partition the actinides from the fission
products and to separate the beneficial radio-
isotopes from depleted actinides,

Incdequacies in the present concepts of
hazard indices prompted the adeption of o
revised hazard index in which the fngestion
hazard of o given amount of high leve! nuclear
wastes is normalized to the ingestion hazard of
the amount of naturally~occurring parent ura-
nium ore from which the wastes were produced,
Formulation of a relative hazerd index on this
basis is considered to be a more realistic mea-
sure of the effects of high level wastes since |t
depicts the change in hazard potential from
that of naturally occurring radioactive substances
which existed on earth before primitive life
began. In applying any type of hozard index
to an ossessment of long-lived radioactive
wastes, it is essenticl fo follow the decay chaine
out to ~10% vears to include the effects of radic
active daughter products on radiotoxic hazards.

Comparison of the total hazard from actinide
wastes to those of the parent uranium ore indj-
cates that the contribution from the actinides is
no tonger dominant after several hundred years
of natural decay. Furthermore, recent studies
of proposed disposal by burial in suitable geo=
logical formations at ¢ depth of ~400 meters
indicate that the parthway to the acosystem is
much more torturous than that for naturally
occurring radioactive materials found in the
earth's crust. Conservative projections of
waste fransport into the ecosystem based on
- observations of naturelly occurring radioactive
nuclides indicate that the probability of fatal-
ities during & million years of storage is small,
Based on these considerations it would appeat
that the issue of long term hazards due fo the
actinides requires serious re~examination to
develop a balanced perspective,

Despite the considerations outlined in this
discussion, the management of high level radio-
active wastes is « genuine societal concern.
Therefore, it is deemed advisable to discuss
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these views on waste management in an appro-
priate public forum to insure that potential
hazards from the wastes, and from the actinides
in particular, are assessed in proper perspective,
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INTRODUCTION

Among the various areas in which
thermonuclear devices are being develop-
ed, the area of Tokamak reactors has
received the greatest development.

The economic estimates performed in
various countries indicate that the specif-
ic capital expenditures on the construc-
tion of thermenuclear electric power
plants apparently will be about twice as
high as those for atomic electric power
plants. The econemic characteristics of
thermonuclear electiric power plants can
he improved significantly by conversion
te hybrid devices using fissionable m?~
terial in the fusion reactor blanket.

Within the scope of the Soviet pro-
gram for practical development of thermo-
ruclear power for peaceful purposes, pro-
vision has been wade for the construction
of a demonstration Tokamak thermonuclear
reactor in 1983-1984 with the following
basic parameters:

-~ major radius of torus 5m
-- inside radius of discharge
chamber along wall 2.7 m

-- outside radius of blanket
modulus with respect to

shielding 3.1 m
-- volume of discharge 3
chambher 400 m
-- surface area of discharge 2
chamber wall 400 m

-~ thermonuciear neutron flux 13
at time of pulse  1.25 x_10°°
{neutrons/cmé + s)
-= pulse duration to 20 seconds
-— nugber of pulses in D-T mixture
10

[t is proposed that several series of
piasma physics, neutron physics, and en-
gineering-technological experiments be

* Translated from the Russian By Addis
Transtations International, Portola Valley
Ca. 94025.

performed on the demonstration Tokamak
thermonuctear reactor. The engineering-
technological testing of the blanket mo-
dules, which will be represented by var-
jous concepts of thermonuclear power re-
actors, is to be started in 1985. The
theoretical structural diagram of the dem-
onstration Tokamak thermonuclear reactor
will permit simultaneous testing of sev-
eral structural designs of the modules
(for example, from 4 to 8 types).

The demonstration Tokamak thermo-
nuclear reactor will be the first Soviet
thermonuclear reactor in which significant
power will be obtained in the form of en-
erqy neutrons and the a-particles of the
0-T reaction. Although the neutron flux
with an energy of 14 MeV to the first wall
of the demonstration Tokamak thermonuclear
reactor is several times lower than in the
designed thermcnuclear power reactors, it
is sufficient to study many engineering
problems connected with the design and the
construction of the blankets for these re-
actors.

The experimental program for the de-
monstration Tokamak thermonuclear reactor
provides for the following:

e Study of the neutron-physical
characteristics of the blanket
modules with determination of the
breeding factor of tritium and
the production factor of pluto-
nium, the energy multiplication
factor in the blanket, the energy
release distribution among the
blanket zones, and so on;

e Study of the radiation resistance
of the materials in the presence
of fluxes to 2 - 1020 neutrons/cm
in the presence of a significant
proportion of neutrons with an
energy of 14 MeV in the spectrum;
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e Heat engineering testing of the
structural design of the blanket
modulus under the real temperature
conditions of the blankets of fu-
ture thermonuclear devices;

e Development of metheds of extrac-
ting tritium from lithium-contain-
ing materials and technological
process measures for the prevent-
ion of tritium leaks from the
blanket, extraction cf the tri-
tium at operating temperatures,
and energy intensities;

@ Study of the efficiency of the
uranium-containing elements of the
hybrid blanket and development of
the operations for recharging them;

# Accumulation of experience in the
operation and maintenance of the
technological loops and equipment
of the auxiliary systems, inves-
tigation of the degree of activity
of the Toops;

& Accumuiation of experience with
respect to the instaliation and
remote dismantling of the blanket
modules, determination of the
transport operations rules, and
the degree of radiation safety
during transport operations;

s Testing the effectiveness of the
general and local radiation shiel-
ding of the blanket module and the
entire device as a whole;

e Comparison of the basic charac-
teristics of the alternative
versions of the blanket module.

Uuring the course of the experiments,
the possibility of obtaining electric pow-
ey on industrial scales (to 100 kM) as a
result of the fusion reaction must be dam-
onstrated, with simultaneous production of
significant quantities of tritium and
nlutonium,

The development presented in this
report is one of the possible versions
of the theoretical structural design for
gas-cocled blanket of a hybrid thermo-
nuclear reactor.

NEUTRON-PHYSICS CHARACTERISTICS OF
THE BLANKET MODULE

CALCULATION PROCECURE

A1l of the neutron-physical cal-
culations were performed by the BLANK pro-
gram, permitting us to obtain the spatial
energy distribution of the neutrons in the
one-dimensional configuration with an ex-
ternal source. The combination of the
Monte Carlo method and the Py approxima-
tion is realized in the program. In the
high-energy range (£ > 0.1 MeV), the in-
tegral transport equation is solved by the
Monte Cario method using the 52-group
library of nuclear data. In the energy
range below 0.1 MeV, the equation is solved
in the Pi-approximation with the 21-group
Tibrary of nuciear data. The Monte Carlo
method was used to solve the transport
aquation only in the first iteration. The
subsequent iterations are performed in the
Py approximation.

The distributicn of the gamma-gquanta
was calculated by the Monte Carlo method
in the one-dimensional configuration in
the presence of internal scurces of gamma
radiation, considering the three processes
of gamma radiation interaction with matter:
the Compton effect, the photo-effect, and
the steam formation. The group appreoach
was used in the calculations. The width
and the number of the energy groups were
determined by the energy scales in which
the cross sections of the initial elements
are given. The initial data {the gawma
radiation sources) were calculated by the
BLANK program. From the point of view of
their sources, the gamma-quanta were divi-
ded into three groups: gamma-guanta
formed during the fission reaction, gamma-
gquanta formed during the {n, v) reaction
in the energy range below C.1 MeV, and
the gamma-quanta formed during inelastic
processes. The 1ast component was given
in the form of the generation of gamma-
quanta during hydrogen captures from the
condition of equality of the total energy
of the gamma-quanta formed to the neutron
energy losses during inelastic coliisions.
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CALCULATION RESULTS

One of the basic requirements imposed
on the blanket of a hybrid thermonucliear
reactor is the high energy yield per fis-
sion (90-100 MeV). The energy of the fis-
sion reaction to 60% of completeness makes
the basic contribution to the total energy
released in the blanket module; therefore,
the primary factor influencing the total
energy reltease in the module is the amount
of fissionable material. For the given
volumetric centent of the materials, the
amount of fissionable material will be
determined by the size of the zone in which
this material is contained. It is obvious
that with an increase in the size of the
zone, the total energy release per fission
will increase. However, the leakage of
the neutrons through the outer boundary of
the zone will decrease, which s explained
by an increase in the absorption in the
zene itseif. This leads to a reduction
in the number of neutrons which can be
used for the production of tritium.

In Fig. 6, the material diagram of
the blanket module c¢hosen on the basis of
various calculations is presented in which
uranium carbide {UC} is used as the fis-
sionable (breeding) material, and 1ithium
aluminate (LiA10;) is used for the breed-
ing of tritium. As the neutron-physical
cajculations have demonstrated, 75 MeV per
fission are generated in the uranium zone,
and the leakage through its outer boundary
is 1.26 neutrons per fission.

This permits us to obtain a total
energy yield on the order of 90 MeV per
fission.

The Tocation and sizes of zones 5, 7,
and 9 were selected from the condition of
maximum neutron absorption in zones 5 and
§ and reducticon of the proportion of the
neutrons reflected (returned) to zone 3.
This explains the choice of the quite
thick layer of graphite moderator which
serves as the source of the neutrons,
which are then absorbad by the Tithium in
zones 5 and 9. The reaction cross section
5.9 (n, o)T is appreciably higher than the

reaction cross section 7Li(n, n'a)Ty there-
fore, wi%h an increase in the concentra-
tion of °Li in the lithium, the fritium
breeding in the blanket module increases.
As the various calcuiation versions demon-
strated, the increase in the "L concen-
tration in the natural 1ithium permits an
increase of 5-8 times in the tritium breed-
ing factor,

On the basis of the above discussion,
the version was selected (Fig. 6} which
insures that the largest possible value of
the tritium breeding factor will be obtain-
ed which does not result in significant
structural complications, the necessity
for the application of relatively scarce
and expensive materials, or a significant
decrease in the energy yield per fission.
The spectral characteristics of this ver-
sion calculated by the BLANK program are
presented in Fig. 1 and 2. The energy
release in the module materials is pre-
sented in Table 1, in which it is obvi-
ous that the primary deficiency of the
proposed structural design consists in
the nonuniformity of the energy release in
the uranium zone. Thus, in the fuel ele-
ments located at the first wail, six times
more energy is released than in the fuel
elements located on the outer edge of the
uranium zone.

The calculated tritium breeding fac-
tor in the proposed version is Ky = 0.751,
the plutonium production factor Kp, =
1.492, and the energy yield per fission
E = 39.8 MeV.

CHARACTERISTICS OF THE TRITIUM AND

One of the physical probiems of the
experimental program is the investigation
of the plutonium production process in the
uranium zene and the tritium production in
the zones containing Tithium.

In connection with the small value of
the irradiation integral (Fig. 3), only
the determination of the total amount of
plutonium produced and the investigation
of the isotopic composition of the irra-
diated fuel elements with low burnups ap-
parently are possible. The calculated
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piutonium production distribution in the Jocated at the first wall, twice as much

uranium zone is presented in Fig. 4. As Pu is produced as in the fuel elements
expected, the plutonium is formed non- located near the outer boundary of the
uniformly in the uranium zone. From Fig. uranium zone,

4, it is evident that in the fuel elements
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Table 1.

Energy release in the blanket module.

Intervals Construction material Blanket materials
(cm) Energy release (MeV/neutrcn) W Energy release Mev/neutron)w
ey E E (Wem®) E 7 E £ £ (W cm™)
0-0.5 0.524  |0.613 11.137 |4.547 . .

0.5-1.6 0.0786 10.143 10.222 |4.4hG Uraaium carbide

1.6-3.6 0.198 10.126 0.324 |3.976 12,057 |2.173  [12.98 {7.22 30.62

3.6-5.6 0.167 10.0880 10,255 |3.089 |1.305 |1.487 |11.22 [L4.01 D&,92

5.6-7.6 0,145 [0.0659 |0.211 |2.595 (0.913 i1.161 §.28 |L0.36 |L8.43

7.6-9.6 0.126 [0.0521 |0.178 [2.171 0.755 10.803 6.43 |8.08 14,38

9.6-11.0 0.109 [0.0426 |0.3151 |1.862 [0.535 10.776 5.3 16,65 1).82
11.6-13.6 0.0964 |0.0356 [0.132 [1.566 10.375 |0.647 4.05 15.07 18.930
13.6-15.6 0.0827 |0.0309 |0.,114 [1.348 10.295 |0.562 3,55 4,41 |7.764
15.6.17.6 4.0704 [0,0250 |0.0954 11.125 |6.272 |0.457 7,96 13.69 16.499
17.6-19.6 0.0597 [0,0229 10.0526 10.979 10,219 |0.4%6 2.47 13.18 [5.598
19.6-21.6 G.0500 [0.0196 {0.0696 [0.821 [0.203 |90.354 7,16 |2.72 |4.786
21.6-22.9 0.142 0.0398 10.182 0.449 Lithium aluminate
37.5-24,9 0.0126 (0.0616 {0.0742 |0.332 10.585 [0.0347 0.620 11.379
24,9-26.9 0.0100 i0.057% |0.067% 10.30L 10.539 {0.D31§ 0.570 |1.268
76.9-28,9 0.0081 10,0492 [0.0573 [0.257 10.521 10.0272 0.548 11.216
28.9-30.9 0.0067 10.0388 10,0455 ]0.204 10.549 10.0211 G.571 [1.259
30.9-32.9 §.0057 10.0328 |0.0385 10.172 10.993 {0.D176 1,011 |2.213
32.9-33.6 0.0028 10.0065 10.0094 10.187 Graphite
33.6-40.6 0,0928] 0.00043 0.465 |1.110
L0.6-47.6 0,0639] 0.00034 0.0854(0.204
L7.6-54,6 0.0415] 000027 0.0465|0.112
54.6-~61.6 0.0242|0.000621 0.027510.066
61.6-68.6 0.0139] 0..00016 6.015110.037
68.9-69.0 0,00282 [0.000611 0.00158i0.0215 Lithium aiuminate
69.0-71.0 0.00033 (0. 0019 |0.0022 i0.0325 10,465 [0.00043 0.465 [1.110
71.0~73.0 0.000630|C.0015 [0.6018 10,0270 10.0850|0.00034 0.0854[0.204
73.0-75.0 0.00030(0.0012 [6.0015 10.0240 ©.0463]0.00027 0.0465]0.112
75.0-77.0 0.00025 [0.00087]C.001L 10.0097 0.0273:0.00021 0.0275(0.056
77.0-79.0 0.00020 |0.00071|0.0009 [0.0079 10,0150 0.60016 0.015% (0,037
76.0-79.8 0.00005 10.00064[0.0007210.0070

This corresponds to a mean uranium
burnup of 0.011% and to 0.016% burnup in
the layer nearest the plasma, which is
two orders below the burnup plianned for
the experimental thermonuciear electric

power plant

In the central part of the

uranium zone, & burnup depth on the oider
of 39 MWd/t is achieved, and in the layer
located near the first wall, two or three
times that figure is reachad.

The activity of one spherical ele-
ment after 10 days of decay will be about
0.09 curies, and after decaying feor 1060
days it will drop by about three times.

Hevertheless, the residual activity of the
fuel elements requires the use of the me-
chanisms for remote separation in the hot
cells.

The calculated tritium production

distribution in the Tithium zones is pre-
sented in Fig. 5. From Fig. 6 it is evi-
dent that the maximum amount of tritium
is formed in the fuel elements Tocated on
the outside of zone 5 and the inside of
zone 9, i.e., in the layers adjacent to
the moderator. This is explained by the
fact that the basic contribution to tri-
tium production is made by the thermal
neutrons, and the maximum tritium pro-
duction is in the vicinity of the maximum
thermal neutron Filux. In the first 1ith-
jum zene {(zone 5) the coefficient of non-
untformity of the tritium production is
equal to 4, and in the second Tithium zone
it is 10. This corresponds to a mean “Li
burnup of 0.03% for the first lithium zone,
ang 0.007% for the second Tithium zona.
The activity of the tritium formed in the
First Tithjium zone is 6.82 x 1074, and
1.66 x 107% Ci/fg in the second zone.
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Fig. 5. Tritium production:

zone {(zone 9).

THERMAL HYDRAULIC CHARACTERISTICS
OF THE BLARKET MODULE

The uranium zone of the blanket mod-
ule is, in thermai respects, a highly
stressed structural element. As a result
of the significant nonuniformities of the
heat reltease throughout the volume of the
blanket, especially with respect to its
height, the problem of the cooling of the
structural element and the zone materials
is highly complex.

Beginning with the admissible thermal
operating regimes of the structural mater-
ials in the uranium and Tithium zones and
considering the number of arguments of a
heat engineering nature, it was decided
that the maximum temperature of the fuel
elements in the lithium zone must be no
more than 100°C, and for the uranium ele-
ments, no more than 800°C.

Considering the pulsed nature of the
operation of the demonstration Tokamak
thermonuciear reacteor, approximate thermal
calculations were made of the uranium,
graphite, and lithium zones of the blanket
module. A study was made of the pulsed
heat capacity regime for the heating of
the structural elements with subsequent
cooling of the module zone (between puises)
as a result of the thermal conductivity of
the structural element itself (without

{a) in the first Li zone (zone 5): {b) in the second Li

forced cooling). The calculations demon-
strated that Tocal temperatures close to
100°C are reached in the 1ithium elements
after 10-20 puises, and in the uranium
eiements Tocal temperatures of about 800°C
are reached onty after 30 to 40 pulses.
The feed regimes of the heat transfer
agent for the various zones of the module
were selected on the basis of the results
of these catculations: 10-20 helium feed
puises with a flow rate of G = 0.2 kg/s

in the cooling system of the Tithium zones,
and circuiation in the cooling system of
yranium zone with a flow rate of G = 0.3
Kg/s.

The heating of the helium in the 1ith-
ium zones reaches 50°C, and the heating
of the helium in the graphite and uranium
zones is 500°C.  The helium pressure in
the coo?%ng systems was taken as 5-8 kg~
force/cm>.

STRUCTURAL DIAGRAM OF THE HYBRID
BLANKET MODULE AND ITS LOCATION IN THE
DEMONSTRATION TOKAMAK
THERMONUCLEAR REACTOR

STRUCTURAL AND TECHNOLOGICAL PECULIARITIES
OF THE HYBRID BLANKET MODULE

During the planning and design of the
hybrid thermonuclear reactor, a number of
specific design and process problems may
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arise. In particular, provision must be
made for operative and technologically ef-
ficient maintenance of the reactor, includ-
ing the blanket.

One can assume that the blankets of
thermonuclear machines will be extremely
butky and heavy, and that the recharging
of their active elements by the tradion-
al methods used in present-day reactor
technology will be laborious and time-
consuming. Accordingly, it is expedient
to select & structural form for the ur-
anium and Tithium fuel elements which will
permit significant simplification of the
recharging process and a reduction of its
time cycle.

At the same time, the uranium ele-
ments of the gas-cooled thermonuclear
power reactors must satisfy a number of
specific technical requirements, includ-
ing high burnup of the uranium at high
temperature (a maximum fuel element clad-
ding temperature of 1100°C). Require-
ments are imposed on the uranium elements
with respect to strength, radiation resis-
tance (of the basic material and the clad-
ding), fission fragment yield, ratio of
the number of uranium nuclei, and construc-
tion materials, Therefore the design and
the tachnological development of these
efements will be continued on the basis of
the latest achievements in the field of
high-temperature uranium alloys. As it
appears now, in compariscen with other
types of elements, the spherical element
containing uranium carbide clad with a
metal jacket, of tungsten, for example,
satisfies these requirements for the most
part.

The tithium-containing elements based
on ceramic compounds of the LiAl0; or Lip0
type in spherical form have also been
setected.

Definite Structural difficulties also
arise when organizing the cooling systenm
for the blanket mcdule.

PLACEMENT OF THE HYBRID BLANKET MODULE IN
THE DEMONSTRATION TOKAMAK THERMOWUCLEAR
REACTOR

geginning with the purpose of the
blanket module and considering the class
of neutron-physical and technical design
problems solved by means of it, it was as-
sumed that tne surface of the module ad-
jacent to the first wall of the discharge

chambeyr of the demonstration Tokamak ther-
mongc1ear reactor must be no Tess than

5 m". The design developments of the de-
monstration Tokamak thermonuclear reactor
have revealed the possibility of creating
a hybrid gas-cooled blanket module of this
size. The Tocation and dimensions of the
blanket hole in the demonstration Tokamak
thermonuclear reactor are determined by
the free space in the 3-m zone formed by
the coils of the Tongitudinal field mag-
nets, the coils of the toroidal field
magnets, and the discharge chamber itself.
The overail dimensions of the blanket hole
are 1.8 x 2.8 x 1.0 metres, which conse-
guently also determine the maximum dimen-
sions of the blanket module jtself. With
these dimensions the module weighs 15 tons.

The general view of the hybrid blan-
ket module and its attachment to the demon-
stration Tokamak thermonuclear reactor
are illustrated in Fig. 6.

DESCRIPTION OF THE STRUCTURAL DIAGRAM OF

THE BLANKET MODULE

The blanket module itself is a box
structure with sealed separations into
the basic zones: uranium, first Tithium,
graphite, second 1ithium, and biological
shielding.

The zone dimensions of the blanket
module are determined on the basis of the
neutron-physical calculation.

It is proposed that the graphite zone,
tike uranium and lithium zones, be made up
of spherical elements, whose manufacturing
process does not present any difficulties
in theory.

Beginning with the convenience of
performing the instaliation and disassem-
bly operations, the blanket medute is di-
vided into three autonomous units. It is
proposed that one unit be installed in the
center and two on the edges of the hote.
The two edge units of the blanket module
are located under two adjacent coils of
the torcidal field magnets, and they are
not withdrawn during the operation of the
reactor. It is propesed that the central
unit be withdrawn during the experiments
using a special recharging device and that
it be inspected when necessary.
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Fig. 6.

A-A rotated

Demonstration tokamak thermonuclear reactor blanket module: (1) steel,

(2) diagnostic channel, (3) measuring channel, {4) toroidal field coil,
(5) second Li zone, (6) graphite zone, {7) first Li zone, (8) uranium

zone, '(9) biological shielding.

Measuring channels are instailed to
measure the neutron-physical and the heat
engineering parameters in the blanket.
Each measuring channel has a set of small
fission chambers and heat engineering
monitoring sensors arranged along the
height of the module zones.

BIOLOGICAL SHIELDING
OF THE BLANKET MODULE

The biclogical shielding installed in
the blanket module and cutside it, between
the discharge chamber and the magnetic
coil windings, insures normal servicing of
the medule after the series of pulses in
the D-T plasma. Whereas the biological
shielding of the reactor installed out-
side the blanket module basically has
the purpose of attenuating the activation
gamma radiation, the shielding of the
blanket module must also attenuate the
residual radiation from the fission frag-
ments of the uranium.

The preliminary instruments demon-
strated that the shieiding of the blanket
module from gamma raciation may be made
of lead.
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The lithium and graphite zones of
the modules serve as shielding from the
neutrons leaving the plasma volume (14.1
MeV} and the neutrcas with a fission spec-
trum leaving the uranium zone of the
module. The efficiency of the neutron
attenuation by these materials is equiv-
alent to the efficiency of the basic
shielding located on the surface of the
toroidal chamber.

The magnituca of the dose rate on
the outside surface of the shielding
(equal to 2.5 uR/s, which does not excesd
the dosage beyond the biological shield-
ing instalied outside the blanket module
10 days after compietion of the series of
100" pulses) is taken as the criterion for
selecting the blanket moauie shielding.

A study was made of the feollowing gamma
radiation sources: fission fragments in
the uranium zone of the module, and the
sodium, ion, cobalt, nickel, mancanese,
and chromium isotopes formed upon inter-
action of fast anu thermal neutrons with
the construction materials of the medule.

The density distributions of the fis-
sions in the uranium zone of the moduie



and the fast and thermal neutron fluxes
calculated by the one-dimensional program
were used when calculating the intensity
of the gamma radiators.

The Sntensity of the gamma radiation
of the fission products was calculated
from the condition that & unit current
of thermonuciear neutrons with an energy
of 14.1 MeV on tne inside boundary of the
moduie corresponds to an energy release
in the blanket of 90 MeV for a rated neu-
tron current of 1.25 x 10'2 neutrons/
cmé s) and a surface area of the blanket
meduie turned toward the neutron source
equal to 5 x 10% em?, Ten days after the
sertes of 100 puises the total gamma quan-
tum fluxes, considering the density dis-
tribution of the fissions with respect to
thickness of the module, is 4.7 x 107
gamma quanta/{cm® s) on the outside sur-
face and 2.0 x 108 gapma quanta/(cm? s) on
the inside surface of the uranium zone of
of the moduie. The attenuation of the
emission of fission fragments in the mat-
erials of the lithium and graphite zones
of the module ieads to the fact that on
the outside surface of the module the dose
rate of the fragment radiation does not
exceed 75 uR/s. When calculating the in-
duced activity of the materials of the
blanket moduile, a stud¥ was made of the
following isotopes: °1Cr (Ty,p = 27.8
days), oMn (312 days), 578 (36 hours),
57Co (272 days) 58go (71 days% 60¢q
(5.24 years), °7Fe (45 days), ZlNa(]S
hours}. The isctopes with a half Tife of
iess than 14 hours, the beta-radiator isc-
topes, and also the isofopes emitting soft
gamma radiation were excluded from the in-
vestigation. The threshold reaction cross
sections were averaged considering the
neutron spectra in each zone of the meduie

The calculation results demonstrated
that for the selected composition of the

-127-

materials in the blanket module, the ac-
tivation radiation from the outside lith-
ium zone containing Tithium aluminate and
construction steel makes the greatest con-
tribution to the dose rate on its outside
surface of 230 uR/s.

The activation radiation from the
first wail after the column is attenuated
by the structural materials of the module.

Thus, the total dose rate on the out-
side surface of the module facing the pro-
cess room is 340 uR/s.

The Tong-lived *2Co (71 days) and
S44n (312 days) serve as the basic radia-
tor in the tritium breeding zone; there-
fore, even holding the module for several
menths does not lead to sufficient reduc-
tion in the dose rates in direct proximity
to its surface. The necessity for lead
shielding on the outer surface of the
bBlanket module is obvious,
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GAS-COOLED BLANKET OF A HYBRID THERMONUCLEAR REACTOR
WITH SOLID LITHIUM-CONTAINING MATERTALS*

V. V. Kotov and G. E. Shatalov
Kurchatov Atomic Energy Institute
Moscow B-182, USSR

INTROGUCTION

The creation of blankets which con-
tain & minimum ameunt of tritium for con-
trolled thermonuclear reactors has arisen
from the requirements for the radiation
safety of the reactor under emergency con-
ditions. The solution to this problem ap-
pears to be possible by applying compounds
based on Tithium with Tow tritium solubil-
ity and an efficient system for isolating
it. As such compounds, the use of non-
metallic lithium-containing substances
may be proposed, such as lithium aluminate
(LiA102), Tithium oxide (Li0), Tithium
carbide (LipCo), Tithium hydride (LiH},
and so forth. The use of the compounds
indicated permits us to reduce the steady-
state tritium content in the blanket by
mcre than two times, compared with the
biankets using liquid 1ithium. Helium is
used as the heat-exchange agent in this
type of blanket.

The designs for fusion reactors which
use Tiguid Tithium as the breeding mater-
ial, the heat transfer agent, and the
neutror moderator have disadvantages as-
sociated with corrosion of construction
materials and MHED Tosses to pumping. Dif-
ficulties caused by the possible formatim
of gas plugs should also be considered.
They sharply reduce the heat exchange and
worsen the stagnant zones as a result of
the complex configuraticn of the magnetic
fields. AI1 of this results in signi-
ficant complication of the blanket struc-
ture, the system for pumping the heat
transfer agent, and the tritium genera-
tion system. The use of helium as the
heat transfer agent reduces the probiem
of compatibility; the use of an inert gas
excludes the problem of MHD losses and
simplifies the tritium generation system.

Thus the use of blankets with gas
cooling based on solid lithium-contain-
ing compounds in the fusion reactors
makes it feasible to simplify signifi-
cantly the blanket structure as well as

* Translated from the Russian by Addis
Translations International, Portola Valley
Ca. 94025,

to increase the reliability of the en-
tire device as a whole.

STATEMENT OF THE PROBLEM

One of the basic requirements im-
posed on the blanket of a hybrid thermo-
nuctear reactor is the high energy yield
per fission, and the provision for tri-
tium breeding with a breeding factor of
Kr = 1.05. In this paper, calculations
were made on certain hybrid blanket sys-
tems with solid Yithium-containing com-
pounds in order to study the effect of
different factors on the neutron-physical
characteristics of the blanket and ob-
tain the maximum K7 under the condition of
energy generation on the 90-100 MeV level
per fission. The following materials were
elected for the study. Uranium carbide
(UC) with 100% uranium-238 content in the
uranium was selected as the fissionable
material; Tithium aluminate, 1ithium ox-
ide, Tithium hydride as well as Tithium
carbide, lithium, and Tithium-aluminum
alloy were selected for tritium breeding;
graphite and zirconium hydride were select-
ed as the structural material. The 4
basic blanket systems presented in Figs.
1-4 implementing the i1-zone model were
compiled on the basis of these materials
and adepted for the calculations. In the
calculations, the volumetric content of
the materials in the blanket as well as
the thickness of the first wall and the
precess clearances weve not varied. All
of the calculations were performed in
plane geometry with respect to the unidi-
mensional BLANK progrem implementing a
combination of the Monte Cario method and
the Py approximatiocn.

The preliminary neutron-physical cal-
culations demonstrated that in the adopt-
ed model of the blanket it is possible
to obtain a high total product yield (the
total tritium and plutonium production)
on the level of 2.2-2.3 nuclei per fission,
which is basically determined by the total
number of neutrons participating in the
balance, i.e., breeding, parasitic cap-
ture on the construction materials, and
leakage of the neutrons out of the sys-
tem. However, the tritium breeding fac-
tor in this case is below 1.0. This is
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explained by the high absorption of the
neutrons in the uranium zone. The problenm
was thus formulated concerning the maximum
increase in the tritium breeding factor,
with the condition that the total product
yield as well as the energy generation be
maintained {or insignificantly reduced).

CALCULATION RESULTS

The first series of calculations were
devoted to the study of the effect of the
thickness of the uranium zone {zones 3 and
4) on the tritium breeding and the energy
generation in the blanket. The calcula-
tions were performed for version A. The
thickness of the uranium zone was varied
from 16 to 40 om. The results of the cal-
culation are presented in Fig. 5, from
which it is evident that, with an increase
in the size of the uranium zone, the total
production and the energy yield per fis-
sion increase. However, the tritium breed-
ing is reduced in this case. This is ex-
plained by a decrease in the neutron leak-
age through the right-hand boundary of the
uranium zone as a result of an increase in
the absorption in the zcne itself, which
leads to a reduction in the number of neu-
trons which can be used for tritium breed-
ing. Therefore, in order to insure a max-
imuit tritium breeding factor, the size of
the uranium zone must be set at £-10 cm,
but this size is unacceptable from the
point of view of energy generation in the
blanket, for in this case the total energy
yield will be 70-75 MeV. In order to in-
sure the energy generation in the blanket
at the 90 MeY level, the size of the ur-
anium zone must be set at 20 cm.

Then, in the uranium zone, 75 MeV will
be generated per fission, and the neutron
leakage through the right-hand boundary
will be 1.2¢é neutrons. For each thermo-
nuclear neutron ¢f the source this permits
a total energy yield at the 20-MeV level
and the use of 1.26 neutrons for tritium
breeding.

Cne of the acceptable means of in-
creasing the tritium breeding factor is
to increase the thickness of the moder-
ator, The tritium breeding factor, the
piutonium yield, and the absorption in the
moderator are presented in Figs. 6-11 as a
function of the mederator thickness. From
the functicns presented, it is possible to
conclude that the basic increase in Ky is
observed with an increase in the size of
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the moderator for version A to 50 cm, for
version B to 45 cm, and for version C to
5-6 cm. A further increase in thickness
of the moderator will not result in a no-
ticeable increase in Ky; in the case of a
moderator made of zirconium hydride (ver-
sion C), it will result in a sharp de~
crease, This 1s cennected primarily with an
increase in the reflectivity of the moder-
ator, and secondly tc an increase in the
absorpticn in the moderator itself. The
use of the moderator in version D must

be regarded as inexpedient, for the lith-
ium hydride has sufficient moderating
capacity.

The next series of calculations was
devoted te the investigation of the pos-
sibility of an increase in Ky by enrich-
ment of the Tithium with the 6Lj isotope.
In Figs. 12-15 we have the tritium breed-
ing facter, the plutonium production fac-
tor Kpy, and the total product yield Kp,
as a tunction of the lithium enrichment.
The relations presented indicate a sig-
nificant increase in Ky (by 15-40% for
various versions} and a reduction in K.
Here Kp, increases by several per cent,
The significant increase in Ky is ex-
plained by the increase in the reaction
crosg section with the tritium yield, for
the PLi (n, «)T reaction cross section is
appreciably higher than the 7Li {(n, n'«)T
reaction cross section. Tharefore, with
an increase in the Tithium enrichment, the
probability of the neutron absorption in
the Tithium increases, and the probabiiity
of the "return® of the neutron to the ur-
anium zone decreases. This alsc explains
the reduction in the plutonium producticn.
Thus, in version A using the natural com-
position of lithium, the absorption in
the first five zones is egual to 2.15
neutrons per fission; for Y thium with 50%
enrichment with respect to ®Li, it is 1.97
neutrons per fission. The fincrease in K
in this case is 25.1%4, almost the entire
increase in Ky during enrichment is ob-
tained as a resuit of reducing the ur-
anium-238 capture. Some increase in K
is explained by reducing the parasitic
capture on the construction materials and
decreasing the neutron Jeakage.

In the next series of calculations,
a study was made of the effect of the
thickness of the first Tithium-contain-
ing zone. The calculation results are
presented in Figs, 16-1%. As should be
expected, with an increase in the thick-
ness of the 1ithium zone, the tritium



hreeding factor increases along with the
total product yield. A significant in-
crease in Kq is observed with an increase
in the thickness of the lithium zone for
version A to 23-25 cm, for version B to
18-20 om, for version C to 20-25 cm, and
for version D to 55-60 cm. A further in-
crease in the thickness does not lead to
& noticeable increase in Ky.

Thus, even an increase in the thick-
ness of the Tithium zone and an increase
in the thickness of the moderator lead to
an increase in the tritium breeding fac-
tor. However, the Timitation of the
total size of the blanket by the structur-
al peculiarities of the specific device
does not always permit selection of the
optimal dimensions of the 1ithium zones
and the moderator.

Therefore, the next series c¢f cal-
culations was deveted tc studying the ef-
fect of the ratio of the dimensions of the
first 1ithium zone and the moderator.

The total thickness of these zones was
taken as equal to 50 cm. The calcula-
tions were performed for versions A and
B, and the resulits are presented in Figs.
20 and 21. A quite broad optimum with
respect to tritium breeding is observed
for hoth versions, the thickness of the
first lithium zone being within the limits
of 15~30 cm. It appears difficult to in-
dicate the region of the optimum more
precisely, for the effect of the given
factor in the indicated region (15-30 om)
is quite weak.

In the last calculation series, a
comparison was made of the tritium breed-
ing hy various lithium-containing materi-
als. Lithium aluminate {LiA10p), Tithium-
atuminum alloy (LiA1), Tithium (Li), and
Tithium oxide (Li0p), as well as 1ith-
jum hydride (LiH) and 1ithium carbide
{LigCy) were selected for comparison.
Table 1 contains the material composition
and the arrangement of six versions of
biankets using the indicated materials
for tritium breeding. The neutron-
physical parameters of these versions are
prasented in Table 2,

In versions 1-4, the tritium breed-
ing by four different 1ithium-containing
meterials was compared. In the first
version, lithium aluminate is used (the
composition corresponds to version A); in
the second version, lithium aluminum alloy

is used; in the third version Tithium; and
in the fourth version lithium oxide (the
composition corresponds to version B).

The dimensions of the zones, the material
content, and the enrichment of the lithium
are assumed to be identical for all ver-
sions. As is evident from Table 2, the
maximum 1ithium breeding factor is ob-
tained when using lithium oxide, which is
due to the high lithium content in this
material.

In versions 4 and 5 the two moder-
ators--graphite and zirconium hydride--
are compared. In version 4, a graphite
moderator 30 cm thick is used; in version
5, zirconium hydride 5 cm thick is used
(corresponding to version C). As is evi-
dent from table 2, in the adopted model
the zirconium hydride permits a decrease
in the blanket thickness by 25-30 cm in
comparison with araphite, while keeping
the tritium yield on the former level.

The tritium breeding by lithium hy-
dride (version 6) and Tithium carbide
(version 7) were compared in the last two
versions. The mcde? adopted in these
versions corresponds to version D, ex-
cluding zones 7, 8, and 9. As the caicu-
lations demonstrated, the use of these
materials makes it possible tc exclude
the zone with the modevator. However,
the absence of test data with respect to
radiation resistance, compatibility, and
the possibility of generating tritium
does not permit any racommendations to
be made for their use.

CONCLUSTION

The calculaticons performed demon-
strated that, in the hybrid blanket using
uranium carbide with 100% uranium-238
content in the uranium as the fissionable
material, it is possible to obtain a total
product yield at the 2.2-2.3 level of nu-
clei/neutron, with energy being generated
on the 90-100 MeV/neutron level. The ef-
fort to increase the total product yield
and the energy in the adopted model leads
to a reduction in the tritium reproduction
coefficient. It should alsoc be noted
that the addition of 0.4% uranium-235 to
the uranium leads to a 10-15% increase in
product yield and energy generation,

In comparison with the graphite mod-
erator, the hydrogen-containing moderators
used make it possible to reduce the blan-
ket thickness significantly.
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Obvicusly, in such materiais as 1ith-
ium aluminate and Tithium-aluminum alloy,
even with great thicknesses and high
enrichment, it is not possible to obtain
a tritium breeding factor greater than
(.85-0.85. However, when using mater-
ials in the proposed system having a

high VTithium content, such as Tithium ox-
ide and Tithium hydride, it is possible
to obtain a tritium breeding factor on
the 1.05-1.1 level, with enrichment of
the Tithium with 1ithium-6 within the
Timits of 50%.
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56,3 | 56,8 |l43,8 C=80,0 593 |
Pend,? Fecb, 1/ Fee19,8 FPexl8.C|
:‘"\r"ﬁa 504 20 6 |M & 24 10 '}’m
0.5 20.0 10,0 25.0 10,0
1&1 1&3 Oo? Oo“ Ov8
Fig. 1. Blanket diagram -- version A.
Fes100 Fo=9.1 Pez21.5 Feai,3 Feal25,0 Pen1FoS
UC= UC= 2'On C=80,0 Li20::.
56.3 | 56,8 =4328 3973
Pe=8,5 |Fox8,1|[Feal3,8 Fe:’lB,Oi
i - r [ 1
LH,’ 5 4 2y 6 12 3 24 10 -
0csi.. 20.0 ___10.0 35.0 . ....J0.0
Te 1.3 0.7 C.4 ¢, 8
Fig. 2. Blanket diagram ~- version B.
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Fig. 3. Blanket diagram -- versijon C.
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MNeutron-physical parameters as a
function of the moderator thick-
ness (zone 8) for version D with
natural L1 composition. The dimen-
sions of the other zonas are in
accordance with Fig, 4.

Neutron-physical parameters as a
function of the moderator thick-
ness (zone 8) for version D with
50% Li enrichment. The dimensions
of the other zones are in accor-
dance with Fig. 4.

Product yield and absorption in
the first five zones as a func-
tion of the Li enrichment for
version A, The sizes of the zones
are in accordance with Fig. 1.



1.6 A\ 2.6
1.4 ¢ Kpu\_ ) 12,4
5 pr—— g
) r R =iy A <
@ 1.2+ 12.2 @
oot o
~ . .
D ] 5 Fig.
© ©
2 £
— %
v ¥CL
1.4- \-\ 2.4
) K :
o w
5 Pu \_\______. Kpr‘_ — §
3 2t e 12.2 =
= / g
= ~
o @ Fig.
2 2
4 ¥§;1
0.6 : : 1.6
0 30 60 90
Rqe
1.8
i\_\““%—_ﬁ_ﬁ_ﬁ_ﬁ_ﬁ_‘ 2.4
1.6
& : .23 E
£ | Koy — 5
; pr 5
2 s, e B 3
= e P = Fig
@ : ~ 2.2 0% '
Y ; T T
ud” 21 %
: R BV
1.0 (e o ,
o 12.0
0.8: ,
0 30 60 90
XLi’%

-136-

13.

14.

15.

Product yield and abscrption in
the first five zones as a func-
tion of the Li enrichment for
version B, Zone dimensions in
accordance with Fig. 2.

Product yield and absorption in
the first five zones as a func-
tion of the Li enrichment for
version C. Zone dimensions in
accordance with Fig. 3.

Product yield and absorption in
the first five zones a&s a func-
tion of the Li enrichment for
version 0. The zone dimensions
are in accordance with Fig. 4.
The moderator (zone 8) is absent.
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Table 1. Material composition and arrangement of
6 versions of the blanket.

