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~ There was a man Ln our toun,
 And he was wond'rous wise;
He jumped Ainto a bramble bush,
And scrateh'd out both his eyes!

And whehn he saw what he had done,
With akl his might and main,

He jumped back in that b/LamblZe bush
And scrateh'd them in again! '
- Randall Garneitt

~ Copyright @ 1962 by Cande-Nast PubLications, Ine. ALL rights

nesenved.
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OVERVIEW
.S. Locke Bogart -

On December 3 and 4, 1974, meetings were held at ERDA, Germantown to
initiate an assessment of fusion-fission energy systems.. The meeting on

December 3 was devoted to a series of presentations on fusion-fission research

efforts being performed at national laboratories as well as-presentations—on. _

the point of view of utilities and environmental interests. A history and
overview of fusion-fission studies also was given. The second day was
structured to focus on different perspectives of the status of the following

important elements:

e  Fusion physiecs

®  Reactor engineering
) Economic justification and role
® Safety, environment, and safeguards.

¢
A guide was prepared for thlS discussion and 1s appended to the end of thlS —
overview. A conceptual study plan for fusion-fission: ‘energy systems also wasr
prepared (appended) but was not discussed because of time 11m1tatlons. '
Questions to the speakers on the first day qulckly p01nted out many of
the inadequacies of the data—base required to assess the prospects for fusion-
fission energy systems. However, the perspectlve of ut111t1es was made quite
clear:. power companies are very concerned with the matters of nuclear: fuel
availability and radioactive solid waste disposal. These are long termn
prdblems but are quite real to utilities sincevthey must formulate cqnstruction
plans well into the future. A related presentation, a pfeliminary cost-benefit
analysis, suggested that'fusion—fiasion energy systems appear to be a
competitive option in the long term. However, this -analysis included the
sale of electric power as well as fissile material from hybrid reactors.
Utilities may place less emphasis on power than fuel from fusion-fission
systems because dependable nuclear reactors are commercially,availablea
Both fusion physics and reactor engineering were discussed in a series
of presenfations. Reactor physics considerations‘appeared:in'scoping studies
performed by the Lawrence Livermore Laboratory (LLE) and the Los Alamos -

Scientific Laboratory (LASL) and also in a theoretical study performed at




the Princeton Plasma Physics Laboratory (PPPL). This latter effort focused

... fusion-fission device must:

- presented as paraphrased statements near the end of this overview.

_dispdsal also were presented as quite desirable. Failure to adhere to these:

‘minimum criteria was said to guarantee irretrievable environmental handicaps.

--physics, englneerlng,_economlcs, and safety/env1ronment/safeguards was amply

on the optimization of-a—"Iwo Component Tokamak" for the production of maximum
neutron current and indicated that an interesting quantity of fusion neutrons
could‘be-prpduced, in principle, by a fairly small machine (R Av 1-1.5 meter).
The LASL and LLL presentations focused on linear theta—plnch and mirror confine-
ment hybrid systems, respectlvely. Both designs produced electrical power

as well as fissile materials and each was based on plasma physics requlrements

regarded as do-able. The theta-pinch hybrid was developed around the 232

233U cycle because of perceived environmental and safety advantages. The

mlrror hybrld principally used the 238U--Pu cycle because of its demonstrated

energetlc properties and the advanced state of knowledgé‘on this choice. Each
design was always subcritical although much more work is requlred to confirm
this conclusion.

An unscheduled but very valuable presentatlon by Dr. John Holdren (Uv. of
California, Berkeley) provided a very convincing argument for early consideration

of environmental and safety factors. At the very minimum, any acceptable
&

e Preclude nuclear criticality accidents by a Blanket design that is

_ suberitical in its most reactive configuration, o k

°o Preclude blanket melting in the event of LOCA by a blanket design
that remains below its melting temperature by means of passive

 cooling . . . even in the worst circumstances.

Other characteristics such a minimizing safeguards prpblems_and nuclear waste

The workshop meeting on December 4 was less structured than the formal

presentations of the previous day. Consequently, discussion on the status of

sprinkled with digressions, many of which focused on the validity of con31dera

tion of fusion-fission energy systems. The gestalt of these digressions is

Opinion on the status of fu51on physics is distinctly polarized: elther
the physics is optimistic and it is realistic to seriously consider appllcat10n5.5

for fusion neutroms; or it is not, and many years of work and a series of



___would be required to include fusion-fission research. Both the tokamak and

-3=

machines are required before fusion-fission is a credible concept. However, it

‘ﬁas the consensus that only little near;termvmodification of ‘the DCTR program
mirror programs would not be altered, but in the latter case, could be

’ accéierated somewhat. - The ‘théta-pinch. program would treceivé'greater emphasis
»dn the linear configurations as the physics of this choice is ‘reasonably well
understood and presently more optimistic than for fhe toroid.

It also is the consensus that the physics requirements for all confinement
schemes would be reduced significantly and, in fact, would be somewhat different
than for the pure fusion case (optimize neutron current rather than Q). The
work at the Prinéeton Plasma Physics Laboratory résulted‘in the fbllOWihg

° The nt and T requirements for fusion-fission reactors would be

reduced significantly from the pure fusion case.

‘e g need not be long (e.g.,.1QOms is nominal).

) " The  impurity problem would be less comnstraining.

‘o The Alpha particles need not be‘confined'and, inlfact; may not be
gesired. . g | ) '

‘e ' The operating regime“is below trapped ion mode (TIM) and the in-

stability problem may be alleviated.

~
.

Tt is observed that similar relaxations of physics requirements exist also

for the mirror and theta-pinch configurations although in somewhat different
respects.

A new quasi-physics problem did ‘emerge during the diSCHSSion.' It was
stated that the duty cycle of any fusion neutron source must be an importanf
criterion. Although this certainly is evident, it was noted that all experi-

" ments to-date have a dutyicycle of less than 1 percent which probably is a
factor of 70 less than required. If fusion-fission is to be credible as a

middle term fusion application, then duty cycle needs -early consideration.

In summary, the physics looks reasonably optimistic although a new
perspective should be adopted for consideration of fusion neutron sources.
Since the physics for pure fusion reactors is regarded as optimistic in 1974,
then the physics for a fusion-fission neutron source seems to 'be even more

favorable. However, work now must be initiated to focus on the differences




b
" between fusion and fusion-fission neutron sources. Particular attention should

be given to neutron current optimization and the cost that is incurred (i.e.,

maximize T/cost and/or T/power imput)*. “Additionally, duty cycles now must
be examined for optimization.

The questions of reactor engineering are somewhat less clear than those
of physics because distinct blanket conflguratlons lead to:different product
mixes with different fuel cycles. .The only substantive conclusion is that
it appears unlikely that a pure fissile breeder will be an economical machine.
The production of fissile materials will result normally in the simultaheous
production of non-negligible high quality heat, the quantity of which
depending on the fusion .neutron productlon rate and the blanket f15$1ons. It
must be noted that any reasonable fusion neutroh current will glve rise to '
body heating in the blanket regardless of the system Q.. ‘This heat will have
to be removed and, if in reasonable quantity, should be converted to power
or some other energy form.

One statement on reactor engineering that deserves mention is that the:
reactor wall 1oading'possibly‘Can be reduced. .. This finding either may Or"may

more careful,study.' It is" ev1dent that - there will be trade—offs ‘on wall
loading. - : , : ,

There was raised the question of blanket inventory ofrbothgfissile.aﬁd“

- fertile materials.  In several.designs, very large quantities of-enriched -

- fuel was needed fer the~ihitial‘inventory which would require the services

of an enrichment plant. Pu was suggested as the initial fissile seed, but-
this material would ‘be:very difficult to obtain in the required quantities,
‘would retard the breeding ratio and would increase signifidantiy the plant.
capital cost. It is clear that coneiderable work must be done to examine the

* choices of fuel cycle,.enrichment;:thermal or fast spectrum, moderation, etc.