Thickness of Elements and
Version Zones the ?2;; nuclear densities ( 1024 nuclei/cmB)
4 0.5 FE 0.0848
2 1.1 A 0.,00772
3 20,0 U-238 0,0162% € 0,01625 FE 0,00720
4 20,0 U258 0,01640 € 0,07640 FE 0,060886
5 1.3 PE 0.,01820
& 20,0 Ll=t  0,00L2606 LI-7? 0,0052606
4 AL 0,0105%3 0 0,021066 FE 0,.010748
7 0.7 FE 0,01210
8 20,0 C 0,06420
( L1A20, y g G d FE 0.02120
10 5.0 LI-&  0,004581 LI-7 0,004581
AL 0.006462 0 0,018324 FPE 0,016451
11 0.8 e 0001060
1 0.5 FE 0.0848
2 1.1 PE 0.,00%772
3 20,0 U-228 ¢,01625 ¢ 0,01625 FE 0,00820
4 20.0 U238 0,01640 € 0.01640 Fr 0,008k
5 1.3 g 0.01820
5 20.0 LI-& ©,005913% LI-7 0.,00591%
AL 0,011826 FB 0.016748
2 7 0.7 RE 0.01210
B8 20,0 ¢ 0,06420
{( Lial ) 9 0.4 PE 0,02120
10 5.0 LI~& 0,0052%206 1LI-? 0,005306
AL 0,0106171 e 0, 016457
™ 0.8 PE 0.01060
1 0.5 Fi 0,0848
2 1.1 3 0.00%72
3 20,0 U-238 0,01625 € 0.01625 FE 0,00720
4 20,0 $-238 0,01640 € 0.01640C FE 0,00086
5 1.% > 0.01820
& 20,0 LI-6  0,009198 LI-7 0,0091%8
3 Fh 0.016748
Vi 0,7 B 0.,01210
( Li ) 8 30,0 ) 0.06420
9 0,4 RE 0,02120
10 5.0 LI-6 0,00825% LI-7 0,0082553
RE 0.016451
1 0,8 FE 0,01060

b ks D W womd  deMel PR Sueu feer  woe Dwed Weml GRS o Deed DWW WM 08 S e faus e Guoe  Gner el DA GG Gae Eoem mm mow
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Table 1 {continued)

[ —
RS enm e et e e A ey e R am b e man B e e MU bam G e G e wme  wee  one e ame e

1 0.5 PR 0.0848
2 1.1 FE 0.00772
3 20,0 U-238 0,01625 € 0,01625 FE 0,00720
n 20,0 U~238 0,01640 © 0.01640 FZ 0,00686
5 1.3 FE 0.01820
6 20,0 LI-6 0.,018774 LI-7 0.,018774
0 0,014140 FE 0.016748
4 70,7 PE 0.01210
8 30,0 C 0.06420
( Li0-C ) g 0.4 FE  0.02120
10 5.0 LI-6 0.016332 LI-7 ©,0163%2
0 0.012%00 FE 0.016454
11 0.8 FEY  0.01060
1 0.5 PE 0.0848
2 1.4 FE 0.00772
3 20,0 U-238 0,01625 ¢ 0.01625 FE 0.00820
4 20,0 U-2%8 0.01640 C ©,01640 FPE 0,00636
5 1.% PE 0.01820
6 15.0 LI-6  0.018774 LI-7 0,018774
0 0.014140 BE 0.,016748
5 i 0.7 FE 0.,01210
8 5.0 7R 0.02749 I 0.0467%
(L150-ZTH) 9 0.4 FE 0.02120
10 5.0 LI-6 0.016332 LI-7 0,016332
0 0.012200 FE 0.016451
11 0.8 FE 0. 01060
1 0.5 PR 0.0848
2 1.4 PE 0.00772
% 20.0 U-2%8 0,01625 C 0.01625 FE 0,00720
n 20,0 U-2%8 0.01640 ¢ 0,01640 FE 0,0C68b
6 5 1,% PE 0.01820
6 20.0 LI-6 0.013509 LI~7 0,013509
¢ Lift ) H 0.027017 LB 0. 01674
7 20,0 LI-6 0,011752 LI-7? ©,011752
H 0,02350% FE 0. 016451
8 0.8 FE 0.01060
1 0.5 Ut 0,0848
2 1.1 an 0.00772
% 20,0 U=248 0.01625 ¢ 0,01625 FE 0.C0720
i 20,0 U-238 0.01640 C 0.01640 FE 0,C0udb
0 5 1.3 FI 0.01820
6 20,0 LI-6  0.008979 LI=7 0,008979
¢ i.C. ) ¢ 0.017958 P 0.016748
272 7 20.0 LI-6 0,008056 LI-7 0,008056
c 0.01611% ¥k 0, 016451
8 0.8 FE 0.01060
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Table 2. Neutron-physical parameiers of six versions
of the blanket,
KT KPu I n,en n,sn n,f E
Version nuclei/neutron number of reactions/neutron MeV/neutron
4 0,747 1,454 0,034 0.251 0,111 0,347 89,8
LiA102
2 0.816 1,427 0.056 0.257 0.118 (,352 £9.3
LIAL
3 0.914 1,206 0,054 0.251 0,108 0,35C 60,1
Li
4 1.020 1.299 0.016 0,253 0,117 0,353 91.6
Li20~C
5 0.959 1.274 0,047 0.259 0.117 0.342 89,6
LiEO—ZrH
6 1,079 1.248 0,009 0.248 0.122 0,351 89.9
LiH ,
v 0.845 1,382 0.093 0.265 0,114 0,349 90,0
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PROVISIONAL NOTATION

tritium breeding factor in the blanket.

tritium breeding factor in the first Tithium zone.

tritiun breeding factor in the second lithium zone.
plutonium-239 production coefficient.

neutron leakage through the right-hand boundary of the blanket.

o
total product yield in the blanket (K, + K u K_o).

T P pr
neutron absorption in the first five rzones.

neutron absorption in the moderator,

energy yield for one thermonuclear neutron.
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THCRIUM IN THE BLANKET OF A HYBRID THERMONUCLEAR REACTOR*

S. S. Rozhkov and G. £. Shatalov
Kurchatov Atomic Energy Institute
Moscow D-182, USSR

ABSTRACT

A study is made of the possibility of using thermonuclear neutrons with an energy of
14.1 He¥ for the conversion of natural thorium raw material to nuclear fuel for fission

reactors.
were investigated.

INTRCDUCTION

The modern era is characterized by an
accelerated growth of industrial product-
ion throughout the entire world. HNuclear
and thermonuclear power engineering are
being developed intensely at this time to
satisfy the demands of industry for elec-
tric power.

The nuclear fuel reserves for fission
reactors are determined by the amount of
uranium-235:  one gram of natural uranium
contains 0.007 grams of uranjum-235., The
data on the uranium reserves are presented
in Table 1 as a function of the cost of
uranium extraction. The low uranium-235
content in natural uranium means that
there are ltimited fuel reserves for fis-
sion reactors, but there is a possibility
for expanding this reserve hy processing
thorium raw material into nuctear fuel.

Thorium is in about thirty-fifth
place among the elements with respect to
the freguency of its occurrence in nature.
There is five times a much thorium in the
earth's crust as uranium; according to the
latest data the thorium content_in_the
earth's crust is 1.2-1.3 x 10713%.2

In contrast to uranium-235, thorium-
232 is not in itself a fissionable mater-
ial, but when natural thorium is irradiat-
ed with slow neutrons, a number of nuc-
lear conversions take place which result
in the formation of the long-lived fission
able isotope uranium-233. Herein lies the
basic value of thorium-232 as a source for

supplementing the world reserves of fission-

able materials.3

*Translated from Russian by Addis Trans-
lations International, Portcla Valley,
Ca. 94025,
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The possible versions of the hybrid blanket systems for thermonuclear reactors

The nuclear veaction occuring on ir-
radiation of thorium-232 can be represent-
ed as follows:

Thorium-232 is contained in the hy-
brid reacter blankets in the form of Th,
Thly, and ThC, as well as in the form of
molten Tithium salts. When selecting the
construction materials, it is necessary to
consider their reserves in the earth's
crust, in addition to the neutron-physical
characteristics. Table 2 {from ref. &}
gives some idea of the reserves of the
materials used in a blanket.

The study of the systems for the con-
version of thorium-232 to uranium-233 was
started in ref. 5, 6, 7, and 8.

In the hybrid reactor that burns thor-
ium-232, three systems are possible. In
the first, the symbiosis system, studied
in detail in ref. 6, the thorium-237 is
processed into uranium-233 with subsequent
use of the Tatter in the nuclear power re-
actors. As shown in this paper, the pri-
mary purpose of this system can be to sup-
ply the nuclear reactors with additional
fuel required for expanded breeding. The
proportion of this fuel in the energy bal-
ance will be 16% of the total fuel avail-
able for nuclear power engineering, and
it witl have no significant effect on the
balance.

The second system, the fuel hianket
system, involves the hybrid in the breeder
regime burning uranium-233 directly in the
blanket. Two means of implementing it are
possible--in the reacters in molten saits



with continuous removal of the fission pro-
ducts and part of the uranium-233 forned,
and in the reactor with sclid fuel elem-
ents based on a mixture of thorium diox-
ide or carbides with regular processing of
uranijum-233, The system of this type was
investigated in ref. 8. It operates ef-
ficientiy for a siightly subecritical blan-
ket, the structural design and the compo-
sition of which are similar to the nuclear
reactor. A number of advantages essential
to the hybrid systems are lost in this sys-
tem: the absence of the doubling time and
the increased yield of fissionable material
per unit power.

The third possible system is based
on the fast blanket comprising the natural
or impoverished uranium-238 or thorium-
232 raw material. Some of its possihbili-
ties are investigated in Ref. 8.
ing only thorium-232, a defiency of this
system is the relatively low energy re-
ieased in the blanket per fission {~40.
MeV). This energy is insufficient for an
acceptable efficiency of the device, es-
pecially in the case of open traps, pulse
systems or Tokamaks without ignition.

A number of calculations have been
made of blankets which could improve the
reactive parameters in the third system,
burning thorium-232 as the raw material.

COMBINED URARIUM-THORIUM SYSTEMS

The hybrid reactors can offer power
engineering a possibility not realizable
in nuclear systems, namely, the burning of
a significant portion of the raw material
without processing the irradiated fuel.
For uranium-238, the degree of burnup can
correspond to ioads of 100-150 GWd/t at
the present time, which amounts to 10-15%
of all the fuel. Theoretically analogous
degrees of burnup could also be obtainad
with thorium-232, placing it directly
under the 14-MeV neutron flux. In this
case, at the beginning of the run the
energy yield would be small (M=2),* but it
would increase with time to a value of
MR 10-20.

The output of the power plant would
vary with time by approximately 10 times
(while maintaining plasma parameters),
which is quite disadvantageous from the

*M is the ratio of the energy released per
fission in the bianket to the energy of
the 14-MeV neutron.
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When burn-

economic point of view. The blanket com-
prised of wranium-238 and thorium-232 at
the same time would be more advantageous.
Tts first layer contains uranium-238 to
increase both the number of fissions in
the 14-HeV neutrons and the value of M at
the beginning of the run. Thorium-232 and
Tithium-containing materials must be avail-
able in the subsequent zones. It may be
hoped that in this type of system the
value of M wilt vary during the run by 2-3
times (from 7-10 to 20-30).

Inasmuch as the uranium zone is lo-
cated in & higher neutron flux than the
tritium zone, in the absence of fuel re-
charging, the degree of burnup in 1L will
be higher. The replacement of several
uranium zones for burning therium alone
is disadvantageous, for in this case the
total amount of fuel used will approxi-
mate the amount of uranium used. The
possibility of irradiating the thorium
fuel elements. until approx. 3-5% of the
uranium-233 1s accumulated in them, then
recharging the irradiated fuel elements in
the nuclear reactor or in a separate sec-
tion of the thermonuclear reactor, and
continuwing the irradiation there to burn-
up determined by their mechanical sirengh,
appears to be theoretically promising.
The idea of recharging is fraught with
numercus technical difficulties, but suc-
cessful tmplementation of it will permit
a significant expansion of the fuel re-
serves, thus avoiding the difficulties
associated with the processing and re-
fabrication of the fuel elements.

A number of neutron-physical cal-
culations of uranium-thorium blankets are
oresented below. The choice of the op-
timal versions reguivres a knowledge of
both the properties of The different
thorium fuel elements and the parameters of
the special nucltear reactors in which it
is possible to arrange their complete
burnup.

HYBRID REACTORS N THE SYMBIOSIS SCHEME

The first of the schemes discussed
above appears to be a pure producer in
which, when irradiating thorium-232 with
thermonuclear neutrons, the production of
uranium-233 takes place. It is assumed
that the number of fissions in it is not



large. In order to obtain uranium-233
production in the hybrid reactor while
maintaining a tritium breeding factor
greater than one, it is necessary either
to make efficient use of the reaction of
inelastic scattering on the 1ithium-7
{with tritium yield) or to breed thermo-
nuclear neutrons using the (n, 2n) and
{n, 3n} reactions in various materials.
The second part of the paper has been
aimed at studying the possible neutron
breeders and selecting the optimal ones.

CALCULATION PROCEDURE

ATl of the neutron-physical charac-
teristics of the hybrid blankets were ob-
tained by the BLANK computatien program.

In the fusion reactor the initial
energy of the neufrons is quite high, and
to calculate the neutron flux in the blan-
ket, a detailed consideration of all of
the reactions taking place, of the aniso-
trophy of the elastic scattering of the
neutrons, and of the corresponding energy
vields 1s reguired. The procedure for the
neutron-physical calculation of the ther-
monuclear reactor blanket consists in solv-
ing twg successive probiems: determina-
tien of the space-energy distribution of
the neutron flux and calculation of some
of the flux functionals. The neutron flux
distribution in the thermonuciear reactor
bianket with the D-T reaction is described
by the nenuniform Boltzmann kinetic egua-
tion using a monochromatic neutron source
with an energy of 14.1 MeV.

The energy range from 14 MeV to 0 is
divided into two intervals. each of which
has its own systems of constants and
method of solving the transport eguation.
The boundary of the intervals was selec-
ted &t an energy of 0.01 MeV. In the
upper energy range, the equation was solv-
ed by the Monte Carlo method; the energy
variation was considered to be continuous,
and the process cross section was averaged
in 52 energy groups. As a result of the
necessity for exact consideration of the
angtilar and energy distributions of the
secondary neutrons, these processes were
described with maximum Q-Ffactor. The
scattering process was worked cul sepa-
rately Tor each element. The description
of the process cross sections was produced
on the basis of the approximate data from
the UKNDL, ENDF/B and the KEDAK biblio-
graphies and Soviet authors, in accordarce
with which the 5Z-group system of con-
stants designed for calculations by the
Monte Cario method in the 0.1-15 MeV

range was compiled. The external source
was given as isctropic on the left-handed
boundary for plane geometry. In the energ
range of 0 to 0.1 MeV, the equation was
solved in the Py~ approximation by the
method of numerical integration. The 21-
group system of constants was used, which
is designed to calculate the fission reac-
tors. The solutions were joined with re-
spect to the moderation density for an
anergy of 0.1 MeV. The procedure can also
be used to calculate neutron fluxes in the
blanket with the fissionable material. In
this case, the Monte Carlo method is used
oniy in the first integration, and the re-
maining integrations are calculated in the
Py-approximation. It must be noted that
the final selection of the group cross
sections and the secondary distributions
of the scattered neutrons has not been
made at this time. The maximum indeter-
minancies exist in the uranium-Z238 con-
stants. Therefore, the authors permit

the indeterminancy of the resuit on a #10%
scale in the total neutron balance in the
majority of the versions investigated.

CALCULATION RESULTS

The calculations were performed on
the BLANK program in plane geometry; the
number of iterations in the Monte-Carlo
method s ~10%.  The calculation results
are presented in Table 3 and they are nor-
malized for one thermonucleay neutron.

The gaseous helium is proposed as the heat
transfer agent in the majority of the
versions. Version 1 is a combined uran-
jum-thoriwm blanket. Metallic uranium-
238 with avolumetric content of 70% is
used as the zone breeding thermonuciear
neutrons. The breeding zone centains
Tithium dioxide with natural enrichment.
Uranium-233 is obtained when thermal neau-
trons arve absorbed on the metallic thor-
ium-232. The intermediate graphite layer
is used to moderate the 14.1-MeV neutrons,
and the outer layer decreases the neutron
lTeakage from the system,

In version 2 the thickness of the ur-
anium zone was made thinner so that the
uranium-233 yield wouid increase to the
maximum, The obtained yield of the ur-
anium-233 is (.75, close to the maximum
for such blankets.

Versions 3 and 4 illustrate the trars-
ition to uranium and thorium carbide in
order to increase the radiation resistance
of the blanket zone. The replacement of
granium by 1ts carbide leads to a sharp
decrease in the production of uranjum-233.
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The results of version 4 are analogous.

In ref. 6 a study was made for the
first time of the symbiosis blanket sys-
tem with moiten salt. In accordance with
various arguments, the use of the molten
salts can be advantageous. Version 5 in-
dicates approximate characteristics of
the blanket with the molten salt. The
possibilities of the sait systems still
have been insufficiently studied.

Yersions & and 7 constitute the tho-
rium converter with quite high (0.6) ur-
anium-233 yield. The low energy yield
can be compensated by using the thorium
zone enriched to 3-5% with respect to ur-
anium-233. The zone enriched with respect
to uranium-233 can be obtained by the
scheme of version 1, which opens up the po
sibilities of direct burning of signifi~
cant thorium-232 reserves without inter-
mediate processing. Thorium carbide is
used in version 7.

Yersions 8 and 9 constitute the hy-
brid reactors of the symbiosis group si-
milar to these proposed in ref. 6. Liquid
lead, which is & good neutron breeder by
the {n, 2n) and (n, 3n) reactions, was se-
lected as the neutron breeder for econcmic
reasons.

CONCLUSIONS

When constructing the combined uran-
jum-thorium blankets 1t is expedient to
use metallic uranium and thorium, alloyed
5-10% with molybdenum, tungsten, vanadium
or zirconium. The uranium-233 and pluto-
nium-239 enriched zones can be used after
some processing or without it in the LWR
or HTGR type reactors. The enriched thor-
ium zones can be placed directly under
the thermonuclear neutron flux, which
makes it possiple to burn thorium without
intermediate processing,

S_
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The symbiosis schemes with breeders
have still not been adequately investiga-
ted, but from a comparisen of versions 6
and 9 it is clear that the thorium zone
placed under the thermonuclear neutron
flux yields similar neutron breeding.

BURNUP ANALYSIS

Huring the operation of the blanket
in its various zones, plutonium-239 and
uranium-233 are accumulated, which leads
to significant variation of the blanket
characteristics. In order to test the
possibility of producing uranium-233 in
the fuel elements of the thorium zone and
for subsequent use of these fuel elements
in the nuclear reacter or an individual
section of the thermonuclear reactor, a
calculation was made of the version 1
Blanket run. The calculation was perform-
ed with a step size of 2 MIYE/m2 by the
neutron load of the first wall, assuming
nonrechargeable uranium and thorium zones.
The results are presented in Fig. 1. The
plutonium-239 and uranium-233 concentra-
tions are averaged over the zone. The co-
efficients of nonuniformity of the produc-
tion of fissionable materials by zones are
presented in Table 4. For times of 4-6
MWYE/MC, the uranium burnup is not too
great; the average uranium-233 concentra-
tion in the elements of the thorium zone
is 0.7-1.0%. The maximum concentration
reaches 3-4%. Elements with this concen-
tration can be used for further burnup in
the nuclear reactors of the water-cooled,
water-moderated type. It should also be
noted that on irradiation to 4 MWYE/mZ,
the integral neutron flux with an energ
£ > 0.1 MeV in the uranium zone is 4 -
n/cme; therefore, the efficiency of the
thorium elements must not become signifi-
cantly worse. The version investigated
is not optimized, and obviously it is
possible to create a blanket having the
best characteristics from the standpoint
of uranium-233 production in the thorium
fuel element.
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Table 1
Cost of ore in
dollars/kg 22 33
Reserves, discovered
and estimated in 2320 4020
thousands of tons
Table 2
Element Reserves
106 tons
Iron 180,000
Aluminum 3,000
Chromium 370
Lithium 180
Titanium 134
Copper 310
Boron 66
Vanadium 26
Nickel 24
Niobium 8.0
Lead 85.0
Helium 1.2
Beryllium 0.4
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Fig.

1. Energy and isotopic

composition

as a function of time: (1) accu-
mulation of U-233 in percentages
throughout the zone, (2) energy
release on fission of the heavy
nuclei, (3) accumulation of
Pu-239 in percentages with

respect to the zone.
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Table 3

o v

' RRG DB e .
B Leak, (n,Nn) T T, P P R0 (n,e) E Ky,
T 0,020 0,649 0,911 C.029 0,940 1.69 0.44 0.546 98,0 32,02
2 0,040 0,667 1,078 0,012 1,090 0.30 0,75 0,200 36,0 2.4
5 0.009 0.485 0.974 ©,018 0,997 1,19 0,11 0,335 60,5 2,31
40,005 0,585 0.226 0,001 0.227 1.37 0,71 0.326  60.5 2.1
5 0,010 ¢,651 0,861 0,023 0.834 1.90 0.23% 0.529 95.4 3,02
& 0,056 0,656 1,056 0.020 1,076 0,00 0,59 0,089 16,2 1.70
7 0,017 0.549 0,891 0,021 0.713 0,00 0,84 0.078 14,2 1.55
8 0.056 0,759 0.375 0.016 0,391 0,00 1,17 0.062 1.2 1,62
9 0,010 0.686 0,558 0.011 ©.570 0.00 0.93 0,003 6.3 1,50
Notation:
"Leak."” - total number of neutrons leaving the system,
{1, Nn) additional number of neutrons as a result of (n, 2n)
and (n, 3n).

T6 tritium yield for lithium-6.

T7 tritium yield for lithium-7.

T total tritrium vield.

Pu239 - plutonium yield per neutron.

U233 - uranium yield per neutron.

(n, £) number of fissions of heavy isotopes in the blanket.

E energy released in the blanket.

K =T+ pu2i? 4 233
PY.

+ U )

Table 4
Integral neutron load. 2 4 6 8
MWYE/m2
Uranium zone 1.6 1.56 1.45 1.45
Thorium zone 8.7 8.5 8.4 7.0
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ABSTRACT

A fusion-fission hybrid reacter based on pulsed, high-£, linear theta-pinch magnetic

confinement is considered.

neering and economic considerations is presented.

A preliminary design which incorporates kev physics, engi-

An extensive presentation of the sys-

tem energy balance is made, and this energy balance is evaluated parametrically. The

feasibility of end-loss reduction is addressed.

1. INTRODUCTTION

The pogsibility of reducing the energy
requirements of a fusion reactor by the in-
troduction of a fissioning blanket around a
thermonuclear D-T plasma has been discussed
at varying levels of engineering detail.”
Reference 1 in particular addresses the
questions of blanket neutronics and energy
balance for a pulsed, high-8 Linear Theta-
Pinch Hybrid Reactor (LIPHR). This machine
is sized to be appropriate for a "first
commercial' plant. Although the present
study does not give a detailed engineering
design of the LTPHR, key physics, engineer-
ing and economic uncertainties are address-
ed here in a systems analysis context.
Specifically, a revised and more realistic
energy balance for the LTPHR is developed
and evaluated parvametrically. This energy
balance is conservatcively based on free-
gtreaming end loss of the plasma, although
the feasibility of end stoppering is congi-
dered. A simple economic model is devel-
oped, by which the ergonic performance of
the LTPHR is evaluated. The major intent
of this study is the identification of an
economically attractive, albeit unoptimiz-
ed, design point for the LTPHR, as well as
the identification of key R/D requirements
for the economic production of fissile
fuel and net electric power from a theta-
pinch hybrid reactor. To this end an ap-
proximate but very flexible time-averaged
model has been developed to examine a wide
range of LTPHR parameters. Given an in-
ferim operating point based upon the time-
average medel, a global time~dependent
burn computation is used both te examine
the validity of the time-average model and
ro explore in more detail the effect of
narticle and/or energy end loss.

2. DESCRIPTION OF LTPHR ENERGY BALANCE

2.1, GENERAL TORMALISM

To evaluate the overall energy balance
for the LTPHR the generalized energy flow
diagram depicted in Tig. 1 has been devel-
oped.” The energy worth of a fusion neu-
tron as sensible heat deposited within the
LTPHR blanket is E(MeV/n), and the net
number of fissile atoms produced per fu-
sicn neutron is [CV]. Hence, if Ep(MeV/
fission) is the energy released per fis-
sile isotope being considered, the poten-
tial energy of bred fission fuel per fu-
sion neutron is EA(MeV/n) = [CV]EF/(1+&CF).
The energy multiplication of a given blan-
ket configuration is measured by the para-
meter M = (B + E*)/14.08.

P Pg P

u i
i
i
fo) TP fm § Pe=Pali-1p)
1E ?/ Pti-my- oLt fexi= mPyg
23
L ] e
L8

g Ioz /(o1 W
i Pg+Pg <Pe>e

g* [Burner o - [ ( =€) + )
i1 MW 1 l"’/TH!; &

¥ 411 Power Expressed os MW/m

Fig. i. Generalized energy~flow diagram
for the Linear Theta-Pinch Hybrid Reactor
(LTPHR) . Refer to text for notatiom.

The LTPHR and the associated fissile
fuel burner produce, respectively, a gross
electrical power PF(MWQ/m) and Pﬁ(MWe/m),
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where all quantities are expressed on the
basis of a unit length of LTPHR. The pro-
duction of Pr + PE* is accomplished at the
expense of a net power P, (MWe/m} circula-
ted to the LTPHR. The engineering Q-value,
QE’ is a measure of the return on the in-
vested power P,

L O T (213

A plasma-related Q-value, Qp, can alsoe bhe
defined and iz a weasure of the total ther-
mal powver generated by the fusion neutron,
PTH + P&, per unit of power invested di-

rectly i1nto the D-T plasma, Pr. lHence,

Py is the rate of energy injection inte the
theta-pinch plasma in order to initiate and
sustain the thermonuclear burn. Engineer-
ing and plasma Q-values for the LTPHR per
se can be obtained from Eqs. {(2-1) and
(2-23 by division with (1 + E*/E), i.e.

Gp = Qp/ (1 + BE%/B) and qQp = pr(l + E5/E) .

The performance of the LTPHR is evalu-
ated on the basis of the figure of merit
Op in Sec. 4. In Sec. 2.2 and 2.3, res-
pectively, analytical expressions for the
circulating power and the fusion power in
terms of system and plasma parameters sre
developed.

_Lirgulating Power Losses

The ci

rculating or make-up power P. is
considerably less than the total power PB
required to initiate and sustain the ther-
monuclear burn, The fraction ng of PB is
recovered and re-used by the pulsed theta
pinch. This section describes the deviva-
tion of an expression for Np In terms of
key system paramelers.

Ag seen from Fig. 1 the fraction
(L - np) lost from the circulating power
loop is a frequency-dependent {(i.e. depen-—
dent upon the pulse duration) quantity and
is eomprised of three major components:
plasma beating ny, joule losses in the
blanket region (including the first-wall
theta-pinch coil) fpyx- and resistive los-
ses incurred external to the theta pinch,
fpyfy- The transfer efficiency fypy gives
that fraction of P

that must be gupplied
to portions of the civecult external to the
veactor, and f; gives that fraction of
fEXPB irretrievably lost.

Because of the "snap-shot' nature of
the time-averaged model, some degree of
arbitrariness is associated with the des-
cription of the time sequence of energy
transfer to and from the LTPHR; only a
more complicated dynamical description will
resolve this arbitrariness. The procedure
adopted here fixes the compression field B,
at its maximum value. From the maximum
field the total energy stored within the
compression field can be computed. In
order to sustain the compression field
against resistive losses for an average
burn peried 1., the joule-loss energy is
added to the energy stored in the compres-
sion field. The energy given to the plasma
by the field is also included. Division of
this sum by (L ~ fpy) and an appropriate
cycle time T, gives Py. By this arcifice
the joule losses are supplied and used at
the beginning of the burn. The energy re-
quirement of implesion heating is partially
taken into account by starting the com-—
pression fileld from zero. Implosion energy
stored externally to the coil bore is as-
sumad to be part of the external loss, as
are irreversible losses in the Energy
Transfer and Storage System (ETS). DBremg-
strahlung radiation losses should be small
relative to end losses in a short-pulsed
system and are not explicitly taken into
account,

2.2.1 Tmplosion-Heating Energy. Although the

implosion heating energy requirement is
not expiicitly taken into account, a for-
malism is developed that monitors this
quantity for a given implosion heating
coil {IHC) confipuration. An end-fed
fractional—turn implosion heating coil

of low inductance is envisaged for the
LTPHR. Figure 2 depicts schemaltically

the THC and associated electrical-cir-
cuit equivalent. As seen from Fig. 2, the
THC 1s represented by a series of feed-
plate LFP’ coaxial L:ox’ and vacuum L@,
inductancas with the external return-flux
inductance Lypy placed in parallel with Lg.
Referring to Fig. 2 for notation, the
following expressions describe the series
inductances,

(2-3)
(3-4}
{2-5)
where a is the plasma radius (B = 1),
U, = 4T ox 10°7 h/wm and ¥ is the IHC turns
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ratio,

W AR (2-6)
by + by)

ACC Power Supply

1HC % i
g A
1 gs_ %
i |y gy b
bg

Fig. 2. Schematic diagram of Implosion
Heating Coil (IHC) and equivalent electri-
cal circuit, this notation used in text.

The current that is diverted into Lgy 1s
related to the axial flux density in the
return-£flux path Byyp by

s " Bt/ B (2-73

where Uy is the permeability (in units of
Uy of the material placed in the return-
flux path. Hence, the energy stored in

LEX is given by,

z 2
A 1% M= {3 - »3)
SHO g |u R 2 2, (2-8)

Sclving LEg. (2-8) for Lpy vields

2 afug - S EER (2-9)

Defining L?ﬁc as Lyp + Loy T Lo ang let-
ting Bgyy be the magnetic flux density
inside the THC, the total implesion heating

energy requirement is given by

« 2 2
w o e (Paus® N Rax fBagol . 1o
LT T TR {2-1e)

The requirement of flux conservation leads
to

Bl

Pong = Bens s . (2-11)

flence,

s 7 2 ’ (212)

where Beoy vefers to the implosion field at
the plasma (i.c., Bepy) and fgy is given by

2
L H
LY . T R 2-1%)
e P bi

ixpressed in terms of geometric quantities
(Fig, 2), fSH hecomes

2
¢ e by + % (difi)indh Ihn} * in(bo ey
Si by Bran‘a

2 2
Yt b .2 b3 s
* (m") [( 7o ) - *9} AT Y 1248

where Xy equals a/b, and b is the first-

wall radius (not necessarily equal to by).
The gquantity fSH gives the amount of induc~
tive energy required to activate the IHC
circult per unit of inductive energy stored
within the IHC inner radius, Wgy=(B gy/2i,)
mhi{. In addition, the IHC power supply
must provide the plasma interngl energy
after the implosion, NENwagH E—xé(b/bl)2
{for # = 1). Adding the latter requirement
to the IHC energy leads to the following
expressions for wSH and qu“

)
v = > .
Ve T Man oy (215
2
¢ ofbtd (o fEntbs b} + fnba /by
SH b, Sran“a
2 H )
bit by APRPS I SO _
+ (b,’hi) (—;h ) + 3 rsxSJ + I~ +1‘p(b§ B (2-16)

*In general, a plasma pre-heating effici-
ency Ny can be defined as the ratio of
plasma internal energy after preheating to
the total energy transferred to the theta
pinch. Tor the case of pre-heating by im-
plosion to a plasma radius xghb,

_3. R
Tt I
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where, again ng E(B%H /2u0)ﬂbf. LEgua-
tions (2-15) and (2-18) are used to deter-
mine the implosion heating requirements in
terms of given or optimized THC geometric
parameloers,

2.2.2 Energy Stored in ACC and Leads. The
adiabatic compression coil {(ACC) is assumed
to be fully transposed and lietzed, 1.e.,
the current density within the ACC windings
is uniform. Referring to Fig. 2, the com-
pression field will have a radial profile
described by

{317}

where &, & bu/b?. Integrating Bi(r)/ZUO
over the ACC volume gives the maximum
stored energy during the compression such

that,

b,

Yac © J‘ (3'(r)f2u032:rér o wncc rc

a

(2-18)

o BRIt
e G0 A6

The compression field energy stored in the
ACC leads (Fig. 2) is obtained by assuming
a linear flux density in the leads [thick-
ness dy, width ds: and length (hg - byl ].
The wmagnetic energy stored within the
leads is given by

{2-14)

where A,, is the axial coanductor Tilling

donsitydfd3/%} and Ny is the numbar of

turms in the ACC. Combining Eqs. {(2-18)

and (2-19) gives the following expression
For the energy required by the ACC.

“ae T Mreo Tae

Bpen © L%yt
«f : g
Fnc -c(hhnhjj + (ez0y

‘.\(. o
L3 S 1w Ly - U0y 4 )78

I R T

Equation (2-20) gives the total compres-
sion energy under the assumpiion that com-

pression starts fyvom a null field., In
actuality, the adiabatic compression will
start with a {ield Bi’ where Bi = BSH if
implesion preheating is used. For the
latter cage Bg should be replaced by

Bé - Béﬂ in the expression for Wye,

(B, Z-20) and Wg; (Eq. 2-15} should be
explicitly taken into account by the

energy balance. Rather than introduce the
complexities of twoe power supplies into the
enargy balance, Wpe accounts for the in-
ductance actually added to the vacuum
chamber by the implosion heating supply,
but the remaining implosion-heating energy,
IMNSHO(%H n]), is qons%de?ed ag par# 9f
the external loss (tEX in Fig. 1). This
aspect of the LITHR energy balance ds dis-
cusged in more detail in Sec. 2.2.4.

3 Joule Losses Incuryed During Adia-
ic Compression. A major lossg
Tncurred during operation of the LTPHR is
expected Lo occur as resistive transport
within the ACC and associated leads. Under
the assumption of a fully transposed and
lictzed ACC (di.e., uniform current density)
the rate of joule transport loss is given
by 1°R/% where the current 1 is given by

(2=23)

and the resists of the ACC and leads

are given, respectively, by (Fig. 2},

The quantities AC and Aj, are, respectively,
the conductor filling fractions of the ACC
and associated leads, and fac is the ratio
of ac to de resistance, which for a range
of ACC dimensions, transpositions, and
risetimes is shown in Fig. 3. Hence, the
total race of joule transport-current
losses incurred during plasma compression
ig given by,

where ® n/uo is the electrical diffusi-
vity of the ACE and conductor leads (for
copber o= 0.0l4m" /s at voom temperature) .
The total joule less Wy is obtained by in-
tegrating Py (i.e., Bg) over the burn
period. TFor instance, if the compression-
field waveform is described by a pure sine
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where fg = f{(ll/zfg).

of half-period t
loss Wy is given

the transport current

{254y

2.2.4 Analytical Expression for Iy and

Ixternal losses, As seen from Fig.l,

g represents the fraction of the totgl
stored energy Wp = PpT, recovered by tne
energy transfer and storage (ETS) system.
0f the fraction (1l - np) irretrievably
lost the fractions ny, fpryx and fRyfL

are distributed as plasma heating, blanket
losses (mainly joule transport current
losses in the ACC) and external losses
(that part of the implosion heating energy
stored externally to the coil bore and ir-

reversible ETS losses).

viously, the non-dynamic
model forces somewhat ad
to be made, although the

As noted pre-
nature of this
hoc azsumptions
raesulting

energy balance gives a reasonably accurate
representation of the LTPHR (when com—
pared to time-dependent burn calculations)
and 1s much more flexible for parametric
systems studies.

The energy transferred to the theta
pinch per se, Wp(l -~ fpy), must be suffi-
cient to satisfy the requirements of the
ACC system {Bq.(2.20)7, the transport

current losses [Eq. (2-24)] and the plasma
internal energy {3lb?x28(B 21y =
3WBco(b/b3)28X2] Hence

ua(l b fr:x) " ""Bcn(fnc

where £y 3(b/h3)28x2 is the ratio of
plasma internal energy to energy stored in
a coil bore of radius b, The losses Wy,
that must be supplied to maintain the

store Wg equals the sum of transport
current losses, plasma losses, and irrever-—
sible external losses. Hence,

E]

+ f_}_ + I!IJ) , (2-25)

G (s 26
My (¢ fI) M (2263

{2-25) and (2~26) leads to
expression for np, where

Combining Lgs.
the following
L-ng £ W /Wy
)(1 -,

b " “-“ﬁ"-*wf Iy f3 T

(2-27}

Hr:11-r +r,..f

BLY EX'L

The previously deflined quantities ny =
fr (L - f2x)/(fpc + 1 + £1/3) and fpg
fp(l - fRY)/(fpc + o + £1/3) (Fig. 1)
represent the fraction of tetal energy
switched to the theta pinch Wy that
appears as plasma energy and blanket losses
(joule losses in the ACC), respectively.

The energy balance thus far accounts
only for Wgpp of the total implosion energy
WeHo Fgp [EBg. (2-15)] transferred
to the theta pinch. The energy Wspo (fgy-1)
residing outside the IHC bore is considered
as a portion of the external loss, fypyxijWp
(Fig. 1). 1In addition, the ETS system will
have an inherent transfer efficiency TNgpg,
and the loss {l-Ngrg) Wp is also consider-
ed to contribute to external lossas, fpyf;.
Under these approximations and definitions
it follows that,

(2-2E)

Although this formulation allows for ex-
ternal but reversible energy sinks, typi-~
cally fj, is set equal to unity and fgy can
then be considered the total irreversivle
external loss fraction. Tor most case
being considered here Wgyo/Wgeo v 1073 and,
hence, frpyxy v 1-NETS-
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2.3 _Engineering Q-Value The previously
described efficiency hp gives all energy
losses incurred in the transfer of energy
Wy = Pyle, where T, 1s the cvele time (in-
verse of the pulse rate).
moment that the 3,52 MeV alpha-particle
energy is embedded in E and, therefore, is
recoverable by the thermal cvele, the re~
coverable energy per pulse, (Pp + Pﬁ)TC,
can be censidered to be comprised of

four major components:

7
Mgy

= plasma internal energy recovered either
from bremsstrahlung radiation or plasma

streaming from the ends of the theta pinch.

2 Al
o™y

= recovered joule losses occurring within

the theta-pinch blanket (compression coil}.

1f the theta-pinch coil is operated
neay room temperature, these joule losses
cannat be recovered by the thermal cycle,

<J>2%bEen,,,,t

RNy Ty
= gnergy depogited within the theta-pinch
blanket by fusion neutrons.

¥

<J»2%hE ""'en,{‘H’r .

= energy recovered from bred fissile fuel

that is subsequently burned in a symbiotic

fission burner.
Here, e is the electronic charge (1.602 =
10-19 J/ev), the time-averaged current of
14.08 MeV neutrons is <J>, and the thermal-
to-electric conversion efficiencies of the
LTPHR and fission hurner are respectively
g and n%H. Alpha-particle thermalization
is assumed not to occur in the burn times
being considered. This approximation is ex-—
amined in Sec. 2.3.2.

2.3.1 HNeutyron Yield Without Alpha-Particle
Birect Conversion. If tp is the thermonu-
cilear burn time for a plasma of radius

a = xb and density n, <J» is given by,

‘3 : tat

¥Ir{nfmts) e I 9; n’ <Gv:‘|)T tiih;: . (2-79)
where the ratio Tp/t. is the duty cycle
factor, and <gvepr is the -1 fusion cress
section averaged over the first moment of
che Maxwellian distribution. The follow-
ing appreximate expression is used for
<overpyp. 2
HEooape9a/7iH
b .

cavr o (nlfs) = S

i (230}

Agssuming for the

where the ion temperature T is given in keV
units. The following pressure balance for
an electron-to-ion temperature ratio A re-
lates the density n to compression field
Bo-

YeT(1 4 i) w #BYs2u -
1077+ A4 5!501‘7 o , {2-31)

where again temperature is expressed in keV.

For the purpose of examining the de-
pendence of the engineering Q-value, Oy,
on system parameters, the "frequency-
dependent” efficiency np has been introduc-
ed. 1In order to cocuple the system parame-
ters to the plasma parameters, the neutron
vield a(n/MeV) is defined as the number of
fusion neutrons generated, Zwb <J> 1., per
unit of plasma internal energy, Wiyy.
Hence,

3 gt oy

alnfuen) = 2 -

[ T* *

; u {2-32)

The parameter & is related to the neutron
vield per unit of total invested encergy,
Wp, by

ot (nfMeV) = iy {2-33}
Tha following expression for Qp results
from these defined and calculable quanti-

ties, [
Q}: o TH [:2!
B

where npy = n%H has been assumed and 4 = 0
or 1 depending if joule losses in the com-
pression coil are recoverable by the ther-
mal cycle.

¥ (na.x“: Tt E”] (2=34)

2.3.2 Alpha-Particle Direct Counversion.
The ad hoe assumption that the alpha-
particle energy, E,(3.52 MeV), is recover-
ed totally by the thermal cvcle (ft.e., no
piasma heating or direct-conversion plasma
expansion, as for the RTIPR3) is justified
on the basis of slowing-down distances
and times required for the plasma deggities
being considered [(dE/dx}~'3.8?§ 102t ng
(keV/km)-~38 keV/im for n, = 107 ‘electrons/
ma].“ Tn view of the benefits of alpha-
particle heating, however, it seems prudent
to examine this possibility insofar as Qg
{Bq. (2-34)] is concerned.

Using the previously defined quanti-
ties np [Bg. (2-27)] and a* [Bg. (2-33)],
the total piasma and alpha-particle energy
equals Wy{ny + o%Eq) . if the fraction NpC
of the total aipha-particle energy G#Eghp
is used to expand the plasma against the
confining magnetic field, then the direct-
conversion energy TNpeEgdFip can be sub-
tracted directly from the circulating energy
requirement. The remaining energy
Wginy + (1 - npe) kg ] streams from the
ends of the theta pinch as end loss energy
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to electri-
NEL- The
total elec—

Wiy, and is assumed converted
cal energy with an efficiency
energy MrLWEp is added to the
trical ocutput, and the energy (1 - ngp)WgL
is assumed to be sufficiently high in tem—
perature to be used by the thermal-conver-
sion system at an efficiency ngy. Hence
incorporating both plasma-expansion (Mpel
and end-loss (nEL) direct conversion into
the definition of Qg,

n,

% T :i; {(l'”i:i. * "}:1.""‘11:)[”1 - “*Ea(l'“uc)]

{2-3%)
+ fBLK 5F Qﬁ(E+E¢{} \
where
Bty G oy gt (2-36)
When both npe and Ny equal zero,
P S
R e s:“}} : (230

which is identical to Eq. (2-34) (where B,
is incorporated into E).

The major unknown at this point is the
magnitude of npo, which in the absence of
plasma end loss approaches a thermodynami-
cally ideal value of “66%. TFor the case
where Np, = 0 (i.e., the end loss energy
is converted Lo electrical energy with
efficiency nyp), direct-conversion viga
plasma expansion increases Qp by re-
ducing (1 - ng), as seen from Egn. (2~36).
Since the other terms that comprise (lwnB)
are of the order of 0.01~0.05, o* will have
to excead 0.6G04 n/MeV before direct con-
Yersion of alpha-particle energy has any
mpact upon the energy balance (i.e., Ogr,
For "injection efficiencies

Ny on the ovder 0.01, the number of neu-
trons per MeV of plasma energy, o, must
exceed 9.4 (n/MeV) i.e., 2.5 x 10'? fusion
reactions for each joule of plasma inter-
nal energy at peak compression). This
vield is on the order of that computed

for the RTPR (2.83 x 10'? n/J at peak
field) and implies either commensurate
burn times or higher compression fields
(densities) for the linear theta pinch.

An accurate estimate of npe in the
presence of end loss requires a two-
dimensional, non-equilibrium, time-
dependent medel for the thermonuclear
burn. Since such a computation is beyond
the scope of this study, a highly approxi-
mate estimate must be made, The bhurn is
assumed to occur over one end loss time
Tir» which defines the assumed exponen-
tial decay of the particle line density
N (particles/m) witchin the pinch. During
this time the alpha-particle energy

ok Wy is assumed deposited in the plasma
witﬁout either plasma expansion or

end less. The increased plasma tempera-
ture is then given by T(1 + uEa}, where

T is the average plasma temperature at
which the burn was assumed to occur.

The end less of plasma energy then is
agsumed to occur for one end-loss time,
NELs at a temperacure T(1 + GEy).  The
plasma subsequently will expand or
contract al a temperature T(l + 0By), de-
pleted line density N/e, and constant
(maximum) compression field. The
difference between initial and final
plasma volumes, as determined by the
pressure balance, when multiplied by the
(constant) field pressure, gives the
pressure-volume work, Wpe. This “direct-
conversion” work may be positive or nega-
tive depending upon whether the plasma
expands or contracts, which in turn de-
pends upon the degree of alpha-particle
heating and end loss. Finally, the
plasma internal enevgy remaining after
the plasma expansion is added to the in-
itial estimate of the end-loss energy to
give the total end-loss energy, Wgp,.
Given below are expressions for Wpe, WL
and Npg = Wye/ (Wpe + WiL) based upon

this sinple model.