At this time, there is insufficient evidence to clearly identify any blanket as

- gsuperior. 1In fact, the choice will be influenced strongly by energy marketplace
~factors during ‘the next"two*towthreerdecades.‘weﬁ%;~rU‘r e P
The concept of fusion-fission symbiotic systems (as compared with a
‘hybrid) was discussed at length. The utility point of view prescribed.the.

following advantages: : N

*T is defined as either fusion neutron flux or fusion neutron current.
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® . They separate the flss1on subsystem from the fu51on subsystem.

e They eliminate the requirement for addltlonal power generation
Teserve.. ... . . ! o o -

® Designs for material production and economical'dry cooling are
plausible. v e - L

° “There may be greater . latltude 1n 51z1ng constraints.-

EY They may be easier to de31gn free of LOCAvand crltrcallty
o Other uses for: generated heat could be found e. g thermochem1ca1

production of ‘storable hydrogen and methane (ol).
® . Fissile material and waste products could be extracted as they are

produced if rapid throughput schemes are used.:

- Again, it is not clear that symb1051s has an economlcal advantage over hybrld
systems but it is evident that work is needed to compare them. .-

Fission waste burnlng was considered briefly. There:seem to be two:
opinions: it is very. feasible ‘and it is not fea51ble. Those«who!think it

. not. feasible p01nt out that alternatlve disposal solutioms, such as storage

“1n salt mlnes, should be less expens1ve by orderswof magnltude and, in any
event, waste- partitlonlng st111 would require alternative storage. The = -

" proponents point out that only several reactors Would be requlred to handle
the rather small volumes of particularly troublesome wastes (e ey actlnldes)
However,;this‘appllcation of fusion is really a socioeconomic  issue and cannot
be answered at this time. because of the lack of quantification-of attitudinal,
social, and environmentalifactors.

The subject of safety,;environment and safeguards_(SES):was discussed

princ1pa11y in the context:of John Holdren S presentatlon ‘on ‘December 3. It

 was .not uniformly agreed that actual fusion-fission energy systems could be
operated economically while at the same time being always subcritical and free
from LOCA's. The premise is that a hybrid would operatevmore economically.
near k —1 although this is less obv1ous for .a symblotlc system. In either
event, a fus1on—f1351on system llkely will be more compllcated than its fission

analog and, additionally, will have SES problems unique to CIR's (e.g., tritium,

magnets, disruptive instabilities, etc.) The major conclusion regarding SES
elements is that little can be stated as fact this early into the consideration
of fusion-fission systems'. To a large extent, SES constraints are design
specific and, with the few preliminary designs now available, no certain

conclusions can be made. However, it is a matter of record that at least
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criticality and LOCA probably will not be acceptable to intervenor interests

and' future designs should take this into serious consideration.

.. The_economic role.of. fusion-fission systems also-is very uncertain:-at

this time although a preliminary cost benefit analysis did suggest potential
advantages. It was made quite c¢lear: that.the economics will be based on the
product mix (fissile fuel versus électric power) and, at this time, pure

breeders appear not to be economically feasible. However, this conclusion

was draWh”froﬁ>pfesent.foréééSts of energy prices éna dould‘be sériously in
error. Similarly, the lack of a reasonable data-base on different fusion-
fission systems also could alter the conclusion. It is clear that more
- designs have to be performed from which additional cost-benefit analyses can
be made. Furthermore, the cost-benefit andlyses should include the effects of
environmental and societal values as well as dollars. :More detailed data
on forecasted actﬁal machine costs also must be ‘developed. It .was suggested
that "questionnaires".be.developed for the acquisition of data fér further
cost=benefit analyses." . - - e e Lo
To conclude the overview -of the-discussions on December 4, the following
’paraphrases of statements are présented to suggest'the~gestéltﬁof the ﬁeeting.
] Fission scientists -should ‘participate in the'assessment of fusion-
:fission systémé since these systems will draw:heavily.upon fission

reactor technoldgies;:

° The public perception of fusion power -attributes could.-'be altered.
° EPR~T priorities will -be affected by hybrids.
.® . . "There‘is no intrinsic 'need for a new power produecer.: .
“ e Utilities are really concerned with ‘saving 1/3 to 1/2 mill. per kwhr.
° Point designs are the only way to establish benchmarks.
® - Current and next generation physics experiments:will demonstrate
scaling of every parameter but not simultaneously. :: .2
° ‘ -Consideration of fusion-fission energy systems will . mot change the

~ near-term emphasis of the overall DCTR program. . ° B e

@ - Fusion~fission energy systems may be beam.driven. -
e - The near term emphasis, regardless of opﬁion,-is in improving -

~ plasma physics. - ; Cout
e  The development of a reliable neutron source really is the EPR  ::

question.
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- e~ Paper studies on fusion=fission are needed to assess advantages

and disadvantages. .

@ . The utilities are questlonlng the CTR program to the core.
) fo#MH_YUtiiItIes view fﬁ31on;fi‘ 1on'as a back—up to the IMFBR program
e .. Wall loading.is. a-potent argument for considering hybrids.
e  Low wall loading destroys:neutron advantages of”fhsidn—fission,
@  D-D cycles need consideratioﬂ for fusion-fission.
. ® A fast blanket has a- strong resemblance to an IMFBR. ...
e - The lack of a-need for enrlchment is advantageous.’
o A system with the lowest heating rate is. the purest breeder in:a’

symblotlc ‘sense.. -

e . It would be’ ‘desirable to-use waste heat for. process’ heat.\

°. ;"Symb1031s is a good scheme for ut111t1es because:of no. need for:
power generatlng reserve. ‘ ’ '

. ‘The. thermal spectrum must be used to avoid act1n1des and fission

products, fast spectrum’ advantages are lost.

. 'Electrlc power is worth much.more than fissile materials.
.-.e . TU-233.is more valuable than Pu-239.
e  Hybrid Pu would be better than IMFBR Pu.’
e . A U-238 system ‘can come-on sooner than. a thorlum system.
o Many burners would not be‘requlred*to handle.f1551onvwastes.b
‘-6 A hybrid is strongly affected by safety requlrements.'
- e ..A safe, ‘passive blanket is the key.: T
® There are some safety advantages in molteﬁwSalt'sySteﬁs;
°

A molten salt blanket would be more ‘hazardous. to-the fision neutron

source than other:choices:::

During .the several month interval between the meetings of Deeember&B'and 4,

1974, a clearer picture has emerged of the tasks that must be done for an

-accurate assessment of the prospects for fusion~fission energy. 'systems. In

a large measure, these concepts depend on the achievements in the plasma physics

“and fusion reactor engineering elements of the DCTR program: Work in these

areas must continue at the current if not an accelerated rate.  In addition
to continuation of the basic fusion power research and developmernt program,
the DCTR also plans to expand-the level of effort in the investigation of

fusion—-fission systems and their applicatioms.
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Near term projects jnclude the design of hybrid and/or symbiotic energy

systems-with- support from parametric, cost-benefit, and marketing analyses.

Depending on economics, the initial stress may s be for fissile fuel production
in response to the perceived needs of the ut111t1es. The heat generated
during the production process then would be regarded as a byproduct and
would be recovered only if it is ‘economically feasible to do so. These
designs also will focus on subcrltlcal, pa351vely safe blankets in response
to possible criticism from those who are deeply concerned with nuclear safety.
1t is expected that this design constraint will result in an economic trade-
off, and future work will amalyse this effect. Nuclear safeguards, considered
to be a problem of nuclear power, w1ll—rece;ve,attention early in the assess-—
ment of fu31on-f1s31on energy systems.

These studies are expected to last until the fallrof‘1977, at which time
a fusion community technology assessment is to be made which will include the
possible roles that fusion-fission might have in future DCTR fusion power
Research & Development activities. It must be made quite clear that the
assessment of fusion-fission systems will be based on hard facts: the
economlc role of qu1on—f1s31on systems must be establlshed and be attractive;
the plasma phys1cs and fu51on reactor englneerlng must be suffic1ent1y well in
hand to lend more than marglnal credibility to'the de51gn concepts; and the
safety, env1ronment, and safeguard characteristics must be benign to the
extent that fusion—fission is an attractlve alternatlve to other energy ‘
sources. Only if these three criteria are met would it seem reasonable to
pursue more costly involvement with fusion-fission energy systems. The
potentlal seems 1o be there but let us quantify. and measure it in a fashion

-that leaves no doubt of the results.




.Near- Term Questions

A; ..Fusion Physics == - "uIs»the“StateJof-the—art bf'fusibn (plasma)’

‘phy51cs really at the p01nt where sen51ble:

deers;ons7eanfbemmadeyon_theaprpspects,for..

 fusionsfission- energy systems? If so, why?

CTE not, when Wlll fu31on phy51cs be ready?

Yis‘iWhatﬁfusion-driVerswappear“the mOSt"credible'in“termS'df o

fneutron flux (tlme average) ‘v‘”

S g !

G

ZPF_What fus1on drlvers appear the most.credible for .the minimum -

.:1nvestment of externally supplled energy?

B What fu51on drlvers appear the most credlble for the mlnlmum

;y;nvestme tvof dollars?

. 4, What fuféib:n‘:dri’\'rers appéar ~the»mos't Credi‘ble for* the éé"”rlié‘s"t’ o

-

K t e'of demonstratlon of practlcallty (as compared Wlth
@fea31b111ty)? b ;,‘k:_;n T AL S T R

5. - Are’ there.other“candidatés for fuéidn”driéers'aﬁdf”ff?so, what?’

B. Reactor Engineering -- Evidently, there are a number of blanket concepts
one may wish to employ depending on the desired

product mix and configuration constraints.

Safety, safeguards, and env1ronmental factors

also enter in this choice.




l. Independent of presumably soltable conflguratlonal and
safeguard, envtronmental and safety (SES) constralnts,
what blanket de31gns woﬁld be chosen for-”

. speciflc product mlxes? B “
° speeific fuelwcycles? |

"o optimization of energy multlpllcatlon7

° optlmlzatlon of neutron multlpllcatlon?
2. What fuel cycles appear attractive? Why? .
3. Are some blanket compositioms, fuel cycles, and-reactor

configurations more desirable than,others? B

4, What are the 1nterfaC1al constraints for both the fusion plasma‘
. and the balasee'ef fu31on thermosscleat>requlteﬁents (e.go, s/c
magnets) fer eaeh choice of conflguratton‘leadlng to de31gns
satlsfylng Questlen 1. | B
"5.‘ What penaltles (or beneflts) would acctue fot‘de81gns that would"
ﬁlnlmlse actlvatlos and SES problems7’ |
6. What R&D steps are necessatyAtd'detetmihe the tethnicei_feesibility :

“of fusion-fission energy systems?

C. Economic =-- o Is‘there a need for fusion-fission energy

systems, espe01ally those des1gned for the -

production of{flssllenfuel,’ What is the

effect on reactor economics of power production

as a by-product (or vice versa).
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: Assess the role of fu51on-flss1on energy systems 1n

dlfferent supply/demand forecasts. Should such systems

o be de51gned to produce fiss11e materials, or electric

power, or-both? If the ch01ce is f1551le materials, could

‘lzthe'Waste heat frdm.such systems'be utilized for such

purposes as synthetic fuel productlon or 51m11ar by products?

If the ch01ce is electric power, does the by-product of fiss11e .

- materials mean anything?"_Is there an economic 1ncent1ve to

"~ use fusion-fission systems for fissile waste product and

2.

el

! prOJectlons of the natlon? (e.g., given spec1f1ed product

3 vov'.. B

, specrfic product mixes, (fiSSile fuel versus power) how best‘

» can these limitations ‘be 1ncorporated 1nto the energy supply

'mmix, define the optimal energy supply configuration)

‘_operating cost window for fu51on-f1381on systems to be competitive
tnith'alternative'ene’rgysup’ply'systems? What is the sensitivity
ntof‘this”nindowMto different product mixes?  What is the semsitivity
"of this w1ndow to different product prices? How should these
’analySes affect construction plans of utilities seeking to

‘ implement fission electric power?.

*actinide'dispoSa12

[ - : =

If both phy51cs and engineerlng constraints prescribe

T

GiVen'a.specific benefit-cost“ratio, implementation schedule,

product mix, and R&D costs, What is an acceptable capital and
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Safety, Environment, & Safeguards -- Fusion-fission enexrgy

1.

2°

fusion and pure fission (all- types)?

. What is the-sensitivity of ‘the aforementioned” ‘similations to:
. expanded successful uranium discovery rate at’
.acceptable dollar, env1ronmental, and‘soc1al
costs
® massive implementation of coal fired electric’

vplant and conversion plant K
° suCcessful development of ‘Laser Isotope 'separation
techniqﬁes'(dt;~ﬁethaps;.high'effiCieﬂcyéiow*enetgy
cost oﬁetation)&"’:
e world energy_priCes,controlled by a cartel always
éetite uheeteutkoptioes;‘_ : O
To what.exteht could fusioﬁ-fission energy systems”effect

national and world economics?

systems will share many of the

commonly perceived problems.

of fission reactors.
What are the potential SES problems of fusion-fission enexrgy.

systems?

To what extent can these problems be compared with both pure
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Is there somethiné—un{aaé‘abdﬁt'fusion—fission'energy systems
that gives‘rise,ﬁoneiphnggreaterfor lesser*potential problems
in comparison to the fission optiﬁnz, W

Can fusion-fission enexrgy systems be designed:to minimize

the number and extent of potential problems in comparison with

v

pure fission? -
a. If so, how? Trea;,Safety,;Environment;~aqd”Safeguards as

separate classes. -

_..be  If so, how would such measures compromise plant economics,

fusion physics, and reactor engineering?l - -
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Conceptual Study Plan for Fusion-Fission Enmergy Systems

"

Activity.

FY

75

1. (Perﬁorm;a preliminary assessment of the critical

. questions. of Economics, Fusion Physics, Reactoxr

. Engineering, and Safety, Environﬁent and Safeguatds,
Spe01f1cally -

.'bo :

2

sZr,“Identify'high priority. fusionfand fission subsystems

-9

e

d.

3. Prepare’'a formal stUdy/development plan based on.

results of Activities 1 & 2.

‘ of Fu31on Physros and Reactor Englneerlng

_Potentlal SES problem areas needlng early

.iDeVelop data for each alternatrve subsystem type

all.
_Dev1se a ranklng scheme. to order both fu31on and
;. f18510n subelements in. terms of prlorlty. Note,.

‘._ranklng of fusron and f15$1on subelements cannot

.Rank fu31on-f1351on concepts.

Estlmated Role of F- Edenergy systems

De51red technlcal performance characterlstlcs

resolutlona,

Major uncertainties in a, b, & Ce

Establlsh cr1ter1a for ranklng each subsystem type

to the extent that a common’ data base exists for

be performed 1ndependently0
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- FY

“<rfl5?-"

CActivity

76 0 c o 0D 1

3.

“ Perform scoping and definitional studies (point designs)
" of the most promising fusion-fission energy systems.

. “The number of different systems and thée level of effort

for each will be determined by funding availability.

Hihitiatewstudiesrtoﬁformeily consider Economic and
ySafety, Environment, “and Safeguard problem areas..

wThe results of these efforts will be used to measure

the desrgns prepared durlng act1v1ty 1.

Perform supportive stud1es that are essentlal to but

fnot w1th1n the scope of act1v1ty 1. Typlcal efforts
”Tcdul&'include*but are not lrmlted'to.

\ﬁ’ioﬁ*Studles on- optlmlzatlon of the fu51on subsystem

“gs an-element in a fu51on-f1331on energy system.

é‘?o‘*Edended%studieSJin<conCeptual blankets for future

reactor design efforts.

© i ¢ Expansion’ of “the nuclear data files to include

< fusion-fission- requirements.

‘@ Chdractérization'of;the'processes for fuel cycles

and production "methods..

) Cheracterlzatlon of structural alternatlves with =

maintainability being a key factor.
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Activity

77

- 76 (Cont.)

4o

2.

Evaluate the technical status of the point design(s)
resulting from scoping and definitional studies;m
a. Identify essential subsystems for which

unacceptable uncertainties exist.

Initiate preliminary conceptual design studies of
fusion-fission energy systems. The selection of
these systems will be based on

a) Technical maturity of concept

b) Economic promise of concept

¢) Concept adherance to acceptable safety, environment,

and safeguard standards.

Initiate studies on those essential subsystems thét
have been found to be incompletely characteriéedg
Continue supportive studies ét a level commensurate
with program needs.

Review status of program with respect to the results of

the preliminary conceptual designs, the status of essential}

subelements, and the economic prospects of fusion-fission

energy systems. Decide to proceeed if program status is

satisfactory.




-17-
FY Activity
78 1J. Initiaté comceptual design(s) for fusion-fission energy
- . system(s). . Perform the necessary and sufficient analysis
‘to justify-construction of a facility should such a
“decision be made. - -
79 ¢ .1y Evaluaté’ conceptual design(s). Decision to construct
“facility .if -indicated.’
:
<




. Tuesday

9:00 a.m.

9:10 a.m.

10:00 a.m.