PR = Z by, 2 -
B s L s - va- fe 1)\\}Zu

(2-18)

LAY m -
Yo/ Gt 2 g e - -7y (239

(2-Liy

Hence, before plasma expansion can cccur
(i.e., npg » 0), the neutren yield per
unit of plasma internal energy must exceed
0.5 (u/MeV}) or 3.1 x 10'?% n/J. For much
higher yields Mpe approach the ideal value
of {2/3) veduced by e™! = 0.3679. 0n the
basis of the foregoing analysis, showing
the severe degradation of plasma-expansion
direct conversion by end losses, as well

as the previously noted difficulties in
thermalizing alpha parcticles in linear
plasmas of reasonable length and density,
the energy Egy will be incerporated into

I and will Dbe assumed converted to electri-
cal energy with an efficiency Npys Plasma
heating and expansicn via alpha-particle
energy seems highly wnlikely, unless much
denser plasmas are considered. In essence,
the computations reported pertain te a non=-
ignition device, where both alpha-particle
direct conversion and plasma heating are
agsumed not o cccur.
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2.3.3 Average Plasma Temperature and Burn
Time. kquation (2-34) is used to evaluate

the engineering Q-value for a given set of
plasma and system parameters. On the basis
of a simple implosion/compression model, ¥2°
the following relationships between Bp,x%,T,
initial filling pressure Py (mTorr), and
implosion field Bg(kV/em) can be derived

afs

-7/10 E‘JI‘J Iy (21

T(keV) = 3.9848 I’\

3/20

xom 0.3350 ¥ 3 P
A

3/10
& ur

The equilibrium heat capacity ratio Y
5/3 has been used.

The remaining relationship between burn
cime Ty and Ti/2 is yet to be specified.
First, Ty is equated to T,,,. reduced by a
form facter f; which reflects the fact
that the thermonuclear burn does not occur
as a function of time with equal vigor for
a given magnetic field waveform; for a
purely sinusoidal waveform [, ~ 3/8.
Secondly, 7,,, is equated to an end loss
time, Ty, 8% determined by a free-
streaming model

o fe ™

NN s S s
i ZkT: 2

“u Vo Do
The length of the LTPHR is £, and NEig is
an end-loss parameter equal Lo 477
R/(1-/1-R), where R is the applied mirror
ratio (assumed to be unity). A more recent
numerical evaluation® gives nppg as a
function of B. Tor B = 0.8,npg =4.9 for
the old theory compared te 3.9 for the
more recent numerical evaluation. Ex-
perimental evidence from short theta
pinches for R = 1 indicates that both
theories overpredict by ~ 60%. Since
perimental evidence is based on short
theta pinches and, therefore, may not be
applicable to the longer devices being con-
gidered here, the NELS values derived from
the more recent numerical evaluation are
used.

ELS -4

ex—

The foregoing relationships render a
complete set of equations by which the LTPHR
energy balance can he evaluated. Tou
given values of P, Eg and B , the plasma
radiug a = %xb and tempervaturé can be de~
termined. Given £, £, and B the effi-
ciency n, can be détermined for a given
theta-pinch coil design, once the burn time
T, is specified. The length of the rheta

pinch specifies Tiy.s and hence T, for a
given form factor f,. Finally, @* and

hence Qp can be determined for a given
burn time, i.e., length 2.

The foregoing analveis will vield the
LTPHR energy balance on a "per pulse” bagi:
To determine the pulse rate, the first-

. Sl 1 Tandi 3 2
wall'n?uLlon loa@&gg Lo M/ m™) wmust be
specified.  The following relationship ax-
ists between Iy, and cycle time Tee

1w(}m1=:) s ax{14.08) oo IR (2443

where the energy multiplication M is given
by (E -+ E%)/14.08. lence, given .. the
cycele time To can be determined fo¥ a
given LTPHR design.
3. DESCRIPTION OF PARAMETRIC ANALYSIS
AND MAJOR CONSTRAINTES

In view of the formidable list of
variables which impact on the overall per-
formance and design of the LTPHR. a logic
sequence was adopted for the systen
analysis., Table | summarizes the more 1m—
portant relationships between LTPHR varj-
ables, and Table IT lists the definitions,
units, and status of key parameters. The
logic flow diagram shown in Fig., 4 dillus-~
trates the computational procedurs, where-
in given assumed parameters are
evaluate the LTPHR energy balances.

or used to

The values for

the fixed parameters
Table IT Fig. 4 were selected either
the basis cof values known or estimated to
be achievable in the near future. The
electrical properties of the compression
coil were assumed those of pure copper at
room temperature {most opCimum); the
first-wall radius is large enoupgh to assume
effective implosion heating, but small
enough to minimize stored energy require-
ments; and a thermal neutron blanket
characterized by high E + £% values, but
low fissile fuel production was used. !

on

and on
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TABLE IT

SUMMARY OF KEY LTPUR TIME-AVERAGED PARAMETERS

Dezdignation Befint Units Yalue
PA {11king density aforr varlable
}:e arinuthal fnplosion electyic field k¥fen wariable
Bo saxioun compression magnerdce field T variable
A eleczron-to-ion terperature ratto - ~ 1.0
5] plasma beta - 0.8
fex fraction Wy storad excernally u variable
bl first-wall radius o variable
ds THE flun return pach (E)3 - ‘nz) o variable
d6 ACC thickness, (h‘,‘ - b3) n variablie
n clectrical diffusivity of coil wlts ¢.0127
conductor
fsT ACC struetural volwse fraction - variable
3 LTPHE jength n variable
5 cf{fective LTPIR longth {w/end- [} variable
stoppering)
Ty thernal conversion ef fickeacy s 0.4
Terg ETS efficiency - 0.95
A total energy worth of fuwsion
acutron (MeVin} for (b& - b]) a0 -= L1
ES (E*HE) fraction of tetal enerpy released as
sensible heat to LIPHR, (b« - bl) LY - 0,506

The major variables are P, Eg, Bgs by,
(b3-b2}, (bg-bs) and L.

For given values of Eg, By, by, and £,

Qp is determined as a function of Pp, and
the maximum value of Qp is obtained. The
reason for this maximum is clearly illus-
trated from Egs. (2-41) and (2-42), which
indicate that x increases with Pp but T
decreases with increasing Pa. Once the
optimum Qg (with respect to filling
pressure) is determined, Qr is then eval-
vated as a function of coil dimensions,
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Fig. 4.
Refer to text for

systems study.
netation.

Eg (2 - 4 kV/em), B(5-30T) and 2(1-10 km).
Given Qr and Ty, the cycle time T¢ and the
power levels PR and P# can be computed
(Fig. 4), It should be noted that the
optimum QF vs Pp values will differ from
that for the neutron yield o. Referring
to Egq. (2-23) a(n/MeV) optimizaes at T =
15.48 eV for a fixed compression field.
Hence, Bq. (2-43) predicts EgBSIPA = 1.54
x 10° for the a{n/MeV) optimum. For Eg =
2 kV/em and B = 20 T, Pp equals 5.92 mtorr,
and the corresponding value of x [Ig. (2-
42Y] is 0.086. Because of the importance
of g% = any in determining Qp, the O vs
Py optimum will demand higher values of x
and hence higher values of Py. End-loss
reduction (achievable by mirvoring, cusps
or some other method) is modeled by con-
sidering an effective length 27 > R for
the device such that fhe end-logs time is
increased to TEL = (Q“/Q)TEL, where Tgy, is
given by Eq. (2-43).

The complexity of the Qp optimization
necessitates a numerical evaluation that is
subject to neutronic and mechanical con-
straints. Lastly, a siwmple economic model
is described which is used in conjunction
with the overall parvametric study. These
latter constraints are described below.

3.1. NEUTRONIC CONSTRAINTS

A thorough parametric analysis of
the neutronic design for the LTPHR blanket
is not intended by this study. The
blanket model used in these analyses is
similar to a high-multiplying system that
was previously reported and is illustrated

in Fig. 5. This blanket configuration
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Thermal Blanket Model (Series 400)

Fig. 5. Diagram of neutronic model used
for LTPHR blanket,
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genervates a highly thermalized neutron
spectrum {thick 4 region immediately ad-
jacent to the first-wall ACC)and is used

to model important neutronic requirements
(high energy multiplication, (E + E¥), .
477 MeV/n), and tritium breeding, ([BR] >
1.) as well as the interaction of these re-
quirements with the ACC design. Since E®/
E~C.1, this particular design would be a
poor choice for pure fissile-fuel produc~
tion (fuel factory) with a minimum fissile-
fuel 2%y inventory. Neutronic éptimiza-
tion to enhance E*/E (fuel production) is
beyond the scope of this study.

The dependence of E + E¥ an ACC thicke-
ness Ab = (bg - b3) for three coil mater-
ials is shown in Fig. 6, and ¥ig. 7 illus~-
trates the decrease in the tritium breed-
ing ratio [BR] and *U conversion {cv
with increased 8b. The total energy worth
of the fusion neutron can be decribed by
the empirical relationship,

{E + EX)/(E + EF), = 1.0 - 1,954, {3-1}

for the range of ACC thickness of interest,
where (E +E*), = 477 MeV/n. This decrease
in E + E¥% with increased Ab is included in
the evaluation of Q. As with the joule
losses, neutron energy deposited into the
ACC is assumed lost from the asvstem if A

= 0 in Eq. (2-34).

3.2 STRUCTURAL CONSTRAINTS

In addiction to the aforementioned
neutronic [Eq. (3-1)] and joule~loss [Eq.
(2-24)1 constraints, obvicus structural
limitations must be imposed upon the ACC
and, therefore, on the overall energy bal-

ance. A detailed structural analysis of
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N
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b:01m ~
(EN)O= 477 MeN/n
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075 i z 3 4 3 3 78 9 10
Coil Thickness, Ab{em)
Fig. 6. Dependence of total (real E and

virtual E*) energy multiplication, E+ES,
on the first-wall ACC thickness for wvari-
ous coil materials (Ref: Tig. 5).

H40.30

Q.26

Tritium Breeaing Rato, [BF‘]
Fissite Fuet Conversion Rlio, {CV]

©
0
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[<]
B

Thermal Blonke! Mocel {Seres 400)
b=

O.tm
0.94 . i L ) 0.10
Q 2 4 [ 8 0 2
Coul Thickness, Ablens)
Fig. 7. Dependence of tritium breeding

ratio, [BR], and fissile conversion ratioc,
fCv], on the first-wall ACC thickness for
various coil materials (Ref: Fig. 5).

the ACC has been reported,7’8 and only es-
sential elements are summarized here.
Utilizing the elasticity theory solutions
for a thick-walled cylinder,® the radial
and tangential (hoop) stresses are given,
respectively, by

by/ryiel

{3-1)
L+ {bi/v)ies
o s pe .“é‘_.z__w{_»qm"e_

where § = 1 + Ab/bs = by/b3 (Fig. 27, and
P* ig an effective pressure that depends

on the magnetic field and the dynamic load-
ing. After determining the strain energy
for a given coil of lengrh £, moedulus I

and Poisson's ratio v, the energy principle
was used’ to derive an equivalent stiff-
ness k, for motion at the outer coil

radius ha

g 1) T -
kr m,s.z(éiﬂ)[(1-u)+(1+\.)é|. {3-3)
A force balance in the absence of damping
gave the following dynamic equation for ra-
dial displacement,

1 .-
(ﬁ}u+nvgu). (3-8)
where the mechanical period Ty = ZWJMt/kr,
My is the displaced mass, and £(t) is a
(sinusoidal) driving function., The mass My
can be that of the blanket plus coil (coupl-~
ed) or that of the ceil alone {uncoupled).
Using shock-spectrum techniques,lo the
maximum dynawmic amplification/attenuation
factor Y(Tlfz/TM) can be derived’ and used
to determine the effective pressure, P¥ =
(B%/ZUO)Y. The maximum hoop stress is
evaluaced at r = b; from £q. (3-2),
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The dependence of G on pulse duration
{and hence leangth of LTPHR) is reflected
through the parameter v{T1/2/Ty).

Numerical evaluaticon of k,, Ty, and
subseqguently Y(Tl/ /TMJ is based upon a
composit ACC comprised of custom 455
stainless steel (structural component) and
and Cu/Be {conductor). Reference 7 de-
gscribes the method used to arrive at
average mechanical properties. The vol-
ume fraction of structure in the ACC is de-
signated fgr, and the following relation-
ship was used to compute the composite
electrical resistivity for the ACC.

(3-6)

vhere the electrical resistivities for
copper and structure are respectively 7

and ngp. Table III summarizes the electri-
cal and mechanical properties of the ACC,
the yield, ultimate and endurance (> 107
cycles) strengths being designated by oyLp

OyLTs and Cpyp respectively. The custom
TABLE Y1T
MECHANICAL AND ELECTRECAL PROPERTLES OF ACC
Custes 455
Property Stufnless Stend Cuffe ntloy
£ (MPa) IR 1.3 ¥ 10°
v .29 0.355
G'!'LU {(MPa) o34, 172~74) (annealed)
896-1034 {hardenad
Cyyy (P2 16e9. 436-552 (anncied)
1136-1276 (hardencd)
Ty BT 753 (tenston-conprossfon) —
§65 (tenslon-tension)
HIRARIEE] 0.75 0.04827 - 0,0582
& (hpin’) IR E 5.9 % 10°

455 stainless steel was used to clad the
multifilamentary Cu/Be electrical conduct-
or and was asgumed to support entirely

the mechanical load. An optimum amount

of structural material, as reflected by
fgp is expected. Small amounts of struc-
ture will minimize joule losses, but the
maxinmum allowable field will be severely
limited by strength considerations, where-
as increased values of fgp will permit
higher compression fields at the expense
of increased joule losses. This trade~
off as well as those associated with
pulse duration [i.e., stress attenuation
(t1/2 << Ty vs strcas amplification (T3/2
~Ty) vs steady-state stresses (Ty/2 > ]
and coil geometry (strength vs neutronics
vs joule losses) is examined,

3.3 RCONOMLC CONSTRALNTS

The value of Qg where economic break-
even occurs must be determined by a detailed
cost analysis of a particular system. The
design of the LTPHR is not sufficiently ad-
vanced for such an analysis, but a prelimi-
nary assessment of the Qp vs cost relation-
ship can be made and used to provide an in-
dication of the magnitude of Qg required for
economic hreakdown.

As previously noted' a significant
quantity of intrinsic energy is expected
to be generated by a hybrid reactor, even
for blanket designs that minimize in siftu
figssioning and enhance fissile fuel breed-
ing (d.e., B/E* v~ Q). Preliminary esti-
mates® indicate that as a minimum for every
unit of potential energy associated with
bred fissile fuel E¥, 0.15 units of
energy E will be deposited inte the blanket
of the hybrid reactor, i.e., E/E* > 0.15.
Hence, din addition to the relationship be-
tween Qp and econcomic considerations, a
question arises as to the economic incen-
tive for converting this energy E versus
rejection as waste heat. The results of
the following analysis give the relation-
ship between Qp and (RLVLNULS/COBT&)
where A = 0 or 1 gives the waste vs con—
vert opticn; this simple analysis generally
can be applied to any fission/fusion reactor
coneept.

The capital cost of the hybrid reactor
is divided into a cost of the nuclear
island Cyxy, a cost of the power conversion
equipment Cppn, and cost of non-nuclear/non-
conversion components C These costs are
expressed in units of $ykWe Since the hy-
brid reactor will produce significant
gquantities of fissile fuel, a fuel handling
cost Cpy ($/kg/y) is also envisaged. A
significant capital cost may be incurred
for the energy storage required for both
the implesion heating and adiabatic com-
pression. The cost of the THC energy store
is Cp,(§/J), and the corresponding cost
for Ee ACC steore is Cup (5/J). Lastly,
certain LTPHR blanket designs envision a
fissile fuel (233U) inventory for which
carrying charges will be incurred. The
above-described costs are summarized below:

POWER-RELATED COST {§) « (c o p t.} b (m)* (3-74)
FUEL HANDLING COSTS (5} « (3-78)
SERGY AGE COSTS (§) = : 5 k™
IHC ENERGY SIORAGE COSTS (§) € gy {10 {3-7C)
. d\c(m) (141 *."P)l‘
ACC ENERGY STORAGE CQSTS (8) » ¢, .M (10) - Qf I u W S(3-70)
COST OF FUEL TNVESTORY (5) = lase, = [DT} ke, {3-78)

233

where 123(kg) igs the U fuel inventory,
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[BT] (y) is the intrinsic fissile-fuel
doubliing time, and R({kg/y) is the fissile
fuel producticn rate. Table IV summar-
izes the cost definitions and numerical
values used in this analysis.

TAMLE TV

SUMMARY OF COST TERMS AND VALUES USED IN ANALVEIS

SyEhol Deffnfzion Malue
Cest ef vuclear core and primnry ceclant sysien 250 §kWe
oy oF . R £ e
Cest of secendary coolant sysiem 50 $fkie
&y Cost of the nvelear fslond 306 $fkie
Cost of turbine set 160 §/EMe
Cost of turbiase boufiding 100 $/kMe
b .
CPC Cost of peter ca:\vorﬁlon( ) 200 §fiwe
Cos1 of miscellzncous buildings 40 S kve
Gowt of site and miscellancous eguipnenat 10 §/kWe
. () '
e Cost of pon-auclear cquipment 50 $/kMe
R C )] i
CFII Cont of {uel handling 50 $ikuly
H Ansual latetest race T 157y
T bebe payof{ tive 10y
A Fsealation facter 0.3
e Cost of power {30 millfkWe h) 2.62 = 10° $ime v
»
1F
y Cout 1o Fisgion burner of fuvl(e) ~0.2 cp( 4
C\C Cost of ACC cneogy $Lore 4,03 &40
Cl" Cest of THE energy store 0.25 §/4
(), .
A secondavy coolant systes will be rvequived whethev the sensible hear is
converted to clectrieal energy or deposited as waste heal to the eavien-
zsent.  For the former case the cost of the secondary ceclant systes will
primarily be associated with the stean generator, whoreas for the latter
case a substantial coelinpg-tower cost will be lncurred. In any event the
cost of the nuclear fsland cq] is #ssuwred te be the sum of {tecs () aond
2.
5],
Taken to be the sum of Items {4} and {5).
(e},
Taken to be the sum of Lrems (7) aad (8).
[CE I .
Cost agssoclated with the siorage manipulation, and processing of radic-
active nuclear fueis. This represents a base cost for the hybrid reactor
which gencrates no  fn s8tu power. Pact of the core and shielding costs
are (ncluded im (.‘m, as well as in C‘“. The mzerical value selected for
CHi 15 ~15% that Incurred by the fuel reprocessing industry aod is assumed
approximately equal to the anticipated cest Fer a sero-power hybrid reactar
A fuel veprocessing plant at Merrds, Uliineds, was te have had a capaciey of
520 Tonnely and will cost ~380 §/kgfy, whereas a avger plant ag Sarmowedd,
South Careldna, will treac 1560 Tenne/y and {5 cxpected o cost ~260 $/kafy.
(e},

The units of €, uscd hevein wre §/kg. Since, for s ~0.4, 1 kg of fissile
]
fuel will generate 1.0l Mde y of electvical ewergy. The units §/kp and

§f¥te ¥ are wsed intevchampeably.

The major annual cost anticipated £for
a hybrid reactor will be associated with
the power cost, the cost of energy storage
and the cost of the capital investment.
On the basis of the definitions given in
Table IV, the annual cost of investment
is given by

ANNEAL COST OF 14

(3-8}

Since PE(MWe) can be expressed in terms of
the fissile fuel production rate R as
follows Mgy = 0.4),

i’“(!-."n'v) « 1AOL(MHe y/hgd R{ESE®) {3-9)
the annual cost of investment becomes,
ANNUAL L08T 0F I8V

N :
Rl :)K(:_,[ ’ <1.“) (! + -\!m-‘n:n:f-) e, (a0
b wh W f it

Wi 4
+ ”(i "
where £ is the ratio of implosion to com-—
pression stored energy. Likewise the cir-
culating power cost is given by,

YRR COST (Sfw) -

= 10T (N pihed R(I'IL"')\‘PIqF : (u‘-vmx)u RO S T (3-11}

where qp is the intrinsic Q-value for the
LIPER (gg = Pp/P.). The total cost, there-
fore, eguals the sum of expressions (3-10)
and {3-11).

The revenue generated by the hybrid
reactor equals the sum of the fuel revenue,
Reg, and the power revenue, Pgep. With
the aid of Eq. (3-9), the costs and rev-
enues are given by

{CosT}, =

(3-124)

{128y

where again A = 0, 1 represents the waste
vs convert option for the in situ energy
generated by the hybrid reactor. Equa-
tioms (3-12) are evaluated in conjunction
with the LTPHR energy balance. In addition
to the "economic Q-value," [REVENUE/COST},,
capital costs on a per kWe basis are also
estimated. It should be noted that [COST]
represents a lower bhound in that the costs
of contingencies, operating/maintenance,
etc. hawve ncet been included.

4. RESULTS OF PARAMETRIC
SYSTEMS STUDIES

4,1 TIME-IRDEPENDENT PARAMETER SURVEY

The approach employed to explore the
LTPHR parameter space (Fig. 4) and to iden-
tify a near-optimum design point was to
vary systematically the several independent
geometric parameters with a view toward
achieving a favorable energy balance (i.e.,
maximizing Qp) subject to the economic
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and structural constraints described in
previous sections. Results are reported
for both the nominal implosion electric
field vaiue of Eg =» 2 kV/cm and a more
opmistic value of 4 kV/cm.

The energy transfer and storage effi-

ciency is fized at ngrs = 0.95, and an §
effective length 27 was varied, where ¥
equals the true LTPHR length £ multiplied
by the endloss rate reduction relative

to that predicted by free-streaming par-—
ticle loss (TgL, Eq. (2-43)). The
calculational approach adopted here is
summarized below.

a)

b

)

d)

e)

For B, = 20 T and Eg = 2 or & kV/cm,
the optimum firﬁt—wall radius by was
determined vs " for a fixed IHC flux
return thickness ds = b3y - by, fixed
ACC coil winding thickness dg = bg -
b3 and fixed amount of support
structure fgy incorporated inte the
ACC.

For the vaiue of by selected in a) the
optimum value of ds = by ~ hy was
determined,

Giver the optimum values of by and dg,
the optimum value of ACC coil thick-
ness dg was determined.

Once b1, d5 and dg were determined,

an optimum value of ACC structural
fraction fgr was computed.

Given these optimal choices for key
geometric parameters, Qp vs L% and Bg
was determined and the structural
(endurange limit) and economic (REV/COST)
constraints were imposed.

For all computations the filling density
Pa selected was that which maximized Qg,
this Py value not necessarily resulting
in the maximum neutron yield.

As a starting point the first-wall

radius by was varied for B, = 20T, dg =
0.05 m, dg = 0.05 m and fgy = 0.5. As
seen from Figs. 8a-b, Qp increases with by
and 2% until saturation is reached, the
saturation cccurring at higher values of
by and Qp as &* increases. The approach
towards a limiting value of Qp is a re-
gult of joule losses [fprk or fT, Eq. (2~
27)] becoming a smaller fraction of the
total losses, with the external losses
{mainly "pps) eventually dominating for
large values of bj. The rate at wich the
external losses overcome the joule trans-—
port losses as by increases depends upon
the time during which the ACC is activated
fi.e., burn time or 2*}. Consideration of
thie ACC stress constraint will inhibit

100 N

WETS=O.95
B,=20T
9.0+ < ]
0 Eg=2.0kv/cm
fgr=0.5
80}F b4-bz=0.05m 4
d5+0.05m f*=!O(km
70 .
w [’H
o B <]
2 sop {1 3
: $
6
[e]
- S50} 1 9
£ £
@ b
£ aol ad 2
g‘ &
ul &
- 3.0F E
2
2.0} _
|
1.0 F i
O 1 1 L i i
0 Q.1 02 03 04 05 086
(a) First - Wall Rodius, b)(m)
0.0
”ET%=095 7" 10(km)
By=20T
O - 8 4
80 Eg=4.0kV/cm
fST=0.5
80| by-b3=0.05m ]
dg=0.05m
3]
7.0 -
wl
[e]
@
2 60+ E
o
7
o 49
o 50 2
£
&
L
£ 40} E
on
[=4
]
3.0F 2
2.0 T
1O+ G E
0 L 1 Il 1 1
0 0.1 2 03 04 05 08
(b) First -Wol) Radius, b, {m)

Fig. 8. Dependence of Qg on first-wall (IHC)
radius b1 and effective LTPHR length &" for
implosion fields Eg=2 and 4 kV/ecm. Values
of other parameters represent a first guess.
Arrow indicates choice of bl.
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operaticn at the higher bl values, however,
$0 & conservative value of b, = 0.2 m

was selected for subsequent dalculations.
It may also be noted from Figs. 8a-b that
if a detailed structural design permits
larger values of by, gains in Qg can be
realized, particularly for the larger ¥
values. Using this choice for by, the
thickness of the IHC flux return path (dj
= b3 - by) was varied as indicated in Figs.
9a~b. Above a minimum value of ~ 0.0l m,
Qg drops with increasing values of ds,
suggesting a choice of dg = 0.02 m. How-
ever, to allow for modest shifts in the

peak values, dg was set equal to $.03 m
4.0
b= 0.20m
Me1520.9%
8,207
ba-bze 0.05m
fST'-’O.S
w 3.0} E9=2.ORV/cm b
<]
g
>
B
"
<o
o 20 b
£
g £ Ftxm
2
5 4
{} |

O 1 1 ] 13 1
8] g4 008 02 018 020 025
IHC Flux Return Thickness, dg (m)

(a)

4.0

b= 0.20m
TeT520.95
Bo: 20T

ba- bz 0.05m
far=0.5

E9= 4.0kV/em

Engineering Q-Vaiue, Q¢
o o
e} (o]

o
Y
1

it

O 11 i k i i
] Q.04 008 042 016 020 025
IHC Flux Return Thickness, dg (i)

(1)

Fig. 9. Dependence of Qp on IHC flux re-
turn path thickness (b3-b2). Arrow indi-
cates choice of (b3-b3).

for subsequent calculations. The maxima
indicated in Figs. 9a-b can be explained

as follows. For very small IEC flux return
areda, the return flux density is very high
(compared to that in the IHC bore), the mag-
netic material in the flux-refurn path satu-
rates, and considerable implosion energy
must be stored external to the IHC to gene-
rate a given implosion field. This problem
is resolved by increasing ds5 = b3 ~b32 at the
expense of increased ACC bore b3 and associ-
ated stored energy. Hence, the optima given
in Fig. 9a-b are generated.

With b;] = 0.2 m, ds = 0.03 m the effects
of ACC thickness dg = by ~ ha were investi-
gated, As seen from Figs. 1l0a-b, Qp is in-
sensitive to the ACC thickness beyond dg =
0.03 m. For small values of dg Qp is reduced
because of the increased joule losses, where-
as increasing dg results in a degradation of
the neutron energy worth, E+E* (blanket is
located radially cutward from the ACC).

Both the sharpness and the location of the
maxima shown on Figs. 10a-b will depend
upon the maximum compression field B, and

ACC bore b3z. The locus of optimum values of
80
b= 0.20m
W 50 TErge098
& Bo=20T
g 05+ 0.03m
3 40F  1oa05
\ E9= 2.0kv/em M
S ol £ tkm)
£
o 4
£ 20l 5 -
2 2
(V5
1.0 {} 17
o ; ; . . .
(a) © 00t 002 003 004 005 006 007 008 009
¥ ACC Winding Thickness, (ba=b3} {m)
8.0
By = 0.20m
 7g7s=0.95
& 30r  ge207
- dg=0.03m " then)
2 40 fgy=0.5 a
3 Ee= 4.0kV/em
<
o 3.01
kS
5 2
‘ﬂ:.l —
E 20} //-“
5
] P/__,__.———-—f i
1.Q G 1
o . . . ‘ ; .
o 00l 002 0CG3 004 005 006 007 008 009
( I» “ ACC Winding Thickness, (b4-b3) {m)
Fig. 10. Dependence ¢f Q on ACC thickuess

(b4-b3) and effective length 2%, Rg =2 and
4 kV/cem for implosion fields; by = 0.20 m,

and (b3-b,) = 0.03 m. Arrow indicates
choice of (by-bj).
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Qr, ACC strength considerations, and neu-
tronic constraints (Fig. 6 and 7) suggest
a choidce of dg = d4 - by 2 0.07 m for L*
greater than 4 km.

As discussed in Sec. 3.2, a tradeoff
exists between the ACC strength require~
ments and the joule losses as reflected by
the fraction of structural material fgrp
needed for a given ACC thickness dg and
inner radius b3. TFor a given fST a maximum
field By will be permitted on the hasis
of structural endurance limits. Small
values of fgp for a given ACC geometry will
limit the wvalue of By and hence Q. Higher
compressions will be permitted as fgT in-
creases, but the joule losses will increase
as more structure is added to the fixed ge~
ometry ACC. Defining QE as a maximum value
attainable for B, = By, Fig. lla gives
the dependence of this "stress~limited Q-
value," Qg, on fg., for Eg = 2 kv/cm. The
previously assumed value of fyr = 0.5 is
increased to .6 on the basis of this cal-

culation. It is reasonable to expect that

30

By 0.20m
- 25 Tgvs:0.9%

dg=0.03m
{bg-b3}:0.07m

20l Eg=2 0kv/em
B,/Bg+10

£k}

Siress Limied Q-Votue, Qg
(4]

O

<
o
o
N
=]
w

o -
o o

'. \S;j:>
e

04 05 08 07 08 09 [Re)

~~

o

~—
o
=

b,20.20m
terg=0.95
d5:0.03m
{bg-b3) = 0.07m
25 Eg=2.0uvscm
Bo/Bg=1.5

20} £*kmy]

»

Stress Limited Q-Vaiue, Qg
o

o] [eX] 0.2 0.3 0.4 .6 o7 X-3 A I
(1) ) ii 0 08 09 10
Fig. 1li. Dependence of stress~limited Qp on
structural fraction fgT in ACC. For the
parameters shown, Qﬁ is determined by the
maximum £ield Bg set by structural endur-
ance limits. Both By/Bp = 1.0 and 1.5 are
considered. The endurance limit was set
by ~ 107 cycles for Custom 455 stainiess
steel structure.

ACC redesign could allow 507 improvement in
this Bs/Bp constraint. As seen in Fig. 1lb,
this does not alter the choice of optimum
fgr = 0.6 but does improve the resultant

Qf values.

In addition to the system dimensions,
an optimum Qp depends on an appropriate
choice of the initial D-T gas filling pres-
sure, Pa., As noted previcusly, all data
presented here are based upon this Py opti-
mum. The dependence of Qp on Py for the ge-
ometric values selected thus far is shown
in Figs.12a~b to illustrate this behavior,
Low values of Pp result in efficient heating
but the neutron yield per unit of pinch
length is reduced. Increasing Py, on the
other hand, leads to lower plasma tempera-
tures, and without substantial compression
the neutron yield is again reduced. It
should be nroted that the Qp - Py optimum
occurs at Py values in excess of those which
merely maximize the plasma temperature
per se,

Using the previously selected gecmetric
values, Figs., 13a-b illustrates the influ-
ence of compression field B, on the length or
end~stoppering dependence of Q. Shown
also are the stress constraints, as reflect-
ed by Bo/Br £ 1.0 or 1.5, and the economic
constraint, [REV/COST] 2 1.0. The cheice
of By » 20 T used in the parameter survey
up to this point is seen to violate the
Bo/Bg = 1.0 constraint of Fig. lla for the
range of effective lengths shown but satis-
fies the more liberal Bo/Bg < 1.5 limit,

In oxder for economic breakeven to be
reached, an effective length % = 4 km
must be achieved (e.g. a factor of 4 re-
duction of a free-streaming 1 km device).
Admittance of higher B, values reduces the
effective length required until the stress
iimit is reached. The attainment of more
effective end stoppering relaxes the field
requirements and hence improves the stress
picture.

Further iteration of the foregoing
parameters could be expected to improve the
LTPHR operating characteristics somewhat,
and as technology improves, the rather
severe limitations imposed on this study
may be relaxed. This exercise has, how~
ever produced an LTPHR design point,
summarized in Table V, which simultaneously
satisfies the imposed economic and structur-—
al constraints. The resultant LIPHR energy
balance characteristics are presented in
Table V.
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Fig. 12. Dependence of Qg on D-T filling

pressure Pp for the coptimum parameters and
Eg = 2 and 4 kV/em. All Qp values report-
ed herein are based upon the optimum
fiilling pressure.

4.2 TIME-DEPENDENT REFERENCE CASE RESULTS

The model used in the time-~averaged
parametey survey necessarily sacrificed a
detailed treatment of the LTPHR pulsed

10.0 + 4 4 t 1

b = G.20m
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8.00 + L
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Fig. 13. Dependence of Q on effective
length 2% and compression field Bo. The
stress limits (B,/Bg = 1.0 or 1.5) and
econcmic limits [REV/COST] are also shown.
Structural Ximits dictates operation below
the Bo/Br curves and economic considera-
tions dictate operation above the REV/COST
curves.,

burn dynamics for ease in treating the many
variables involved. Once a nominal operat-
ing point is identified, however, it is

instructive to examine the time history of
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TABLE ¥

INTERIN LTFPHR DESICR POINT VALUES

First wall radius, bl "} 0,200
IHC outer radius, b2 {n) 0. 204
ACC inmer radius, b3 (=) 0,234
ACC outer radius, b{‘ {n) 0.304
Outer radiva of LiC feedplates, by (m) . 3.0
Distance from centerline of LTPHR to ACC power supply, 'bé (n} 4.0
Hunber of tyrns in the ACC fed by cach lead set 10
Hueber of curas in che THO 9.1
ACC srructural wvoluxe fraction, fST 0.5
Implosion clectric [ield, Fy {(k¥/en) 2.2
Initial P-T filling pressure, P, (rTorr) 19.0
Tattial D-T £illing density, n, {tons/e’) 1. 35x10%
Shock magnetic field, By 63 1.3
Shock vodius vatio, Xg. 0,632
Burn rime, Ty {msec} 10.0
Flat top tiee, Top {msoa) 0.0
Haxirom compreseion [leld, B {1 20.0
Haximum fon fenmpevature, T: (kaV) 5.6
Maxinws electron tenprrature, T: (kel'y 6.0
Mingmus radius ratlo, X 0.1314
Eaergy worth of fusion neutren, (K + E*) Mev/ind 512,64
Effeerive LTPHR Iength, i* {km) 4.0
Honinal LTPHR length, 5 (km) 1.0
Lawson parameter, by, (s/cmz) !-.UXIDH
crucial physics parameters, This study

is done using the time dependent, global
thermonuclear burn code DTBURN.'? The
aeffects of end loss have been incorporated
into DTBURN by artificlally decreasing the
ion and alpha-particle density with time
according to an exponential decay which
has as a decay constant TgL{(Eq. 2-43);

a truly axial-dependent burn calculation
has not been made to date.

In order to test the validity of the
simple model used in this report, Fig. 14
compares the value of the neutron yileld
parameter a{n/MeV) [Bq. 2-32] computed
from the survey calculations to those
generated by DIBURN. The agreement is
seen to be falrly good, with the survey
calculation gilving more conservative
values for o (and hence QE) for the high-
er £* values. The correspondence of the
two models increases confidence in the
ability of the time-averaged model to
accurately reflect LTPHR operating con-
ditions.

The time histories of several LTPHR
burn parameters are presented in Fig. 15
for the operating point summarized in
Table V and VI. Subject te the sinusocidal
compression field waveform, the plasma
radius ratio x decreases from the

0.3%
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L 7 =0.95 Time- Dependent )
030 ngzkv,cm {DTBURN) Coleuiation >}
Bo: 20.T e

< 025} d
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Fig. 14. Comparison of neutron yields a(n/

MeV) predicted by ENBAL and DTBURN.

TABLE VI

ERTERIM LTFHR ENEHCGY BALANCE

Total shock enevpy, WS” (M1 /) 0.370
Inicial plaspa Internal energy, WI‘NT (3/a) 0.051
Final plasma internal energy, "“gh"l {him) Q.031
£TS efficiency, Tpoe 0.95
Theraal eacrgy conversion effjciency, Ty .40
Fusion neutron PRergy, ‘rlh_ (M) 17,193
Fusion alpha energy, l:(A (M3/m) Q.145
Direct conversion encriys Wi, (ra/m) -0, 082
Trawspove losses b ALC, '.-'T (e 0.516
External ETS losses, W, (0 fm) L.671
En¢ loss energy, Wy (M1/m} 0,194
Maxinom rageetic energy stored in UTVRR, Wee. [ERFEY] 33.427
fotal recoverable thermal energy. \n‘m (MIfn) 17. 364
total civeulating electrical eneegy, We (ulimy 3.042
Total electrical enerpy out af LTPHR. “F,T Qufe) €.937
Net electrical energy et of LVFER, W, [GAREEN] 3.896
gecirculating power {raction, & 0,438

2.28

Engincering Q-value, QE

Thersat firse vall losdiag, I, (ai/n’) 1.0

implosion-heated value xg. = 0.632 to aprox-—
imately 0.11, which is maintained until the
plasma re-expands and quenches the burn.
Under compression the plasma density and
temperature increase, producing the thermo-
nuclear burn and consequent neutyon pulse.
Streaming from the ends of the device de-
pletes the ion density by approximately 50%
of its initial value when the pulse ends at
i0 ms. In Fig. 16 are deplcted several of
the energy balance quantities. Of particu-
lar interest is the direct conversion term
Wpe- The inability to adequately confine
the alpha-particle energy in the presence
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Fig. 15. Time dependence of key plasma and

energy quantities predicted by DTBURN for
the dinterim operating point selected by
ENBAL. WINT = plasma internal energy,
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= alpha-particle-direct~conversion energy,
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Fig., 16. Dependence of Qr on flat-top time

Tpp and effective length L%/L = o corresponds
to the case of nc particle and energy loss.

of end loss keeps Wpe < 0 at all times. Tor
ionger effective length devices, this term
can be made positive at the end of the burn
and thus contribute favorably to the overall
energy balance. Generally, plasma ignition
does not occur for the densities (i.e., com-
pression fields) and 2™ < 4 km for the par-
ticle-loss end condition. Increasing the
compression fields above 20 T, increasing
the burn time, or increasing the pre~heating
(Eg = 4 kV/cm) leads to ignition conditions
and substantially improved values of Qg -

4.3 EXAMINATION OF THE EFFECTS OF REDUCING
PARTICLE AND/OR ENERGY END-LOSS

Several theories which quantitatively
describe the particle and energy loss from
the ends of a linear theta pineh have been
published'®* 1% and have recently been sub-
jected to evaluation.® Particle streaming
end loss has been represented by an expo-
nentiation time Tgy given by Eq. (2+43),
where, depending upon the end loss factor
NeLs (Eg. 2-43 and subsequent discussion),
TgL can be represented by uninhibited
free-streaming end loss (ngrg ~ 3.9) or an
irhibited (i.e., multiple mirrors or cusped
ends) particle loss (ngrg » 3.9). To examine
the dependence of inhibited particle loss
from the ends of the theta pinch, ghe pre-
viously defined effective length & (£%/¢ =
TpLs/3.9) presents a convenient parameter.
The global thermonuclear burn code DTBURN
was used to examine the dependence of Qg on
2%/% and burn time for the intermin design
poeint given in Table V as determined by
ENBAL. The burn time was varied by fixing
the compression-field sinuscidal rise and
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fall time Tp at 5 me and interposing a
period of constant (maximum) field for a
"flat-top" time tpp. For & = 1 km, B, =
20 T and Eg = Z'kV/cm the dependence of

Qp on Ty and R%/% =Nprg/3.9 is depicted
in Fig. 16. The case where Tepr = 0 corres-
ponds te a pure sinusoidal field pulse of
half period 2Tp = 10 ms (i.e. the refer-
ence case illustrated in Fig. 15). The
2%/ = » case shown in Fig. 16 corresponds
to a fully stopped theta pinch and, there~
fore represents an ideal maximum Iimit

for the interim optimum summarized on
Table V. Shown also in TFig, 16 is the
locus of line-density e-folding points,
which generally do not occur at the opti-
mum values of Qp. As seen from Fig. 16,

a factor of /% . 4 reduction in particle
loss relative to the free-streaming case
(l*/2=1) has a dramatic effect on the
overall attractiveness of the LTPHR as
measured by Q. Both the physics and
engineering aspects of achieving £%/% > 4
are not resolved and, in view of the pre-
dictions of Fig. 16, should be pursued
intensively on both experimental and
calculational levels.

The use of solid end plugs represents
a method te eliminate particle end loss.
Given a theta-pinch end plug that is
capable of maintaining a constant plasma
density throughout the pinch, axial ther-
man conduction via electrons will repre~
sent a major heat sink. To examine the
effect of purely axial heat loss on a
constant line-density pinch, the time-
dependent code DTBURN was modified to in-—
clude an additicnal electron energy sink
in accordance to the simple axial conduc-
tion model propogsed by Morse. s Using the
following expression for electron thermal
conductivity k paralliel to the axial
field lines,”

& QWfev ) = 300w 10% T S M ek, {4}

the rate of axial conduction loss is given
by,

Gy (907 = =330« 10° 1-(_” Frini (dTefdz) . (4-2}

Following Moxse, Qpyp is assumed constant,
Eq. (4-2) is solved for To, Qpnp is divi-
ded by one-half the plasmz volume, and
the resulting expression is equated to the
time rate of change of electroa energy.
The resulting rate of decrease of T, as a
result of axial heat conduction is
{47, At ey < “To/conn {43

e g
Tgoup © P7 ¥ 107 et S R R

Here, Te is in eV, T, at the pinch ends is
zero and mks units are otherwise used. Tor

a given total pinch length 2 and gradient
lengths f5, Eq. (4-3) is used in DTBURN to
model the additional decrease in Ty at

each time step. The associated increased
ion cocling via electron-ion collisions

and decreased fusion rate will tend to de-
crease Qm, even though the ion density is
not decreased by free-streaming particle
loss. In addition, Qg should be decreased
because of the ineffectiveness of that por-
tion of the pinch %4 where the thermal gradi-
ent exists. Assuming Tg/Ty ~ 1, (as is

the case for the pinch lengths and asscciat-
ed burn-times being considered), the effec-
tive pinch length Zppp where Tp is in excess
of a minimum value Tg is approximately

given by Lppp = R[l—Z(Tnge}(Rg/R)]. Con-
sequently, Op must be reduced by Lpry/?,
which for T, ~ 1 keV and the range of 2g/&
values being considered results in a 10-

20% reduction in Qgp.

The dependence of Qp (corrected by
Lgrr/L) on Tpr and 4g/% is shown in Fig. 17
for TR = 5 ms, & = 1000 m, B, = 20 T, and
Eg = 2 kV/em, Shown by dashed lines are
representative Qg ve Tpy curves for the
particle-streaming end condition (Fig. 16).

3.00 i o ; '
-~
e 2+1000m
s By=20T
. o e £ = 2.0kV/em
50 + W
q/ tgys = 0.96
®\
9 byx0.2m
/ TR =Sms
o 200 // 42050 ]
2g/R=0:
uf / 9
b
3
S 1509
% S
E
i £
=
& oot -
0,50
o 2 4 6 8 0 2
FLAT-TOP BURN TIME, Tp, (rs}
Fig. 17. Dependence of Qg on flat-top time

Ter and /% for axial electron heat conduc-
tion only (end-plugged case). Curves from
Fig. 16 for %%/% = 1, 2 and 4 are shown for
comparison. The electron thermal gradient
occurs over a length %y at each end of the
pinch.
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Generally, for 2 < 1000 m, axial heat con-
duction effectively cools the ions, reduces
the fusion reaction rate and decreases the
Qr considerably relative to the case of
moderately inhibited particle loss

(£7/% < 4). Since Tpogyp ~ L% for a given
Lol%, small increases in pinch length
should considerably reduce the conductien
loss mechanism and permit the plasma to
approach ignition (i.e. alpha-particle
heated) conditions. For %g/t fixed at 0.1,
Fig. 18 illustrates this dependence on
length & for both the end-plug case (axial
electron conduction only) and the inhibited
particle loss case (for free-streaming

end loss, & = ), For the end-plug case,
% ~ 4000 m approaches the ideal limit of
ro particle or conduction loss (4% = ),
The results presented in Fig. 18 clearly
show the advantages of end plugging {(ax~
ial electren conduction only) relative

te free-streaming particle loss (&% = 2,
although this advantage can be realized
only for pinch lengths on the order of 2
km or greater.