10:50 a.m.

AGENDA

FUSION-FISSION ENERGY SYSTEMS MEETING AT AEC
HEADQUARTERS - DECEMBER 3 and 4, 1974

3 December 74

Jim Williams and Locke Bogart (DCTR) -~ Opening remarks, -
Guidelines for presentations and questions will be proposed

~as well as the desired major objectives of the meeting.

Raymond Huse with James Bufger (Public Service Electric

& Gas) and Mike Lotker (Northeast Utilities) -- The
perspective of Electric Utilities will be presented with
particular emphasis on economic and implementation aspects.
Utility interest in fusion-fission systems will be explained
with respect to alternative electric energy options.

Lawrence Lidsky (Massachusetts Institute of Technology)--
A systems overview of fusion-fission energy systems will
be presented. Primary design criteria will be identified
for different chioices of the product mix or application.

Duane Deonigi with William Wolkenhauer (Battelle Pacific
Northwest Laboratory) -- The results of a recent cost~
benefit analysis for fusion-fission energy systems will
be presented.  The plutonium cycle was used because of
well-developed baseline data. System cost windows will
be defined in terms of product mix, implementation date,
and forecast competitive marketplace. The thorium cycle
will be discussed briefly in terms of data requirements.

11:40 a.m. Ronald Liikala with Bowen Leonard (Battelle Pacific
Northwest Laboratory) -- BNWL's cumulative efforts in
fusion-fission energy systems and an assessment of its
future. Engineering requirements will be emphasized.
12:30 - 1:15 p.m. \Lunch \
1:30 p.m. Ralph Moir with J. D. Lee (Lawrence Livermore Laboratory) -

2:20 p.m.

Daniel Jassby (Princeton Plasma Physics Laboratory) -

- LLL's cumulative history of fusion-fission energy systems
with particular emphasis on point design experience.

- Optimization of beam driven tokamaks for high flux neutron
production and an assessment of the prospects of this concept.




Location

3:10 p.m.

4:00 p.m.

Wednesday

éﬁOOﬁa,m.

Robert Krakowski with Donald Dudziak (Los Alamos
Scientific Laboratory) -- LASL's recent experience.. -
in fusion-fission energy systems. Specific emphasis
to be placed on the fusion-fission interface and
economies of scale. \ - :

Five minute summaries of each presentation followed
by open discussionm.

4 December 74 -

Workship Meeting - Discussion to initially focus on

the maturity of fusion physics and reacto;Aenginee:ingQ
Questions of economics (both costs and sales), environ-
ment, safety, and safeguards will be examined. Recommenda-
tions for studies will be solicited for consideration.

The meetings on both days are scheduled to be held in
the Commissioners' Conference Room (A410).
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AEC/DCTR

Name Qrganization Telephone
L. Locgg—ﬁoéérﬁ AEC/DCTR ~ 301-973-3735
2. Raymond Watts PNL Engineering Tech, 509-946-2728
3. Thurman Frank LASL : 505-667-5003
4, - Donald Dudziak LASL 505-667-6336
5.  Joseph D. Lee LLL 415-447-1100
. . ext: 7215
6. Don Steiner ORNL 7 615-483-7995
7.  Larry Killion HQS AEC - List/DMA 301-973-3345
8 ‘Michael Lotker Northeast Utilities 203-666-6911
9. Jémés Burger Public Service Eleétric 201;622-7060
. Gas Company ext: 2251
10. Jim Maniscalco CLLL | 415-447-1100-»
- ext: 4272
11.  Robert Bingham AEC/DCTR 301297324097
12, Michael L. Miller University of Texas 512-471-3542
13, Steve Nichols Uﬁiveféity of Texas 512-471-5136 or
' : 3542
14, Franklin‘ﬁ. Coffman AEC/DCTR - 301-973-3734
15.  J. Nelson Grace - AEG/DCTR 301-973-4594
L6, C. W. Maynard UﬁiVersity of Wisconsin 608-263-3285
17, Charles C. Baker General Atomic Company 714-455-2831
18, Daniel Kleiﬁ Westinghouse 609-452-5664
19, G. A, Graves - NSF/OEP (LASL) | 202-632-7812
20, Meyer Steinberg BNL, Upton, New York 516-345-3036
21, H, P. Furth PPPL 609-452-5603
Steve Dean ! 301-973-4095
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T,

A, Parish

Univ. of Texas at Austin

Name OrgaﬁiZation ' ' Telephone
23.  T. K. Fowler LLL . 415-447-1100
o . exts 7501
24.  R. F, Post L 7415«447;1100 -----
. . : : exts - 7153
' 25. - A. M. Sleeper AEC/DCTR - 301-973-3421
26. M. M. Cohen - . AEC/DCTR | \,‘3614973<5514
S 27  'Li¥K.'?rice : AEC/DCTR ' _3014973-5L43 |
28, - Fo R. Scott AEG/DCTR - 301-973=3563 |
29. €. E. Taylor LLL 415-447-1100
ext:s 713
39.  J. P. Holdrem LLL/Univ. C. perkeley 415-642-1139
a1, E,:J, ziurys AEG/DCTR  301-973-51644
3. Ge W, Kuswa AEG/List 301-973-3397
33. M. Murphy  AEG/DCTR  301-973-3304
: " 34. M. Grunspan AEG/OPA ' 301-973-5223
35. K. G. Moses " apo/DeTR “'551-973-3563
o 36, J. D. Hunsuck | AEC/List  301-973-3397
| 37. 1. Clark 0. 5. Congress Staff J01-225-2965)
38. E, Oktay  AEC/DCTIR , ;301-973-356$
39. G, J. Mischke .- | AEC/DCTR 301-973-3734
40, . G H. Miley Univ. of Illinois _3,21?-333-371/
41, ?5 P. Rose ‘Weééingﬂéuse'Electric'Coip, L ?%@9-452-5759
42, B. Ro Léonard, Jr. Battelle Nérthwest 509-946-2
43, E.'Liﬁn,Draper, Jr. Univ. of Texas at Austin 512-471

512-471
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S 47,

Name .ffagééﬁiéégibn Teleghong
45,  R. M. Rosselli AEG/DCTR | e 30167345543
46, J. H. Vanston Univ. of Texas.at Austin 512-471-4049
Lo J. Liaoféky Columbia University 212-280~4460
48. R. T. Taussig o oo |  ;'1212-280—2é61
4. M. A. Abdou | Argonne National Lab. | 312-739n4098'
50. J. M, Williams DCTR/USAEC.‘ | | ?*301-973:3734',
51. W. Co Wolkénhéuér _ Batteile NoftﬁWgsﬁ'Lab, | "509;946—24?0
52, ‘Ao Hertzbergv Univ;‘of Wa$hington  | - 206-543-6321
53.  P. Ho Rose M;thQ sciences?N;W; 206-632-1046
54, . Go M. Halpexrn E#%on”Res. o  »261—41472010
| ‘S; D. Putnam éhysics internatidnal Cé. >;i4L5335i-4619
- J. H. Huntington Eﬁysicg International | '413-357-4510 |
Lo M. Lidsky. 'Mii, _x | | éij~25§f§868
R. A. Huse , Bgs;ﬁ;’&ué;‘ ’ " 201—62217000'
Go Ko Hes$; Jr. DCTRZUéAEc o | ;361497345378
Lowell Wood 0.C.LoL oL  415-447-1100
R . exts 3444
James Powell lBrookhévgn National Lab. = 516—345-2440 |
‘Howard Greyber ‘jCoﬁsultant~ Pot6mac, Md. 301-299-8168
Duane Deonigi ‘Battellé Northwesf : : 509;946-2475
"Ron Liikala

~Battelle Northwest

. 509-946~2627
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ATTENDANCE -- FUSION--FUSION ENERGY MEETING -- DECEMBER 4, 197T

|

Name Institution Telephdne
| 1. Locke Bogart AEC/DCTR 301-973-3735
) T T
it 2,  R. P. Rose Westinghouse - 609-452-5756
| 3,  Don Beard AEC/DCTR 301-973-5143
: 4,  Donald Dudziak LASL 505-667-6336
 $ 5. Bob Krakowski ©ULASL ' -505-667-7001
fﬁ 6. Charles C. Baker General Atomic | 714-455-2831
;u 7. Charles W. Maynard Univ. of Wisconsin '608-263;3285
Wﬂ 8. James R. Powell Brookhaven Lab. | 516-345-2440
-9,~ ‘John H. Huntington =Ehyéics Internat'l. | 415-357-4610
1d;:r ‘B, R. Leonard ~ Battelle  50§-946fg558
;:;11; - ﬁo«co Wolkenhauer " 509-946-2470
f 12. 'R. C. Liikala " | '509-946-2627 |
fﬂ 13. M. A. Abdou ANL 312;739—4098?
V% l4.  G. M. Halpern Exxon Res. & Eng. 201-474-201
t}ﬁ 15.  F. R. Scott  AEC/DCTR 301-973-356
| 16. Franklin E. Coffman AEC/DCTR 301-973-373
| 17. James M. Williams AEC/DCTR "
18. Steve Nichols Univ. of Texas ' 512-471-513¢
35408
. i 19.  T. A. Parish ~ Univ., of Texas— 512-471-513i:
20, R. W. Moir LLL 415-447-1 )
ext:
21.  J. D. Lee LLL 415-447-1

ext:
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Ro L. Watts

ﬁiéﬁéei Lotké?
‘L. M. Lidsky
T. G. Frank
ﬁJameé Burger—
".Duane Deonigi
B L; Jaésby
,Pon Steinex

9, H. Miley

Clyde Taylor
‘Jim Maniscalco

Michael Mu:phy
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Northeast Utilities

MIT
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617-969-9727
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ext: 2251

.509-946-2475

. 609-452-5661

- 615-483-7995

217-333-3772

415-447-1100

ext: 7151

" 415-447-1100

.ext:'723l

301-973-3304
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INTRODUCTION

While fusion researcﬁers point tora_commercialiZation date
by the year 2000 for thermonuclear reactors, the subsequent
introduction_of these devices on utility systems will be
governed‘by incentives of reliablllty, economy, safety,. and
envmronmental compatibility demonstrated 1nrear11er research
phases. First generation fusion reactors, subject to all the
uncertainties of any new energy conversion technology along
with the extraordinary challenges of the D-T fuel cycle, exo-
tic structural material requirements, superconductlng magnet

and/or laser technology, may well be less attractlve than

i e o

fission or coal fired generation optlons in thls tlme frame.

The principal attraction-of fusion—fission energy systems lies
in the potential for relaxing some of the engineerinq require-
vments of pﬁre fusion systems. Although they may advance the

date of commerc1al demonstration experiﬁents by only some five
to ten years, the more llmlted extension of state-of ~the-~-art re-
quired and the enhanced relianCe on proven technology may accele-
rate the utiliiation of the hybrids by utilities. Furthermore,

these systems offer the utllltles an interim alternative which

should smooth the, transition from fission to ‘fusion domlnated

generation of electricity with a minimum of risk. During this
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E—— interim~period¢gwhich'ﬁay«bema9m10ng as-57-100 yeérs or more,
fusion-fission hybrids can effectively contribute to the solution
of the pressing fuel availability and waste disposal problems of
the fission economy. If studies currently underway and shortly.
to begin support the technical and economic promise of these sys-
tems' enhanced:relevéncé to bur energy future, an increased pri-

ority for fusioﬁ research should result.

Below we discuss some of the issues that will be 1mportant in
assessing . fu51on-f1551on energy systems from a utlllty perspec-
. |
tive. We begin by making a number_of qualitative_systems-ori-
|

ented_obServatiohs and then attempt to give some economic quanti- -

fication of the benefits from fusion-fission hybrids and their B ' !

: ‘ allowed capital cost.

IT ADVANTAGES OF A FUSIOV-FISSION OPTION

A prellmlnary economic analy51s such as the one presented below ‘ )
suggests that there are Strong incentives to make use of the large
amount of heat liberatea in a fusion-fission hYbrid. However, a“
closer anélysis indicates seﬁerai advantages for’a de?iéé that breeds
fissik fuel and/or burns fisSibh Qééte @roducts Qithout qenérating ' ' ﬁ
electricity for external.saies.: Ih thiS‘reééfd,Lbrééding U-233 frgm
thptium”appearé pretefaﬁléité piutOniumﬁproductigﬁwfrom,§:238 due to
vthe.1ower_rates\of\heétxéeﬁéfatiOnAin the former case and the con-

Sequently reduced penalty for not utiliZingzhéat; In any'final

commercial decisions, economic considerations will be ¢of major im-

portance, but these other issues could also be of substantial




significance.

In the following, some of these issues are presented with

special emphasis on non-electrical fusion-fission systems.

1. Perhaps the host obvious advanteqe for a basically non-.
electrical fusion—fissipqVdevicewresults from eliminating
the constralnt of instantaneous reliability. While total
on-llne hours per year will still be crltlcal for economic
feesibility, the impact of a momentary failure, potentlally
qulte serious on an electrical system, would, for this
hybrid, be negllglble. Such decoupllng from electrical
power productlon supports the practlcallty of very large
sized units that seem to be indicated for many fusion - |
systems, because it ellmlnates the need for a large anount»
of back-up generation (splnnlng reserve) whlch otherw15e
would be required. The pulsed nature of the Tokamak causes

o problems for this concept(the UWMAK—i has a burn time of
90 minutes followed by a recharge time of 6% mlnutes) Simi-
larly foregoing electricity production may reduce the rella—

bility constraints upon the laser in laser fusion concepts, as

“impact sf-missinga few-shots every. now and agaln would be
minimal. Reduced reliability requirements should lower cost

in numerous other areas.
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2, Optimization'of breeding at the expensevof electrical’
production has advantages from the standpoint,of handling
the heat produoed. In partioalar:

; | w(a" if one is not concerned wiﬁh surrounding the fission
blanket with a.superconducting magnet,_such as in a
laser system,‘the required power density can be made

 low enough to reduce safety concerns, e.g:; a loss of

coolant accident.

(b) Since the pr1nc1pal productls fuel rather than elec-.
tr1c1ty,thermodynam1c eff1c1ency has relatlvely less
.;mportange, Therefore a;poweg dens;tylandrthus.a
blanket temperature could be seiected in either a

gL | laser or magnetic confinement Syshem that would per—

_mit rejection of heat at temperatures high enough to

make dry cooling practical. The _independence of a
need for coollng water w1th dry coollng would result_

in additional flex1b111ty in siting and llcen51ng.

3. There is'the strong possibility'that~a separate business
entity would own and operate a fuel producing device. This

‘ would be sighificantriq>tha;_the,price for the fissile fuel

prOduoed, or waste proddcts disposed of, would probably not

be set by a state requlatory body, although federal regulatlon

as in the case of 011 and qas today might still occur. The




‘The approach 1s the one which changes: the electrlcal
- utility busrness least .an- advantage for any technoloqy
,trylng to galn utlllzatlon and a strongureason £o6- suspect

.that the time - scale of 1ntroductlon (after‘commerc1al‘

. company would have a market as ‘proad as the “entire fission
‘economy (L.€ss worldwide)'rathervthan~one strongly tied to

“"a*narrownoperating area. - ThevbusineSS'operations would

thus be,optimized for fuel production'and/or waste.disposal;

-leavinq'the utility to concentrate“on electricity production.

The non-electrlcal optlon allows the utllltles to optlmlze

for the generatlon of electr1c1ty w1th the (by then) mature

LWR~ d HTGR nuclear technologles. Increased rellablllty

and effrcrency in utlllty operatlons would be major results.

demonstratlon) will be rapld .- This, ¢© combined with the

shorter research program to demonstratlon that w1ll be‘

probable w1th a 51mpler dev1ce means that thls concept can
be con51dered to have mld term (before 2000) relevance.
The case for the hlgh prlorlty of fusxon research should

therefore be strengthened even further.

— g

The“potentialrgor a deVLce to transmute. certain fission
waste products, as well as breed fuel, has psychologrcal,
sociological, and philosophlcal 51gn1flcance.. It'offers

a way to jessen the purden on future generatxons to guard
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‘radiocactive wastesfor thousands of years, requiring

potentially unrealistic assumptions about the :longevity

~of .our societal institutions. While recycle of radio-

active wastes (principally the actinides which are the

.longest lived) has been discussed in the case of breeder

reactors, such fusion-fission devices with thelr harder

neutron spectrum ofFer some fundamental advantaqes. The

'promlse of such transmutatlon we belleve, could have an

'1mmed1ate 1mpact on the current nuclear enerqy debate.