5. SBUMMARY AND CONCLUSIONS

The time-averaged plasma model has
been used to examine the dependence of U
on a wide range of physics and engineering
parameters. Realistic mechanical, elec-
trotechnological, physics and economic
congtraints have been imposed. Although
the hybrid blanket model was not altered
from the thermal neutron, high fission-
rate design,l the blanket response vis a
vis E + E* yas coupled to the energy

*Totor ———

8 - E9=2 Kv/cm /
Tgrg® 0.95 / &

74 bx02m .,

T " 5ms /

%

6 -+ ~—ELECTRON THERMAL
COMDUCTION LOSS ,///
(fg/d=0.2 B

§ 4 -—-FREE STREAMING

PARTICLE LOSS .

ENGINEERING Q-VALUE,
E-Y

FLAT ~TOP BURN TIME, Ter {ms}

Fig. 18. Dependence of Qg on flat-top time
Tpp for Lg/f = 0.2 for axial electron heat

conduction only and comparison with inhib-

ited particle loss case,

balance via the thickness of the first~
wall ACC, The following qualitative and
gquantative constraints have lead to the
ultimate choice of key LTPHR parameters:

a. First-wall Radius, bj: The desire
for high neutron yield per unit pinch
length leads to increased values of bi,
although considerations of stress, energy
storage and joule loss lead to diminished
gains in Qm as by increases. For Bg = 20
T, a value of 0.20 m for by represents a
compromise choice.

b. TIHC Fluxz-Return Path (b3-by): If
the IHC return flux area is too small, the
associated high flux density leads to sat-
uration of the high permeability (up=10)
material contained therein; the associated
stored energy is high and Qp subsequently
is reduced. TLarge values of (b3-by) re~
sult in increased ACC radius and energy
stored therein; Qp therefore, is alsco
reduced. The optimum value of (b3-bp) for
a range of implosion fields is 0.03 m for
1 = 0.20 m.

c. ACC Winding Thickness (bg-b3):
Although increased ACC winding thicknesses
decrease joule losses, the stored energy
increases and both the neutron energy
worth {E+E*) and the tritium breeding ratic
[BR] decrease. TFor Ngpg = 0.95, the opti-
mum is broad and a value of 0.07 m was
chosen. A value in excess of ~ 0,15 m will
force [BR] below unity.

d. ACC Structural Fracture fg1: The
trade-off between increased joule losses
and higher neutron yield {(increased allow-
able compressions) as fgT increases leads
to an optimum value of 0.6 for the pre-
viously selected parameters,

On the basis of these parameter vari-
ations and the desire for economic break-
even [REV/COST] > 1 , an effective length
2% = & km was selacted. Comparison of
the time-averaged results with the pre-
dictions of an end-lcoss modified DTBURN
computation showed excellent agreement
and gives confidence in subseguent time-
dependent DTBURN computations which use
"optimum" parameters determined from the
more flexible time-averaging model. The
dynamic modeling of particle and energy
end loss via DTBURN showed the advantages
of extended burn pericds (Tpp > 0) for
effective lengths &% > 2 km (Fig. 16), al-
though the added complexities of switch-
ing associated with Tpr > 0 must be ex-—
amined. The advantages of end plugging
(no particle loss, axial electron heat con-
duction} over inhibited particle loss
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(9*%/% > 1) was shown for pinch lengths in
excess of 2 km for Ty = 5 ms and TET 2 10

ms. The axial heat conductlon model used, 1.
however, simply assumes constant axial

heat flux'® and should be supplemented with

a truly time-dependent model. Further-

more, the global DTBURN mode~1 should be
replaced with a truly one-dimensional
calculation of the plasma (and alpha-

particle) burn dynamics. Both aspects of

the plasma behavior will be treated by

more representative models in the near 2.
future, which provide a more physical

picture of both axial particle and enexgy
losses. 3.

Although the energy-balance model is
adequate for the intent of the analysis,
the neutronic constraint has focused
onto a single blanket design, the ec-
onomic constraint is based upon a very
simple model, and & number of alternative &
ACC structural schemes were not consider-
ed, The benefits associated with higher
compression fields and thinner first-
wall compression coils {i.e. coil support 5.
within or external to the blanket) are
tremendous (Qm vsB,) and will be ex-
amined in more detail. Such external
or blanket support coils will influence
the neutronic response as well as the
mechanical design c¢f the LTPER blanket.
Because of the complex nature of the neu-
tronic analysis per se, this aspect of 6.
the study has purposely been decoupled as
much as possible from the present analy-
sis, although further studies will con-
sider newer blanket concepts. Lastly, 7.
a congtant nprg = 0.95 was assumed
throughout this analysis. In actuality,
ngrs is a frequency dependent quantity,
and the dependence of Ngpg on TR should
be taken intc account. Although the ex- 8.
tengion of burn time by use of flat-top
times Tpp # 0 leads to considerable en-
hancement of Qp, the associated switching
and current interruptor requlrements will
be severe. This switching requirement
and the need for high efficiency ETS 9.
systems represent the major technological
hurdles for the LIPHR.

10.

11.
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A CONCEPTUAL DESIGN STUDY FOR A LASER FUSION HYBRID

J. A. Maniscalco
Lawrence Livermore Laboratory
University of California
Livermore, California 94550

ABSTRACT

Lawrence Livermore Laboratory and Bechtel Corporation have been invelved in a joint
effort to conceptually design a laser fusion hybrid reactor. The design which has e-
vaolved s a depleted-uranium fueled fast-fission blanket which produces fissile pluton-
jum and electricity. A major objective of the design study was to evaluate the feasi-
bility of producing fissile fuel with Taser fusion. This feasibility evaluation was
carried out by analyzing the integrated engineering performance of the complete concep-
tual design and by identifying the required laser/pellet performance. The performance
of the Taser fusion hybrid has also been compared to a typical fast hreeder reactor.

The results show that the laser fusion hybrid produces enough fissile material to fuel
more than six light water reactors (LWR's) of equivalent thermal power while operating
in a regime which requires an order of magnitude less laser and pellet performance than
pure laser fusion. In comparison to a fast breeder reactor the hybrid produces 10 times
more fissile fuel. An economic analysis of the design shows that the cost of electri-
city in a combined hybrid - LWR scenario is insensitive to the capital cost of the hy-
brid, increasing by only 20 to 40% when the capital cost of the hybrid ranges from 2 to

3 times more than an LWR.

INTRODUCTION

The possibility of producing fissile
fuel and electricity by placing a subcriti-
cal fission blanket around a fusion chamber
has emerged as a promising application of
fusfon. Fusion-fission hybrid systems nat-
urally combine the "power richness" of
fission with the "neutron richness" of
fusion. In system studies for laser fus-
ion at Lawrence Livermore Laboratory we
have evaluated the potential of fusion-
fission hybrids that make sense as part of
the evolution of a fgﬁion power economy.
Farlier studies(i»2: primarily utilized
neutronic methods of analysis to identify
more attractive hybrid systems and to pro-
vide an upper bound estimate on perform-
ance, These earlier studies identified
several promising concepts. They also
demonstrated that fusion-fission hybrids
could be designed to meet a broad spectrum
of fissile fuel producing and energy mul-
tiplying requirements. The two most signi-
ficant features which emerged from our
neutronic scoping studies were:

1. Laser fusion hybrids produce 10 times
more fissile fuel {per unit of thermal
energy generated) than fission breeder
reactors.

2. Laser fusion hybrids produce electri-
city with much lower laser efficiencies
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and pellet gains than required for
pure laser fusion.

The neutronic results were encourag-
ing but it was apparent that a more accur-
ate assessment of the hybrid's potential
and a definitive ranking of the more pro-
mising concepts would require studies
which deal with the engineering safety
and economic issues as well as the neau-
tronic aspects. With this in mind
Bechtel Corporation was engaged to assist
us in a conceptual design study of a
fusion hybrid. The scope of the study
was defined by the requirement to provide
enough design detail to realistically
gauge the value of a laser fusion hybrid
in a fission power generation economy.
The joint effort has been underway since
July 1975, This paper will describe and
analyze the laser fusion hybrid design
which has evolved.

The hybrid concept chosen for this
design study is a depleted-uranium fueled
fast~-fission blanket which produces fis-
sile plutonium and electricity. It em-
phasizes fissile material generation by
maximizing for fuel production at the
expense of energy multiplication. This
blanket selection was based on reported



neutronic resu]ts(q’S) which indicated
that a depleted uranium fueled fast fis-
sion blanket could provide enough fissile
fuel to extend the energy availabie from
aconomically proven light water reactors
(LWR's) by as much as two orders of magni-
tude.

A comparative ana]ysis(a) of the neu-
tronic properties of several hybrid con-
cepts has shown that depleted uranium fast
fission blankets provide the largest amount
of fissile fuel (per unit of thermal enerqgy)
with the Towest laser efficiency and pellet
gain requirements. The depleted uranium
blanket selected for our conceptual design
produces enough fissile matertal to fuel
more than six LWR's of equivalent thermal
power, Thorium fueled hybrids produce
more fissile fuel per unit of thermal en-
ergy but their fysion energy multiplying
capabilities are much Tower. Hence, they
require a higher performing Taser fusion
system. There are blanket concepts which
have higher energy wultiplication capa-
bilities than depleted uranium blankets.
These blankets could efficiently produce
electricity with Tower fusion energy gains;
however, their enhanced energy multiplica-
tion is gainad at the expense of decreased
fissile production.

Light water reactors will be the major
and most likely the only, source of commer-
cial nuclear electric power for the remain-
der of this century. Their dominance aver
ceal fired plants as base Toad electrical
generators will be stronaly dependent on
the adequacy of their long term f%ssi1e
fuel supply. By converting the U 38 in
natural uranium to fissile plutonium, the
hybrid could extend the fissile fuel supply
for economically proven LWR's by two orders
of magnitude. Fast breeder reactors also
offer the prospect of more fully utiliz-
ing the uranium resources but they will
not provide fissiie fuel for LWR's., There-
fore, the usefulness of fast breeder react-
ors will be entirely dependent on their
economic competitiveness as power plants.

THE LASER FUSION HYBRID DESIGN

Work in the joint Taser fusion hybrid
design study was apportioned as follows:
Lawrence Livermore Laboratory provided the
overall direction, the neutronics data, and
the fusion portions of the desian. Bechtel
Corporation provided the fission portion
of the hybrid, the desian of the thermal
energy transport and conversion system, the
tritium recovery system, and the layout of
the complete power plant. They also ana-
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lyzed the fuel cycle, capital, and operat-
ing cost. Bechtel's contribution to the
faser fusion hybrid design is fully docu-
mented in their fina% report to Lawrence
Livermore Laboratory®.

We set for ourselves four major ob-
Jectives by which to gauge our success in
the design study:

1. Tdentify the laser/peilet performance
required to econcmically produce fis-
sile fuel and power with a hybrid,

2. Evaluate the integrated enaineering
performance of a complete conceptual
design.

3. Compare a laser fusion hybrid to ex-
isting fission breeder options (LMFBR,
GCFBR, LWBR).

4, Identify major technological problems
associated with a laser fusion hybrid,

Achievement of these objectives completely
defined the level of design detail and
costing analysis for the study.

In addition to these objectives there
were a few philosonhical points of view
which significantly affected ocur design
choices. First, we wanted to operate the
laser fusion hybrid in & regime which re-
quired an order-of-magnitude less laser/
pellet performance, i.e., fusion energy
gains in the neighberhood of 1.0. This
implied blanket energy multiplications
approaching 10.0. Second, we wanted to
utilize state-of-the-art fission techno-
logy in the design of the hybrid blanket.
In keeping with this principal, we chose
stainless steel as the structural and
cladding material instead of higher per-
forming refractory metals. Finally, we
believed that a hybrid reactor which pro-
duces fissile fuel should be designed to
be as safe as and with the same environ-
mental impact as the fissile burning re-
actors which it is providing fuel for.
Here we note that a negligible improve-
ment in the overall envivonmental impact
results from making the hybrid environmen-
tally more attractive than the larger num-
ber of 1ight water reactors it is supplying
fuel for.

HYBRID REACTOR DESIGN

The functional shape of the laser
fusion hybrid chosen for final evaluation
is shown in Fia, 1. In its simplest form
it is a cylinder with a height-to-dia-
meter ratio of 1.0. The center of the
fusion chamber is the focal point for a
six beam, 100 KJ laser system which irradia-



FIGURE 1. Geometry Used in the Laser Fusion Hybrid
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tes the fusion target from the top and
bottom of the cylinder,

The basic features of the hybrid re-
actor are displayed in Fig. 2. A depleted
uranium fueled fast-fission blanket has
been positioned radially around the fusion
chamber. The energy in the fission zone
{amounting to 90% of the total energy) is
removed with a sodium coolant system. The
Tiquid sodium enters into the fission zone
from the Tower pienum and flows to the up-
per plenum through hexogonally shaped pro-
cess tubes.

Lithium-cocled graphite-moderated blan-
kets are positioned in the top and bottom of
the reactor and behind the fission zone.
These Tithium blankets moderate and capture
neutrons and breed tritium. A1l penetra-
tions for the laser beams and pellet in-
jectors are made through the top and bot-
tom blankets thereby leaving the radial
fission blanket unencumbered. We had ori-
ginally intended to use fission blankets
in the top and bottom regions; however,
the difficulties of maintaining coolant
flow whiie the top blanket was being re-
moved for access into the fusion chamber
atong with the requirements for unconven-
tional fission blanket design Ted to our
choice of lower performing nonfissioning
blankets for these regions. The decision
not to use fissionable fuel in these re-
gions resulted in a 30% reduction in both
fissile fuel and energy production; never-
theless, the decision was consistent with
our desire to utilize state-of-the-art
fission technology in the hybrid design.

As shown in Figure 3 the entire blan-
ket system is enclosed within a spherically
shaped stainiess steel vacuum vessel which
has a removable top. The final focusing
mirrors are placed in beam tubes outside
the vacuum vessel to minimize damage
caused by the fusion microexplosion and
provide for easier replacement.

FISSION BLANKET DESIGN

An expanded side view and a top view
of the radial fission blanket are shown in
Figures 4 and 5. As shown, the fission
zone is made up of two rows of hexagon-
ally shaped process tubes which contain
the depleted uranium in the form of
stainless steel clad fuel pins. The pro-
cess tubes in the innder row are protected
from the fusicn cavity environment by a
stainiess steel supported graphite liner,
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Our neutronics calculations indicated
that energy multiplication and fissile
fuel production are maximized by using
uranium metal fuel instead of oxides or
carbides and by maximizing the ratio of
the volume fraction of uranium to struc-
tural material. Increasing the residence
time of the fuel also increases the aver-
age energy multiplication since more
energy is produced as plutonium is bred,
accumulates, and fissioens in the blanket.

Fast neutron damage may 1imit the use-
ful Tife of stainless steel and other
structural metais in a fusion reactor. A
common desigh criterfia for both laser and
magnetic fusion reactors is a first wall
neutron flux Timitation of 1 MW/me and an
expected lifetime of less than five full-
power years. Neutronics ca?cu%ations at
a first wall Tcading of 1 Md/m¢ show a
maximum power density in a depleted ura-
nium blanket of about eight watts per
gram or about 150 watts per cubic centi-
meter of uranium metad. The average power
density in a blanket with a uranium thick-
ness of 250 grams per square centimetar
is less than four watts per gram. Five
full-power vears of blanket cperation
would result in an average burn-up of
less than 7,000 MWD/MTU, This Jow burn-
up limitation favors the choice of metaliic
fuetl.

The Tow power density and tha Tow
burn-up capability of a depleted uranium
{or a natural uranium) blanket demand care
in minimizing fuel cycle costs, including
fabrication cost. Large fuel rods would
thus be favored over small rods, and long
fuel elements would have some advantage
over short elements., The basic config-
uration of a laser fusion reactor--a
vacuum chamber with laser beams converg-
ing from several angles--introduces great
difficulties in the mechanical design of
the blanket., Neutronic caiculations show
a severe reduction in performance if a
pressure vessel wall is introduced between
the blanket and the fusion core. The fuel
etement must therefore operate and be
cooled within a surrcunding vacuum. Thin
process tubes and low pressure coolants
would appear to be the most reasonable
design approach, but coolant leaks and
process tube velfabiiity will always be
potential problems. It is expected that
melting of the fuel due to Toss of cool-
ant will be the most seriocus safety issue
with the hybrid.
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SELECTION OF A FUEL MATERIAL

The general design considerations of
maximizing neutron energy multiplication,
minimizing fuel cycle costs, and develop-
ing a concept that could be Ticensed by
the Nuclear Regulatory Commission led to
the setection of uranium metal fuel ele-
ments with sodium as the coolant. .LMFBR
technclogy and balance-of-plant design
concepts were used to the maximum ex-
tent possible. The selected fuel ele-
ment s a 19-rod cluster similar to those
developed during the early 195G's for use
in sodjum-graphite reactors (SGR). Fuel
rods 18-feet Tong were developed at that
time and required care in handling be-
cause of the flexibility of the rods and
the tendency to huckie if they were not
handled vertically. Adapting this exper-
ience to a blanket design with larger
diameter fuel rods and a thicker claddina,
it was estimated that 7-meter (23-ft) long
fuel rods and fuel assemblies were feasible;
this. determined the reference height of the
fusion reactor core, A ful) size cross sec-
tion and a three dimensional view of the
fuel assembly are shown in Figures 6 and 7.

Uranium metal, uranium with 7 wt% moly-
bdenum alloy {U-7 Mo) and uranium carbide
(UC) were all considered fuel materials
for the sodium cooled blanket, and all
are satisfactory. The reference fuel
element can accept 30-millimeter diameter
fuel slugs of each of these materials
interchangeably. The U-7 Mo fuel should
be capable of burn-ups to 20,000 MWD/MTU
at maximum center temperatures of 650°C.
This burn-up would require at least 8 full-
power years to achieve, which the cladding
probably could not tolerate. The U-7 Mo
alloy was the reference fuel for the
Dounreay fast reactor and performed satis-
factorily at the conditions noted. This
alloy has a reduced energy multiplication
and plutonium production rate compared to
uranium metal, and is also more expensive
to fabricate and reprocess. Uranium car-
bide fuel wouid be capable of more than
100,000 MWD/MTU burn-up at maximum tempera-
tures of T,000°C (with a sodium bond) if the
cladding were adequately strong. However,
its energy multiplication is 3C% less than
uranium metal. In the low-power-density con-
figuration of the reference blanket, the
higher burn-up capabilities of U-7 Mo and
UC cannot be used effectively. If higher
power densities were possible, by using
first-wall fluxes of 3 to 4 megawatts per
square meter, or by using fissile enriched
uranium fuel, or if gas cooling were chosen
UC would probably be the fuel material of
choice.
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Uranium metal, "adjusted" with minor
altoying additions in order to control
swelling, was chosen as the reference fuel
material for several reasons: first, be-
cause its multiptication and breeding per-
formance were superior, second because its
burn-up capability was judged adequate and
a good fit to the blanket's low power density,
and finally because it was cheaper to fabri-
cate and reprocess.

Pure uranium metal begins to swell dis-
asterousty at femperatures greater than £00°
€ and burn-ups greater than 1,000 MWD/MTU
(about 0.7 atom percent fissions). The
British development of "adjusted" uranium
metal as a fuel for their gas-cooled Magnox
reactors during the early 1960's demonstra-
ted that additions of 800 to 1,000 ppm Al,
350 to 500 ppm Fe, and approximately 500
ppm carbeon could control this swelling and
allow burn-ups of 5,000 to 6,5%00 MWD/MTU
at temperatures of 600°C. Extensive de-
velopment of similar alloys using Al, Fe,
and $i (and sometimes Mo) have taken place
at the Savannah River Laboratory and at
Battelle Northwest Laboratory confirming
the satisfactory performance of these fuels.
A maximum fuel temperature of &00°C and a
maximum burn-up of 6,000 MUD/MTU were
chosen as & design basis for the blanket,

A volume increase (swelling) of 4 percent
is expected at this burn-up. However, a
volume increase of 8 to 10 percent is
easily tolerated by the sodium-bonded fuel
rod. A maximum burn-up of 6,000 to 6,500
MD/MTU is probabty a reasonablie expecta-
tion for this fuel. Sodium bonding was
chosen over contact bonding of the cladding
to the fuel rod in order to accommodate fuel
swelling without straining the cladding and
in order to use a thin cladding.

LITHIUM-COOLED RADIAL BLANKET

The Tithium-cooled radial blanket To-
cated behind the fission blanket extends
from the top to the bottom sodium plenums.
The hlanket consists of a cylindrical stain-
less steel container 62 centimeters wide
and 75C centimeters nhigh., From the inside
face of the blanket there s first a 2-centi-
meter thick stainless steel inner wall, then
6 centimeters of Vithium, 50 centimeters of
stainless steel-clad graphite, 2 centimeters
of Tithium, and a 2-centimeter thick stain-
less steel outer wall., The Tithium which is
enriched to 50% 1i% enters the reactor from
an inlet header and is fed into a plenum at
the bhottom of the radial blanket. Lithium
flows upward through the two channels pro-
vided on either side of the clad graphite
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and into the top plenum. The radial hlan-
ket is stiffened internally with stainless
steel plates and is primarily supported
from the bottom sodium plenum.

TOP AND BOTTOM BLANKETS

The top and bottom blankets are cylin-
drical curved pancake shaped plenums. The
shell is 2 centimeters thick, and from the
center of the reactor each blanket has the
identical construction of 2 centimeters of
stainless steel, 10 centimeters of bery-
11ium, 70 centimeters of graphite, 10 centi-
meters of Tithium, and 2 centimeters of
stainless steel shell. The blankets are
located 350 centimeters from the center
of the reactor. The use of beryllium in
these blankets provides a tritium breeding
ratio of 1.5. This allows the radial
blanket to operate with a tritium breeding
ratio of 0.95 and still maintain an over-
all tritium breeding ratio of 1.1. Re-
ducing the tritium breeding requirements
in the radial blanket make it possible to
use a thicker fission zone, thereby in-
creasing the fissile fuel production capa-
bility of the reactor.

FINAL LASER OPTICAL SYSTEM

Six laser beams approach the reactor
from one side of the reactor containment
Tacility., A radiation shield is provided
for each beam to prevent radiological haz-
ard in the laser facility. The horizontal
beams enter the reactor through a double
mirror system located on the outside of
the reactor. The laser light is focused
on the fusion target by six metal mirrors
focated at the top and bottom of the re-
actor. The focal length of the mirrors
is 12 meters, and the final mirror is de-
signed to accommodate a beam diameter of
1.2 meters, and a maximum energy fiux of
1.5 joules per square centimeter,

To be good reflecting and focusing
elements, mirrors must be smooth to approx-
imately one-fourth of the wavelength of the
laser light impinging on them. Highly pol-
ished metal surfaces are susceptable to all
types of radiation damage and we are cur-
rently investigating the effects of the
neutrons, x-rays, and energetic debris
from the fusion microexplosion. The dam-
age caused by this loading has been less-
ened somewhat by placing the mirror at a
point where the radiaticn fluxes emmenating
from the fusion target are more than an
order of magnitude lower than the first
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wall fluxes. An additional problem un-
covered by our preliminary optical studies
involves damage to the mirrors from the

laser 1ight as debris from the fusion chamber
accumulates on the mirror surface. A mech-
anism for removing the debris between shots
will have to be devised.

Removing and repiacing mirrers will be
expensive because of the handling reguired.
Replacing the mirrors at the bottom of the
reactor will be difficult without special
equipment. The l1ifetime of the mirrors will
determine whether it is necessary for spe-
cial designs to be used such as rotating
mirrors, gas windows, magnetic field direc-
tor and special remote handling for replac-
ing mirrors. No consideration has been made
within this report for optical system design
except for layout and basic Taser system
functional purposes survrounding the reactor.

PELLET APPARATUS

The peliets of deuterium-tritium must be
injected into the reactor at a nominal 20
times a second and must reach an exact loca-
tion without error. The apparatus must be
insulated from the reactor (if frozen pellets
are to be used) and must remain correctly
aligned with Taser beams during the expansion
of the reactor caused by internal heat ioad.
The apparatus is also subject to thermonuclear
blast and the normal reactor vacuum of 0.1
torr. No apparatus is available today for
this purpose,

FIRST WALL CONSIDERATIONS

The technological and economic feasi-
bility of the laser fusion hybrid are cri-
ticaliy dependent on the design and perform-
ance of the first wall because its radius
and 1ifetime determine both the size of the
reactor for a given cutput power and the
availabiiity of the power plant., We have
performed calcufations to determine the
radiation exposure capabilities of several
first wall materials. The results of these
calculations have led us to choose a 2 cm
thick graphite Tiner which is supported by
stainless steel and cooled with Tithium.
The graphite first wall is designed for an
operational lifetime of one year with a
neutron wall icading of one megawatt per
square meter and a repetition rate of 20
Hz. The nominal Eharqed particle loading
is then 0.25 Md/mé or 12.5 KIJ/mZ per
pulse, The charged particle energy is
carried in the form of pellet debris and
alpha particles which escape the pellet.



Calcutations have been performed to
determine the temperature rises, the stress-
es and the amount of material vaporized by
the interaction of x-rays, charged particles,
and refiected 1ight with the first wall
material. The analytical methods used for
these estimations have been developed by
Hovingh and they are presented in Ref-
erence 7. The rate and depth of energy
deposition in the first wall from the
thermonuclear burn products and the re-
flected laser 1light is dependent on sev-
eral parameters. They include:

laser wavelength

laser energy and power

thermonuclear yield

pellet mass and composition

gas pressure in the fusion cavity

first wall composition and configuration

9 o o o o ¢

A computer code called LASNEX has been
developed at LL% go explore this complex
parameter space LASNEX is a Lagrangian
hydrodynamic code which incorporates the
principal physical processes that occur in
laser produced plasmas and computes the
time evolution of the basic physical charac-
teristics of the plasma. By using LASNEX,
it is possible to calculate the transport
and interaction of laser photons, electrons,
ions, x-rays, and fusion reaction products
along with the induced magnetic and electric
fields and the hydrodynamic behavior of the
peliet.

We have selected a laser target which
LASNEX predicts will yield 10 MJ of thermo-
nuclear energy from an impTosion caused by
a few hundred kilojoules of 1 um laser
light. One percent of the fusion energy
is released in the form of x-rays, 23% in
charged particles and 76% in 14 MeV neu-
trons. The energy spectra and pulse widths
ocedrring at the first wall have been deter-
mined by continuing the LASNEX calculation
Tong enough for the x-rays and charged
particle to interact with the cavity gas
at 0.1 torr. The resulting spectra and
pulse width have then been input into
the first wall calculations and the re-
sutts indicate that the temperature rise
in a graphite wall 3.5 meters from the
microexplosion can be kept below the vapor-
ization temperature of 3500°K, Spallation
of the graphite caused by the temperature
induced stresses has not been considered
in these first wall calculations.

With the graphite held below {ts vap-
orization temperature and spallation not
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considered, the major factor Timiting first
wall lifetime will be erosion from the form-
ation of hydrocarbons.

For a DT pellet with five percent burn,
the graphite will erode at a rate of less
than one centimeter per full-power year, assum~
ing that all the hydrogen reacts with the cur-
tain to form acetylene.

This graphite curtain must be flexible to
withstand the thermal stress caused by reflec-
ted Tight and x-ray loadings, as well as by
charged particle loading. A weave of graphite
fibers has been proposed for this purpose, but
the transmission of heat through such a cloth
is uncertain. It may be preferable to use a
one-layer, two-dimensional weave that is con-
tinuously replaceable as it erodes.

In summary, the first wall is assumed to
be a 2-centimeter thick graphite curtain sup-
ported on a stainiess steel backing. The
destgn of a cooling system for this structure
is not included, and the structural design for
sufficient flexibility has not been considered
in detail.

ANALYSIS OF THE DESIGN
SYSTEM PERFORMANCE

The overall performance and the more
significant design parameters of the laser
fusfon hybrid are summarized in Tahle 1. A
thermal output of 1400 MW was chosen to em-
phasize that a laser fusion driven hybrid
could operate as a relatively small power
unit. The fusion targets are irradiated by
a 6 beam, 100 ¥J, 20 hertz laser with an over-
all efficiency of 2%. The fusion energy gain
(i.e. the product of laser system efficiency
and pellet gain) for this reactor is 2.0.
This results in a plant recirculating power
fraction of 25% and & net system efficiency
of 29%, If the fusion energy gain were in-
creased to 4.0 the recirculating power would
decrease to 16% and the net system efficiency
would increase to 32%.

The performance and the design para-
meters presented in Table 1 can be placed
in perspective by comparing the laser fus-
ion hybrid to a typical fast breesder reactor.
This comparison is shown in TabTe 2 where both
systems have been normalized to a thermal out-
put power of 2500 M. The fast breeder re-
actor used in this comparison is an LMFBR
with a breeding ratio of 1.2, As shown, the
laser fusion hybrid generates 30% less elec-
trical power because it is being driven by a



TABLE 1

LASER FUSION HYBRID DESIGN PARAMETERS

SYSTEM PERFORMANCE

Thermal Power, th 1400
Fusion Thermal Power, th 200
Gross Electrical Power, Mwe 535
Net Electrical Power, Mwe 400
Recirculating Power Fraction 0.25
System Efficiency, % G.29
Average Blanket Energy Multiplication 8.7
Net Ptutonium Production, Kg/yr 1300
Total Tritium Production, Kg/yr 8.0
Laser Energy, KJ . 100
Laser System Efficiency, % 2.0
Power Supply Energy, MJ 5.0
Pulse Repetition Rate, sec”! 20
Pellet Gain, § 1¢0
Fusion Energy Gain 2.0
OPTICAL TRANSPORT SYSTEM
Number of Beams 6
Maximum Energy Flux, J/cm2 1.5
Beam Diameter, m 1.2
Focal Length of Final Mirrors, m 12.0
TABLE 2
COMPARISON OF LASER FUSION HYBRID AND FISSION BREEDER PERFORMANCE
FISSION
HYBRID  BREEDER
Thermal Power, th 2500 2500
Net Electrical Power, Mwe 725 1000
System Efficiency 0.29 0.40
Net Fissile Production, Kg/yr 2300 260
Fissile Fuel Loading 0.0 2500
Maximum Power Density in Fuel, W/em> 150 1500
Average Power Density, w/cm3 30 A~ 300

The fission breeder used in this comparison is an LMFBR with a breed-
ing ratio of 1.2.
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laser which requires 19% of the gross power,
This inferior performance in power generation
results from design choices which were in-
fluenced by our desire to emphasize fissile
fuel production at the expense of energy mul-
tiplication, The advantages of the laser
fusion hybrid over the LMFBR are readily
apparent from Table 2. Specifically, the
hybrid produces 10 times more fissile mater-
ial, requires no initial fissile fuel load-
ing, and operates at one-tenth the power
density. With no initial fissile inventory
it becomes possible to operate the hybrid in
a regime were hoth criticality accidents and
core disruptive accidents are impossible.
Moreover, coentrel rods are not required.
Tower power densities make it possible to
design a hybrid blanket which provides much
more time to recover from a loss of coolant

The

accident. In fact, it is technologically
feasible. and it may be economically
feasible. to design a hybrid blanket

which passively copes with a loss of cool-
ant accident.

ECONOMIC ANALYSIS

The capital and operating costs of
the laser fusion hybrid in this concep-
tual design were estimated by Bechtel
Corporation. Their preliminary economic
analysis of the reference 1400 Md(t)
design revealed that severe economic
penalties resulted from some of the design
choices. A survey of the high cost items
indicated that the reactor containment
structure and several of the other build-
ings had been sized much too Targe for the
nominat output power of 4C0 MW{e). In addi-
tion, there were several other balance of
plant items whose costs were relatively
independent of output power, thereby im-
plying that a larger plant output power
would be more economical., These results
agree with scaling factors for other
nuclear power reactors in that an elec-
trical power plant is more ecchomical in
the 1200 MW(e) range and, where possible,
in twin units,

The results presented above led us to
perform our mere detailed cost analysis on
a hybrid with a Targer output power. We
scaled cur conceptual design to a size
which had a gross yield of 1300 MW{e) and
a net yield of 950 MW{e). This output was
obtained from the original design by in-
creasing the laser energy from 100 ¥J to
200 KJ increasing the average pulse repe-
tition rate from 20 to 25 Hz and increasing
the inner radius of the blanket from 3.5 to
6.0 .,
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CAPITAL AND OPERATING COSTS

The capital cost of the laser fusion
hybrid reactor plant has been estimated
from conceptual design and engineering in-
formation. A large portion of the power
plant consists of cenventional technology
such as thermal energy transfer, elactrical
generation, cooling systems, and auxiliary
systems; therefore, cost estimating can be
based on background experience. The fusion
reactor and the laser interface fusion fuel
cycte being conceptual have been estimated
on a first-of-a-kind cost basis. The op-
erating costs of the laser fusion hybrid
reactor plant are based upon nuciear fuel
cycle and equipment replacement costs of
this reacter, capital charge rates, and
general operating and maintenance costs sim-
ilar to those of LMFBR reactors.

CAPITAL COSTS

In general, the power conversion sys-
tem of the laser fusion facility is similar
in functien to a liquid metal fast breeder
reactor (LMFBR). The plants differ mainly
in design of the reactor, the reactor build-
ing, and the Tithium and tritium systems.
The approach adopted in estimating the over-
all plani cost has been to use light water
reactor (LWR) experience where appropriate;
e.g., in determining the extent and cost of
electrical, piping, and instrumentation
systems. With the exception of the reactor
containment and steam generation buildings,
the civil and structurai costs were derived
in the same manner,

Systems unique to the fusion-fission
heat source were evaluated differently. The
reactor cost was determined on a unit weight
basis and the tritium system cost was estab-
lTished on the bhasis of its component equip-
ment costs, The estimates are based on the
conceptual design and engineering drawinas,
outTine specifications, and equipment Tists.

The results of the cost analysis are
summarized in Table 3. For comparative pur-
poses the costs of the iaser fusion hybrid
have been presented along with cost esti-
mates for a typical LWR. AIl of the cost
estimates have been made at first guarter,
1976, price and wage levels and no allow-
ance has been made for future escalation.
The Nuclear Steam Supply System (NSSS)
category for the hybrid primarily consists
of the reactor vessel with its internals,
and the primary coolant loop with its assoc-
iated pumps, motors, heat exchangers, and
steam generators. Major items included in



TABLE 3

CAPITAL AND OPERATING COST ANALYSIS

Laser Fusion

LWR Eybrid
Capital Cost Item (106 $) 1200 Mi(e) 950 MW{e)
Nuciear Steam Supply System (NSSS) 78 268
Other Mechanical 101 201
Civil and Structural 142 158
Piping 77 105
Instrumentation 9 1
Electrical 43 72
Total Direct 459 815
Field Costs 79 171
Engineering Services 80 197
Contingency 91 272
Owners Cost at 7% 56 116
Interest During Construction at 8% 197 487
(9 vr) (10.5 yr)
Total Indirect 503 1243
TOTAL COST 953 2058
Cost per kW instalied (%) 794 2166
Operating Cost Item (mills/kWh)

Capital 19.42 55,77

Fuel 6.3 (-3.17)

Operating and Maintenance 1.5 2,40

Total Operating 27.22 5%.00
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the category "other mechanical" are the
turbine generators, the vacuum system,

the tritium system, and the cooling tow-
ers. Site improvements, the reactor con-
tainment structure and all the buildings
make up the civil and structural category.

The indirect costs in Table 3 were
estimated on the basis of a nine year con-
struction time for the LWR and a 10.5 year
construction for the more complex laser
fusion hybrid, As a result of this, the
indirect costs for the hybrid account for
a larger fraction of the total capital
cost. Field costs are those jtems of
construction cost which cannot be ascribed
to the direct portions of the facility.
They include temporary construction faci-
Tities, supply and maintenance of constry-
ction equipment and tools, field office
operation, acceptance testing, project
insurance, Taxes and permits. The engi-
neering services include all engineering
costs and home office costs and fees.
Included in the indirect cost is a con-
tingency allowance for the uncertainty
that exists within the conceptual design
in quantity, pricing, or productivity.

The totai capital cost of the laser
fusion hybrid is estimated to by $2,058
mitlion. Thus on a cost-per-kilowatt in-
stalled basis, the hybrid is 2.7 times
move expensive than the LWR., It should
be noted that this cost estimate does
not include the laser system or the pellet
manutacturing facility. If $200 million
dollars are allowed for these omitted faci-
1ities the laser fusion hybrid would cost
approximately three times more than a
typical LWR.

OPERATING COST

The cost of electricity from the hy-
brid is 55 mills/KW hr. This is approxi-
mately twice as much as the cost of elec-
tricity from the LWR. The capital portion
of the operating cost is by far the dominant
factor in the cost of electricity. It has
been estimated for both reactors on the
basis of a 15% rate of return on the capi-
tal invested. The fuel cycle cost for the
Jaser fusion hybrid is negative because of
revenues obtained from the sale of the
piutonium it produces. The cost bases used
to estimate the fuel cycle cost for both the
[WR and the hybrid are presented in Table 4.
The fabrication cost for Lthe hybrid is
cheaper because the cladding material is
stainless steel and the cross sectional
area of the fuel pin is much larger. Both
the spent fuel shipping and the reprocess-
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ing costs are less for the hybrid because
its fuel is being operated at lower average
burn-ups (6000 vs 33,000 MWD/MTU).

The major issue concerning a laser
fusion hybrid is not how much it will cost
nor the price at which it can generate
electricity, but rather the cost of elec-
tricity in a scenario with hybrids provid-
ing fissile fuel for existing burner reactors.
In Figure 8 the cost of electricity has been
plotted as a function of the cost of fissile
fuel for an LWR and hybrids with varying
capital costs, The intersection points of
the curves determine the cost of electri-
city and fissile fuel in the hybrid-LWR
scenario. These results indicate that the
cost of electricity is quite insensitive to
the capital cost of the laser fusion
hybrid., Specifically, the cost of elec-
tricity increases by only 20 to 40% when
the capital cost of the hybrid ranges from
2 to 3 fimes more than the LWR.

CONCLUSIONS

The production of fissile fuel by a
hybrid is a promising step in the develop-
ment of fusion., This study has disclosed
a number of advantages resulting from the
addition of a depleted uranium fission
blanket to a Taser fusjon system. These
include:

1. The hybrid operates in a regime which
requires an order of magnitude Tess
laser/pellet performance than a pure
laser fusion system,

2. First wall requirements and 14 MeV neu-
tron damage are less severe in a laser
fusicn system with a fission blanket.

3. The laser fusion hybrid produces a large
amount of fissile material - enough to
fuel more than six LWR's of equivalent
size.

4. In a scenario with laser fusion hybrids

producing fuel for existing reactors the

cost of electricity is insensitive to
the capital cost of the hybrid.

The Taser fusion hybrid would extend the

total energy available from eccnomically

proven light water reactors by two orders
of maanitude.

(63

The feasibility of the laser fusion hy-
brid should be evaluated from three points of
view: Scientific, technological and economic.
The scientific feasibility of the laser fusion
hybrid is dependent on (1) achieving pellet
gains in the neighborhood of 100, and (2)
developing suitable lasers with overall sys-
tem efficiencies areater than 1%.



TABLE 4

FUEL CYCLE COST BASES

PWR/BWR REACTORS

Yranium $40/1b U308
Conversion $4.50/kg U
Enrichment $100/5WU
Fabrication $100/kg U {PUR}

$ 80/kg U (BUR)
MO Fabrication $250/kg U (PWR)

$180/kg U {BUR}
Spent Fuel Shipping $ 20/kg U
Reprocessing $226/kg U
Plutonium Credit $34.25/¢ Puf(PNR)

$26.95/unf(BNR)

70% Plant Capacity Factor
17.4% Working Capital Charge Rate

Process Losses: Conversion 0.2%
Fabrication 0.5%
Reprocessing  0,5%

Fabrication $30/kg U
Spent Fuel Shipping $10/kg U
Reprocessing $125/kag U
Plutonium Credit $30.,00/g Pu

.F
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The fission blanket surrounding the
fusion chamber was designed with state-of-
the-art fission technology. This was done
to facilitate a straight forward assess-
ment of the technological feasibility of
the Taser fusion hybrid, but a definitive
statement regarding the feasibility of
fissile fuel production with laser fusion
cannot be made without further study. The
Taser and optical systems need to be con-
ceptiually designed. The pellet manufact-
uring and injection systems need to be con-
sidered. A more detailed analysis of the
first wall design should be carried out.
Finally, a safety analysis of the design
is required with particular attention being
given te system failures which could result
in a release of radiocactive nuclides to the
environment, The most obvious release mech-
anism being melting of the fuel in a loss
of coclant accident.

The economic analysis shows that the
cost of electricity in a hybrid-LWR scenario
is insensitive to the capital cost of the
hybrid. The Taser-fusion is estimated to
be three times more expensive than an LWR.
The cost of electricity is shown to be only
40% more than the present price. Neverthe-
Tess, substantial economic gains would be
realized if the laser fusion hybrid's cost
could be decreased to twice that of an LWR.
Possibilities for reducing capital cost
which should be explored in future studies
inciude:

1. Replacement of the reference coolant
and tritium breeding systems with
helium ccoling and a solid 1ithium
blanket.

2. Investigation of fission blankets which
ehhance energy multiplication, and

3. Consideration of blanket gecmetries
which more efficiently utilize the
point source from laser fusion.
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LASER SOLENOID FUSICN-FISSION DESIGN

l.. €. Steinhauer and R. T. Taussig
Mathematical Sciences Northwest, Inc.
P. 0. Box 1887
Bellevue, Washington 98009

ABSTRACT

The dependence of breeding performance on system engineering parameters is examined
for Taser solenoid fusion-fission reactors. Reactor performance is found to be rela-
tively insensitive to most of the engineering parameters, and compact designs can be
built based on reasonabie technologies. Point designs are described for the prototype
series of reactors (mid-term technologies) and for second generation systems (advanced
technologies). It is concluded that the laser solenoid has a good probability of timely

application to fuel breeding needs.
INTRCDUCTION

The laser solenoid (Fig. 1) is a
Tinear high-beta fusion concept in which
plasma heating is achieved by absorption
of an axially directed laser beam together
with a moderate amount of magnetic com-
pression; confinement is supplied by the
magnetic field produced by a large bore
steady superconductor (outside the blanket
and shield) and several small bore pulsed
coils (spaced at intervals in the blanket).
It is a multiple tube pulsed system; each
tube is fired in sequence, and the laser
beam is directed to the proper tube.by
the optical transfer system.

The obvious question s, why is the
laser solenoid being considered as a fusion-
fission option, and how does it stand out
from other exploratory concepts. There
are & number of unique aspects of the laser
solenoid which give it one attractive as-
pect or another, but two stand out in
particular, the small bore magnet, and the
laser. With a small bore magnet, very high
magnetic fields {300-500 kG) can be achieved
for reasonable stress levels. Since the
length of Tlinear systems generally scales
as the inverse square of the magnetic field,
relatively modest length linear systems

FOCUSED
LASER
BEAM
—_

Fig. 1.

~ PULSE COILS

BLANKET

pd

SHIELD

/
)

STEADY SUPERCONDUCTOR

Schematic diagram of laser solenoid reactor elements.
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(100-300 m) can be conceived compared to
larger bore, iower field devices. More-
over one need not invoke unknown or un-
certain end-stoppering techniques to
achieve a compact reactor design. The
laser, which supplies a crucial part of
the plasma heating, is another distinctive
feature of the laser solenoid. The long
pulse COp laser is an efficient well-
developed source of light which has demon-
strated scalability to Targe sizes. As a
plasma heater, the lasar energy can be
focused into a slender plasma, and the
energy coupling to the plasma is at least
fair (based on classical absorption) for
short systems. Moreover, the laser heater
can be isclated from the fusicn core and
tocated some distance away, due to the
superior focusability of the beam: thus
there is 1ittle difficulty in protecting
the heater from streaming plasma or radia-
tion, nor is it necessary te have large
open channels passing through the blanket
in order to transmit energy from the heater
to the plasma.

Other advantages are worth mention-
ing as well, There is the inherent sim-
plicity of the straight solenoid configu-
ration. This lends itself to sectioned
construction with a large number of small
size modular units, and the consequent
suitability for factory production methods.
Indeed, the engineering and construction
of a superconductor in simple solenoid
section is vastly more feasible and
straightforward than for noncircular and
toroidal elaments. Moreover, there is
great potential for access in the linear
system, from both sides and from the ends,
ai1though the presence of the superconduc-
tor sections around the blanket is a com-
piication. The redundancy of the multi-
tube system can tead to more reliable
operation, since the malfuncticn of one
tube does not necessarily force shutdown
of the others. Because of the small plas-
ma chambers, there is Tittle 1ikelihood
of the assembly of a critical mass by
collapse of part of the bianket into the
veid, an important safety advantage.
Finally, as will become clear in the pre-
sent paper, the laser solenoid scales
very nicely to compact size devices for
fusion-fission applications. This atirace
tive feature is a consequence of the dif-
Terence in laser sclenoid geometry and
heating methods compared to other fusion
concepts. Stated another way, the fusion-
fission reactor is much smalier than its
pure fusion counterpart, an advantage
which can have great economic benefits,

The results presented in this paper
are an outgrowth of a recent laser solenoid
reactor feasibility study.! This study
covered a broad range of crucial reactor
aspects. The plasma physics of both the
heating phase and the ensuing fusion burn
were treated. Time-dependent piasma char-
acteristics were analyzed accounting for
end-Toss of particles and energy, alpha
particle effects, and transverse diffusion.
These studies determined the laser and mag-
netic¢ field energies required to create the
plasma, and the fusion energy generated.

Laser soltencid neutronics were studied
using the neutron transport code ANISN. In
particuiar these calculations studied the
effects of {1) a moderately thick resis-
tive magnet between the plasma and blanket,
and (2} other magnets nearby in the multi-
tube design, The latter required modeling
assumptions in order to apply a cylindri-
cally symmetric code to a nonsymmetric geo-
metry. The dependences of tritium breeding
ratio {and fissile breeding in fusion-
fission blankets) on magnet thickness, mag-
het spacing, blanket thickness and blanket
composition were examined., Alsc calculated
were radiation damage indices; stainless
steel displacement rates, helium and hydro-
gen implantation rates, and neutron Teakage
from the shield to the superconductor.

Accompanying the analyses of plasma
physics and neutronics were studies of
reactor subsystems, the most extensive
being the magnet feasibility study.? The
superconducting magnet design was based on
a support scheme in which strain of the
windings fis essentially eliminated by using
a controlled pressure bag between each
tayer of windings and the surrounding
layer of supporit material. The pressure
bag concept allows a significantiy reduced
thickness of windings and support, compared
tc conventional designs. Design details
were determined for a superconductor employ-
ing layers of NbTi, MbzSn, and (if fields
over 150 kG are assumed) V3Ga. The pulsed
coil design was based on strip-wound layers
incorporating laminated conductor and sup-
port materials. The stored energy, resis-
tive loss, and time-dependent stresses were
determined, A power supply design was pro-
posed incorporating electrostatic storage
for fast current rise in conjunction with
a homopolar generator for pulse flat-topping.
The pulsed coil first excludes the field
from the plasma tube (to permit creation
of a nearly field-free plasma}, and then
raises it to approximately double the
supercenductor field. Materials problems
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of both magnets were assessed including,
in particular, difficulties due to high
cyclic stress in the presence of intense
radiation (pulsed coil). The advantages
of cooled (near room temperature) opera-
tion were demonstrated, for reducing both
resistive losses, and mechanical degrada-
tion due to helium implantation.

Other reactor subsystems were studied
including plasma chamber (first wall) de-
sign, Taser module design, and tritium
recovery and handling. The reactor com-
ponent studies were integrated with the
plasma and neutronics calculations to form
self-consistent conceptual reactor designs

In the following discussion, a simple
parameter study is presented which explores
the dependence of breeder performance on
various scale and engineering parameters,
such as reactor length, confinement model,
magnet stress, superconductor field, etc.
Jut of the parameter study, three con-
ceptual point designs are develcoped, in-
cluding two prototype series reactors
which have less stringent engineering
parameters such as might be achieved with
mid-terin technology in first generation
systems. The third point design is a
second generation reactor incorporating
engineering parameters consistent with
more advanced technologies.

PARAMETER STUDY

The baseline guantities taken in
the parameter study are shown in Table 1:
this is the condition about which indivi-
dual parameters are varied. These para-
meters are consistent with reasonable
axpectations of the technology that would
be available for first generation systems.
The plasma end-loss is free-streaming with
self-mirroring, accounting for the effects
of time-dependent beta.® The plasma tem-
nerature is determined by requiring that
the classical absorption length bhe 10
times the device length at the end of the
laser heating phase, which is consistent
with 10 x classical absorption, or with
multiple passing of the beam through the
plasma (10 times). Single pass, classical
absorption systems were also studied but
resulted in longer devices and targer
lasers in order to achieve comparable
breeding performance. The plasma tempera-
ture is assumed to be roughly constant
during the fusion reaction phase. Resis-
tive loss computations assume that each
pulsed coil section is turned off slightly
after passage of the area wave front

Table 1. Assumed baseline quantities for
parameter study.
Ttem Parameter
Magnet: :
inner diameter 6 cm
thickness 3cm
length 200 m

maximum tensile stress

support material 120,000 psi

conductor material 45,000 psi
volume fraction
support material 0.5
conductor material 0.45
temperature 100 °C
conductor resistivity 3.5 ul-cm
superconducter field 150 kG
total pulsed field 338 k&
(derived guantity)
Laser:
pulse energy 10 MJ

absorption coefficient 10 x classical
initial piasma radius
(laser heating phase) ~2.5 cm
free-streaming
(self-mirroring}

2.5 tm

Plasma Confinement
First Wall Radius

Efficiencies:
thermal conversion
electrical switching
laser electrical

OO
PO WO GO
[S2 02 e

Power:
thermal power 4000 Mily
circulating power fraction 1.0

{se1f-mirrors), which can be done without
increasing the end-less rate.® The blan-
kets considered are based on depleted
uranium (metal) with an without plutonium
enrichment. Details of blanket construc-
tion are described in Ref. 4. Both blan-
ket and streaming piasma energies are con-
verted to electricity at the thermal
conversion efficiency.

Given the reactor parameters, the
fusion energy produced and the required
circulated energy per puise can be deter-
mined. Therefore, to achieve a circulated
energy fraction of unity. a certain fusion
energy multiplication is required. This
is achieved in the fusicn-fission blanket
by enrichment with an appropriate concen-
tration of fissile atoms: the higher the
required energy multiplication, the higher
the required energy multiplication, the
higher the enrichment fraction. In sum-
mary then, the logic taken for this
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mance on net electric power,

particular parameter study is that defi-
ciencies in system energy balance are
made up by choosing an appropriate en-
richment fraction of fissile isotope in
the btanket. This, of course, is one of
a number of strategies that could be
taken,

NET ELECTRICAL PCWER

One of the important unresolved
guestions regarding fusion-fission is
whether reactors should be devoted to
fissile fuel breeding alone or to net
electrical power production pius a modest
amount of breeding. MNo attempt is made
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Fig. 3. Dependence of breeding performance

on magnet length.

to resolve this issue here. Along this
line, it is of interest to examine the re-
fation between breeding characteristics
and net electrical power production. This
is shown in Fig. 2, where all the assumed
quantities in Table 1 are held constant
except the circulating power fracticn. The
dashed 1ines in the upper figure represent
a projected net breeding rate (0.15 tonnes/
yrg and doubling time (15 yrs) for a liguid
metai fast breeder reactor (LMFBR). The
laser solencid reactor is a very good
breeder of plutonium, but may have some
difficulties with Tong doubling time if
too much net power is demanded. Figure 2
represents only & trend though, and speci-
fic designs can be conceived (at the ex-
pense of Targer sizes or stiffer engineer-
ing requirements) which produce net power
with no initial charge of plutonium and
hence zero doubling time.

PLASMA LENGTH

The mest serious problem with linear
fusion systems is plasma end-loss, which
necessitates uncomfortably long systems to
achieve adequate confinement. One of the
objectives of linear fusion-fission reac-
tor design is to get a much shorter system,
since confinement time nezed not be as Jong:
a definite economic benefit accompanies the
more compact device.

Figure 3 portrays the dependence of
breeding performance on magnet length. One
thing is immediateiy clear, the laser
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EP = end-plugs; 3AT = three
acoustic transit times; CEI =
cusp-ended solenoid with ion
lTarmor radius hole size; SM =
self-mirroring (varying beta);
and CEH = cusp-ended solenoid
with hybrid radius hole size.

solenoid scales very nicely to short sys-
tems, Indeed it appears that iengths as
short as 100 m or less are possible with-
out seriously degrading breeding perfor-
mance. Moreover, these results are based
on end-Toss retarded only by self-mirror-
ing: unknown or uncertain end-stoppering
techniques are not inveked. An unusual
aeffect is apparent in Fig. 3; the doubling
time is neariy independent of length.
This effect fellows because doubling time
equals the plutonium change {tonnes) di-
vided by the net breeding rate {(tonnes
per year}, connected with the facts: (1)
plutonium charge is proportional to length
as well as plutonium enrichment fraction,
and the former grows slightly faster than
Tatter decreases in this case; and {2) at
fixed thermal power, the breeding rate
does not change markedly. For other con-
ditions {e.g. larger laser), the doubling
time drops to zero with increasing iength
because the enrichment fraction goes to
zero, as will be seen later.

CONFINEMENT MECHANISH

The dependence of breeding perfor-
mance on confinement mechanism is

illustrated in Figure 4. Several models
are shown: {1} a simple three acoustic
transit times model (time for a sound wave
to traverse half the plasma length); (2)
free-streaming end-Toss with self-mirroring
and accounting for variations in beta; (3)
solid end-plugs (no particle loss but con-
ductive energy 1oss to the plugs); and (4)
cusp-ended soienoid accounting for varia-
tions in beta {minimum hole size based on
ion larmor radius, and hybrid ion-electron
Taymor vadius). The end-plugged plasma
does not appear to perform well in this
application because of too rapid energy
losses to the cold plugs. The hybrid
radius cusp-ended solenoid has the Tongest
confinement, about 1 msec. It only exceeds
the ion larmor case by about a factor of
2.5 rather than by the ratio of hole sizes,
about 8. This is a conseguence of varying
beta effects which cause the hole size to
be important only early in the confine-
ment period. Although the free-streaming
plasma perfeorms adequately, a clear bene-
fit accrues from having longer confinement
times, allowing improved breeding perfor-
mance and/or production of net electrical
power. Some preliminary analytic modeling
has been performed on plasma end-stoppering
to give the results discussed above, but

a much more detailed aralysis 1s required
to determine the best end-stoppering tech-
nique for each application. At present
there is virtually no experimental data
directly relevant tc these theories.
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PULSE COIL STRESS

Rather high stresses are generated
in the pulse coil, necessitating that it
be composed of layers of conductor and
high strength support materials. It was
suggested in the 1aser sclencid reactor
feasibility study' that Zr-Cu be used for
the conductor, and 2.5% Be-Cu or high
strength stainless steel for the support.
The stresses required for high magnetic
field operation {over 300 kG) are general-
1y below the ultimate tensile strength of
the materials considered, but above the
fatigue strength. However Fig. 5 indi-
cates that reasonable breeder performance
can be achieved for stresses which are ap-
proximately within the fatigue strength of
2.5% Be-Cu, .e. 70-80,000 psi and well
within the fatigue strength of high
strength stainless steels. The bend in
the curves at 188,000 psi corresponds to
reaching zero plutonium enrichment in the
blanket. The stress at the point of zero
enrichment could be Towered, for example,
by going to longer systems.

SUPERCONDUCTOR FIELD

Figure 6 describes breeder perfor-
mance as & function of superconductor
field. Reasonabie performance can be
achieved for fields as Tow as 100 kG or
less, and very good improvements accompany
higher field operation. The bend in the
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curves at 200 kiz corresponds to reaching
a zero plutonium blanket.

LASER ABSORPTION ENHANCEMENT

The baseline condition assumes a
factor of 10 enhancement of the laser
absorption coefficient, which could be
achteved if an anomalous absorption mech-
anism applies or by muitiple passing of
the beam, or if a suitable Tonger wave-
tength taser is available. Figure 7 des-
cribes the effect on breeding performance
if less than a factor of 10 is achieved.
It appears that the performance is serj-
cusly degraded if only classical (single
pass) CO» laser absorption is assumed for
short devices. It is possible to achieve
reasonable performance (e.q. doubling time
less than 15 yrs) if fwo passes and a
larger Taser (20 MJ) are allowed, or if
longer lengths are allowed.

In summary, breeding performance is
relatively insensitive to reactor Tength
{for lengths of at Teast 100 m), stress
in the pulse coil support material and
superconductor field. Breeding perfor-
mance is moderately sensitive to the net
electrical power desired, and the plasma
confinement model. Performance is most
sensitive to the laser absorption enhance-
ment factor. Improved abscrption could be
achieved by muitiple pass heating which
has been demonstrated in a single experiment

31 F3O
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ABSORPTION ENHANCEMENT FACTOR

NET FISSILE BREEDING {TONNES/YR)

Dependence of breeding performance
an laser absorption enhancement
factor,

Fig. 7.



and is the subject of another currentiy
underway at the University of Washington.
Moreover the laser intensities envisioned
for reactor devices (10! to 10'% watt/
cm®) are well above the thresholds for
excitation of backscattering instabilities
which could, in effect, lead to enhanced
absorption by reflecting the beam back
toward the Taser. Clearly, the physics
and engineering of improved absorption
needs to be established more firmly.

CONCEPTUAL REACTOR DESIGNS

Three point design fusion-fission
reactors are described. These designs
should be construed as illustrative but
not optimal or unique. A conceptual point
design must be intarpreted with caution
since it depends on many parameters: a
measure of uncertainty necessarily exists
about each parameter, related to the
future course of technological advance.
It may be possible to project the advance
of one or two technologies with a degree
of confidence, but the multitude of sub-
systems in the complete reactor defies
this kind of exercise. Along this line,
the laser sclenoid has a significant ad-
vantage in that breeding performance is
relatively insensitive %o most of the
important engineering parameters, within
certain bounds.

PROTOTYPE SERIES FUSION-FISSION REACTORS

In order to achieve a practical
fusion-fission reactor in the mid-term
(before the year 2000) projected technol-
ogy extrapolations from current state-of-
the-art must be Timited somewhat. This
is essential even if it compromises the
level of performance and economic benefit
that is ultimately desired. Therefore the
two first generation systems presented
here are based on engineering parameters
that can probably be attained in the mid-
term with reasonable development programs.
Thus, for example, the superconductor
field is restricted to 150 kG, based on
NbTi (at low field regions) and NbaSn (at
high field regions); the pulse coil stress
is Timited to 120,000 psi; and the reactor
is a pure breeder, producing only enough
electricity for its own circulating energy
needs. The latter consideration relates
to the question of producing fuel plus
power versus fuel alone. The issue of
course has not been settled, but there
are two very strong arguments for opting
for pure breeding at least in first gen-
eration systems: (1) the reliability of
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a new class of reactors is generally lTower
during the early years, making it undesir-
able to have them in the power grid; and
{2) the technology is easier for pure
breeders (e.g. see Fig. 2).

The two prototype series point de-
signs are presented in Table 2 and repre-
sent reactors with no initial charge of
plutonium, and with 10 tonnes initial
charge, respectively. The zero charge de-
sign has Tower energy multiplication in
the blanket and thus the fusion source
myst produce more energy. Consequently
it is larger both in length, 300 m, and
in the required laser enerqy, 12 MJ. It
is a very good breeder of plutonium however,
with & net fissile breeding rate of 2.3
tonnes/yr. The rapid breeding rate with-
out the requirement of an initial charge
makes this design very attractive for sup-
plying the fuel needs of thermal fission
reactors at once, without having to devote
a significant period of time simply gen-
erating fuei to charge up other breeders.

The 10 tonne charge design has a
distinct advantage in size, being only
100 m jong, with a 6 MJ laser. Because
the blanket multiplication is higher (23),
it does not breed fuel as well (1.3 tonnes/
yr), but still has a moderately short
doubling time of 8 years for the fissile
inventory.

SECOND GENERATION FUSION-FISSION REACTOR

A second generation point design,
alsc shown in Table 2, is characterized
by more advanced engineering parameters.
For example, the superconductor field is
200 kG which would require use of Vaha or
ancther high current density conductor in
the high field region: the maximum pulse
cotl stress 1s 160,000 psi, and the reac-
tor produces 500 MWe of net power. This
design requires no initial charge of plu-
tonium, and breeds plutonium at the attrac-
tive rate of 2.4 tonnes/yr.

CONCLUSIONS

Summarizing, conceptual laser sole-
noid fusion-fission reactors have certain
outstanding characteristics.

{1) They are compact. In general
Tinear systems are piagued with rapid end-
loss and long lengths; however, laser so-
Tenoid systems can be built at lengths
of 100 to 300 m. This can be accomplished
moreover without invoking unknown or



Table 2.

Conceptual Fusion-Fission Reactor Designs

Prototype Series Second
Ttem Designs Generation
Zero Pu 1G tonnes Zero Pu
Charge Pu Charge Charge
Size of Primary Elements
lenqth of maanet {m) 300 100 100
superconductor outer diameter (m) 3.5 3.5 4.8
thermal power (MW¢) o oL e oL 4000 = w = - - - - -
Magnet System
pulse coil inner diameter (cm) 5.8 6.2 5.0
pulse coil thickness {cm) 4.0 3.0 4.0
maximum tensile stress:
support material {psi) - - - 120,000 - ~ ~ 160,000
conductor material {psi) - - - 45,000 - - - 60,000
volume fraction:
support material 0.45 0.65 0.5
conductor material 0.5 0.3 0.45
average temperature (°C} - - 4 - - - - - 100- - = = = = = =« -
conductor resistivity (ug-cm) - - o4 - - - - - 3.5- - - - - - -
superconductor inner diameter (m) 7 - N 3.0
superconductor field {(kG) - - - 150 - - - - 200
total pulsed field {(kG) 361 353 433
Laser System
pulse enargy {MJ) 12.0 5.6 6.0
effective absorption o o . L. 10 x classical -~ - - - - -
repetition rate (Hz) 9.3 23 20
First Yail
inner radius (cm) 2.4 2.6 2.5
number of tubes e e e . L 10
first wall loading (MW/m?) 2.4 2.1 2.8
Plasma
radius (cm) 0.84 0.98 0.85
temperature (keV) 5,08 3.77 4.50
confinement x free-streaming <« o« u. Toe o e 1.5
confinement time (msec) 0.81 0.45 0.62
"0" (fusion energy/plasma energy) 1.15 0,35 1.11
Blanket
average power density (ki//2) 30 9] 97
energy multiplication factor 7.2 22.9 7.2
plutonium enrichment (percent) 0 4 0
K value <0.3 0.78 <0.3
Efficiencies
thermal conversion e =35 - 0.45
electrical switching e e e e - - - 0.95 -« = = = - - -
laser electrical e e e e - - - 0.25 - « ~ = = = - -
Performance
net fissile production (tonnes/yr) 2.3 1.3 2.4
fissile doubling time {yrs) 0 8 0
net electrical power (MWg) - - - -~ O-w n -- 500
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uncertain end-stoppering schemes.

{2) They breed large quantities of
plutonium.

(3} No initial plutonium charge is
essential.

(4) The design is flexible. The
breeding performance leve?! s not sensi-
tive in a serious way to most of the
engineering parameters. Therefore the
time-table for the construction of a suc-
cessful fusion-fission reactor would not
be seriously delayed if a subsystem tech-
nology fails to progress fully to the
level projected for a reactor.

Certain key developmental programs
are needed which are pecuiiar to the laser
solenoid, relating to both the physics and
engineering. The greatest area of uncer-
tainty at present regards the efficient
coupling of laser energy into the plasma,
at higher than classical absorption. The
basic coupling processes (beam trapping
and absorption) are being examined care-
fully under the ERDA-funded proof-of-
concept experiment at Mathematical Sciences
Northwest, Enhanced absorption by multiple
passing of the beam through the plasma is
being studiad in an ERDA funded experiment
at the University of Washington. Anomalous
reflectivity processes (which may lead
e1fectively to enhanced absorption) are
also under study at the University of
Washington.® Anothner area of the physics
requiring both experimental and theoreti-
cal study is the end-loss prohlem, This
area 1s Tess uncertain since projected
fusion-fission reactor performance is less
sensitive to confinement time than 1t is
to laser absorption enhancement,

Three areas of necessary engineering
development stand out; pulse coil and
power supply design; large bore, high
field superconducting solenoid design; and
repetitively pulsed large laser module de-
sign. There is a high probability of suc-
cess in each of these areas due to existing
advances, e.g. 150 kR Nb3Sn superconductors
of moderate bore, and high energy, single
pulse No-CO» Tasers; and due to the avail-
abilty of undeveloped but highly promising
desi' n schemes conceived during the magnet
feas:bility study, e.q. the strain-free
superconductor design based on & pressure
bag support technique, and the laminated
strip wound pulse coil design.

In conclusion, laser solenoid fusion-
fission has a good probability of success
on two acceunts: (1} engineering; prac-
tical breeder reactors could be buiit with
reasonable extrapolaticns of current tech-
nology, and at a techneclogy Jevel much
iess advanced than required for pure fusion;
(2) economic; compact breeder reactors can
be built, at a size considerably less than
required for pure fusion. Both of these
accounts stand in contrast to the mainline
fusion concepts, for which fusion-fission
designs are generally comparable to pure
fusion designs in size and technical dif-
ficulty. Therefore the laser solenoid,
because of compactness and moderate tech-
nofogy, has potential for relatively early
application to fuel breeding needs.
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ABSTRACT

A study of electron beam heated linear solenoid fusion reactors
showed that they could economically breed fissile fuel without produc%gg
U

excess electricity for sale.,
could be bred in a 300 meter long,

By using a molten salt breeding medium,
self-powered reactor with continuous

processing and negligikle fission (<1% of the fusion) in the device. By
using a depleted uranium fission piate for neutron and energy multiplica-

tion, the length could be reduced to below 100 meters.

The reactors used

multiple magnetic mirrors for end loss reduction and superconducting

solenoids for radial confinement.
terial,

INTRODUCTION

Fission reactors are likely
to be a major source of power in
the coming decades with about 2000
reactors projected worldwidel by
2000 C.E., most being light water
reactors (LWR's). These use fuel
slighly enriched to about 3 percent
in_235%U, but could use Pu or
233y as the fissile species. The
more abundant U is not used ef-
fectively in the IWR cycle., Fis-
sion breeders can burn 238y effi-
ciently but produce relatively
little excess Pu for use in
LWR's., Estimates of uranium re-
scurces have generally indicated
sufficient low cost reserves up to
about 2000 C.E.,2 but possible
shortages or higher costs beyond
that date and more recent studies3
indicate a potentially severe
shortage, either sooner or under
slower reactor growth assumptions.
Thus an alternative source of fis-

sile material appears inperative to -

maintain the output from LWR and
other non-breeding systems,

We have examined a new fusion
reactor concept, the electron beam
heated, linear solencid contained
plasma reactor, applied to the
breeding of fissile fuel for exter-—
nal use as its main product.
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The blankets reguired no figsile ma-
Plasma heating was accomplished solely by electron bheams.

CONCEPTS AND OPTIONS

ELECTRON BEAM HEATED SOLENOID

(EBHS)

The EBHS4 (Fig. 1) is a column
of DT plasma heated to fusion con-
ditions by an electron beam inject-
ed from the end along a guiding
axial magnetic field. Within this
general concept are many options
relating to pulsed or steady state
operation, radial and axial con-
finement methods, etc. Our base-
line concept uses microsecond
pulsed beams, a superconducting
solenclid field for beam guidance
and for radial confinement, and
mualtiple magnetic mirrors to re-
duce axial loss rates. The plasma
is moved away from the tube wall
at the start ("Isclated Plasma
Case") by a pulsed sclenoid, but
very little compressional energy
is added to the plasma, in contrast
to the theta pinch. Alternatively,
this coil may be eliminated, leav-
ing an ionized gas blanket between
the hot plasma and wall {("Gas Blan-
ket Case")., The latter is simpler
but requires larger diameter plas-
mas for the same radial loss rate,
A limiting case is wall confine-
ment which is being considered by
Soviet scientists for an e-beam
heated plasma. There are several
other options for end loss reduc-
tion. TFree streaming leads to
long reactors but solid or gas end



Fig. 1.

plugs and turbulent reduction of
thermal conductivity or ionic
streaming are possibilities.

The system operates at high
density (1016 to 1017 cm~3y, mod—
est fields (150 kG), high R (~0.92),
and burns for tens of millisec~
onds. Plasma and wall radii are a
few centimeters, and lengths of
100 to 500 meters are of interest.

In a reactor the power is lim—
ited by the wall area and it may
be desirable to have a number of
plasma tubes inside a single sole-
noid (Fig. la), with the beam fir-
ed sequentially into the tubes.
Pulse repetition rates are of the
order of 1 to 1C pps for produc~
ticen plants. The electron beam
generators for the baseline de-
signs are a straightforward scale-
up of existing large single pulse
megavolt, megajoule devices, with
repetitive switching being the
main technological advance re-
quired,

COMPRESSION
COIL

ANJMAGNET

NEUTRON
SHIELD

SUPER-
CONDUCTING

FUEL AND w,

VACUUM ALTERNATE REACTOR
MANIFOLD

FUSION
PLASMA
FIRST WALL
BLANKET

Electron beam heated linear sclenoid.

Long pulse duration beam
diodes (plasma or thermionic) could
grealtly relax the electrical system
regquirements {to millisecond or
longer duration circuitry), or even
allow steady state operation. In
the baseline design, plasma heating
is possible under some conditions,
such as by reflecting the e-beam
from the tube ends ("reflex dicde").

BREEDING CYCLE

The two breegﬁgg CYC%%% are

238y -~ 23%y and with
many possible media, fuel forms,
neutronic spectra, etc. Although

there are many options to examine
we have selected breeding 233y in a
molten fluoride (LiF-BeF-ThFy)
salt medium® for our baseline.
tensive data on this system has
been developed under ORNL's Molten
Salt Breeder Reactor Program (MSER)
including processing technolegy and
cost estimates. An attractive fea-
ture is the continuous processing
to remove bred fuel and thus mini-
mize fission, fission product in-~
ventery and decay heat in Lhe en-
tire breeding plant. Lidsky® and

Ex-
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Cook7 have examined the neutreonics,
economics, and other aspects of the
Th-molten salt breeding system ap-
plied to fusion reactors with fa-
vorable conclusions,

A bilanket design for this cy-
cle (Fig. 2} shows a moderating
region to reduce the fast fission
of thorium, and a shield to reduce
the heating and radiation damage
of the super-conducting magnet.
The plasma tube is cooled by lith-
ium that also breeds tritium, An
option which yields greatly im-
proved performance at the cost of
introducing large amgunts of fis-
sion is a depleted 238U plate sur-
rounding the plasma tube for the
purpcse of multiplying the neutron
and thermal output. The large
neutron f£lux from n,2n and fission
triples the 233U yield and the ex-
tra energy allows the use of much
lower gain fusion sources. Al-
though plutonium is bred inte this
plate, we do not consider its val-
ue and endeavor to keep the plate
in place as long as possible. It
is then removed with the value of
plutonium offset by assumed proc-
essing costs, although this plu-
tonium could be a valuable product,.

SUPERCCNDULCTOR

INSULATION
SALY

C MODERATOR
oy
L GOOLANT —— Q
FIRST WALL Ry

VACUUM
PLASMA

OPTIONS

U FISSION PLATE
MAGNET COIL

GAS BLANKET

Fig, 2. Breeding blanket.
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Based on the MSBR technology
and studies of fusion plants,8 a
complete processing system for U,
T, heat transport, steam genera-
tion and electric power production
{Fig. 3) has been defined and
costed.

REPRESENTATIVE DESIGNS

In this section we present
some typical designs which are com-—
plete and consistent but not op-
timized. Several parameters, par-
ticularly the wall flux and the
superconducting magnet ccst, may
vary by facters of 2 to 5 and lead
to greatly different product costs
from the values presented in this
gection. MNevertheless, these give
a semiguantitative idea of the
size, physical parameters, and cost
of the various components. The
parametric study will show how
these can vary over the operating
range.

THE EBHS SYSTEM

Tyvpical parameter values for
single plasma tubes of 300 and 75
meters length (Table 1) show plas-
ma {(and e-beam) energies of 8§ to
70 MJ and fusion output ranging
from 8 to over 1000 MJ. The loss-
eg, dominated by magnetic mirror
joule heating {non-optimized), are
several times the e-beam energy.
The plasna isolation coils are back
biased against the superconducting
fields and thus do not add to the
total stresses on the superconduct-
ing magnets. The isolation coils
have modest energies (0.7 to 1.3
MJI/m) compared to theta pinch com-
pression ccoils (L0 MJI/m) and their
switching and joule losses are
small compared to the mirror coill
joule losses. The superccenducting
magnets are about 150 kG. At 300
meters the fusion gain (fusion
thermal energy/electrical input)
is more than sufficient to power
the breeder (80 percent circulat-
ing power).
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Fig. 3. Complete proceeding system for U,T, heat transport, steam genera-
tion, and electric power production.
Table 1. Physics parameters of Based on these plasma devices

we have calculated two breeder re-
actors, assuming 10 tubes operating
at a first wall neutron flux of

representative designs,

300 meters 75 meters 1 MW/m2 (Table 2.
Tube 1 th 300 . . .
Plazmaeigdius 2.6 7? ?7 cm The first is a pure fusion
Wall radius 6.17 5. 58 em device, 300 meters long, that is
o 5 self sustalglng with a small ex-
5/C magnet radius 2 2 m cess electric power output (527
: - MW circulating, 137 MW output).
Mirror .
DenSityratlo l317 1017cm“3 This plant produces 2000 kg/vr of
Temperature 5 5 keV 33y compared to only 150 to 200
8 0.83 0.90 kg/vr for a 1000 MWe fission
Superconductor breeder. Thus a self-powered fu-
field 156 149 kG sion breeder can supply ten times
Burn time 63 4 ms as many LWR's as a 1000 MWe LMFBR,
whose main product is electric
Plasma ener 69 7.8 MJ power rather than bred fuel. Be-
Fusion energ§ 1078 8.2 MJ cause a 1000 MWe LWR will burn
*Losses (mag- 500 to 1000 kg/yr of fissile fuel
netic fields) 244 6.4 MJT (depending upon conversion and re-
Fusion gain 3.96 0.5 MJ cycle rates), the LMFBR is not

very effective in supplying the

*
Mainly joule heating in mirror
magnets.

LWR needs until there are many

more fission breeders than burners.
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Table 2. EBHS breeder reactors: NT = 10 tubes, wall

flux = 1 MW/m2

Pure Fusion

Fusion-Fisgion

Length

Fusion power

Fission power

Atoms bred/fusion
Fissions/fusion

Cycle time per tube

Total electric power

Net electric power
Circulating power fraction

Bred fuel (80 percent load)

300 m 75 m
1836 397 MWt
10 1668 MWt
0.4 1.1
0 0.5
6.9 0.2 s
664 820 MWe
137 42 MWe
0.8 0.95
2000 1175 kG/yr

If one can use fissicn in the
fusion breeder blanket in the form
of a depleted uranium plate, then
lower fusion gain and much shorter
reactors are allowablie. The 75
meter device (Table 2} is self
sustaining, while still breeding
1175 kG/yr of 233U. With a some-
what greater length or larger di-
ameter, this 75 meter plant would
be comparable in cutput toe the
300 meter pure fusion plant. This
fusion~fission plant reguires no
fissile material for startup and
has no criticality concerns. Bven-
tually plutonium and fission prod-
ucts build up in the plates, but
Cook (Reference 8) has found that
loss-of-coolant accidents can be
handled in the specific design
used here.

COMPONENT AND SYSTEM
MODELING

EBHS PHYSTICS AND DESIGN

A program has been written
which takes specified input param-
eters for the plasma, beam, and
operating conditions and calculates
the thermonuclear yield per pulse
per tube. In addition it calcu-
lates the kinetic energy of the
e~beam, magnetic field strengths,
plasma radius, tube radius, energy
loss times, beam pulse length,
diode and e-beam generator re-
guirements, beam time, plasma Q,
and cycle time. It allows two
beam-plasma interaction models, two
radial plasma modes, and four axial
end loss mechanisnms.
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A brief flow chart of the code
is given in Fig. 4 along with the
subroutines which it calls directly.
Tt first computes the kinetic ener-
gy of the injected e-beam which will
give the specified energy absorption
length. The beam—plasma interaction
models are those of T.S8.T. Young at
P14 and L. Thode of LASL.”

Using the value of the kinetic
energy of the injected beam and the
specified input beam current densi-
ty, the magnetic field (Bj) on the
inside of the heated plasma column
is chosen large enough so that the
beam filamentaticn instability is
stabilized. The magnetic field (Bg)
on the outside of the heated column
is then determined from pressure
eguilibrium,

Requiring that the m = 1 10
plasma instability be stabilized
and that the heated plasma column
be at least one Larmor diameter,
of the 3.5 MeV alpha particle, a-
way from the wall gives the in-
equality

r

b o & =

(
o {1-R)
B
where B, 1s the plasma beta, and
rp and ry are the radii in centi-

meters of the plasma column and
conducting wall, respectively. This
ineguality determines the minimum
plasma raidius



540

. B_(kG}
min _ O
Ip = [ 5l ] (2)
y T4
1~ ‘
( Bp) '

The axial energy loss time is
calculated for one of four differw
ent end loss mechanisms: (1) free
streaming without self mirroring,
{(2) free streaming with self mir-
roring, 1l (3) end plugs (i.e., the
energy losg_is governed by thermal
diffusion,12) and (4) multiple mir-
rors (i.e., the energy loss is
governed by diffusion of ions
through the mirrors.13) The most
promising results have been obtain-
ed for the multiple mirror end loss
mechanism which has an axial energy
confinement time of

_27m2 -5/2

_ 2
(s} = 9.8x10 nPR Ti (3)

T
BEL

where m is the mirror ratio, np is
the .plasma number density per cubic
centimeter, 2 is the length of the
reactor in centimeters, and T; is
the ion temperature in keV.

The input value of TRL/TEL
(ratio of radial loss time to axial
loss time) and plasma parameters
are used to compute the plasma ra-
dius which will give the specified
ratic Trr/Tgr. If the plasma ra-
dius (ry) which is determined in
this manner is less than r@N (g5qg,
2) the plasma radius is set equal
to rf*" and a new radial energy
loss time is calculated. The sub-
routine treats either the isolated
plasma mode or the gas blanket
mode. The appropriate diffusivi-
ties for each mode are taken from
Spitzer.l4

The beam pulse length is de-
termined by reguiring that the
pulse length be long enough to pro-
vide the energy regquired to heat
the plasma column. For the gas
blanket mode where the expanding
heated plasma does work in compress-
ing the exterior magnetic field and
cool plasma, the code increases the
beam pulse length to provide the ad-
ditional beam energy required for
this compression.
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Fig. 4. Calculational schematic
flow chart of the fusion
source subroutine FUSORC.

The thermonuclear burn time 1is
taken to be the minimum of the ra-
dial and axial confinement times.

The total energy of the neutrons,
alphas, and the energy due to breed-
ing reactions in the tritium in the
blanket per tube per pulse are summ-
ed to give the total thermonuclear
yield. At present no alpha energy
depositicn is assumed and the burn
calculation is space and time inde-
pendent.

The plasma gain Q. is then the
ratio of the total thefmonuclear
yield to the energy of the plasma at
ignition, and the fusion gain Qp is
the total thermonuclear yield divid-
ed by all the input energy and loss-—
es.

The cycle time for each tube
is determined by limiting the 14
MeV neutron energy flux through
the tube wall to the value speci~
fied by the user.



SYSTEM ANALYSIS

The EBHS breeder was modeled
in terms of energy flow among its
components (Fig. 5). Thirty-four
independent parameters character-
ized the system, including dimen-
sions, efficiencies, confinement
parameters, neutronic character-
istics, and plasma and beam vari-
ables. The blankel performance is
given in terms of fissile atons
bred per fusion and fissions per
fusion. These were obtained from
the nuclear properties and compo-
sitions either by sinmple approxima-
tions in terms of nuclear cross
sections, or from detailed multi-
group neutron transpeort codes. The
fraction of heat available for
electrical generation is separately
specifiable for the fusion energy,
the fission energy, and the energy
deposited in the plasma by the e~
beam. No magnet joule heat,
switching losses, or e~beam gener-
ator losses are assumed recoverable
for electrical generation. The
useful heat is converted to elec-
tricity and subtracted from the
fusion source requirement to ob-
tain net power.

The system costs have been
broken into eight elements:

Superconducting magnet

E-beam generator

Blanket

Heat transport system

Nuclear fuel handling

Electric generators, struc-
ture, site

e Special materials

lithium)
¢ Pulsed magnet power supplies

2 ee e P8

(salt,

The magnet costs are a major
factor, depending upon the source
of the estimates. We have used
values generated by L. Lidsky from
Lubelll® and estimates from Pow-
e11*% and Marston. Many of the
remaining components were based on
MSBR and LMFBR cost estimates ad-
justed to 1976 dollars and with
scaling for size, power level, etec.
The program computes total capital
cost and debits or credits the
equivalent power cost at 820%/kWe
{(~20 mills/kWh). The bred fuel
cost is computed in $/gm at a given
load factor (~80 percent} and car-
rying charge (16 percent}. Con-

E
FUSION SOURCE ™ BLANKET Ep
1, Ng

E BEAM En
y %

F £y Ern Ey

£ PLASKA FUSION FISSION
jramrsed M?.Eg‘:g i MAGNETS HEAT HEAT HEAT
Epny My , y

IEW ]Ew liw ’“\v

¢ | ELECTRICAL GEMERATOR E,
e USEFUL THERMAL ENERGY

Fig. 5. Energy flow gchematic,
tingency, interest during construc—
tion, A/E fees and operating costs
are neglected or assumed included.
in the carrying charge.

PARAMETER STUDY RESULTS

There are about ten important
but interrelated parameters which
determine the bred fuel cost. The
most important are reactor length,
the use of fission in the blanket
and the allowable wall flux.

Results of a limited parameter
survey (Fig. 6) show that pure fu-~
sicn reactors of 250 to 300 meters
can be competitive breeders even at
current fuel prices, and that these
can be self-sustaining, i.e., inde-
pendent of electric power costs or
the need to be on the power grid.

If excess power is sold at 20 mills/
kWh, then longer reactors can make
fuel at zero or negative cost,

while if the excess power is not
s0ld, the bred fuel cost drops slow-
ly with reactor length. The self-
sustained reactor length for a fis-
sioning bklanket reactor is 75 me-~
ters because lower fusion gain is
coffset by the fission blanket ener-
gy multiplication., The capital cost
equivalent of the net power is shown
for a typical plant (Fig. 7} as a
function of length.
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Many other variables are of
interast, but care must be taken in
varying single parameters which
cause others to change. Typically
the plasma radius and e-beam pulse
energy will vary, and the bred fuel
costs are sensitive to these, usual-
ly decreasing with increasing ra-
dius or beam energy. It would be
desirable tc reduce the magnetic
field by lowering the density, np,
but because of the necessity for a
field to guide the beam, the con-
tainment field is only weakly de-
pendent upon np {(Fig. 8}. As n
is reduced below 8 x 1046, the ra-
dius and e-keam energy increase
rapidly while the plasma & de-
¢lines., This is dependent upon
the beam stability limit and the
interaction model assumed, and the
use of lower beam voltages would
allow significantly lower magnet-
ic fields.
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CONCEPT EVALUATION

There are three main aspects
to the evaluation of a concept in
its early stages: the accuracy of
the physical principles, the tech-
nological development required,
and the eventual economics. This
is complicated by the existence
of many options, some of which are
clearly superior but more specula-
tive in nature. In our evaluation
here we shall emphasize the nearer
term, better understood options,
which shall be denoted as "conven-
tional" technology. We emphasize
the anticipated problem and de-
velopment areas rather than the
advantages of the concept.

E~BEAM HEATED SOLENOID

Physics. The crucial guestion for
achieving short linear reactors is
end loss reduction. Subsidiary to
this is confirmation of the plasma
heating and propagation of electron
beams at reactor conditions of
density, temperature, length,
field, etc. Radial transport phe-
nomena are important in the gas
blanket mode. There are also a
nunber of advanced options which
rely on physical processes in the
e-beam diode that require further
study,

Thus far we have considered
free streaming, end plugs, and
miltiple magnetic mirrors for the
end loss modes. Of these only the
last leads to useful reactors of
500 meters or less. The nominal
case used mirror ratios of 2,0,
but values as low as 1.25 give ac-
ceptable results. The key problem
is stabilization of the field and
plasma under reactor conditions.

Experiments by Lieberman and
Lichtenberg at UCBLl8 ang by Budker
and co-workers at Novosibirskl?
have demonstrated basic multiple
mirror confinement in agreement
with theory. The principal prob-
lems are stabilization and enhanced
diffusion in regions of distorted
flux surfaces. Linked guadrupoles
are being used to achieve average
minimum~B stabilization of flute
modes in experiments at UCB which
will extend this technigue to mod-

erate 8.20 Here the question is
whether higher will allow local
modes to grow in a system which has
average stable properties.