This concept fits well into the nuclear park arrangement

which might consist of several fission reactors, a: fusion

,,breeder,and wastefburner,_a'fuel-reprocessingwplant, and

a short-term storage facility. The safety and security

‘implications are obvious..

A dev1ce that‘does not produce electr1c1ty for electrlcal
sales ma& generate power for on-site consumptlon (1 e.
for neutral beams, 1asers, etc ) It may therefore be
p0551ble to make use of some of the thermal energy
generated without sacr1f1c1ng the above advantages of a

LY

non-electrical fusion-fission breeder. The final design

configuration will be determined by system optimizations

beyond the scope of this paper.
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._capacity.

. power growth to 2020 AD.

~ LMFBR S and advanced fast breeders, or t

FISSILE FUEL SAVINGS = R&D IMPLICATIONS

a fuel producer addresses

From a national priorities viewpoint,

a more crltlcal problem than electrlcal power productlon, namely

that of fuel supply. In fact, the: motLVatlon for developlng the

IMFBR is fissile fuel supply in future years, not electrical

To provide some 1nd1catlon of the need for breeding in a -nuclear

us were compared for a. pr03ectlon of nuclear

economy, two scenarlo

1 The nuclear reactor requlrements were

assumed: met elther with LWR's or the mix of converters and breede,

e

;show “in Flgure 1t be comnerc1af

‘The breeders:’ shown could elther

he advanced breeders couF

be fu51on—f1551on energy systems.- The 1llustrat1ve dlscu551on beg

low 1s carried out in terms of olutonlum bred from U-238 but ‘the §

mproductlon of U~ 233 from thorlum is an alternat1ve~0ptioni_ It

should be empha31zed that the plutonium or U-233 productlon cnarf

teristics of‘fusion—f1851on hybrids and fast breeders may be subg

stantially different.

2 _comparison_ of the mlned uranlum and enrlchnent requirements

r converters and breeders

for these two scenarlos (all LWR s,0

ure of the economlc incentive for breeders.

provides a meas

The breeder scenarlo "indicates a strongly advanc1ng breeder

technology and hence provides a reasonable ba51s to assess
the maximal fuel cycle savings with breeder development. A
1ess rapid rate of breeder introduction appears more‘;ikely-
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modest levels The analysis is- terminated arbitrarily at 2020—2AD.- -

LWR's are seen to be phased out after 2010 and all-new
‘capacity thereafter is provided by commercial and advanced

breeders. HTGR's are seen to decline to a significant but

Figure 2 shdws the U30g (yellowcake) requirementvif the nuclear

capacity forecast shown in Figure 1 were met with light water

reactors (LWR's) employing plufohium‘ré¢§éle'ofiwith the mix

- of converters and breedersfshown,2 In the latter case the

derSl TR “

initial plutonium requirements for the breeders are met with

that produced. in LWR's; no‘plutOnium recycle in LWR's is

-assumed although: plutonium would be available for the assumed

- . breeder capacity. ~The depletedluraniumﬂfor‘breéaérs would be

. available from stockpiled enrichment plant tailings. “The

U30g requirements shown in this time frame thus arise froh the
predidted LWR and HTGR capacities forecast éﬁd are not influ-
enced by breeder requirements.:.Higher breeder performance
permits more plutonium tglbe,recyéiéd, however, and . reduces

U308 requirements.

The uranium reserves are shown in Figure 3 as a function of

the ore concentration levels and the corresponding price as

estimated by the AEC.lf3"The'oré'c05£s*at a ngen5bdﬁcentra—* B

tion are less than those cﬁrrently being paid today4(by a

 factor of 2) but théy ddbprovide an indication of ore costs.
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The figures shown are thus conservative;c'There is considerable,
uncertainty regarding uranium resources and more uranium may

4 piqure 4 shows t+he cumulative ore

exist at lower prices.
sav1nqs based on the ore prlces of Figure 3 without ‘escalation.
While the uncertalntles in ore cost and ‘nuclear capacity make
any detailed economic analysis uncertain, this capa01ty and

ore cost forecast 1nd1cates a cumulatlve savings on ore alone

of almost $300 billion between the yearS‘2000-2020.

The use of LWR's, in contrast to breeders, requires enrich-
ment and the amount of enrlchment (ln separatlve work unlts)
for the two reactor scenarlos (LWR's only and breeders and
converters) are shown’ in Flgure 5. 2 (A separative work- unit
is required*to make 1 kg of uranium with twice the U2§5
enrichment of natural uranium,) Corresponding savings for
enrichment are shown in Figure 6 and‘indicate cumulative -
savings through 2020 of $75 billion. Enrichment costs are

pased on the current AEC charge of $47.80 per’separative-work

unit, which will certainly increase in the future.

The savings calculated by comparing these two scenarios can.

be translated into today' s dollars, i.e.. their present worth

can be calculated. "This pr0V1des an estimate of the maximum—
cost of a fusion-fission hybrid research program (in 1974

dollars) that one can justify on the basis of® anticipated
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...............

~fissile"fuel cost and enrichment savings.  To.compute this

present worth, one calculates -the sum of {l+i)’n timQS'the ’

annual expense where n: is: the -number of years after the

.reference year;, e.g. 19741'xFor;purp05es‘here; let us make: -

theﬁrdugheasspmption-that,the‘cumulative'savings are all-
made iﬁﬂthe.yeargQOlS_AD Kbelf Figures 4,6) and the interest

rate (i) isnlg%;_thenﬂthe_present_Vaiue'ofcthesek§avings,

say in 1974, would be -(300x102+75x10%) /(1+40.10)4l = $8 billion.

The foreq01nq two scenarios thus: suggest that the ore .and
enrichment savings-  from a’ breedlng capablllty (through 2020}

couldahave_a.value today onwthe order-cfnss .billion. ' This

‘could be taken as-an upner limit. on ‘what:: the: U.S: should be.

w1]11ng to spend for R&D.today:in this. area: prov1ded that
breeders cost. ‘no-more per electrlcal kllowatt than converters.
If breedersghave,hlgher.capltal‘costs than-converters or-are’
not electricity producers,. the R&D eXpenditﬁreswjﬁStified.ins

the above way would be reduced. ==
The research prbgram would be spread out over a number of -
vears, however, for example, from now until 2000 “AD, when

(c.f. Figure1l) advanced breeders are indicated as commercial.

-For .this period,: the '$8 billion present worth-is-equivalent to

a $900 million-annual R&D.expenditurevfor'bfeeders:




-38-

v

other portions of the fuel cycle will also have somewhat
differing costs dependlng on whether IWR's continue to be
used“through 2020) or whether pbreeders are introduced.

Plutonlum 1s more costly to fabricate than uranium but ‘even

vw;th only LWR s, plutonlum will Stlll be recycled, entall;ng

extensive plutonlum fabrlcation.

PLANT ECONOMICS

Cclearly, the cost of a productlon plant must be direCtly

related to,mlﬁlmum cost for which 1ts product can be sold to

, break even. The cost of the plant is composed of two portlons,

namely the lnltlal cap1ta1 cost, and the operatlng and mainte-
nance cost, whlch may be quoted on anAangua;(he§;s. ‘In the
caseé of nuclear flSSlon or fu51on plants, the capital.cost
dominates and we will confine ourselves to considering thlS

major cost component.

For a hon-electrlcal preeder the minimum allowable'prlce_of
the fuel prodUCed (dollars per gram) is simply related to the
unit capital cost of the plant (dollars per gram per year)

through a percentaqe of the capital cost called the carrying

charge. ThlS carrying charge is determined=asathe-perceggage
of the capital cost that must be earned annually to pay for

the plant over its lifetime; the principal components are -
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interest, depreciation, and”Fedeﬁai and local taiééfpgmhis:»
relationship is given in Appenaix A by setting e = o 4in the

equation.

The relatibnship for a 15% carrying charge‘is iliustréted’in |

Figure 7. Fof:ékémple, if plutonium (or U-233) can be sold for $30 per
gram, the maximum allowed capital cost for thé'plant'is“$iSQ\

per gram per year (see * on Fiqure 7).' For é dépécity of 1%
tonnes/year of plutonium, as has been discussed,5 the éllowed

plant cost would be $é25 million.

oo

If thé plant produces electricity as well as nﬁélearvfﬁel,
revenue is»deriyed from both products. In this case, a
quesfion‘érises és;to hdw puch.of thé goSts‘shouid be
aiiocated to éach;Of the products. Furthermore, the capital
cost is not aécurately‘reflecped-by the capital cost per unit
of\bné'of the products, i.e. by $/gram/year as présented'in .