Other methods of stabilizing
magnetic mirrors are line-tying,
wall currents, and feedback. Line
tying appears to work in short sys-
tems, but the guestion remain as to
the availability of sufficient
electrons in the end region and
whether these electrons will in-
crease the axial heat loss. This
methed is difficult to test in a
small device,

Suppressicn of flute modes by
wall stabilization, which requires
a net current in the plasma column
that returns through & conducting
wall, is suited to the e-beam since
some residual net current will re-
main after passage of the bean down
the channel. Only a few kiloamperes
current is reguired for stabili-
ty.2L No experiments on this sta-~
bilization method are known o us,
but calculations show that modest
size devices (<10 meters) could be
used to test the theory. Dynamic
feedback stabilization is inherent-—
ly simpler for linear geometry as
compared to toroidal because fewer
modes need be stabilized,? Powexr
flow seems favorable: systems
analysis of torcidal reactors have
shown that power reguirements of
the feedback system can be reduced
to low levels. Experiments at UCB
have investigated feedback on
small-scale mirrors, but much more
should be done.?2

There are several other pos-
sible ways to reduce end loss in-
cluding turbulent reduction of
electron thermal conductivity, tur-
bulent reduction of ion streaming,
field reversal, etc.

Turbulence can extend confine-
ment time by reducing mean free
paths. The timescale for electron
thermal conduction to reduce the
temperature at the midplane of a
linear device is proporticnal to
the electron collision frequency.
Turbulence increases this fre-
quency; in a beam heating experi-
ment at PI we have observed en-
hancements of ~10%, resulting in
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energy containment during the tur-
bulent period.z4 Both ion and
electron collisions are enhanced,
so both are contained. For reactor
operation, turbulence must be main-
tained after the beam pulse by in-
jection of a weak beam into the
low-density end region (where tur-
bulence is easier to excite) or by
RF excitation of turbulence. The
influence of turbulence 1s yet to
e assessed.

Field reversal which results
in an average minimum~B well, can
e considered for energy loss re-
duction. The closed field lines
are produced by injection of a ro-
tating beam, which can be separate
from the heating beam. Major ques-
tions remain concerning the stabil-~
ity of long, thin reversed field
layers The processes which de-~
termine the lifetime of the layer
are not understood and are under
study in the LINUS program at NRL.

E-beam induced plasma heating
by anomalous conductivity has been
extensively demonsrlatod at low
plasma densities (1014 cm—3) and
high electron temperatures. Lxten-
sion of these results to the high
densities (1016 to 1017 em~3) by
all present theories leads to ade-
gquate heating and efficient beam
utilization., The main requirement
is confirmation at reactor densi-
ties, with intense beams and over
plasma lengths which minimize end
effects on the beam plasma inter-
action. This appears guite
straightforward with existing e-
beam devices.

The propagation of e-beams in
the plasma over long distances must
also be confirmed, although ex-
periments to date indicate this is
not a problemn., Radial diffusion of
the beam by scattering from the in-
dividual plasma particles is negli-
gible but there may be interactions
between the beam and waves in the
plasma, The beam spreading could
be observed with sufficient pre-
cision over a 10 meter path for ex-
trapolation to reactor lengths.
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Cross-field diffusion of the
plasma is the chief radial loss
mechanism for the isolated plasma
mode, and this is significantly
less than the axial loss rate for
most reactor designs. However for
the gas blanket option the loss
rate for the same plasma radius by
thermal conduction is much higher.
Thus larger radii are nseded and
the effects of cooling the outer
regions of the plasma become more
important. In this regard the
heating of the cooler plasma re-
gions by alpha particles (neglected
thus far) should be included, based
on preliminary computations. Thus
more detailed physics calculations
are neaded to determine the minimun
plasma radii {and thus the minimum
ce~beam pulse energy) for the gas
bianket mode.

Technology Development. The e-beam
solenoid reactor shares many tech-
nological problems with other fu-
sion concepts but differs guantita-
tively in some areas and has sone
unigque features. The major unigue
development required is the repeti-
tively pulsed intense electron beam.
Performance will also depend upon
such factors as [first wall flux,
plasma handling, superconducting
magnet technology, wall replacement,
and the development of the fissile
breeding cycle process.

The e-beams reguired range from
8 to 200 MJI/pulse, with average
powers of the order of 100 MW. The
largest existing device, AURCRA >
has an output of several megajoules
per pulse from a 5 MJ, 8 MV Marx
circuit capacitor bank. An analy-
sis of the losses in this bank show
that energy transfer efficiencies
of over 90 percent can be achiev-
ed.*® Much more important is repe-
titive operation, and a study of
this for the AURORA bank shows that
rates up to 200 pps can be achieved
with small loss of efficiency and
tolerable heating in the capacitors
and switches. Inductive rather
than resistive components would be
reguired for rapid charging and
discharging with low loss (™1 per-



cent). The existing switches have
an inherent recovery time of the
order of I msec. The crucial prob-
lem is the lifetime of the compo-
nents, particularly switches. Gas
spark gaps mlght %e developed to
survive 106 o 10 pulses at high
energy and power. The actual life-
time and rellablllty can only be
determined by a serious experimen-
tal effort but there are no funda-
mental reasons for excluding gas
gaps for this application. A re-
cent development is the use of la-
ser triggered silicon rectifiers as
switches., These might be designed
to handie high voltage and have
long lifetime. This is & promising
but guite new concept.

E-beam diodes have operated at
the peak power levels required, bhut
need extension of their pulse dura-
tion from the present 1.5 usec to
10 usec or longer.

The magnetic fields required
from the superconductors are in the
range of 120 to 160 kG. “The mirror
fields are localized and can be
smaller than the superconducting
field in magnitude.

The Th—233U cycle would re-
quire additional development, but
the processing is simpler than the
Molten Salt Reactor case as there
is very little uranium and fission
products present in the salt,

Economics. The cost of any unde-
veloped concept is somewhat specu-
lative and guite uncertain and we
have approached this problem in
several ways. First, we have es-
timated the component costs and
have computed the unit product
cost, This total can be compared
to Lhe ex1stlng equivalent product
cost (e.qg. U in reactor grade
feed). However, much higher fu-
ture costs may still be economic-
ally attractive, Another way to
estimate breeder costs is in terms
of $/kWt of the total thermal en-
ergy handled by the plant compo-
nents, bhecause much of the cost is
in heat transport eguipment. Both
approaches indicate a wide range
of unit product costs with a large
portion being econcmically attrac-
tive assuming the reactor physics
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is correct. The conclusions drawn
will depend heavily upon the as-
sumptions concerning the market
price of fuel as well as the bhreed-
er cost and performance. For ex-
ample, the magnet cost uncertain-
ties can represent 15 $/g in the
product price, but this may be
either a major cost or an accept-
able differential.

CONCLUSIONS

This study has shown that the
e-beam heated solenoid reactor can
breed large amounts of fissile fuel
at competitive costs in reactors of
7% to 300 meters length. The cru-
cial physics assumption is the sta-
bilization of multiple magnetic
mirrors or the development of an-
other end loss reduction technique.
The main engineering development
required is repetitive pulsing of
the intense e-beams that are al-
ready a mature technology on single
shot devices. Most other physics
and engineering questions such as
the heating interaction, supercon-
ducting magnets, etc,, appear to be
soluble or are under development in
the existing fusion program,
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ABSTRACT

Fusign-fission studies at The University of Texas at Austin are divided into two dis-

tinct phases.

Theseare (Vneutronic and photonic analyses of fast fission blankets and

(2} economic feasibility investigations of fusion based energy storage systems. The

fast fission blanket studies included both thorium and natural uranium fuels.

results for Tiquid Tithium cooled biankets are presented. .
The system currently being considered runs only in

studies have only recently begun.

Detailed
The economic feasibility

off-peak periods and accomplishes energy storage by producing hydrogen from a thermo-

chemical water-splitting process.

ORSIM program to determine the optimum capacity factor for the hybrid system.

Utility system operation is simulated using the

Income

is derived by sale of both hydrogesn and fissile fuel.

INTRODUCTION

Fusion-fission studies at The
University of Texas at Austin began in
1972. The initial investigations of
hybrid systems were spurred by their
pectential as breeders of fissile fuel.
This potential is truly significant if
one gives credibility to & scenario which
continues thermal reactor deployment and
growth in electricity demand while delay-
ing the introduction of the LMFBRY. It
was also recognized that such hybrid
systems might generate net power with
considerably lessened plasma requirements.
Later studies have concentrated on the
early introduction of fusion in utility
systems. Specifically, small to medium
size near break~even fusion systems which
can breed fissile fuel and produce hydrogen
while being driven with large base load
thermal fission plants are currently under
investigation. Such systems offer the
potential to reduce power-peaking costs,
simpTify fission reactor refuelling
decisions, and improve overall utility
system relfability while introducing
fusion fechnology at an early date.

The accumulation of data and formu-
lation of methods to perform detailed
anatyses of fissioning blankets was
completed in 1973, The methods and data
were employed to compute neutron trans-
port, photon production and transpert,
fissien energy production, fissile fuel
breeding, and energy deposition profiles
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for both thorium and natural uranium
blankets. The techniques and data for
analyzing the early introduction of
fusion reactors in utility systems have
been under formulation since 1975.
Evaluations of this type are just begin-
ning but preliminary results should be
available in the next six months.

EARLY FAST-FISSION HYBRID STUDIES

The main objective of The University
of Texas at Austin work was to quantify
the ability of the 14.1 MeV fusion
neutrons for breeding Egg] and Eggtiating
fissions directly in U or Th while
maintaining adeguate tritium breeding and
energy deposition profiles in the fusion
reactor blanket. This direct fissioning
approach was taken because it presented a
capability for the use of these materials
which is unigue tc the D-T fusion blanket
system. The approach also has the
advantages of allowing the blankets to
remain far subcritical and makes the most
use of neutron multiplying reactions to
increase fiss%}g fuel Eggduct1o Direct
fission in Th and U is also advanta-
geous, since these nuclides are plentiful
and any dependence on breeding of fissile
materials for fuei is e31m1n%ted 538
fission cross sections of Th®3Z and U
are .36 barns and 1.2 barns, respectively,

t 14 MeV. 53@dd1t10n to the fission
PEaCtEOHS, Th and U238 have substantial
{n,2n) and (n,3n) cross sections which
provide neutron multiplication. The basic



fusion reactor blanket to which the
thorium or natural uranium fuel was

added employed Yiquid 1ithium metal
coolant, niobium vacuum wall, and
graphite moderator-reflector regions with
the same overall démens?ons as the stan-
dard blanket model®. Since this approach
sought to use as fuel nuclides which do
not readily fission, the large energy
releases in the blanket per fysion
neutron of some other studies®»" could
not be achieved.

The fission fuel was assumed to be in
the form of either Th0, or UD? rods clad
in niobium. WNatural 1iquid 1ithium was
chosen to also be the coolant for the
fissioning regions of the blankets. The
volume fractions of fuel, clad, and coolant
were specified to be .45, .15, and .40,
respectively. These values are typical of
the volume fractions employed for liquid
metal cooled fast reactors which are
designed to operate at average power
densities greater than 500 w/cmS. The
density of the Th02 and U0, fuel was
assumed to be 9.357and 10.5 gm/cm?,
respectively,

A description of the hybrid blankets
studied 1s presented in Figure 1. The
thickness of the region containing the
fission materials was increased until the
tritium breeding ratic dropped below 1.1.

CALCULATIONAL METHODS

The transport calculations were pep-
formed using the ANISN computer program®.
Cylindrical geometry, 100 neutron groups,
21 gamma ray groups, an Sz angular seg-
mentation, 84 spatial mesh intervals, and
a P3 expansion of the cross sections were
employed. The neutron cross sections
were taken from the DLC-206 Tibrary.
Activity cross_sections were generated
using SUPERTOG’ and the ENDF/B version III
Tibrary. Secondary photon_production
cross sections for Li9, Li/, and ¢ wege
taken from the data of Ritts, ef. al.
POPOP4Y and POPLIB were uc-" #ith neutron
cross sections from SUPERT(Y 4o generate
the secondary gamma ray production cross
sections for Nb93, 016, Th232, 4235 4nd
U238, The neutron kerma factors for
these materials were calculated with a
code written for this purpose (KRMCAL).
The neutron kerma factors for thorium and
daranium are dominated by the fission re-
acticn which was assumed to impart 172 MeV
per fission to charged particles. Samma
ray kerma factors and cross sections were
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calculated using MUG' | with the photo-
electric effect and pair production cross
sections from Howerton's Photon Inter-
action Cross Section Library., The (n,3n}
reaction was included in the DLC-2D cross
secticn matrices through a computer
program {SECN3N) written for this purpose.
A block diagram of the computational
scheme is shown in Figure 2. In the
figure, the codes are indicated along
with their source.

THORIUM BLANKET RESULTS

Blanket performances for thorium
regions 6 and 13 cm thick were calculated.
Tritium breeding summaries for the 6 and
13 cm cases are presented in Table 1.

The total tritium breeding ratios for
these cases were 1.30 and 1.310, respec-
tively. Table 2 contains the (n,fission)
and {n,vy) fissile fuel breeding reactions
by region for the two thorium blankets.
The .311 Th232 (n,y) reactions per

fusion neutron for the 13 ¢m thick
thorium region blanket was near the .325
value of Lidsky's thorium blanket'?. The
total tritium breeding ratios for these
blankets were alsc nearly the same (1.70
for the 13 cm thick blanket and 1.13 for
Lidsky's blanket). In addition, the

13 cm thick blanket studied here produced
9.25 MeV per f§§§on reaction due to
fissions in Th®7c. The fission reactions
took place primarily at 14 WMeV. For the
13 cm blanket, the first neutron group
(14.9-13.5 #eV) accounted for 73, 63,

and 55 per cent of the fission reactions
which took place in regions 4, 6, and 7,
respectively. Resonance self-shielding
was neglected in these calculations.
Another later study]3 showed that
accounting for resonance self-shielding
results in increases in the tritium
breeding ratio of ~.04 and ~.12 for
shielding niobium and thorium, respec-
tively. These increases in tritium
breeding ratic for a given thorium

region thickness are of course accompa~
nied by similar degreases in niobium
absorption and U production. Thus,
the cptimum actual Th thickness will be
larger than the 13 cm arrived at in the
calculations. Increases in the region
thickness do not result in large in-
creases in fission power so that the
main effect is to increase the required
reactor. inventory of fission material

and the resuits of the un-seif-shielded
calculations remain basicaily valid.



The heating rates by region for the
& cm thick and 13 cm thick thorium
blankets are presented in Table 3. The
locat heating rates in these tables in-
clude the kinetic energy imparted to the
fission products., If the first wall
Toading of 14 MeV neutrons is assumed %o
be 10 MW/mé, the peak power density in
both biankets is about 200 w/cm3. This
value is reasonable for the lattice, but
an analysis to assess whether adequate
cooling of the niobium walls could be
maintained was not performed.

The heat depositicn due to the local
and gamma ray interactions in the nic-
bium walls was reduced for both the
thorium cases relative to the standard
blanket. The gamma ray contribution
to the heating of the first wall was
reduced from 4.6 per cent of the fusion
neutron energy for the standard blanket to
4.0 per cent of the fusion neutron energy
for the 13 om thick thorium blanket. A
similar reduction is observed in the second
niobium wall. The energy leakage from the
thorium blankets was also decreased rela-
tive to the standard blanket case. The to-
tal energy leakage from the & cm and 13 ¢m
cases were .0096 and .0075 of the incident
fusion neutron energy. About 36 per cent
of this energy was carried away by the neu-
trons. The energy leakage from the stan-

dard blanket was .0120f fusion neutron energy.

URANIUM BLANKET RESULTS

A 13 cm thick natural uranium
blanket was also considered. The total
tritium breeding ratio for this blanket
was 1.27. The fission energy generation
in this blanket was 40.3 MeV per fusion
neutren. If a first wall loading of 10
MW/mZ of fusion neutrons is assumed, the
maximum power density in the uranium
region is over 500 w/cm3. This occurs
near the first vacuum wall. Since this
wall will be very difficult to cool, the
yranium was removed from the space be-
tween the niobium walls (region 4) for
the remaining natural uranium blankets
studied. Blankets were studied with
uranium absent in this region but with
thicknesses of 10, 13, 20, and 26 cm of
natural uranium!s,

The tritium breeding results for the
four uranjum blankets are presented in
Table 4. The number of fissions and
fissile fuel producing capture reactions
par fusion neutron for the four uranium
plankets are shown in Table 5. The 20 cnm

~223~

thick blanket achieved a tritium breeding
ratio of 1.09 and .53 fissile fuel nuclei
per fusion neutron. Since resonance self-
shielding was neglected, the 26 cm case

is probably more accurate for estimating
the fission energy production. This
blanket generated an additional 45 MeV

per fusion neytron from fissicn (86 per
cent due to U238 fissions).

Figure 3 contains & plot of the
local and gamma ray energy deposition for
the 26 cm thick uranium blanket assuming
a fusion neutron wall lcading of 10 MW/m=,
The gamma ray energy deposition in the
first niobium wall for this case in-
creased from .046 for the standard
blanket to .052 of the incident fusion
neutron erergy. Another significant
resutt was that the Nb(n,vy) reaction rate
in the niobium walls for the 20 cm
uranium blanket was over twice the value
for the standard blanket. The total
energy leakage from the 20 cm uranium
blanket was calculated to be .0055 of the
incident fusion neutron energy. This is
iess than one-half the value for the
standard blanket,

CONCLUSIONS ABOUT THE FAST FISSION BLANKETS

The natural uranium biankets studied
were found to be capable of producing as
much as 45 MeV of fission energy and .53
fissile nuclei per fusion reaction. The
first wall heating Toad for such a
bBlanket was not found to be greatiy dif-
ferent from the heating Toad calculated
for the standard blanket. A reasgnable
max imum power density of 203 w/cm® was
calculated for such a blanket with a
first wall fusion neutron energy flux of
10 MW/mZ.  For thorium oxide instead of
uranium oxide in a similar blanket con~
figuration, a maximum power of 9-12 MeV
and .31 fissile nuclei per fusion neutron
can be achieved while adequate tritium
breeding is maintained. The natural
yranium blanket therefore is capable of
producing about four times the fission
energy and 1.7 times the fissile material
production of the thorium blanket. About
85 per cent of the fission power from the
natural uranium blanket is due to
fissions in U238,

COMMERCTALIZATION OF FUSION REACTORS

After the methods and data to per-
form neutronic evaluations of fission-
fusion blankets was assembled, our
attenticn turned to concepts which might



ease the introduction of fusion to
utility systems. Hybrids seem to have
some particular advantage in this re-
spect. The introduction of fusion
reactors witl depend largely on their
reliability, economy, safety, and envi-
ronmental impact. First-generation,
base-load, pure fusion reactors, subject
to all the uncertainties of any new
energy production technotogy, may well be
Tess attractive to utilities than the
fission or coal generation opticns. In-
termediate fusion-fission systems offer
the potential to relax some of the engi-
neering requirements of pure fusicn
systems. There are even some advantages
to a system that breeds fissile fuel with-
out generating electricity, and it is
this type of system which we have decided
to evaluate.

[t is the purpose of the present
study to investigate the economic
feasibility of an elementary fusion
device which would produce fissile
material and possibly fission energy as
well. Since utility system reliability
is considered to be of overriding
concern when evgluating the hybrid, it
will be assumed that the pronosed device
may only be run in off-peak periods. A
preliminary analysis has shown that water
splitting rather than electric generation
15 possibly more economical for such a
Aybrid.

HYBRID EMERGY STORAGE SYSTEMS

The advantages of & fissile fuel and
hydrogen preducing system which operates
only in off-peak periods are numerous.
One of the most important is that it may
allow early introduction of fusion sys-
tems which are smaller and which achieve
less stringent plasma conditions than
base-load pure fusion reactors. Such a
concept also minimizes the effects of
forced outages of the fusion device on
the utility system operation. Another
advantage is that the fusion hybrid sys-
tem can be driven with cheap excess fis-
sion reactor capacity to produce more
fissile fuel than is consumed and copious
quantities of hydrogen for displacing the
expensive fuel of peaking units and for
sale. Disadvantages of such a system ave
that it reguires the introduction of both
fusion and water splitting technology and
such an energy storage system is probably
more expensive and tess reliable than a
pumped storage unit.
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A schematic diagram of the system we
are considering is shown in Figure 4.
The 1important components of the device
are (1) the plasma heating device, (2)
the fusion plasma, {3) the fusion reactor
blanket, (4) a direct conversion device,
and (5) the water-splitting equipment.
Other components not divectly part of the
fusion reactor system are the storage
tanks and hydrogen-oxygen turbine. The
economic feasibility of such a system is
under investigation for various perfor-
mance assumptions for each of the compo-
nents. In addition, a hypothetical
utility system is required for the analysis.

A modified version of the ORSIM'®
program is heing employed to determine
the optimum capacity factor for the hy-
brid system for each menth of a multi-
year operating period. The ORSIM pro-
gram computes the energy generation from
each station of the utility system such
that the total fuel costs over the simu-
tation period are minimized. Forced
outages are accounted for using a proba-
bilistic model. For the hybrid system
credit is taken for sale of fissile fuel
and excess hydrogen production. Although
comprehensive parametric studies have not
been completed, and example which i1lus-
trates the results follows.

The hybrid system parameters chosen
are presented in Table 6. Several cases
were run and all of the values used are
listed. The reactor perforT%nce is based
on the TCT design of Jassby'®. The
thermochemical water splitting process
was the one proposed by De Beni'/ which
was designated as the ISPRA Mark I
process. This water splitting process
was chosen since the maximum temperature
it requires is 750°C., which should be
attainable in the fusion reactor blanket.
The blanket fissile fuel and fission
power production were based on the cal-
culational results presented in the first
part of this paper. Cases were run %o
examine the effects of changing the
hybrid reactor system size and performance.

The utility system chosen for the
simulations is described in Table 7. It
was derived from the APPLE system which
was included with the ORSIM computer
code. A twe-year simulation period was
utilized. The fissile material and



hydroger values employed were $25/g and
$1/M8TU, respectively.

Figure 5 summarizes the results of
fusion reactor operation simuiation for
three different hybrid systems. These
are; {1) thorium blanket; Qn = 1.2,

C= .4, Mg = 1.7; (2) thorium blanket;

Qp = 1.8, C = .4, Mp = 1.7 (3) uranium
blanket; 9, = 1.2, C = .6, My = 5.4.
Cach of the three systems was studied
for power consumptions of 200, 4C0, 600,
8C0, and 1000 MWa. To illustrate the
relative economics of these systems, the
yearly average value of the produced
fissile material and hydrogen is plotted
in Figure 5. The broken Tine in the
figure indicates the required revenue for
a 4.5% annual return if the hybrid sys-
tems costs are $1000/kw consumed. For
the 400 MW system, the total income
receives about the same amounts from
hydrogen and fissile material. The
capacity factors for the hybrid systems
vary from about .25 - .40,

The results just presented are
preliminary and final conclusicns
regarding the economic feasibility of
such a system will require more detailed
studies. Even a marginally economic
system could be viable, since it would
represent an important intermediate step
toward a pure fusion and hydrogen economy.
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THE ECONOMICS OF FUSION~FISSION SYSTEMS

D. E. Deonigi and R. L. Engel
Battelle Pacific Northwest Laboratories
Richland, Washington 99352

ABSTRACT

To determine if a fusion-fission (hybrid) system will be an economic energy source
in the future, a computer simulation is used to predict future requirements, given a
demand and cost factor scenarioc, A linear programming model can evaluate new generation
alternatives by estimating costs of new technologies and comparing results to a base

case without the new alternative,

a successful hybrid system ranges from $450 to $680/kWt.

It was determined that the allowable capital cost for

This 1s 1.0 to 1,5 times cur-

rent estimated costs of LMFBR and 1.8 to 2.7 times the present cost of LWRs. Many

plants might be built ranging from 200 te 1000 gilgawatts installed capacity.

If the

cost targets can be met, the hybrid power plant would be an economically justified

research and development program in the U,S.,

INTRODUCTTION

Fusion-fission (hybrid) systems may
become economically desirable for one or
more of the following reasons: (1) the
cost of fissile material becomes very
high, (2) the hybrids become technological
stepping stones te fusion systems and
(3) electric production costs are lower
than alternative systems. The development
of fusion-fission systems will require
substantial investment in research and
development over the next 20 to 30 years
in the United States., Tt Is expected
that such an investment will result in a
net financial benefit. As a point of ref-
erence, the meost likely return from the
estimated $8 billion Liquid Metal Fast
Breeder FProgram' (ILMFBR) in the United
States is expected to be $52 billion over
a 30-year time period.

The decision to construct an electri-
cal generating plant of any technology 1is
ultimately made by the individual electric
generating utility, Each utility, iIn
turn, is expected to provide electricity
to its customers at the lowest possible
unit price, Thus, the only way that
hybrid power plants will be built in sig=
nificant numbers is if the long-term eco-
nomics appears favorable as viewed by the
utilities,

UTILLITY DECISION PROCESS

Fusion~fission system, by their very
nature, present the designer with greater
problems than either of the separate sys—
tems. Besides the normal tradeoffs
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between capital and operating cost face
tors, there is the added problem of choos-
ing the right level of electrie production
relative to fissile material production.
Designs have ranged from those which con-
sume electricity and produce large amounts
of fissile material, called "electric
breeders”, to designs where only small
amounts of fissile material are produced
and the dominant product is electricity,
To assist designers in making these deci-
slons, the situation which may exist at
the turn of the century has been simulated
so that the relative value of producing
fissile material or electricity can be
more accurately appraised., This appraisal
requires identifying the potential alter-
natives that electric utilities will have
to choose from in selecting the next power
plant addition to their system.

The generally accepted technigue,
stated as the criteria for utility deci-
sion process, is to sum all plant costs
over a 20 to 30-~year period into a single
figure of merit through a process known as
pPresent worthing., Thils process weights
the relative importance of expenditures in
future years to the initial capital expen-
diture in proportion to the cost of bor-
rowing money. The mathematical expression
for this term, which we will call the
30-year cost, is as follows:



30-YEAR COST

L
C=P+ 3 (140 {F+ R, + OM, *NM))
i=1

mn

CAPITALIZED COST

PLANY CQOST

DISCOUNT RATE

PLANT LIFETIME

FUEL CYCLE EXPENSE FOR YEAR |
EXCLUDING NUCLEAR MATERIAL
PURCHASE OR CREDMTS

R: = [INTERIM CAPITAL REFLACEMENTS

; = OPERATION AND MAINTENANCE (INCLUDING TAXES)

i = NUCLEAR MATERIALS {U;0, AND
PLUTONIUM) PURCHASED

POWER PRODUCTION ALTERNATIVES

The principal alternatives for elec-
tric power production likely to be avall-
able in year 2000 are coal-fired plants,

light-water reactors, and LMFBRs, in addi-

tion to the potential availlability of
fusion-fission systems.
the general characteristics of each sys-—
tem,
electric may also be attractive by year

2000 but were not included in this analy~
The characteristics of ceal, LWR and

sis.
LMFBR are based on a recent study of the
U.S. breeder program. The hybrid power
plants, on the other hand, are presented
as a range of fissile material and elec-
trical production levels and the associ-

Table 1 describes

Other advanced sources such as solar

role of the cecal-fired plant in this
analysis is to provide an upper limit on
the cost of nuclear systems before a sys-
tem of well-known performance becomes a
less costly alternative, The light-water
systems also have well-known performance
characteristics but consume a resource
(uranium) which is considered to be in
much shorter supply than ccal and would
experience rapid increases in costs even
before year 2000, The performance charac=
teristics of the LMFBR are less certain
and are represented in this analysis with
a design yleld of a l2-year doubling time
of pluteonium inventory.

The demand for electricity can
markedly affect not only the number of
hybrids which may be built but, in the
case where introduction of the hybrid is
keyed to high cost of fissile material,
may contrel the date of hybrid introduc—
tion. Figure 1 shows the total electric
energy requirements projected through
year 2040 along with the estimated operat-
ing capacilty of various technologies,
called the reference case. The reference
case includes the introduction of an
LMFBR in 1993 and the eventual introduc-
tioen of a pure CTR in year 2010, Tt is

ated allowable cost that would let the
aybrid be economically effective in the
estimated situation near year 2000,

The

Into this environment that we estimate
the characteristic properties of a hybrid

system which would be economically accept-

able in the U,8. electric generating
system near yvear 2000.

Table 1. Characteristics of Alternative Energy Systems Potentially Available in 2000
LWR LWR
URANIUM  PLUTONIUM  LMFBR CTR HYBRID COAL

ANNUAL PLUTONIUM YIELD, kg/MWt 0.069 -0.128 0.142 0 0.5—1.5 0
INITIAL PLUTONIUM REQUIREMENTS,

kg/ MWt 0 0.403 0.684 0
ANNUAL U,0, REQUIRED, TONS /KWt 0.075 0.012 0.001 o’
ANNUAL SEPARATIVE WORK REGUIRED,

ko /MWt as 2.3 0.080 0
SLi (ANNUAL} kg ¢ o 0 140 ~50 0
ANNUAL NUCLEAR FUEL PROCESSED,

kg MWt 12 12 9.5 0 ~20 ]
TONS COAL (LIFETIME), TONS/MWt 18 THOUSAND
ELECTRICAL-TO-THERMAL EFEICIENCY 0.326 0.325 0.38 0.40 -0.20—0.40  0.40
CAPITAL COST, $/KW (1975 DOLLARS) 640 640 740 770 VARIABLE 550
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Fig, 1. Forecasted Operating Electric
Generation Capacity for the
Reference Case.

ECONOMIC ANALYSIS MODEL

A computer simulation systemz that
has been developed for the United States
Energy Research and Development Adminis-
tration (ERDA) was used for this study,
The simulation estimates the optimum
pattern of future electrical supply and
1s centered around a linear programming
(I?) model. The model simulates the
Industry's process of determining what
types of plants to build and when to
build them. The decision criterion is
the minimization of present worth system
cost, subject to many decision limiting
constraints. Many of the constraints
make the decision process more closely
resemble the utllity decision process.
The system cost includes both construction
and operating costs,

In this model, each decision variable
represents the number of plants of a cer-—
tain type to be bullt in a fixed time
interval, Each fueling scheme considered
is represented as a unilque variable. For
instance, several variations of which
years an LWR uses plutonium recycle are
specified. This allows a simulation of
the utility decision process to build an
LWR plant without knowing what the 1life-
time fueling scheme would be. At some
future date, if plutonium becomes avail-
able economically, the utility would
change over to plutonium recycle. The LP
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model optimizes over the whole study
horizon and selects the variable that
represents switching over to plutonium
recycle at that later date., This model,
of course, is an aggregation of all util-
ities and does not attempt to model an
inddvidual utility. 1In this study, a
model plant was generated for each combi-
nation of the performance characteristics
for the hybrid. Then by changing the
capital cost of the model plant until the
desired effect is obtained, one can esti-
mate the allowable cost for the hybrid,

A very strong feature of this model
is that the cost of uranium and fissile
material do not have to be specified as a
function of time., Rather they are deter-~
mined by the solution of the model, and
thus effectively have continucus feedback
loops. As the plant mix changes during
sclution, the cost of uranium and fissile
material changes. Uranium cost is specl-
fled as an increasing function with the
cumelative amount consumed (Table 23,
These values were reviewed by a group of
interested utility representatives serv-
lng on the EPRI Fusion Committee,

Table 2. U 04 Cost/Avallability

(1975 Dollars)

THOUSAND TONS Us0, COST, (571}

AVAILABLE REFERENCE CASE  LOW COST CASE
400 18 16
5OC 20 18
500 25 20
600 a0 20

1000 60 24
1.0600 80 40
1.060 100 &6
1,000 110 70
1.000 120 80
3,000 126 36

SEPARATIVE WORK COST

YEAR §/8W UNIT
1680 76
1980 75
2000 70
2010 85



A second important factor affecting
fissile material price is the enriching
process known as separative work., The
unit cost (shown in Table 2) of this pro-
cess is estimated to increase over the
next 10 to 15 years but then decline as
the result of new technologies that are
presently being developed., A fissile
material stockpile is constrained to
never go negative: the fissile material
must be produced before it can be used,
The cost of the plants and other factors
in the solution thus determines the price
of the fissile material,

In each of these unit cost tables, as
with the other costs that have been pre-
sented, it is assumed that inflation can
be neglected in that it will have similar
ilmpacts on each of the alternative techno-
logies and would also be extremely
difficult to estimate over the time hori-
zons treated in this analysis.

To accumulate the impacts of deci-
sions by utilities beginning in 1975 and
extending through year 2040, the cost of
operating the entire United States elec-
tric generating system is summed where
the weighting placed on each year's cost
is modified by the present worth factor
based on 2 7.5% annual discount rate.
These expenditures ¢an be compared with
R&D costs which are accumulated from 1975
in an ldentical fashion,

Figure 2 shows the unit cost over
time for uranium and fissile material for
the reference case. The leveling off of

120

U,0; REFERENCE CASE 5/(b\ T

100 |-
UyQ, WITH ol
FUSION-FISSION s/1h £~

80 — 4

Z

-
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5/3M FISSILE
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20 |-

I L ! | i |
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Fig. 2., Fissile Plutonium and U 08
Prices as Affected By tﬁe
Introduction of Fusion~Fission
Systems in Year 2000.
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these costs is the result of the introduce—
tion of the breeder reactors and eventu—
ally the CIRs after the turn of the
century.

DESIGN TRADEOFFS

Design tradeoffs can be established
for fusion-fission systems based on the
reference case conditions. These condi~
tions simulate the availability of a
hypothetical hybrid system which 1s
characterized in terms of the fissile
production/MWt, net electric efficiency
and the 30-year cost exclusive of nuclear
materials. To bracket the possible range
of design characteristics, a high thermal-
to~electrical efficiency of 0.4 was used,
and a low value of =0.2 representing the
electric breeder concept was selected.

To make another data point available for
interpolation, a third case was included
in which the net electric production was
zero. The range of pluteonium production
allowed was zero to 1.5 ,/MWt. The point
where zerce plutonium oc. vs is equivalent
to the performance char..teristics of a
pure fusion system,

By introducing all hybrid medel
plants into the model at high cost, the
cost that makes each hybrid design just
competitive can be determined from the
reduced cest, a standard sensitivity
analysis feature of linear programming.
By further reducing the 30-year costs,
the hybrid progressively captures a
larger and larger market share and the
resulting increase in system benefits is
determined, Figure 3 illustrates the

ac0
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Fig. 3. Allowable Capitalized Cost For
Fusion~Tigsion System {(2000)
With LMFBR (1993)—With CTR
(2010),



result of this procedure for the rveference
case conditlon. TFrom this figure, design
tradeoffs between initial system cost,
operating costs, plutonium production
rate, and net electric efficiency can be
evaluated, Experiments with additional
design points have verified that simple
interpolation between data points is

quite satisfactory,

Figure 4 applies this concept to a
mirror plasma confinement concept reported
by Moir.3 Point A on Fig. 4 shows the
design location using Moir's cost estimate
with A' indicating the allowable cost for
fuslon~fission concept application in the
reference case situation. An alternative
design point where more fissile material
is produced is indicated by Point B and
its associated cost requirement by B'.

As can be seen, the design with lower
plutonium production is very nearly at an
acceptable level, whereas the electric
breeder design is substantially off the
target value and would require conslider-
able cost reductlon to be chesen by the
simulation model.

200
HWe /MWt

0.40

00 1~

- 2.0

800 -

HO0 P

400 -

00 -

CAPITALIZED COST. $/KWL

200 P

CAPITALIZED COST - LWR EQUIVALENCE

100 |~

0.6 1.0 1.6
ANNUAL FISSILE MATERIAL PRODUCTION. Kg /Wt

Fig, 4. Allowable Capitalized Cost For
Fusion~Flssion System (200Q)
That Yield Zero Benefit With
LMFBR (1992)-—With CTR (2010).

FUSION-FISSION ROLE
WITH NONREFERENCE CASES

The fusion-fission systems could cap-
ture a substantially greater share of the
electric producing system in cases where
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the LMFBR or other fission alternatives
were found to be impractical or were
delayed substantially. Of course, it is
also possible that the other factors such
as lower total energy demand, lower
uranium costs and improved performance by
the LMFBR would lead to a smaller share of
the market for fuslon~fission systems,

In the reference case, a window in
time exists for the hybzrid power plant
between its approximate time of introduc-
tion in year 2000, when plutonium supplies
are still short, and the time of Introduc~
tion of the pure fusion techneclogy.
Although after the pure fur ,m alternative
is available, there is st’ .. Jtrong con-
tinuing need for fissile w -erial supplied
to the large number of light~water reac-
tors In cperation by year 2000, F¥Figure 5
shows the impact on the reference case of
introducing hybrids in year 2000 with a
relatively high electrical efficiency
(0.4 MWe/MWt) and an annual yield of 1.C
kilograms of fissile plutonium/MWt. The
number of hybrids built was quite small
due to the availability of the pure CTR
only 10 years after the availability of
the hybrid. However, the effect iIs sig-
nificant; 30% more LWRs operating in year
2020 using hybrid-produced plutonium
yielding a $10 billion electrical system
benefit. The impact on uranium and
plutonium prices is shown in Fig. 2 for
comparison with the reference case,
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Fig. 5. Forecasted Operating Electric
Generation Capacity With

Hybrids.



The first nonreference situation
examined involves the elimination of the
pure CIR as a future energy source,

Table 3 summarizes this analysis, compar-
ing it with the case when the CTR is
available. Note that the allowable 30—
year cost has gone up only slightly
expressed in dollsrs/kW, The 1.5 "LWR
equivalence" means that a utility could
afford to pay one and a half times the
cost of building the LWR for a hybrid
having the previously described perfor-
mance characteristics. The uranium con-
sumption is basically unchanged as is the
value of plutenium, The result is that
many more fusion-fission plants are
required; these operate in a symbiotic
fashion with the expansion of light-
water capacity as the preferred substitute
for the CTR market share. At the allow-
able 30-year cost shown, the hybrid-LuRr
combination is preferred over the LMFBR.

The next competitive situation,
Table 4, considered invelves the elimina-
tion of the LMFBR from the available
alternatives to & utility. 1In this case
the optimal solution in the absence of
hybrid availability involves a consider-
able expansion of the energy supplied by
fossil-fired power plants. As a result,
the addition of hybrid technology into
this situation with very high plutonium
values requires only half as many plants
to yleld the same $10 billion in system
cost reduction., In this case, the allow=
able cost of the hybrid is up to 2.25 in
LWR equivalence units, Uranium consump=
tion stops about 2020, but use prior to
hybrid introduction still exceeds that
used with LMFBR available.

The importance of the date when
fusion-fission systems become available is
shown in Table 5 for the 1990 and 2000
dates, The earlier introduction results
in accumulative savings at an earlier date
with higher present worth importance.
Also, fewer light-water plants which con-
sume plutonium from hybrids are in opera-
tion, The higher allowed capital cost
($51CG/kW) eventuzlly limits the total
market available to hybrids and LWRs in
competition with the LMFBR technology.

Due to the earlier introduction, less
total uranium is consumed through vear
2030,

The cest of uranium, which is a ready
substitute for plutonium produced by
fusion~fission systems, has a minor affect
on allowable cost., When the schedules of

cost and availability are changed from
the reference case showm in Table 2 and
replaced by the low schedule, a $30/kWt
reduction in the allowsble cost resulte,
This is shown in Table 6 for the situa~
tion with LMFBRs available. The uranium
usage 1s considerably higher as expected
at the lower prices and LWR capacity alsc
expands along with a slight reduction in
the need for fusion~fission systems.

The demand for electricity is another
important factor which is uncertain today
and considerably more uncertain in the
time period examined in this analysis. A
lower energy demand reduces demand for
uranium as shown in Table 7 by nearly a
million tons through 2030, This reduced
demand reduces plutenium values and neces-
sarily lowers target cost for hybrids to
produce a competitive product.

CONCLUSION

The economics of fusion-fission
systems is more complex than any other
reactor system due to its hybrid quali-
ties., Design tradeoffs must be made
between fissile material production, elec—
trical production and capital costs. The
proper choice of tradeoffs depends on the
situation which the designer thinks is
most probable some 25 years from now.

From the reference case and the
series of alternative situations which
have been presented, the aliowable capital
cost for a successful hybrid system ($1C
million benefit) ranges from %450 to
$680/kW. This is approximately 1 to 2
times the presently estimated cost of
LMFBRs and 1.4 to 2.2 times the present
cost of LWRs, These cost targets appear
to leave sufficient room for the fusion-
fission system to realistically operate.
The number of plants that may be built
could be large, as noted in each of the
cases examined, ranging from 200 to 1000
gigawatts installed. Thus it appears
that the hybrid power plant, if the
described cost targets can be met, would
be economically justified as an R&D pro-
gram in the Unilted States,
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Table 3. Effects of CTR Availability (LMFBR - 1993, CTR ~ 2010}

Fuslon-Fisslon 30-Year Cost ($/kWt)
LWR Equivalence

U308’ Required (Mililion Tons) By 2030
Plutonium Value, 2020 ($/g)
Fusion-Fission Capacity, 2030 (GWe)

LWR Capacity, 2030 (GWe)

Table 4. Effect of IMFBR Avallability (LMFBR -~ 1993, No CTR)

Fusion~Filssion 30-Year Cost (3/kWt)
LWR Equivalence

U308’ Required (Miliion Tons) By 2030
Plutonium Value, 2020 (3/g)
Fusion~Fission Capacity, 2030 (GWe)

LWR Capacity

_CIR_
450
1.45
4.0
38
196
2210

No
LMFBR

680
2,2
4.7
55
600
3300

No CTR

465
1.5
3.9
38
1036
2830

LMFBR
465
1.5
3.9

38
10386
2830

Change

Magnitude
15

0.05
0.1
0
846
620

Change
Magnitude
215

0.7
0.8

17
434
470

Table 35, FEffects of Fusion-Fission Availability.Date (LMFBR -~ 1993, No CTR)

Fusion-Fission 30-Year Cost ($/kWt)
LWR Equivalence

U308’ Reguired {Million Tons) By 2030
Plutonium Value, 2020 (&/g)
Fusion-Filssion Capacity, 2030 (GWe)
LWR Capacity, 2030 (GWe)

_1990
510
1.6
2,9

37
320
2110

2000
465
1.5
3.9

38

1036

2830

Table 6, Effects of Uranium Cost Schedule (LMFBR - 1993, Ne CTR)

TFusion-Fission 30-Year Cost ($/kWt)
LWR Equivalence

U308’ Required (Million Tons) By 2030
Piutonium Value, 2020 (§/g)
Fusion~Fission Capacity, 2030 (GWe)

LWR Capacity, 2030 (GWe)

Reference

Schedule

465
1.3
3.9
38
1636
2830
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Low~Cost
Schedule

435
1.4
3.9
37
995
4580

Change
Magnitude

43
0.1
1.0

1
716
720

Change
Magnitude
30

0.1
2
1
41
1750



Table 7.

Effects of Energy Demand (LMFBR - 1993, No CYTR)

Fusion~Fission 30-Year Cost (§/kWt)

LWR Equivalence

Us

08’ Required (Million Toms) By 2030

Plutonium Value, 2020 (§/g)
Fusion~Fission Capacity, 2030 (GWe)
LWR Capacity, 2030 (GWe)

Moderate

High Low
465 435
1.5 1.4
3.9 3.1

38 36
1036 650
2830 2640
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I.  INTRODUCTION

In this discussion session, formal
presentations on selected topics were not
requaested in advance., As a result most
of the session consisted of far-ranging
discussion comments from the participants
with, at times, rapid changes in discus-
sion topics. Although this procedure
maximized the opportunity for individual
expressions it also minimized the proba-
bility of successfully summarizing the
discussions into a coherent topical break-
down as has been attempted.

The day before this session, the
chairman circulated a 1ist of topics for
discussion. Some of these received
Tittle or no attention in the dicsussion
session apparently because of lack of
previous censideration to the topic or
that prior considerations had not allowed
reasonable conclusions to be drawn.

These topics are itemized here for future
consideration.

1. The question was raised as to
whether conclusions could now be drawn on
whether the different magnetic

confinement schemes, laser fusion, or
other concepts have inherently different
hybrid roles.

2. Many hybrid studies are based on
high conversion ratio fission power reac-
tors. In these cases alternative fuel
sources, e.g., enrichment, need to be
included in assessing the value of hybrid
produced fuel.

3. Hybrid-produced plutonium can
have quite different characteristics than
LWR or LMFBR produced plutonium. It can
be very highly enriched in 23°Pu and can
also contain large quantities of poten-
tially troublesome Tighter isotopes 23¢py
and 2%8Py, These characteristics have not
been included in determining economic and
social impacts in the fuel cycle includ-
ing: fuel form, reprocessing, refabri-
cation, fission reactor utilization, radio-
active waste management and safeguards.

Much of the discussion session con-
sisted of comments on the topic of the
desirabitity of hybrids which produce
fissile fuel and no export power {Symbi-
onts) versus the results of many economic
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studies which showed that fissile fuel
could be produced at {(near) reasonable
cost only when subsidized by the sale of
electricity. It seams quite clear that
the Symbiont is that desired by the cus-
tomer (utilities). It seems also clear,
at least in the absence of high-conversion
ratic fission power reactors, that the
sale of electricity from the hybrid
reduces the cost of the fissile fuel pro-
duced in the hybrid in the majority of
the studies which have been made. 1In
view of this dichotomy, the chairman has
not attempted to summarize the discus-
sions separately in this area.

In the summary which follows, the
chairman has attempted to organize the
discussions into five topical areas. In
the first of these, identified as 11.
General Economic Evaluations, some contin-
uous presentations were made and these
have been summarized separately. In the
remainder of the topical areas, the
authors of the comments are identified in
the narrative summary.

IT. GENERAL ECONOMIC EVALUATIONS

A. C. P, Ashworth, Pac. Gas & Elec.
Co.

Mr. Ashworth presented the
results of some estimated values of hy-
brids as interpreted by his utiiity. Com-
parisons were made for a hybrid which pro-
duced 1200 MWe of net power and for non-
power producing hybrids (Symbiots) which
utilized either the DT or DDD fusion
cycle. The assumed performance character-
istics of the hybrids were not presented
except that they each were based on 4,000
MW of thermal energy. The first presen-
tations were for hybrids producing Pu to

fuel either LWRs or HTGRs compared with
obtaining the same power from LMFBRs,
These comparisons have been summarized at
the top ¢f Table 1. The improved bene-
fits for the non-power-producing DT symbi-
ont over those of the power-producing
nybrid appear to be dominated by the
assumption that the assumed capital cost
and carrying charges of the power-pro-
ducer are 50% greater than those of the
symbiont but they are not. The projec-
tions of overall plant performance are
affected only to a minor extent by these
assumptions, Cn the bases used, the DT
symbiont appears to have some promise,
particularly with the HIGR power source.

The comparison of the hybrids with
the projections of a mixed GCFR and HTGR
power system is unfavorable for any of
the hybrid assumptions as shown in the
second half of Table 1. The overall con-
clusion of these comparisons then was
that the pursuit of the attainment of the
GCFR was much more favorable than the
development of fusion hybrids.

B. I. V. Pistunovich, Kurchatov
Institute, USSR

There are additional factors
which should be considered in economic
anaiyses of hybrids. A value factor was
proposed which would compare the probable
value of different types of hybrid reac-
tors with each other and with other
types of energy sources. This value fac-
tor would conceptually consist of the
product of the probability coefficients.
The first coefficient would he the prob-
ability that the type of fusion device
would prove to be achijevable in & physi-
cal sense. The second coefficient would
be the probability that an economically

Table 1. PGEE Estimated Annual Net Benefit Per Hybrid

LMFBR Comparison

Powar-Producing Hybrid

Non-Pawer-Producing Hybrid Symbiont

GCFR + 3HTGR Comparison

Power-Producing Hybrid

Non-Power-Producing Hybrid Symbiont

Bases: Hybvrid Capital Cost $3.0 B & 19%

LLWR _HTGR
DT $1.28B $0.18B
oY $3.78 $13.0 B
DDD $23.0 B $55.0 B
T $-2.6 B $-2.8 B
o1 $-0.8 B $0.28
bbb $1.58 $0.38B

Symbiont Capital Cost $2.C B @ 13%
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profitable system would be realized. The
third coefficient would be the probability
that the system would play a significant
role in the future economy.

Dr. Pistunovich speculated on the
probabiTity of physical success, particu-
larly for Tokamaks and Mirrors. Since
the plasma parameters requived for a suc-
cessful Tokamak appear to need extrapo-
lation of only about a factor of five from
present values, the value of the first
coefficient must be approaching unity.

For the mirror system, however, the value
of the successful coefficient may turn out
to be zero.

Dr. Pistunovich did not speculate on
the probability of fusion or hybrids but
did peint out that as opposed to thermal
fission reactors, the fast breeder reac-
tor could not yet be said to have a
ceefficient of unity.

The third coefficient was said to
contain factors such as environment and
safety which would be difficult to evalu-
ate even in the comparison of thermal
fission and coal power.

C. Ron Kostoff, DMFE-ERDA

The basic objective in the DMFE
fusion program is to evaluate the various
concepts for development, The whole
point of having the economic studies is,
through a cost/benefit type of methodol-
ogy, to see which concept will offer the
greatest net benefit and, thus, should
experience the greatest development.
Although a number of concepts have been
propesed which appear to be attractive,
there is a different probability for each
to be successfully developed by a certain
point in time at a certain cost. This
must be taken into account in any ratio-
nal cost/benefit analysis. Many of the
critigues of the direction of DMFE pro-
grams have suggested different forms of
development including advanced cycles
and non-mainiine concepts. The element
of increased risk of successful develop-
ment has not been considered in these
suggestions. For example, the DT and DDD
comparisons shown earlier by Mr, Ashworth
should not contain the same 19 percent
cost of capital because of the far
greater risk of development of the DDD
system.

One of the factors which must be
included in future economic analysis is,
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thus, an accounting for differences in
probability of development of different
schemes at different times and costs as
discussed by Dr., Pistunovich. DMFE has a
study underway by Steve Hichols and John
Vanceton at the University of Texas. The
objective is to try to develep a method-
ology to assess different probabilities
of success of development. This includes
refations to different program develop-
ment costs and in this way including it
in the cost part of the cost/benefit
ahalysis.

D. D. E, Deonigi, PNL

In response to questions from
the floor it was explained that his eco-
nomic projections to study hybrid market
penetration were based on the assump-
ticn of intrcoduction of a 20-year
doubTing time LMFBR in 1993 and a 1Z2-year
doubling time LMFBR in 7998. The 20-year
doubler had no significant impact on the
projections but the 12-year doubier was a
critical item. Given a viable hybrid and
onty a 20-year doubler LMFBR, it was
speculated that the 20-year doubler LMFBR
would "fall by the wayside." With the
12-year doubier LMFBR, however, the
introduction of a viable hybrid has onily
a small effect on the projected role of
the LMFBR economy. The significant
impact of the hybrid is to increase the
relative contributicon of the LWR primar-
ily at the expense of reduced fossil
energy. Even in this case, however, only
a relatively small number of hybrids are
projected. For this reason it seemed
that the introduction of advanced fissile
fuel systems into hybrids would intro-
duce economic penalties which would out-
weigh their apparent advantages.

I1I. FUEL CYCLE DYNAMICS AND BYRNUP

Duane Deonigi raised the question of
the impact on fuel cycle dynamics on
economic factors. In particular, in the
economic analyses,all studies seem to be
based on & common assumption that all of
the components of the plant are opera-
tional at the same point in time. For
exampie, the LLL-mirror hybrid study, the
output thermal power would increase by a
factor of two over the initial five year
operation. How dees this affect plant
costs and can it be optimized?

D, J. Bender reported that in their
studies they addressed these problems.
The parameters which affect the economics



are the capital penalty for unused ther-
mal capacity, fabrication and processing
fuel costs, and inventory of fissile mate-
rial. All of these considered can be
overall optimized in terms of fuel burnup.
In the case of their particular plant the
optimum burnup came out to be one percent
but would expect to be dependent on plant
concept. James Maniscalco, LLL, said
they recognized the Targe economic pen-
alty probably associated with a large
swing power ogver the Tifetime of the
system. Their solution was to reduce the
swing by proposing a changing laser repe-
tition rate and also by adjusting to a
shorter cycle through iower burnup.

W. H. Bohlke commented that in the
PPPL hybrid design, molten-salt fuel was
chosen, in part, in order to maintain a
constant power level during plant 1ife by
controiling the fissile content of the
salt.

Ken Schultz pointed out the correla-
tion of fissile inventories in fission
reactors and symbiots. Fuel dynamics may
be an important economic consideration for
symbiots.

Bi11 Allen pointed out that in their
studies the burnup of the fuel was based
on the anticipated use of stainless steel
process tubes and they were assumed to
have a Vifetime of perhaps 5 MW-yr/m?.

IV. STAHNDARD FACTORS FCR ECONOMIC
ANALYSES

Ken Schuttz commented that economic
ground rules can make a big difference in
the results of any study. Bookkeeping
method, discount rate, lead times, etc.
ail will affect the final cost. A set of
benchmark economic parameters would be
useful to form a common bhasis for all
analyses. Lack of such a set of param-
eters seems to be basic to the apparent
diametrically opposed conclusions of
some studies.

. H. Bohlke expiained in detail the
economic factors considered in the analy-
sis of the PPPL hybrid design. They con-
ciuded that increased electrical power
output led to the economic optimum. The
difference in this conclusion with that
of the LLL mirror hybrid study he con-
cluded must be dominated by differing
economic assumptions rather than the
vhysical parameters of wall ioad and con-
yerter power density.
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Bill Allen reported that the analy-
ses of the LLL laser-fusion hybrid showed
that a iarge factor in the determination
of capital cost resulted from the sheer
size of the nuclear plant. He compared
the volume as six times that of a PWR
nuclear plant and emphasized that this
was a factor which needed study to see if
a significant size reduction could be
accomplished. Jim Maniscalco, LLL, rein-
forced this viewpoint. Dan Cook, MIT,
also emphasized that they are studying E-
beam or laser-heater solenoid symbiots
that are scaied to small size, as there
appears fto be economic advantages of size,

Ron Kostoff reported that DMFE-ERDA
has been considering a two-day workshop
in the next few months for the purpose of
achieving a common costing basis for
hybrids and CTRs,

V. MOLTEN SALT TECHNOLOGY

The chairman had noted thal several
hybrid reactor studies have projected the
use of fission reactor melten salt tech-
noiogy in the hybrid blanket. The gues-
tion was raised as to whether such studies
were fruitful in view of the long lead
time required in the development of the
molten salt technoiogy. It was noted
that the final report of the Molten Salt
Reactor Experiment concluded that engi-
heering scale proof does not exist for
the following key elements of the system;
chemical steps, continuous fluorination
for uranium removal, UFg reducticn, bis-
muth isolation, and short-time cooled
chemistry. In particular the bismuth
isolation was noted to be a key problem.

W. H. Bohlke commented on the advan-
tages of the molten salt hybrid blanket
which had led to the choice of flibe for
the Princeton reference design. A major
advantage resulted from the ability to
adjust the fissile concentration of the
salt to maintain a constant thermal out-
put to match that of the installed gen-
erating capacity. They received encour-
agement from chemical engineers at
Princeton in their projected use of
fiibe. However, it was recognized that
this choice would undoubtedly involve
developmental costs and probability of
success of the development would be
difficult to assess.

R. S. Cooper argued that the fission
technology (molten salt) should be viewed
relative to fusion technology. Many



millions of dollars have been invested in
molten salt technology and undcubtedly
many more millions are required for com-
mercial development. However, all of the
fusion systems are really in the research
stage and not the development stage.
Since there has not yet been a fusion
equivalent of the Fermi pile, his epinion
was that there will be sufficient time
and funds available to develop appropriate
fission technology as fusion-fission sys-
tems are desired.

Andrew Cook responded that they had
to Took into molten salt problems, of
course, to justify their design. The
first point made s that the bismuth
extraction system for removal of protac-
tinium is really not necessary for a
hybrid. In particular, it was stated
that you can afford to pay for extra
inventory and hold up the salt for 21 or
23 days in order to allow the protactin-
jum to decay into 233U. (The chairman
notes, however, that 90 days would be
required for 90% of the 27-day 233pu to
decay to *33U.) The second point was
that the MSRE did run successfully for
two years at Oak Ridge with a few corro-
sion problems. Thus, although it is not
a cut and dried proven technology, at
least it is something you know can work.

In summary, it is clear that at some
stage a decision will be required on the
use of a molten-salt hybrid. The decision
must be based on the projected cost:bene-
fit of the technological development and
the probability of success. The decision
must be made at a time which will allow
development concurrent with that of the
hybrid fusicn device.

VI. 233Y-Th FUEL CYCLE

The chairman had noted that the
hybrid 233U-Th fuel cycle, analagous to
the hybrid 23%Pu cycle, had not been ade-
quately assessed for economic and social
impacts on: fuel form, reprocessing,
refabrication, fissicn reactor utilization,
radioactive waste management and safe-
guards. In particular, a study with
U. P. denguin, BNW, to be reported at the
Znd Topical Conference on Fusion Technol-
ogy had revealed several aspects which
were indicated to require much more exten-
sive study and evaluation. These includ-
ed 1) the impact on fission reactor uti-
Tization and safeguards of the high 233U
content which can be achieved, 2) the
impact of the #32U content which could be
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10-102 times that of HTGR produced 733U,
and 3) the implication of the enhanced
toxicity of the 233U at intermediate and
tong times.

Ken Schultz did not feel that an
order of magnitude more 2320 would neces-
sarily impact fuel reprocessing costs
significantly since remote fabricaticn
was already required. In addition, the
high fissile content could substantially
increase the fuel value above HTGR
produced 233U,

S. Gerstel expressed the greatest
concern about the biological hazard
potential of the hybrid produced 233U
due to the lower mass uranium isotopes.
If this led to a higher environmental
impact from a radicactive waste viewpoint
it could be an important consideration in
whether there were advantages in the
thorium cycle.

The chairman agreed that this was an
important consideration that needed much
more evaluation than it had presently
received. It was further pointed out
that 23%U was enhanced greatly in its
usage in the fission reactor thorium
cycle, Since the 23% radioactive decay
daughters dominate the Tong-term toxicity
of the uranium cycle, this should be an
important factor to be considered in the
thorium cycle, independent of the hybrid
except that the hybrid is viewed as the
attractive source of 233U,






SUMMARY OF DISCUSSION SESSION ON HYBRID BLANKET DESIGNS

Chairman: Ronald P. Rose
Fusion Power Systems Department
Westinghouse Electric Corporation
P. O, Box 10864
Pittsburgh, Pennsylvania 15236

INTRODUCTION

The discussion session on hybrid blankef de=
sign covered a wide range of topics, including
neutronic analysis, spatial distribution and crit=
icality, maintainability, etc. In preparing «
summary of this session, excerpts from the dis=
cussion were employed to highlight the key
points. Comments and questions from the par=
ticipants have been paraphrased from the
franseript of the meeting. Spedkers and their
affiliations have been identified, where possible,
The apologies of the chairman are extended to
speakers who may have been misquoted in the
process,

OPENING REMARKS BY CHAIRMAN

I had some reactions to the blanket aspects
of the studies we have heard described this week
that might be worth sharing with you and which
might provide a format for the organization of ques-
tions about designs in this session. One observation
was that we have several different approaches
to blanket design, in part because of different
perceptions of what the design requirements
are, and in part because people have adopted
different design solutions to satisfy those re~
quirements, It would be useful for us to try to
separate those two effects, especially when we
come to dealing with different sources of
fusion neutrons, One is fempted to say that
since we are all dealing with 14 MeV fusion
sources, there ought to be a great deal of
similarity in what you do with those neutrons
in the blanket. However, | think there really
isn't all that much similarity, ofter all, From
the point of view of what the blanket designer
perceives as his constraints then, the first table
fists some considerations that | had seen mani-
fested in one way or another in the various
blanket designs,
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Table 1. Blanket Design Considerations

e Mission - Breeding vs Power Production
e Duty Cycle ~ Fast Pulsed to Steady-State

@ Geometric Constraints
(e.g., toroidal vs mirror configuration)

@ Fuel Management -~ Frequency of Reload
e Neutron Spectrum

(e.g., Fust vs Thermal)
o  Neutron Multiplication Required

e Constraints on Structure Between Plasma
and Blanket

@ Remote Handling Censtraints
o Tritium Breeding
o Power Density Implications

¢ Constraints on Coolant Selection

First of atl, from the point of view of what
one is trying fo accomplish, what is the mission?
There has been a different emphasis in various
studies on whether one should emphasize breed-
ing or power production, or, in the case of our
study, an even more diverse mission in terms of
burning actinides. So the design of the blanket
that the designer comes up with then has to be
influenced by his perception of what the mission
is.

The next item is the duty cycle. Even
though we all work with a source of 14 MeV
neutrons, the distinction between getting them
in o very fast-pulsed mode from implosion of @
laser pellet at the one end of the snectrum to
essentially a steady=-state duty cycle which one
would gef from a mirror-type concept on the
other end has to have an impact. 'd be inter
ested in the various designers' reactions to that



design consideration. How did the pulse charac~
teristics affect your approach to blanket design?
In the case of the actinides, for example, we de-
cided we have to have a relatively short off-pulse
as well as a high-duty cycle, since the magnitude
of the cool-down you get depends on the absolute
value of off-time.

The third consideration involves geometric
consfraints. There have fo be differences one is
faced with in blankef design in trying to cope with
varfous geometries, such as the toroidal shape of
the tokamak and the mirror configuration, for ex-
ample,

Next, fuel management, The frequency of
refoad that one anticipated having to deal with
and how many of the blanket elements you have
to replace have an impact on the design,

The neutron spectrum required is another area
of consideration. I many instances, these are
interactive considerations that depend on the
mission you are trying to accomplish; the neutron
multiplication you require, for example, For the
actinides, we found we couldn't go it on fusion
neutrons alone. We needed to have quife a con~
siderable amount of neutron multiplication, We
have a K-effective of about 0.9 in the reference
actinide burner blankef. In fact, that considera-
tion alone excluded quite a few blanket concepts
that were otherwise atractive.

The next item deals with consiraints on the
structure between the plasma and the blanket.
i'd like to stimulate some comments on that
point. We found for our application you couldn't
stand much attenuation of the hard neutron spec-
trum by the sfructure and, in fact had to take the
whole blanket configuration and furm it inside
out so the coolant manifold was on the outside
and the fissile lattice was as close as possible
to the 14 MeV neutron source,

The next deals with remote handling constraints.
In a tokamak, for example, ! think you have to be
able to simply get af the blanket elemenis without
taking half of the rest of the device gpart, and
from that point of view, that has an impact on
how you approach the blanket design,

With regard to tritium breeding, one can try
to do this in an integral sense with blanket mod-
ules or by some separate modules designed solely
fo produce fritium.

The next item deals with power density impli-
cations. We have seen a range of considerations
there with the actinides. We see that we have to
push the power density pretty high to accomplish
the mission and fto live with some of the implica=-
tions that entails, in terms of cooling system
requiremenis and in terms of consideration of
faulted conditions, where you would postulate a
foss of coolant.

The final item deals with constraints on cool-
ant selection. Again, the effect of that constraint
will vary depending upon what kind of a fusion
source is involved. The magnetic confinement
systems, for example, are faced with constraints
due to magnetic fields. The complicated geome~
tries have constraints due to the inability to use
thick-walled pressure vessels that would be needed
for very high pressure coolants,

That was one set of thoughts that occurred to
me in response to the discussion of blanket designs
this week. It might be appropriate for the people
involved in some of the other studies to comment
on how they perceived some of these considerg-
tions and what impact they had on the design.

The other fopic 1 would suggest for discussion
has to do with the fact that fissile technology has
been considered to be "“here~today” to the exient
that we use esseniially present~day fissile technolo-
ay in several of the studies. There is o development
and testing phase that has to be faced up to,
however, and 1f would be worth stimulating some
discussion on what that might involve. To start
that off, even if one assumes that the fuel
lattice type is utferly conventional, there are
still some "environmental” considerations on the
second table that one has to adapt to in getiing
the system to work.

First of all, one has to determine the
nevtronic response in ¢ 14 MeV neutron environ=-
ment. Development and testing would be required
to neutronically qualify a given blanket design.
We might be looking ot some point, hopefuily in
the near future, to commit these designs fo an
actual full=size reactor test in determining their
neutronic response.

We have geometric constraints thet are dif-
ferent than thase for conventional fission reactors
with respect to coolant flow connections, access,
and so on, In this case, one might very well find
that the flow distribution and parameters such as
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Table 2. Blanket Development & Test Con-

siderations

Elements Unique to CTR Environment:

® Neutronic Response to 14 MEV Neutrons

@ Geometric Constraints with Respect to
Coolant Flow Connections, Access, ete.

® Materials Behavior for High Fluence
Hard Specirum Conditions

® Pulsed Operation Effects

® Magnetic Field Environment

unrecoverable loss coefficienis for these geome-
tries will require some testing; perhaps some of
that can be done largely out of pile.

Materials behavior for high fluence, hard
spectrum conditions is another such case. The
thinking today is, at least in the U.S. program,
that one would like fo have something on the
order of D-Li sources to look af materials be~
havior itself per se. However, there is an
interaciive behavior between materials and
other aspecis of the module design that can some~
times be rather a painful surprise. One example
that comes to mind is that, even though we knew
that fuel could swell or grow early in the days
of the fission program, it turned out that some of
the module design had an interactive effect,
When the fuel swelled relative fo the restraining
structure, it effectively put the fuel elements
into compression. They, in turn, tended 1o go
into a buckling mode, which interacted with the
distance between elements in a way that the
local flow velocities would increase where the
elements tended to come together, dropping the
static pressure, and pulling the elements even
closer together. Thus, even with a reasonable
knowledge of materials behavior, one can still
have a need fo get at some of those kinds of
effects by an integral test,

Pulsed operation effects are something we
don't normally see in power fission reactors,
These would require some plan to address how
elements are qualified to behave in that kind of
an environment,

And finally, for the magnetic confinement
concepts, operation in the appropriate magnetic
field environment would be needed to see what
kind of surprises might come there.

So, I'd like to invite you fo give some reac-
tions where you think they are appropriate in
terms of what you think the development and
qual ification problems are on some of these bian-
ket medules concepfs.

NEUTRONIC ANALYSIS

Ron Kostoff - (ERDA - DMFE):

We have about half a dozen different types of
designs going, roughly half a dozen different
fusion confinement concepts, and one of the
things that 1 tend to worry ahout is that each de-
signer is doing his own blanket design in tems of
neutronic analysis. I wonder what the major
differences are in ferms of blankef design, and
specifically neutronic analysis, with regard to
the geometry of the blanket and to the fusion de-
sign concept and why for the purpose of concepfual
designs we couldn't have just one or two organiza-
tions spending full time doing a different blanket
neutronic analysis for each configuration, having
the other system designers essentially listing the
results of the neutronic design from specialist
organizations. In the conceptual design phase,
do we really need each system designer doing his
own blanket design and blanket neutronic analysis?
The second part of the question | wonder about,
in terms of future werk, is what remains to be done;
one of the main things which remains to be done is
the nevtronic analysis of blankets regarding breed-
ing and region sizes.

Chairman - Ron Rose:

Our own reactionon neutronics isthat it has to
be very closely coupled with all of the aspects
of the design, and | foresee difficulties in inte-
grating that because of possible communications
problems with another group.

Ken Schultz - (GA):

| think the diversity we have seen in the
blanket design here today supports your point of
view there, Ron, that indeed the neutronics and
the mechanical and thermal designs are very
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closely tied together. Each individual is going
to come up with a different configuration, de-
pending on their particular mechanical, thermal,
and nuclear points of view. Perhaps one of the
points that you' re questioning, Ron - Ron Kostoff
this time = is the expense involved with a de-
tailed neutronics analysis. [t is indeed expensive.
In the past, much of this analysis expense has
been associated with data handling and process-
ing; 90 percent of all the work that I do anyway
generically seems to be shuffling cross=section
data, acquiring them, sorting them, and so on.
This is an area where cooperation among the labs
in o formal manner would be very beneficial;

but in temms of actually doing the neutronic cal-
culations, I think we would be stifling ingenuity,
and it would not be productive at all,

lLuisa Hansen - (LLL):

Outside of the differences in technology and
in the size of the bianket, many of the presenta-
tions that we have seen here use different
cross-sections, different codes, different ways
to calculate neutronics.

Ken Schultz ~ (GA):

I'think you have to be careful about saying
we are going fo work ouf @ uniform approach,
because again then you are closing doors, clos-
ing avenues. The benefit to be gained by the
fusion community would be in having o standard
means of analysis, a standard sef of data, a
standard set of tools available, If you want
to use them, fine, use them; if you want to go
out and rediscover the well yourself, that's
your business also,

Paul Nicholson - {Draper Lab):

] just wanted to mention thaf some of the
suggestions being made by Ron are, in fact,
being pursued. Qur current program is develop-
ing a standard methodology which then could be
used by the individual designer suitably tailored
to their needs. It will strive for some consistency
in terms of dota buase, and also in terms of models
and appropriate methods, These will be made
available when we complete the job, which
started about nine months ago.

Chairman - Ron Rose:

Compared to fission reactars, our experience

is that neutronic analysis of hybrids is @ good bit
mote complicated in the geometric respect. One
is frying to get the neutrons to travel from one
place to another; namely, from the plasma to the
blanket. Depending upon the details of the
structure that occur in befween, an explicit
represenfation can show that some of the smearing
techniques that would be acceptable in fission
reactors do not really give you the same kinds of
satisfactory result.

Bo Leonard ~ (Battelle -~ PNL):

There is o special group cross-section tape
distributed by Cak Ridge for CTR calculations,
so you do have a standard data base o use for
somebody to calculafe their own system using
standard cross-sections. One of these days that
standard cross~section set will actually come up
with all the errors fixed and be useful, 1think.

But there are complications if you fry and do
benchmark calculations. It's very obvious that
certain biases exist beiween calculational ex-
periments and these biases are dependent on how
important they are in a particular design. In a
case where 1 now am getting a bias, | would went
to go in and make my own data adjustments to
minimize the biases that were important to that
specific design, { wouldn't want J, D, Lee to
calculate it for me, because | don'i know where
his biases are.

I do not think that the survey type calculations
really take that much money. The important
thing in the long run, when you try and really
opfimize and understand a design in detail, then
we are going to want to use the CTR computers
with Monte Carlo calculations. But, again, |
think the person that is mentally and morally
responsible for the design wants to make the
caleulation. The important part of it, the stan-
dardization of the cost intensive calculations,
it seems to me will be taken care of by the devel-
opment of the Monte Carlo program on the CTR
computer,

Ron Miller - {LASL):

| tend fo support this opinion. First you have
to leave the designer of a blanket the freedom to
calculate his own blanket parameters simply be-
cause he has fo go through a lot of interactions
which depend on blanket calculations. It must be
iterative interaction between the design of the
blanket and the neutronic results,
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We try to issue computer codes only in
form that they are easily accessible on other
machines. We have a CDC machine, There are
IBM machines. There are UNIVAC machines,
This has been a big problem for blanket designers
to get some computer codes going on their ma-
chines that have been developed on other
machines. So the interfacing of compuier codes
so they are easily run on other machines is a
big and growing task, and we feel it should be
undertaken on a broad scale.

The same holds for nuclear dafa, as Bo Leon=
ard has said. There is a code being developed
right now - it's being tested - which should have
applicability to all major CTR blanket designs.

Ron Kostoff ~ (ERDA -~ DMFE):

Let me respond to that comment, What set
me off on thinking about this possibil ity was a
number of months ago when | was talking with a
few designers about blankets which have as their
main objectives power production and breeding
with thorium. Talking to a wide~range of people,
it appeared that you had a U-238 fission zone
right next to the neutron source; you had a tri-
tium breeding zone or two teitium breeding
zones next to that going inte the blanket using
helium cooling =~ you had a carbon~moderating
region, and then the salt where you bred U~233.
It seemed a number of different designers would
work around and arrive at this result, this type
of blanket; maybe a slightly different thickness
and regions, differences in details but mainly
ending up with the same type of blanket, given
the sume fype of objectives. 1 am just wonder-
ing, while it's nice for everybody to compute
their own blanket; is it really worth the cost at
this stage in hybrid designs?

Luisa Hansen = (LLL):

I would add only one comment to that. We
all agree that the person would like the freedom
of calculating his own parameters, However, |
do not agree that the person has the freedom of
changing cross-sections. A benchmark, as he
called it, is only valid as long as ii's able to
reproduce d benchmark measurement. Only of
that point will | trust the cross-sections that |
use os sfandard,
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From the Floor:

In @ quick response to Ron Kostoff, | don't
think we are at the point yet where everybody
comes out with the same blanket design even
with the same objective. I think we still have
to leam a lof. [ would like to see the flexibility
where everybody can do these calculations them-
sefves,

SPATIAL NON=-UNIFORMITY AND
CRITICALITY CONSIDERATIONS

From the Floor:

| observed several things from these presenta-
tions here. Some are more questions than answers,
but maybe this is the forum fo raise the questions,
One is, can we quantify what additional design
complexities are required if we have a fusion-
fission blanket? By additional design complexities,
| mean, first, those dictated by geometry due fo
the plasma requirements. Several calculations
presented at this meeting have shown that fissiie
breeding is highly nonuniform with solid blankets.
This is not true for the molten salf. In the molten
salt blanket, you con circulaie the fissile material.
Now the question is, knowing these spatial non-
uniformities, which cover maybe two or three
orders of magnitude, is it really meaningful for
us to say that o blanker is always and in all
conditions subcritical ? We have much higher
concentrations of fuel bred close fo the plasma
than further away from it. So, perhaps what
we meon by keeping the blanket always sub-
critical should be guantified.

J.D. Lee - {LLL):

You were right, 1 think, in pointing out that
the capability of cur methods af present and our
depth of calculations have enly scratched the
surfoce. We have fo look at the spatial build-
up in blanket zones. In our case, we looked at
the time effects only by smearing the isotopic
buiidup throughout the whole zone. Cbviously
the peaking factor will be greater than we calcu-
late, and the enrichment will be greater than the
value we calculate. But | think to say we are
going to reach criticality is probably overstating
the problem. Obviously it should be designed so
it won't be a problem, and the economics tend



to show that you want to remove that fuel
long before you ever run into the criticality
problem.

Ralph Cooper = (Physics International):

Many ofher design considerations which you
discussed are matters of engineering. However,
in terms of complexity, | think we can have «
qualitative measure of geometric complexity in
the sense that linear systems such as fuel rods in
fission reactors are simple in the sense of being
one~-dimensional. When one haos a singularly
curved surfuce, like a cylinder, you now have
greafer geometric complexity, Doubly curved
surfaces, like spheres, | claim are more complex.
' am not a topelogist, but multiply connected
figures, like toroids, are stifl more complex.

i leave the audience to make their own judgment
about complexity,

Dave Chapin ~ (Princeton PPL):

Part of all this is the plasma, and tokamaks
and mirrors, although more complex, are more
stable. I think you have to tcke that into con-
sideration as well,

J.D. Lee - (LLL):

In the bianket that we showed, our fission
rate across the fission zone varies by only a
factor of four. | would be very surprised if the
isotope production throughout the fission zone
varies much greater than the fission rate
varies,

From the Floor:

l agree with that. I'd like to carry it one
step further in the sense you can get in there
every year and reload your blanket. Perhaps
the quantity that is important in this is the
breeding rate relative to the burnup rate from
the front to the back of the blanket, Surpris-
ingly enough, that ratio stays fairly constant
from the front to the back of the blanket, That,
I'think is a much more important parameter than
just @ breeding rate.

Chairman ~ Ron Rose:

In any case, that does establish a design re-
quirement that you have capability to reshuffle
fuel, say on an annual basis, without an undue
shuidown of the reactor,

From the Floor:

That's right. And it allows you to talk about,
on the average, an amouni of breeding or percent
of fissile material that you can get in the blunkef
for an average amount of burnup that's fairly
constant,

Chairman ~ Ron Rose:

Do cur guests have any specific comments
you'd like to address fo the issue of blanket
design at this point?

Dyr. Shatalov via Russian Interpreter:

We agree that these questions are important
for further studies, Cne of the most interesting
questions is the question of uniform fuel produc~
tion in the blanket. We are also interested in
obtdining a unified system of data. To obtain
these data correctly, we have to carry out
further experiments for a more complicated
system, I we carry out such experiments,
then we have a greater degree of reliability
in predicting blanket performance.

MAINTAINABILITY

Bruce Twining « (ERDA - DMFE):

I wonder how many of the designers have
been involved in the question of replaceability/
maintainability? It seems to me that one of the
things that's really going to prove the feasibility
or unfeasibility of hybrids is the ability to get in
there and get the fuel in and out in a reasonable
time. I think Jim Maniscalco hus gone into this
question, in quite a bit of detail, in his laser
fusion study. | wonder if some of the other de~
signers have had a chance to estimafe how long
it takes for maintenance over the period of o
year or what the availability of these plantsmight
be rather than just assuming o number of, say,

80 percent.

Bob Holman =~ (Westinghouse):

in the actinide burner study, we did take this
info consideration. Pushing as far as we could in
this direction, we only ended up with a 66 percent
capacity factor.

I think one of the things that has fo be con~
sidered here is that there are major compromises
in regard to the blanket. I would be very
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desirable to get the blanket in closer to the
plasma, which means it would be integral with
the vacuum vessel itself. With respect to
maintenance, repair and management of the fuel,
it almost becomes imperative that you separate
these two functions. The design therefore has

to be compromised with respect to the amount of
material between the plasma and the blanket.
We went through this with some real soul search-
ing in the design of the actinide bumer,

Dgve Bender - (LLL):

We also try to assess these same considera-
tions in our mirror hybrid work. Basically we
know as we go to higher first~wall loadings, we
are going to have to shut the machine down more
frequently and put! the blanket out. Therefore,
the higher wall loading design will have a lower
capacity factor, and we have taken, 1 would
probably imagine, a rather optimistic time of one
month to change out the blanket in the reactor,
At this point one could certainly question how
we quaniified this effect; at least at this point
we are including it in our methodology. As we
fook af it further, we hopefully will have more
confidence in the numbers we are using. Buf it's
an extremely important econemic concern, fthis
trade~off on wall leading vs capacity factor.

Jim Maniscalco - {LLL):

Just perhaps a quick peint on maintenance;
perhaps we should make  distinetion. 1t is one
thing to go in there and shift fuel around. It's
another thing to talk about going in there for a
major change of the sfructural material. Perhaps
both procedures would take a much longer period
of time than shown by present estimates. In our
design study we looked at the procedure to shift
around the fuel as something we felt we could
live without replacing the structure, for example,
every year. A reasonable time, to us, seemed
to be about five years to replace structure.

J.D. Lee - (LLL):

With respect to the system that we showed
Tuesday, the mirror system with the reference
module, the design of the reactor was based
primarily on the requirement to remove and
replace the blanket while still mainfaining
the geometry required for the inner plasma.

In that reference case | think our duty factor

was something like 76 percent after accounting
for blanket removai and replacement time,

I'd like to make one other comment to what
you said, Bruce. lhope you didn't give the im-
pression that we have done all the neutronics
work that's necessary. A lot of the new data are
probably needed in higher energy ranges. |think
we have only scratched the surface in the type
of calculations and in the detail that is required,

I think one of the biggest unceriainties we
have is how long the structure will last, We are
assuming thot the structural material will not last
much longer than what we are predicting ¢s econ~
omic times for the fuel to be removed. So,
unfortunately, we not only have to remove fuel;
we have to remove the structure that sees the
primary neutron fluence; in other words, the first
wall, In foct, for some of our cases, like the
thorium cases, that is what can limit our time in
core.

Chairman - Ron Rose:

That's interesting to hear that your time
interval is about the same for the first wall and
the module. If so, it makes sense fo replace them
concurrently and have them part of one unit. In
the actinide bumer, our goal was to be able to
leave the vacuum vessel intact and not have to
breach its integrity whenever the outer magnet
shield and the fuel modules had to be removed.
Bob, could you tell us how long it took fypically
to remove and replace the module?

Bob Holman ~ (Wastinghouse):

First, let me just back up and mention one
other ftem. The separation of the vacuum vessel
from the module had another factor which must
not be forgotten, and this is safety. We have a
tremendous inventory of fissionable materiai in
the blanket, We cannot afford to have anything
happen that would change that geometry. Having
the blanket as an integral part of the vacuum
vessel gives you u possibie concern with regard
to geomelry changes, at least locally.

Getting back fo replacement, there was no real
problem timewise. We elected to use a replace~
ment scheme that permitted us to have blankef
sectors or segments afready assembled, so it was
a matter of taking one out and putting one back

~253-



in with a minimum amount of effort, as far as
time was concerned. An estimate of roughly
four to five weeks, which is much the same as
indicated here, would permit us fo do a com-
plete change of the blanket. It we wanted to
change only part of it, it would take corres-
pondingly less time. However, to replace
first-wall or something pertaining to the vacuum
vessel, on a five-year basis, we are talking 12
weeks at least and probably much longer than
that,

Dave Kearney - (GA):

I wanted to comment very briefly on a con-
cern that we have had at General Atomic on a
pure fusion device that | think is relevant. In
our designs, recognizing that blanket mainte~
nance is a difficult problem, one again which
will have a very significant effect on the
viability of the reactor, we have taken an
approach to minimize the remote handling prob-
lem by trying to shield the reactor such that one
can have hands-on access at the external bound-
ary of the reactor; in other words, of the magnets.
} think the same solution could be applied to a
hybrid device, even though the activity levels
within the blankets are different than they are
in o pure fusion device, By using this approach,
we have felt that having access at least to the
exterior shield, one can cut down significantly
the time it will take to maintain the reactor
even in maintenance problems where you have
fo go inside,

Chairman - Ron Rose:

What types of operations would you envision
doing on a hands-on basis?

Dave Kearney ~ (GA):

['think any operations dealing with the
diagnostics and auxiliary systems that are around
the reactor as opposed to having to maintain
everything within the coniainment vessel re-
motely. You know there are a great many
systems that will be within the containment
vessel and outside the external shield or in the
vicinity of the toroidal coils, and there are
bound to be many things that have fo be done
in that region with hands~on access. If we can,
the fime involved will be considerably shorter,

From the Floor:

The problem we found in the laser~fusion
reactor design was the fact that tritium is going
to walk through most parts of the reactor, in view
of the high temperatures. If you are going to
keep the tritium inside, you may be able to do
that by double~walling the reactor and running
the coolant inside of the reactor, But as soon as
you start maintaining the reactor, you have to get
inside, take the top off, open it up. In our case,
we have three beams coming in the top, three in
the boftom. Most reactors are serviced from the
top with remote control equipment. Qur reactor
is basically designed so that to remove the first
wall, one would open up the top, take the first
wail out every year, and the second year one
would remove the first wall again, take out fuel
elements and put other fuel efements in. We
were limited in the design to inputting fuel ele-
ments, top and bottom, because we had to break
the coolant lines to remove the top and boftom
blankets. We basically looked at the reactor
from the point of view of geometry., We rede~
signed the reactor to minimize the neufrons which
get to the main structure, and that would hope-
fully last 30 years,

From the Floor:

We have used low activity materials like
carbon and iron carbide for shielding under the
coils and there's a possibility that we would
have to use, [et's say, aluminum in the coils as
opposed fo stainless steel for the structure,
However, at the stage at which our analysis has
been carried out so far, we haven't had to go to
that, We feel that we could have stainiess steel
as the structural material for the coils.

Chairman -~ Ron Rese:

If you had to go to aluminum, have you looked
at what you have to do in the way of alloying it to
get strength ?

From the Floor:

| enly mention aluminum because | believe
the UWMAK 111 design has gone to aluminum in
the toroidal coils for the purposes of keeping the
activity level down. We have not looked into it.
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Dave Kearney ~ (GA):

A question that's in my own mind because
of the question Bruce asked involves the timing
requirement for maintenance in the Solencid De~
sign that was described this week. | would
expect one of the distinct advantages of the
linear approach would be maintenance ability.
Have there been some time estimates made of
what it would require for maintenance in that
concept?

Ralph Cooper = (Physics International )s

Not quantitative ones. [ think that we will
only know how long they really take to main-
tain when we build systems. People, | am sure,
have made many calculations or estimates in
fission reactors of how long it takes to change
fuel. There was a series of articles in Nuclear
News on the real world difficulties of even
working outside the pressure vessel. It's our
hope that in a linear sysiem one can replace
linear elements relatively easily, but that may
mean it would fake three months in our case
and o year in another case. 1 certainty hope
that toroids can work, but they are much more
difficult in a qualitative sense to provide for
wall replacement. Statements were made, for
example, ihat with ten tubes, if one tube fails,
we will leave it there ond use the other nine.
Efficient recctors have hundreds of tubes. When
one tube fails, you do not leave it there. | can
sit down and calculate that it will take us
eleven weeks to simply pull out a rod and put
in a fresh one. Bui it's not that simple. These
are vacuum systems. One has to have systems
to bring in the tritium; one has to have the
material fo cool @ wall, and can treaf this
either as a single integral system which might
be pulled ouf of the center or one might have
meodules. | would like to believe one can have
amodule like the reference case ofthe Scyllac de-
sign. It showed a several-meter module that
you pull out, But 1 am still faced with the
problem of having a junction for the plasma
tube, and that jurction has to be broken; it
has 1o be replaced in o vacuum=tight system,
There are o hundred million questions in this
area and you don't get the answers for a one
hundred thousand dollar study.

ADDITIONAL ANALYSIS REQUIREMENTS

From the Floor:

The hybrid studies that we have to date have
been funded on a relafively modest scale. For
many of the blanket designs, there were neutronic
analyses done, there were some structural analyses
done, and there were analyses that were not done
because of the shortage of funds, What I'd like
to know from the specific designers is what analyses
in the blanket weren't done because of lack of
funds, but which they considered relatively high
priority and they would do if they had the funds?

Chairman ~ Ron Rose:

One of the concems we had in that category
was the cyclic effect of pulsed operation on the
blanket. There was an affempt made to design to
accommodate that problem in the sense that we
tried to keep the helium at the inlet temperature
in contact with all of the main structure and cool-
ant manifolds. However, the concern still arises
with regard to the fuct that, with helium flowing
through the fuel elemenis at o fiow rate that will
extract 250 watts per c.c., all of a sudden you
have a 10-second off-interval pulse to pump out
and get ready for the next pulse, reverse the
field coils, and so on. The impact of that on the
fuel rods is something that we identified as
conern but didn't reatly have an opportunity to
evaluate,

From the Floor:
Cyclic stresses in the fuel rods?

Chairman - Ron Rose:

Yes. In fact, | was especially interested in
the laser system where you have a different
pulse duration but have a similar type of con-
cems.