Figure 7.

To illustrate the interrelationship of the two products, the

_ _ o
cost to produce a unit quantity of plutonium (0or U=233)" can be related
to €otal'capital cost with electrical revenues as a parameter.

In Figure 8 both plutonium‘production without electricity

generation and with 1000 MWe at 75% capacity factor in an
electrical breeder are illustrated. For the cases of elec-

trical power generation, electrical power credits of 10 and

*This discussion and Figure 8 are given in terms of plutonium..
The same discussion and numerical values are also true for U-233
produced from thorium.




20 mills/kWh were taken. The annual revenue requirements

were computed from the capltal cost uSLng a carrylng charge
of 15% as above. The equatlon for the curves is given 1n

Appendix A.

Two plutonium productionvcapacities/are illustrated. The
lower annual plutonlum productlon rate 1s the same: as that
for a 1000 MWe LMFBR (advanced oxide) and the larger for a
production rate 10 tlmes as great, whlch apoears readlly
achlevable in a fu51on—flss10n breeder. A capital cost of
$500 million would correspond to a 1060 MWe electrlcal power-
plant dnit cost of $500 per KWe, whlch is roughly what is- ‘

1pr03ected»for the LMFBR. The value dlscussed with regard to:

3,nonelectrical-production“and"shOWn%by'a“*'1n~F1gure~7;~1s

similarly indicated on Figure 8.

The curves 1nd1cate that, as expected the unlt cost of

plutonlum is reduced by the concurrent generatlon of

electr1c1ty for a given plant capital cost Increa31ng plu—

tonlum production: capac1ty also reduces" the productlon cost

of plutonium. . “%~

\
@Dqﬁ\ﬁﬁr %lemwg&@ﬁ

Thetcurrent value of plutonlum is about $10 per gram based
on the cost of the equlvalent reactor fuel as uranlum
Assumlna a future flSSlle fuel market value of $30 per gram,
the follow1ng allowed capltal costs for the cases con51deredA

obtaln (see Figure 8 and Appendix A).
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mABLE l
BREAKEVEM PLANT COST
-(MILLIONS OF DOLLARS)

Plutonium Production Capacity’
(kilograms per year)

ILMFBR HYBRTD
- 500 3000
Electrical-Power Cost .
(mills per kWh) 7
o 22 225 450
1o 460 | 660 890
20 900~ 1100 1330

For these electr1c1tydand fuel productlon capa01t1es and prices,
the effect of electr1c1ty product and credlt substantlally alters
the allowed capltal cost for the plant. An electrlcal ‘capacity
of 1000 MWe corresponds to the largest electrical powerplants
being built today, clearly for less electrlcal power productlon,

the effect ls also less.

With little or no electrical production, as ‘in the first case,
the allowed capital cost is sensitive to plutonium.produCtion
capac1ty and plutonlum prlce. However, for 1000 MWe/of base~
load output, a major portlon of the revenue requlrements are
met through electrlcal sales so the effect of plutonlum pro-
duction capacity on breakeven capital cost is 1ess (c f Table
n. o : : SN AR I

ﬁOOO MW of electrlcal generatlon at 75% capacity factor is
assumed.
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K One can alsoLe#press the breakeven capital cost of the plant’ "

. -on the“basisfof‘unit thermal (or electrical output) and Figure 9
shows this plotted as -a functlon of the ratio of fissile fuel to
heat productlon,x . Curves {see Appendlx A) arc plotted’ for no
electricitQ'productlon and 1000 MWe’generation'Of*electricity‘
(75% capacity factor); the electricity is shown at 10 and 20"

mills/kWh,“andxfissile fuel; e.qg. plutonihm;7ls*takeh*at*$30'per

gram.

Ao The vertlcal llnesdlndlcate several Values ofx dlscussed 1n the
rlkn | llterature.° '6, 7 The values ofl shown as Reference 7 are for a‘
llthlum and U-238 blanket (larger& ), and a llthlum, U- 238 and

4° plutonlum blanket (smallera’) The capltal cost for a beam t
drlven' tokamak reactor (TCT) has been estlmated to be on the»‘;
order of $800 mllllon. For power levels w1th these two blankets

LR

in thlS reactor of 6000 MW thermal (lowerl ) and 2000 MW thermal

(higher ¥ ), the unit capital costs would be $130 per kW thermal
and $400 per kW thermal, respectively.8 The correspondiﬁgkproif,
duction costs for electrical power can be seen from Figﬁre:9jtoV

- be modest, indicating that such a system appears to havedecbnomic

“potential. ‘ - : N : - ' EE AR

The questlon can. also be ralsed as to the allowed capltal cost

of a fu51on-f1551on plant burning up radloactlve wastes (e a.

actlnldes) elther w1th or w1thout electrlcal generatlon. Flgures 7
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"plutonlum productlon are replaced ‘with "radloactlve ‘waste
consumption”, i,e..grams (orlkllograms) are 1nterpreted-as;-
radioactive wastes consumed. For'example,.with reference to:
Figures 7 .and 8 or Table 1, cohsider a plant producing no .
electriCity:for%external‘sales.and‘burningpradioactdye.wastes

for a fee comparable to the vprice of fissile fuel. =1TU§Q;f°r a .
-1500 klloqram-pervyear waste burning capacity at a fee of $30 per
gram of waste, the allowed plant cost would be $°25 mllllon.

The economlcs of thlS appllcatlon w1ll clearly be determlned by the _ ¢
methods ana the assoc1ated prlce requlred by soc1ety for the ' l

dlsposal of radloactlve wastes.' The posslbllltv of slanlflcant "

heat productlon from the burnlnq of actlnldes in a fuslon-f1931on Q
)

system9 would aopear to favorably affect the economlcs of such

~

an approach throuqh the reallzatlon of a s1gn1f1cant credlt for

heat or electr1c1ty.

\Y CONCLUSION
The above discussion_indicates,a_numher of systems ihcentives::
for the development,oi fusion-fission energy systems. Invadditioh,
a consideration of fissile resource and enrichment requirements.for~
an expanding nuclear econony suggests substantial funds, on the order
of»halllons of 1974 dollars, can be justlfled over the~hexn héi%

century for the 1ntroductlon of hlgh performance breeders. The

allowed capltal cost of the plant w1ll depend stronqu on t1551le




N
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fuel and useful heat production rates and the competitive market
price of these products, as well as any éredits for waste dis-

posal.
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Appendix A

The relationship of product capacities and unit revenue
requirements to plant capitel cost (neglecting 0O&M) for the

cases of plutonium and electricity prodﬁction is as follows.

For 15% carrying charqes, the: annual cost to produce the

two products (plutonlum and electr101ty) is O 15C. ‘If this

'is set equal to revenues,

0.15C = n!pth-8760g-1qf3.e + Poyg-f

where:

C - capital cost in_ $ (15% carrying vharqes-
assumed) -

n - thermal cycle eff1c1ency (1/3 assumed) o

Pith - plant thermal output in kW . - ~ S -

g - capacity factor, i.e. percentage of the e

.year (8760 hours) that.the plant

operates (75% assumed) . -

e - electricity price in mills/kWh

Ppu - plutonium production capac1ty in qrams/

‘ year

f - price of plutonlum in $/gram

This equation can be rewritten as

£ = (0.15C = 6.6Pae)/0.75Pyy = F. . = (C)"
e=’ pu PesPpuse

Where Pe=nPthmkilowattS‘and subscriots'denote Darameters.