Jim Maniscalco -~ (LLL):

I would respond on that question by tetling
you that, after spending a year and a few hundred
thousand dollars, there are areas that we know
we need to look at and do some more work on.
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I think we indicated that a lot of the cost of
the plant was in the buildings and the pipes,
and that that portion of cur design was cer-
tainly not optimized or even considered in
enough detail. So we would like to do that.
We would alse like to do some more work on
accident analysis in the hybrid design, Some-
thing that haunts me to a certain degree is
that, in terms of low~level radioactivity release
in uny device that has a ot of tritium in it, 'm
not sure whether with reasonable technology
we can meet the release rates that are being
met by fission reactors today. | think we need
to toke a look at that. We also need to take

a took af accident analyses such as loss of
coolant accidents in our respective systems.

We make statements to the effect that we are
operating of power densities in the same
neighborhood as a light water reactor, and our
accidents are therefore going to be of the same
type. However, | note that a lot of the designs
I have seen don't have one big pressure vessel.,
We have ¢ lot of small tubing or piping or small
vessels, So, therefore, the probability of any
one of these smaller vessels rupturing is probably
higher than it is in o fission reactor, Granted,
the accident would be o lot less severe, but we
need to analyze that, So, these are some things
that | felt need to be done where we should
spend some effort and some money after we
have finished this first go-around.

From the Floor:

In terms of making repairs to the blanket,
what maintenance procedures are involved?
What kinds of things in that category are
worthy of study?

Jim Maniscalco = (LLL):

[ think for the hybrid it probably isn 't as
important as it is for the pure fusion device,
because we know we have similar radioactivity
problems to those that people have in fission
reactors. We are going fo have to use the same
kind of remote handling equipment, the same
types of shielding. Much more imporfant than
the type of equipment, we need fo know just how
long we are going to be down. 1don'tthink we
have reclly analyzed that point.,

Chairman - Ron Rose:

There are some differences, however, when

you are not handling fuel modules submerged
under water which provides both cooling and
shielding, particutarly in using present~day fuel
handling equipment. So there have to be some
different approaches, 1 think, to incomporate
provisions to both shield and cool the elements
while you are moving them around.

Jim Maniscalco = (LLL):

| think, as you pointed out, there is a problem
in moving these fuel elements around and mainfain-
ing some kind of coolant while you are doing that
which perhaps hasn' t been addressed. IF it's
going to require flexible coolant piping, that
certainly provides more opportunity for an
accident to happen during the procedure. We
haven't looked at it in our design in any detail.
We feel that, using liquid sodium as our coolant,
we could sit with the coolant inside the fuel pin
assembly process fube as we move it. The temper-
ature would not go up enough to be a problem,
provided we could complete that moving process
in something in the neighborhood of an hour or
half an hour. But again, that's a very rough cal-
culation. This point needs to be examined in
beiter detail,

Chairman ~ Ron Rose:

Is this an element that typically operates af
60 watts per cc?

Jim Maniscalco ~ {LLL):

The average power density would be about
60 watts per cc,

Bob Holman - (Westinghouse):

One of the things we ran into, both in laser
CTR work and with the actinide burner, was lack
of design data. When you try to find the copa-
bility of the structure, you have to have some
properties for the material you are using, With
stainless steel i perhaps 700° C maximum,
there is no code~approved information which
we require to do design work, One wonders
when is it going to be available. | would say
the fundamental problem that exists right now
has to do with the lack of irradiated propesty
data, the lack of data for cyclic operation,
and the need for methods to apply this fo the
design.
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Chairman - Ron Rose:

Particularly where you know that one of
your principal radiation damage mechanisms is
embrittlement of the material, so you end up
trying to design for brittle behavior.

Dave Chapin - (Princeton):

I have a question on further calcutations.
One thing we would like fo do is fwo or three
dimensional bianket calculations, one reason
being to more accurately predict the breeding
rates. Another reason is to accurately predict
the radiation damage ot the magnets, What
distance are we going fo need for adeguate
shielding? It's difficult to fit the vacuum
vessel with adequaie shielding and coils all in
a limited spuce.

J.D. Lee = (LLL):

I suggest when it comes out, you will find @
lot of this type of information in the blanket
workshop proceedings. We spent a week doing
exactly this sort of thing at Berkeley a month
or so ago, and came out with a docket that
you would spend a few nights reading, listing
all the things that need to be done. Shielding
is one of the fopics. Materials is an even
larger topic. | ihink you would find a lof of
answers to your questions in that docket,

Dave Kearney ~ {GA):

| want to comment on that, toc. In regard
to the blanket workshop, there are workshops
on neutronics, et ceterg, but there wus one
particularly on engineering. | note the similar-
ity between the problems of the hybrid and pure
fusion devices. In fact, there are very few
differences. The questions which have been
brought up now, particularly in terms of
mdinfenance and cooling, were addressed there,
The same source of concerns were addressed,
and many commenis will be relevant to the
concerns of hybrid designers. I think those
proceedings will be coming out in a few months.

ACTINIDE FUEL COMPQSITION

Luisa Hansen ~ (LLL):

This question refers to the actinide buming
blanket you discussed. You assumed that the

~257~

only impurity in your blankei composition was
one percent plutonium, which seems to assume
that you already have the technology for almost
one hundred percent separation of the actinides
from uranium, What would be the effect if
impurity in blanket composition cannot be con-
trolled this well?

Chairman - Ron Rose:

If we got too high an impurity level, it
mighi run us up against the loading density limita-
fion in the fuel matrix we selected, and it might
force us to go, for example, from an oxide fo a
nitride form, just fo ensure enough latitude over
composition of the fuel pellet to get all the
neutron muliiplication characteristics required.
Of course, it would pose an additional complica-
fion in that some uranium Is now in a neutron
flux environment as well. So one would get
some additional fission and some further frans-
mutation from that fact. We intentionally wanfed
to see if one could operate that kind of a deple-
tion scheme based on actinides alone, however,
assuming technology for a relatively high parti-
tioning efficiency was going to be forthcoming.
With this approach, one would not have fo incur
the additional fransmutation that would occur if
other fissionable material were also included,

Luisa Hansen - (LLL):

However, assuming that you succeeded in
this separation, would you also have problems
surviving thirty~year bombardment at high wall
loadings of 10 megaweatts per square meter?

Chairman - Ron Rose:

The wall loading of 10 megawatts per square
meter was o level we identified as a goal that
could change the complexion of what one couid
do with actinides. Getting to 10 megawatts per
square meter has @ number of problems ussociated
with it, however. The approach we looked at
was o combination of going to higher field on exis
and greater elongation, from 1.5 up to 3.0, Asa
consequence, o higher neutral beam injection
energy is required. The energy increased from
two hundred keV up to about five or six hundred
keV, which then raises a lot of concern about
designing a neutral beam injection system with
any reasonable efficiency. Last, but not least,
among those complications is the question of
the lifetime of the first wall, I was our assess-



ment that at around one megowatt per square
meter, one has a reasonable hope with materials
we could foresee today in being able to look af
a five-year vacuum vessel replacement cycle
and perhaps a tworyear liner replacement cycle.
If one expects to get anything in that same range
of time interval with mugh higher wall loadings,
that's a question that just can't be answered to-
day. It requires o lot more work in alioy
development and in trying to see if one can
understand the demage mechanisms in materials
and find ways of developing them for fusion
applications.,

BREEDING BLANKET COMPOSITION

Sig Gerstl ~ (LASL):

It may be cppropriate here to amplify an
idea that was presented this morning by
Dr. Shatalov, by asking the appropriate ques-
tions with respect to it. As you remember, he
had presented some computatione! results which
indicate fhat from a fusion point of view it may
be possible to enrich thorium fuel elements
enough in uranium 233 that you can put them
right info a fission reactor without going
through any reprocessing. The concept, | think,
is very interesting. The question is, even if it
were technically possible to do this, is it
ecomically feasible? That is, how much do you
save if you do nof have fo reprocess? Second, if
it's technically possible, one could conceive of
taking spent fuel elements from other reactors
and enriching them in a fusion-fission recctor
to a high enocugh degree of fissile material so
that you can place them back into thet fission
reactor again. My question is whether this is
feasible,

Dr. Shatalov via Russian Interpreter:

I have not worked out the idea at present, as
far as economics are concerned, There might be
some saving since, along with the uranium 238,
we obtain uranium 233. This can be compared
in a convertor with an economical gain of @
factor or two. As far as o sfrategy for reload~
ing is concemed, this is a related technical
problem for which 1 cannot give you any answer,

Chairman « Ron Rese:

Would you have o concern about the dura-
bility of the cladding with this type of scheme?

Dr. Shatalov via Russian Interpreter:

According to, the data we have now, the flu~
ence is about 10 This fluence is admissible
for a number of cladding materials, and certainly
for stainless steel,

Dave Bender - {LLLL):

On the basis of our economic studies, | would
estimate that at most you might save 10 percent on
the fotal cost of electricity by eliminating the one
fabrication and reprocessing step between the hy-
brid and the burner reactor. l's still a plant
capital intensive process in breeding.

Chairman ~ Ron Rose:

Are you quoting 10 percent of the gross cost
or just of the fuel cycle?

Dave Bender ~ {LLL):

Ten percent of the total cost of the electricity.
That would be the very maximum | would estimate
you would realize, and probably less than that.

J. D, Lee -~ (LLL):

In response to your question, bused on our
thorium blanket calculations, it looks like you
would have to have approximately six megawatt
years of exposure to reach about three years atom
fraction in the innemost zones of the thorium
blanket, and it would probably be shot by then,
according to present estimates of radiction dam~
age.

From the Floor:
That was one of my concerns, although the

fact that the initial U-233 will not be uniformly
distributed in the pins is also a concern.

J.D. Lee - (ELL):

}think the blanket that Dr. Shatalov described
has pins oriented parallel fo the first wall, so they
don't have that effect,

Jim Maniscalco ~ (LLL):

| understand in the design described by
Dr. Shafalov you have a uranium blanket in
front so you get some moderation of 14 MeV,
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nevtrens and in addition you have o thorium this spectrum region we are tatking cbout, ond |

blankef. A design concept to carry further would allow for a factor of two or even more,
would be to also put some moderator between In any case, | show a probable thickness of
the back end of the fost fission blanket and the moderator in choosing the zone thickness.

thorium blarket. You know if you get lower
energy heutrons they are going to be less demag-
ing to the materials., Our calculations have shown
that in the region where the material is thorium,
the burnup is going to be very low. A burnup
limit, if it were o thorium oxide or thorfum car-
bide, for example, assuming that thorium dioxide
would have similar burner ability fo uranium
dioxide, would be 32,000 megawatt days per
ton. In fen years, we predict o burnup of 10,000
megawatt days per ton. So the main limit will
be the flux, and it wiil be the high energy
neutron flux that will do the damage. 1 think
low energy neutron flux just won't be as dam-
aging to a scheme like that. So a scheme like
that is worthy of analysis, You will pay a
neutronic penalty by putting a moderator between
the two zones. Some of the neutrons are going
to be parasitically capiured in the back end of
the uranium blanket now, because you put
moderator there. On the other hand, you could
come up with a design where you feel fairly
confident you are not damaging the material

and the fuel elements could then go into a
reactor.

From the Floor:

Since our main concern seems to be radia-
tion damage, and Dr. Shatalov has enswered
this with total fiuence numbers, may T ask what

energy specfrum this is7?

Dr. Shatalov via Russian Interpreter:

! do not carry these data with me. As far os
| can remember, the spectrum is not very much
different than in a fission reactor; very close.

From the Floor:

But the radiotion domage function, that i,
the function of radiation damage versus energy,
is @ very steep function toward high energy.
This is why the fraction of high energy neutrons
is so important,

Dr, Shetalov via Russian Interpreter:

There is a difference of a factor of fwo in
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US - USSR SYMPOSIUM ON FUSION-FISSION REACTORS
DISCUSSION OF OVERALL SYSTEM DESIGHNS

Friday, July 16, 1976
0900~1045

PROGRAM

I. Plasma Characterdistics
Modr, Miller, Tenney, Pistunovich
II. PFirst Wall and Ceolant
Maniscalco, Rose, Schultz
I1T. Divertor and Pumping
Rose, Tenney, Jassby
IV. BSystems Aspects of Blanket and Shield
Schultz, Powell, Lee

Session Summary Prepared by R. G, Mills

SUMMARY other words the 1on confinement
time must be doecreased from 5 msec
I, Plasma Characteristics to 300 msec.
A, R, W, Moir The main issue is
enhanced losses caused by
The major issue for microinstabilities. Some have been
magnetic mirrors has always been identified and ways found to cure
and still ds the enhanced losses them, ’
due to microlnstabilities.
Experimental operations with the In response to a question
2X11+«8 machine have demonstrated from fhe floor, the Q for a mirror
MHD stabdility, high deansity, and hybrid was given as 0,7 at 100 keV.
high ion temperature, An T
product of almost 1021 has been 3. R, Miller
achieved with T scaling as E, “
up to 13 keV. For a hybrid The technological
reactor an nT of 3 x 1013 is requirements of the linear theta
needed. Heutral beam idinjection pinch seem to be a relatively
has been demonstrated at a power stralghtforward extrapolation of
of 3 MW and 20 kV, Start-up has current experiments, and the
been demonstrated and a engineering raquirements of
quasi~steady state achieved for compression heating are well
about four particle lifetimes in understood. Extrapolation of
contrast to exponentlally decaying heating results on 10 cm plasmas to
plasmas previously achileved. The hypothetical 20 cm reactor plasmas
experimentally achieved nrt is is not extreme. Experiments on the
about one~third of the c¢lassdical Scylla 4P device, 5 meters in
value, length, are already giving data on
long systems. An extension of
The major requirements technoelogy to the generation of
needed to achieve a fusion-fission 20 tesla fields seems within reach.
hybzrid reactor are th?t nt In shert, it seems that the ability
continue to scale with E 3/2 from to create a thermonuclear plasma in
13 keV to 100 keV and that it these linear experiments is
approach the classical wvalue. In possible, and we are vreasonably

-261-



confident that this can be
achieved.

In response to questions
and discussion from the floor, it
was stated that Harry Dreicer will
S00n publish new studies on
particle icss and thermal
conductivity heat loss from linear
pinch machines.

C, T, H., Tenney

The problem of
estimating the reaction rate to be
expected from a tokamak hybrid
machine's plasma depends
critically on the question of how
high & pressure can be achieved in
a tokamak configuration. The Q is
relatively dinsensitive to plasma
density, but the reaction rate is
proporticnal to its square. The
pressure will be limited by two
effects: a) The ability of the
beams to penetrate the plasma,
requiring a high energy of the
order of 100 keV and by the
plasma equilibrium limits of the
tokamak configuration. A
commoniy-used rule~of-~thumb 1is a
ldimiting poloidal beta equal to
the plasma aspect ratio,

However efforts to fix
this value require assumptions
about the distribution of pressure
and poloidal current {f-component
of the total current) in terms of
the poloidal flux function.
Maximum beta-theta may be
approximately the aspect ratio,
but it is not at all clear vyet
what the limit really is.

Since the reaction rate
varies as the sguare of
beta-theta, mecdel parameters such
as tons per yeay of fissile fuel
probably cannot vet be predicted
within a facter of two.

D. V. Pistunovich

Optimization of tokamak
plasma parameters leads to wvalues
not far from existing experimental
parameters. Examples are plasma
transport coefficients, stability
margin and magnetic fields. The
magnetic field does not offer a
large <reglon of parametexr space

within which to optimize. Our flux
will vary with the fourth power of
the magnetic fileld. Technical
limitations will lead to a _plasma
density of about 1014 em 3, We

must be precise din selecting
transport coafficients and q.
There may be reasons foxr selecting
low q's, but on  the Dbasis of

experimental data that exist now,
it would seen reasonable to assume
g greater than 3.

Finally, the question of
high beta 1s a very interesting
question to be pursued in the near
future. At present a B of ~14%
seems reasonable, but this may be
high.

Comparison with current
data shows that a break=-even regime
igs possible, but this does not
impiy that it will be easy to take
the next- step to eceononmic
possibility. The experimental work
is at the beginning.

During the floor discussion
that followed the above sectiocn on
plasma characteristics, it was
stated (Moir) that the MX
experiment anticipated an energy of
80 kaeV (100 needed for hybrid) and
an nt of ~1012(3 x 1013 needed forx
hybrids). For the mirror Thybrid
reactor, the neutral atom wall
bombardment will be very low, about
one watt per square centimeter.

IT. First Wall and Coolant

A. J, Maniscalco

Consideration: of the
first wall shows problems that are
unigue to laser ignited fusion and
problems that apply te all fusion
gystems. For laser ignited
systems, mneutrons, alphas, x-rays
and debris will all react with the
first wall. Neutrons are common o
all approaches. However the
alphas, the debris, and the =x-rays
to a certain degree represent
something wunique to laser fusion,
Sputtering will lead to an
increased vacuum punping load; the
temperature limits of the wall must
be considered; and f£inally the
stresses in the first wall are
importanty im particular, cyclical
stresses and the heat they
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generate. Internal combusition
engine data provide iInformation
about 107 to 108 cycle 1lifetimes
at low stresses, but few data are
gvallable in the 5~10 kpsi range.

Three ideas for solving
the first wall problem in laser
systems are: dry wall, wet wall,
and magnetically-protected wall.
In the dry wall concept an
uncooled, ablating sacrificial
graphite Iiner 1s used. The wet
wall utilizes a continually
regenerated 1liquid metal coating,
This method implies high stresses
and a large pumpiang load from

evaporated metal, The
magnetically protected wall
diverts charged particles and

reduces the load to that due to
Xx~rays, neutrons, and neutrals.

If any soclution of the
first wall dnvolwves & significant
amount of moderator such as would

be produced by five or ten
centimeters of graphite, or 1if 1t
involves mnore than a few

centimeters of stainless steel,
the performance of a fast fission
blanket can be 80 seriously
degraded to make it unattractive.

Cocling seems to be well
done by liquid metals d1n the
absence of a magnetic field.

In response to questions and
discussion from the floor, it was
explained that optical damage
would result £from a subsequent
pulse encountering debris on the
mirror surface and that an zir
blast may be adequate for
interpulse cleaning. The hybrild
scheme would simplify
laser—ignited fusion problems by
an order of magnitude,

B, R. P, Rose

In the Westinghouse
actinide Dburner design, the first
wall sees a fusion neutron energy
flux of a little over a megawatt
per square meter, with a sygstem Q
only a little greater than one,
This dimplies a large amount of
energy must be removed from the
vacuum chamber. In order to avoid

hiligh pressure coolant ©passages, an
attempt was first made to design an
internal Iiner to be cooled by
radlation, However, with a heat
load of 0.4 MW/m? on the surface
plus 15 w/em3 within the liner, a
surface temperature of 1700° ¢
resulted plus a 600° C rise through
it., Consequently this approach was
abandoned, and heat pipes were
adopted. They require about 0.25
out of 200 m% of wall area,

In response to questions it
was Indicated that the first wall
in the design was equivalent to
about 2 ecm of graphite and two
centimeters of stalinless steel.
Deterioration of neutronic
performance will make it advisable
te wutilize holes to reduce this
amount.

C. K. Schultz

Fuslon systems, whether
pure cr hybrid, Thave didentical
first wall problems of high stress
and high thermal loads. Work at
General Atomic dndicates the use of
a low Z ceramic material as a liner
may be necessary. As an example a
7 mm silicon carbide plate sheuld
last about 4 vears at 1 MW/m?, It
would be cocled by radiation to the
wall.

Cooling of the structure
would be done by helium, a mediun
preferred to liquid metals, salts,
or water. The advantages of helium
are? good heat transfer
capability, chemically inert,
transparent to neutrons and light,
has no phase changes, and can rely

on existing fission reactor
technology.
its disadvantages are

lower heat transfer coefficients
than for liquids, and a high cost,.

III. DYDivexrtor and Pumping

A, R. P, Rose

The suggested
particle-collecting arrangement
consisting of flowing lithium

gulded by a wetted screen has had
preliminary studies carried out in
the laboratory. Photographs were
shown of the liquid Iithium, heated
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by heat lamps. The experiment
ailowed control of the lithium
inlet temperature, dnlet slot

width, flow rate, heat flux, vapor
pressure, and temperature,

Good wetting and
rewetting were achieved, and the
screen angle with the vertical
could be wvaried widely without
losing the lithium from the
screen. This would allow close
alignment of the flow path to the
magnetic field in a real machine
to minimize MHED effects.

B. T. H. Tenney

Consider the divertor as
a pump, Although it would seem
attractive to have & gas blanket
arcund the plasmas, all the system
implications are not vyet well
explored or understood. Cn the
suppesition that cne is going to
require low gas pressure around
the tokamak plasma, the particle
throughput requirement of 1022 pex
second looms large. If one wants
te pump this quantity at low
pressure, he needs a large pumnping
area of the order of the size of
the first wall of the reactor,
this doesn't seem very practical.

To pump the same
quantity through a small area
would require so high an n¥/4 as
to imply a plasma flow (from high
temperature) rather than a neutral
gas flow. To guide a plasma flow

through a small opening, one
reguires a magnetic field. Such a
device is called =a divertor.

Pumping 1022 sec=1l at low pressure
implies a divertor.

Current tokamak designs
feature poloidal divertors, but

there are other types.
Stellarators, toroidal devices of
large aspect ratio, have been

built with toroidal divertors.
The English are experimenting with
bundle divertors.

Divertor questions

complicate machine design and
increase the complexity, cost, and
maintenance problemns, Coil

designs and their shielding from

neutrons usually force the size of
the machine beyond that of the
initial concept.

Co D. L. Jassby

The use of a divertor
forces a large increase in size of
the reactor, and for many reasons
one should like to aveid its use,

This might be done by
providing & pumping area equal to
one-third of the wall area with a
pumping efficiency of about
one-guarter. A neutral temperature
a little more than 10 voelts could
prifide 3a gas density of only
10 em”~ and still allow pumping
1022 per second,

This might be
accomplished by having large getter
panels protected by chevrons
allowing some mechanical means for
moving them out physically for
regeneration. Illustraticns were
shown of conceivable arrangements.

The PDX device, under
construction, might be a suitable
test~bed for development of such a
systen,

v, Systems Aspects of Blanket and
Shield

A. K. Schultsz

All of the designs we
have seen at this conference are
low Q devices, many because they
have to be. The tokamak is perhaps
unique din its potential for high Q.
Since I firmly believe that the
most useful fissile material 1is
U233,almost twice as good a thermal
reactor fuel as plutonium, I am
interested in high Q systems,

Low Q systems require the
adoption of high blanket
multiplications thus forecing us
away f£rom thorium, and this may be
closing an option to produce
excellent fissile material for the
existing Light water and HTGR
thermal reactor economy.
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B, J. R, Powell

There 1s little
incentive for low reactivity
blanket designs for hybrid
systems, unless one wants ezsgy
servicing of the vacuum liner when
the fissloning modules are
removed. Aluminum is rather

highly transparent to neutrons and
would help dncrease the Dblanket
multiplication. Brookhaven
studies have led to double cooling
systems to keep aluminum alloys at
low temperature, but only about
304 of the energy needs to be
collected at low temperature,
about 70% can be collected at high
temperature,

This might be a benefit
to fission-fusilon systems since
the high multiplication factors
should give even lower fractions
in the first wall. Evidently
damage characteristics are better
at lower temperatures., Lower
temperatures would also allow
thinner sectilons.

A principal safety
problem will be the integrity of
the fast fission zone, The
consequences of a rupture in that
zone should be carefully
considered. In this connection it
might be argued that helium would
be a4 better coolant, since a
rupture would not be so disastrous
as with Iiquids.

The blanket, plenum, and
shield occcupy the space between
the coils and the plasma. The
reason we have such a thick plenum
is to accommodate helium cooling.
Liguid metals would be nice, but
in a magnetic field it =appears
that even though the pressure drop
may not be an overall problem, the
structural material requirements
to contaln the pressure head with

a circulating system would be
unacceptable for a conducting
coolant, The use of helium,

requiring & large plenum, reduces

the blanket coverage, a
disadvantage since blanket
performance drops precipitously
with coverage, moxre than

proportionally.

The answer to the
questions of producing power or
filssile fuel 1s system related.
The systems we have looked at tend
to favor fissile fuel, Minimizing
the cost of the final product,
electricity, suggests producing
fissile fuel 1in a  hybrid and
burning %t din a fissdion reactor.
With blankets of energy
multiplication in the approximate
range of 10-20, system optimization
calls for relatively low burnup
which implies favoring net
plutonium production over power
production.
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SUMMARY OF THE DISCUSSION SESSION ON FUSION~FISSION REACTOR SAFETY

John P, Holdren, Session Chairman
Lawrence Livermore Laboratory and University of California

Berkeley, California

84720

ABSTRACT

The session coneisted of opening remarks by the Chaivrman to outline his views of
the role of safety and environment considerations in the overall rationale for hybrids,
followed by seven five-minute presentations from various perspectives and audience

responses to these,

The presentations were by:

V. G. Vasiliev, USSR (engineering

aspects of hybrid safety); G. E. Shatalov, USSR {impact of choice of fuel and coolant);

K. Schultz, General Atomic (a vendor's view of safety, features of mirror systems):

L. Steinbauer, Math Sciences Northwest (features of linear systems); J. Maniscalco,

LLL (aybrid rationale, features of laser systems); F. Terney, Princeton (hybrid rationale);

R. Rose, Westinghouse (use of hybrids for transmutation of wastes).

Presented here are

the Chairman's synopses of the presentations and audience comments (based on notes taken
at the time and on a stenographer's transcript), followed by an overview cof the main

issues raised and directions for further work.

J. HOLDREN

The rationale for developing hybrids,
or any other new energy source, presumably
consists of potential advantages over
alterpative systems with respect to one
or more of the following characteristics:
abundance of fuel, cost of delivered
energy, timing, and eavironmental and
social characteristics. 3Because the LMFRER
already solves the fuel-abundance problem
for thousands of years, there is little
practical advantage in this respect for
either pure fusion or fusion-fission
hybrids. With respect to cost of delivered
energy (not just fuel cost), it is also
hard to make a compelling argument {or
fusion or fusion-fission: the capital costs
of these systems, which will dominate the
energy cost, are quite uncertain but likely
for basic engineering reasons to be higher
than those of pure fission. With respect
to timing, hybrids have the potential
advantage over pure fusion of being deploy-
over LMFBRs of permitting a more rapid
expansion of nuclear capacity (owing to
higher breeding ratio). The possible early
availability of hybrids and the related
"stepping stone' argument {that learning
from hybrids will bring about pure fusion
sooner)} are weak rationales for hybrid
development unless hybrids are better
than alternative "interim" technologies
in other respects; the hybrid's advantage
for rapid expansion of nuclear capacity
is weakened by the increasing likelihood

of slower electricity growth in the
industrial nations where the main market
for this scphisticated technology lies,
and by the accumulating inventory of
plutonium from light-water reactors (in
the U.5., at least), which makes the
IMFBR's low breeding ratio less of a
liability. 1If, as suggested here, the
rationale for hybrids on grounds of fuel
supply, cost, and timing is relacively
weak, then the environmental and social
characteristics in comparison to alterna-
tive technologles take on increased
importance. (A more provocative state-
ment of this point of view, with which
hybrid proponents should be prepared to
centend, is: the technical/economic
rationale for developing the bybrid is
so marginal that it should be built only
if a design with significant social/
environmental advantages over pure-
fission alternatives can be found).

In evaluating environmental as well
as other characteristics of hybrids, it
is essential to determine the appropriate
"yardsticks" against which hybrids should
be compared. The answer depends on which
of the possible roles of hybrids is undex
discussicn. In the electricity-production
role, the appropriate comparisons are
with pure fission and pure fusion reactors
(and in a broader context with non-nuclear
generating technologies); in the fuel-
production rele the comparison is with
mining and enrichment or with pure-fission
breeders; and in the waste-transmutation
rele the comparison is with other waste-
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management schemes,

Four sets of envirommental issues
generic to nuclear power provide a frame-
work for a first cut at evaluating the
environmental characteristics of hybrids:
(1) reutine emissions and exposures
{(public and occupational); (2) accidents
and sabotage (reactors and other fuel-
cyele facilirvies); (3) international and
intranational spread of nuclear weapons
(explosive and radiclogical); {(4) long-
term management of radioactive wastes.
Characteristics of hybrids that are
relevant to evaluating the risks in these
categories are: (a) radiocactive inventories,
including tritium, activation preoducts,
fission products, and actinides {including
fissile isotcpes); (b) pathways for release
of the inventories, relevant to which are
criticality behavior, response to loss of
coolant or coolant flow, other stored
energy forms, "gecmetrical’ aspects
(seams, welds, valves, lengths of pipes),
and amount of transport and handling of
radiocactive materials; (c) systems aspects,
including impact of hybrid technology on
fuel choices and fission-reactor mix
within the nuclear system as whole.

V. VASILIEV

Some of the most complicated safety
problems in hybrid systems arise from
the necessity of a tritium-production
zone in close proximity to the core of
the reacter. The environmental and safety
characteristics of hybrids will depend
critically on the choice of materials for
coolant, structural elements, and breeding
cof fissile disctopes and tricium. Liquid-
metal and molten-salt coolants will be
troubled by high corrosion-product
activity, and the fire/explosion hazard
of liquid metals must be considered.
Soviet work at this point seems to favor
tritium breeding in solid {(ceramic)
lithium compounds, with gas cooling. It
is dmpertant to develop much additional
basic information about the properties
of candidate materials under the neutronic,
thermal, and chemical conditions that
would prevail in hybrid reactors, in
order to be able to iterate intelligently
on early designs and to re-evaluate
economic costs and safety characteristics.

G. SHATALOV
Although economic costs have been

central in choosing energy systems,
environmental and safety aspects cannot

always be evaluated in terms of money,
The correct choice of systems depends on
these nonmonetary aspects, toc, and it

is not too soon to start considering them
now in order te develop the necessary
information to make intelligent choices.

With respect to criticality in hybrid-
reactor blankets, it is important to note
that some systems designed to be sub-
critical could become critical in the
extrveme circumstances of certain low-
probability accidents. The systems with
the best criticality characteristics are
those that use natural or depleted uranium
with little moderator in the reaction zone,
Cne should try first to develop hybrids
along these lines, although keeping in
mind the economic considerations. As far
as coclant is concerned, helium is one
of the best choices; if the energy pro-
duction is not too high (i.e., fuel pro-
duction is emphasized) the helium pressure
need not be very high, alleviating the
only safety issue with this coolant.
Molten salt ceoolants are more dangerous,
both in terms cof probability of accident
and in terms of the consequence of an
accident.

K. SCHULTZ

It is not too soon to start thinking
carefully about the safety aspects of
hybrid systems, but it is not useful to
think in terms of one system being "safer"
than another. One can assume, with some
faith in our regulatory agencies, that
any system that is permitted to be built
will be safe; the question is how the
safety is achieved and what it costs.

The hybrid's potential advantage is in
being able to veplace some of the expen-
sive, engineered safety systems of pure-
fission reactors with inherent (passive)
safety features for which cne doesn’t
pay extra. (To try for a "super-safe"
system by adding engineered safety
features to an inherently safe-enough
design is to waste society's money).

Although mirror hybrids - perhaps
all hybrids - seem to look more like
fission reactors than fusion reactors,
achieving a design with guaranteed
subcriticality at all times as an
inherent characteristic may be possible
and is worth striving for. To achieve
this goal requires considering fuel re-
configuration and cocling; net only must
k at operating configuration and temper-—
ature be less than unity, but (more
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volume ratio (although rough estimates seem
to come out not much differént than for

difficult) k_ with no coolant and at room
temperature {perhaps even cryogenic temper-

atures) should be less than unity. Con-
cerning choice of coolant, General Atomic
agrees strongly with the view expressed
by the Soviets here that helium is pre-
ferable to lithium systems on safety
grounds.

Completely passive cooling of the
blanket in loss—of-coolant accidents is
hard to guarantee (except perhaps for
pure fusion systems); rellance on natural
convection requires maintaining geometry
within certain limits, and the energy
stored in magnet systems and vacuum
systems may generate forces that can
reconfigure the fuel. (Magnet-system
and vacuum~system energy represent safety
disadvantages compared to pure fission).

An important disadvantage of hybrids
(and pure fusion) compared to pure
fission is that the activation products
produced in such abundance by fusion
neutrons cannot readily be concentrated
into small wvolumes as can the fission
products and actinides that dominate
fission wastes. (This is so because
many activation products are the same
chemical element as the parent material,
maling separation from large volumes of
structure extraordinarily difficult).
Another important problem may be doses
received by workers in routine maintenance
or major repairs; some fissicn-reactor
repairs have "burmed out" (in terms of
allowable radiation dose) a significant
fraction of the available skilled workers,
and the peol of people who could repair
the sophisticated equipment in hybrids
might be much smaller.

L. STEINHAUER

An advantage arising from the
geometrical simplicity of linear hybrid
systems is ability to construct the
blanket from a large number of identical

modules, easing mass production and quality

control. Another consequence of geo-
metrical simplicity is permitting a
design with relatively few welds, a
safety/environment advantage. Linear
systems with small plasma chambers
minimize the potential for accidental
reconfigurations of fuel that depend on
falling into the void to increase
criticality, a point of particular concern
if highly enriched plutonium blankets are
considered. TPossible disadvantages of
linear systems are a high surface-to-

mirrors and tokamaks), and the use of mag-
nets adjacent to the first wall. The
latter arrangement puts large magnetic
forces in a place where reconfiguration

is dangerous, and it introduces a different
class of materials (e.g., copper) into a
raegion where neutron activaticn will be
intense.

J. MANISCALCO

The rationale for the hybrid on
grounds of eccnomics and timing is
strenger than suggested by J. Holdren's
opening remarks, if one considers the
fuel-producing rather than the power-
producing role. This has to do with the
economics of the nuclear sector as a
whole: & hybrid that can supply fuel to
eight LWRs is economically attractive at
2.7 times the cost of an LWR, while the
IMFBR can only compete at 1.25 times the
cost of an LWR (all according to the
work of D, Deonigi, PNL). And although
the IMFBR has 2 head start on the hybrid
of 10 or 20 years in terms of first
deployment, the hybrid's ability to fuel
8 converter reactors per hybrid plant
means that, once deployment does begin,
the impact on the whole energy system
can increase very rapidly. From the
safety/envirenment viewpoint, the per-
tinent question is whether a system of
hybrids feeding LWRs is preferable to
a system consisting mainly of fission
breeder reactors.

The philesophy in cur laser-hybrid
design was to achieve essentially the
same environmental characteristics as
an LWR. Inasmuch as hybrids would
represent less than 20 percent of the
installations in a mix of hybrids and
LWRs, there would not be a major improve-
ment in the safety of the system to be
gained from making hybrids much safer
than LWRs.

OQur hybrid design with liquid
lithium coolant can handle a loss of
coclant flow accident, but we haven't
looked at actual loss of the coolant
from the fission zone.

F. TENNEY

If the public doesn’'t accept fission
reactors for safety reasons, it is unlikely
to accept hybrids. 1f fission reactors
are accepted, on the other hand, then the
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main requirement for hybrids is that they
not be werse. It seems unlikely cthat they
will be, in view of the potential advan-
tages in respect to criticality accidents
and loss of coolant. A way to look at

the economic rationale for the hybrid is
as protection for the country's invest-
ment in LWRs.

R. ROSE

One environmental consideration that
is different in the hybrid's actinide~
burning mode than in the power-producing
or fuel-producing modes is the large
guantity of actinides assembled in one
place; one must think both about the
potential preoblems in transporting all
this material around and about the safety
aspect of having it all together in one
spot. Another safety consideration is
that the technology of the actinide-
burning mode pushes one in the direction
of high pewer density, making a loss—of-
coclant accident move difficult te cope
with.

Concerning the philosophy of safety,
it is not useful to postulate non-
mechanistic accidents - those for which
no physically realistic mechanism of
occurence can be ddentified. The useful
appreoach 1s to do failure analyses of
the system's components. Safety does need
rto be addressed early; this will provide
incentive for early definitieon of systems
in detaill, to permit characterization of
the failure potentials.

0f particular concern to us (at
Westinghouse) is wrapping large quan—
tities of actinides in a system that has
a great deal of stored energy on the
surface {(in the magnets). The determina-
tion both experimentally and theoretically
of the potential failure modes of these
magnets needs much more attention. Our
own heat-transfer analyses suggest that
trying to cool a postulated situation in
which the whole magnet goes normal is
out of the question. Needed is a com-
bination of magnet design and cooling
system that provides adequate protection
against release of the magnet energy in
a catastrophic way.

COMMENTS FROM THE FLOOR
ON THE ISSUE OF HYBRID RATIONALE AS IT
RELATES TO SAFETY - J.D. Lee (LLL)

If the doubling time of the ILMFBR
turns out (perhaps because of safety

factors imposed on the design) to ke 20
or 30 vears, a useful role for the hybrid
that hasn't yet been mentioned here might
be as a supplier of fuel to the LMFRR,

R, F. Post (LLL): The rationale for the
hybrid as a stepping-stone tc earlier
depleyment of pure fusion has a strong
environmental component, as follows ~ if
environmental and social characteristics
are indeed becoming more and more import-—
ant, and if pure fusion is the only viable
long-term source that is good enough in
these respects, then the running start
toward pure fusion that the hybrid can
provide is very valuable. €. Ashworth
(PG&E): Building power plants these

days has become such a burdensome
propositien from the standpeint of public
acceptance that any all-new concept (such
as the hybrid) will have to be perceived
by utility executives as having major
public-acceptance advantages over exist-
ing concepts (such as the LWR and LMFBR),
or they will not be interested. R. Moir
(LLL): This may not be so big a prchblem
since the hybrid as a fuel producer does
not represent an all new system; only one
hybrid would have to be added for every
five or so fission reactors of existing,
familiar types. Also, one could move the
fuel-producing hybrids to locations very
remote from population centers, allevia-
ting the public-acceptability problem.

J. Holdren (LLL): Separating the fuel-
producers from the power plants aggravates
what many people think is the most sericus
problem, namely transporting fissile
material and thus increasing vulnerability
to theft, There seems to be a growing
feeling that clustering fuel-cycle facil-
ities and power plants is better.

ON TECHNICAL ASPECTS OF SAFETY - W. Allen
(Bechtel):

Passive cooling in the primary loop is not
too hard to achieve, bnt usually an active
means of removing heat from the secondary
Ioop must be used to provide the ultimate
heat sink necessary to prevent an eventual
meltdown; in LMFBRs, if the heat cannot

be dumped to the condensors via the steam
generators, then a system of dump heat
exchangers fed by fans goes into action.
Thus the system is not passively cooled
all down the line, and this is likely to
be true of hybrids also. Liquid-metal
cooling in a fusion or hybrid system has

a liability not present in the LMFBR, in
that the combination of a large vacuunm
system and the containment of the coclant
in process tubes {(as opposed to a '"pot”
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or vessel) permits loss of coolant away
from the region that must be cooled,
Putting a thick vessel between core and
blanket as a back-up to catch coolant
leaking from process—tubes would impair
the neutronics; putting such a vessel
outside both blanket and core would entail
a very large volume to be filled before
cooling was assured, meaning the system
would have to contain a great deal of
ligquid metal. 1If a melt-down does occur,
incidentally, it's easier to cope with in
a metallic—fuel system because the melting
peint of the uranium metal 1s lower than
that of steel; thus it is possible to cool
from outside a steel wvessel which catches
the molten fuel, or to cool the steel
liner c¢f the inner containment if that's
where the molten fuel ends up.

OVERVIEW: 1IS5SUES AND DIRECTIONS FOR
FURTHER WORK

Concerns about safety, environmental,
and social impacts seem to be growing in
importance relative to other criteria for
choosing among energy-supply options; this
is true in at least part of the technical
community, it seems to be true in terms
of public acceptance of new energy
facilities) it is true with respect to
utility executives., Hybrid proponents
must consider the possibility that this
technology might not be developed, and if
developed might not be deployed, unless
it is perceived to have significant safety/
environment advantages over pure~fission
alternatives.

0f course, the likelihcod that the
safety/environment factor will be this
critical and, if it is, the margin by
which the hybrid will have to be better,
both depend on the strength of the incen-
tive for hybrids in strictly technical
and economic terms. It appears from
analyses done to date that only two such
incentives are likely to be very signi-
ficant: (1) by serving as a stepping-
stone, development {and possibly deployment)
cof hybrids will accelerate the time when
much more desirable pure-fusion systems
will be available; (2) in a primarily
fuel-producing (as opposed to power-pro-
ducing) mode, hybrids could supplement
long-doubling—time IMFBRs or replace them
as suppliers of fissile fuel for pure-
fission convertor reactors, permitting a
bigger fission economy and/er getting
there faster.

The {irst incentive may be found very
persuasive in the fusion community, but it
is hard to imagine its impact being very
substantial among hard-pressed utility
executives or government policy makers
dividing up finite development funds.

The second incentive is potentially more
important. What needs early quantitative
investigation is the sensitivity of this
economic rationale for the hybrid to

(a) assumed electricity growth rate, (b)
assumed nuclear fraction of electricity
genrating capacity, (c} IMFBR doubling
time, and (d) cost of mining enriching
uranium.

The apparent unattractiveness of
hybrids as straight power producers means
the central question about safety and
environment is not "How does the hybrid
compare to an LWR or LMFBR as an individ-
ual power-producing unit?” but rather
"What are the environmental characteristics
of a mix of nuclear systems that includes
hybrids compared to those of a mix that
does not?" Some of the principal uncer-
tainties that must be resolved to answer
the latter question have to do with pure
fission: the hybrid might permit LMFBRs
in the fission part of the system to be
repiaced with HTGRs, but one needs to kaow
moere about both fission reactor types to
know if this would really be a safety/
environment improvement; the hybrid might
permit the nuclear system to run on the
thorium/uranium-233 cycle instead of the
uranium-238/plutonium cycle, but one needs
to know more about both cycles to know if
this would be an improvement. (The "con-~
ventional wisdom" says yes in both cases,
but there remain toc many uncertainties
to promote confidence that it's really so).

Both from the point of view of under~
standing the environmental characteristics
of the system and in order to favorably
influence hybrid design at an early stage
cf development, of course, ii is necessary
to lock in detail at the environmental
and safety characteristics of individual
conceptual designs. Points which the
discussions in this symposium identified
as particularly worthy of attention are
(in no implied order of priority):

(1) Guaranteeing blanket suberiticality
at room temperature or even cryogenie
temperature, in the absence of coolant,
and considering improbable reconfigura-
tions such as collapse into the vacuum
chamber. Are there combinations of
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blanket composition and geometry that
can meet this condition?

(2) Designing adequate safeguards against
the destructive release of magnet energy.
How much could be released, how fast, and
what could be tolerated?

(3) Investigating the details of the
apparent trade-off between breeding

ratio and passive coolability of the
blanket in the event of loss of coolant
flow. How passive do we really mean or
want when we say ''passive coolability"?
Passive in the primary loop only, or more?

(4) Developing more detailed, disaggregated
quantitative measures of hazard potentials
in various designs: curies, biological
hazard potentials (curies divided by MPCs),
integrated biological hazard potentials
(BHPs times mean lives), integrated
biological potentials times physically
realizable release fractions in accidents,
extent and frequency of handling of
materials needed (expressed for radio-
logical hazards in BHP or IBHP per year
and for fissile materials in grams fissile
per year, and also in number of batches
per year). How do those figures vary with
burn-up and fuel turnover time?

(5) Investigation of the sensitivity of
answers to the foregoing questions to
choice of coolant, tritium-breeding
material, fertile material, metallic or

ceramic fuel, cladding, structural materials.

This requires acquisition of a great deal
more basic materials information.

All seemed to agree that it is not
too soon to begin in earnest to tackle
these complicated and important environ-
mental aspects of hybrid design.
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