This curve is plotted as Flgure 8 for Pe =0, 108 YWe-

0.15x106g/yr, l.axlO g/yr e = 10, 20 mllls/kﬁg

Alternatively, the equatlon can be rewritten as’

4 S
(C7Pth) 15e +4-4x10 ¥ £-= G f(K)w—»- A

Where ¥ = Ppu/8760Pth grams/kWh: This curve is plotted as

Figure 9 for e= 10 20 mills/kWh and f=39 $/gram.
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NOTE: CUMULATIVE Us0s REQUIREMENTS TO YEAR 1990
ARE O.7 x 108 SHORT TONS

FIGURE 2
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' REVENUE 'REQUIREMENTS

- FOR PLUTONIUM

WITHOUT ELECTRICITY PRODUCTION
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'BREAKEVEN PLANT COST AS FUNCTION OF =
 RELATIVE HEAT AND PLUTONIUM PRODUCTION
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QUESTIONS ABOUT FIRST: PRESENTATION

hso»much 1sgthat with a fuel producer . alone the utlllty, which is already

'”you”arerpro&uc1nge£uel only, .there is a cons1derable consumption- of

Furth: " 1'd like to make one comment on the basic strategy.. You consider
two extreme cases- if I understand you right; one where you make POWET and
nuclear fuel and -one where you just make nuclear fuel. The, latter is
nice because you don't have to wWorIy about shutdowns; on the other -

hand, it has more trouble making the grade economically. I think one T’
should con31der also a plant which is making nuclear fuel and at the

same , tlme using its power production to make some chemical fuel, hydro-
gen, for example.- That would then-be a useful intermediate case.. It
would have the advantage of not being on line fot. somé -consumer and, at
the same time, it would get a little bit more:boostVeconomically than
one would get from nuclear fuel production alone;»so.that.the‘combinaf
tion might be viable. ' ' : _ N
Burger: Another thing you mlght .do is generate electricity, for internal
use in the power plants. That was the - ‘example we used in the paper.

Lotker: .. If T could make just a. comment. The strategy which appeals to me

thinking on a:- long timescale as Ray (Huse) pointed out, _has the option of
contlnulng with what will be by then mature. technology, namely light water
reactors and HTGR's. So it doesn't have to take the risk of putting a
new deﬁicejon its system; the utility does its business, amely-generating
electricity with units of 1ncrea31ng reliability, and the. fuel producer
does its business. .. _ -

Furth: - In addition the  fuel producers could make a little something on °
the side whlch you could put in your cars. They. have to.

Wolkenhauer: I.know you.didn't directly, but have you looked at the

cost of the electricity for running your -"fuel production’ only

facility" and its impact on the whole' cost picture? Presumably if

electricity in running the plants. What is the order of magnltude

here in your calculations?.

Lotker: We really didn't address that point except -insofar as the case
where we produce no fuel. Those charges could be interpreted as hav1ng

the cost of electricity production. as part of the capital cost of the
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plant. I think it's important to note that in this presentation we

considered only capital costs. The costs you are talking about are

SdEhaii ok

~of>thE“past“year;'which'were*organized as-an input to the-recent—-"— —

clearly 0&M costs and may turn out to be a substantial fraction of °
the total production costs. The electricity requirements, I think,
will vary considerably from one concept to another. The laser has’

its own special requirements, as do things like neutral beams, power
supplies and what-not. One hopefully would try to get around this,
even in a plant that_is only prodﬁcing fuel, by generating electriéity
for onboard consumption. '
Wolkenhauer: You may not know what that is (power consumption), but
you can establish an envelope into which it must fall, like you have -
done for your capital costs. -

Burger: Yes, one could do it but we didn't. IR ' ;
Holdren: The cumulative savings on the cost of uranium and on the ' :
cost of enrichment are quiteisensitive to what you assume for the
growth rate of electricity in the‘fﬁturé. They are also sensitive:

to ‘how much uranium you believe there is, and the final comparison

on savings is quite sensitive .to the incremental value of extra breeding
ratio, in terms of how much you can afford to pay in capital costs for
the plént compared tola converter or a burner of less éffiéiéncy;- I
wonder if you would comment on all three of these things. What did you
assume for the“growth rate of electricity? Whose numberé did you use
for uranium, and how sensitive did you find the results to be if these
numbers prove to be in error, as' for example, the recent EPRI‘study
suggests they may be? Have you looked at ‘the incremental value of
breeding ratio in comparison to, say, light water.feactors’and HTGR's?
Burger: ‘The philosophy was to take one .sort of mean case and see

what types of savings you would havé'in order to get a‘feel for the
order of magnitude, recognizing that there are a lot of uncertainties-

that are hard to quantify in detail. We took the Cornell workshops,

five yeaf energy budget planning. We took the projection of the-
growth rate they’uéed which is roughly an electrical doubling time -
of 25 years. We took this as a typical case. It shows a‘very strong
introduction of breeders and a vefy rapid phasing out 6f_converter

technology so as to give an upper limit on the kind of benefits you
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you can come up'With an indicated savings.

per kllowatt'eiectric is the same whether you use€ fusion—fissidn hybrid or

- converter reactors.

On some" of ‘the slides, you showed $10 per gram up tO §100 per gram and s

might"éEEh“fromrﬁhe~introdu¢tion of a breeding capability-. We didn't’

make any effort to explore the whole range of parameters: w1th regard
to the EPRI study. T think that this is a mean case and not 'way out
on the tails of the probablllty curve. ' ‘ o

totker: I think Whar we were trylng to do is to give those of you-
who are working in “the fusion business -and in fu51on—fission hybrid
systems some idea of the way 2 utility approaches the economics."

Jim (Burger) prepared an appendix which gives & broad—brush look at
things like what revenue requlrements are, what kinds of cost of money
we uses and what types'of ‘capacity factors we think may be typical.
Then 1 think, using this framework you can g0 ahead eﬁd&pUt‘in”any.

prediction for uranium supplies oF 1oad growth that you care to, and

Burger: What you might do with the curve for the net savings on ‘yranium
with a strong breeder scenario versus an all converter scenario is con™
vert those savings'whichfmight accumulate over ‘50 years into what you |
might be“eble‘to*épend for a research program‘over 20 years, bY ‘
preseﬁtfworth rechniques, refering the money to 2 flxed'period'Offtime~~
and then spreadlng it out over different periods- ~This could be used
to gain an estimate of what’ you might be willing to spend for a re-
search program. The savings rndicated by our curves suggest that you
might be able to ‘gpend a pillion dollars a year,between now and the -
year'ZOOO £or'breeder development. That would pbe sort of an upper

11m1t, ‘the upper 1imit coming from the assumptlon that the‘eapital’cosr

Moir: 1 have been concerned from the point of view of designing one

of these hybrids, “about the price of plutonium and what it's worth.

being a spread of abOut lO, it seems that's a very wide margin. “I'm

wondering,what‘we need to know to pin it dovn & 1ittle more. 1 notice
that it 1is quite steep for the case of producing 1500 kilograms per h
year of plutonium. ' Qur example that we have worked out produces 1300
kilograms PeT year, essentlally the same thing, and even if it would’ go

up to $50 per gram; 1 think that would change the situation with
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respect to designing for fuel production rather than for electricity.

So I'm wondering what you need to know to pin that worth down more

acCﬁféfé1y7 "How do the diffusioci “plants come into that? L '
Burger: ' Well, of course, one reascn we showed a ramge is because, in

a way, we're dodging that question. It's about $10 a gram today based .
on parity with eranium, In some of the examples We'assumed that $30 per
gram might.be,a‘reasonable,escalation of this. We didn't really go into
the details of what future plutonium prices will be other than to take |
$10 per gram today and expect to double or triple this, based on‘die~
cussions and"detai;ed analysis by others of future costs., o
Lotker: I'think_the philosophy you can take teday is to take it.to .
the price of alternative fissile isotopes. ‘Uréniﬁﬁvﬁficéégéfé/ééing

to go up. The coet of the fissile isotopes will go up with the yellow
cake prices.and Withvthe enrichment cost. The factor’of_the increese

is not unreasonable. It is not a:ﬁery large eednomic»pehalty'to’fiSSion
power in that the fuel costs are so low. So that‘ie sqmething that the -
industry can easily.live with. In the futﬁre, of ceurse, the pfice will
be.pegged on what: the plant proauc1ng it Wlll cost namely what a hybr;d
or IMFBR w1ll cost, -and not an arbitrary prlce. _ , o
Burger: lefu51on plus the cost of the yellow cake 1s a substantlal
portion{of_the net fuel costs. 1

Jassby: There was a remark that Ray Huse made.ebeut,ﬁhe'valuevof‘actinide
transmutation; I think. He said that it was worthkﬁet gram-fhe‘same as
the value of plutonlum Is that correct? | |

Burger: There was some discussion of the pos51b111ty of transmutlng waste,

and not knowing what the value or cost would be to transmute Waste, we said,

just for ome case, suppose that soc1ety is w1111ng to pay the same to- o
transmute waste, that it' s_w1111ng to pay fQ: flSSlle_fuel. - Then you
could use our”prqduction curves by just relabeling'the.axesfas radio-
active waste consumption. o | » )

~Jasgby: In fact, do you have any idea how much it would be worth7

Burger: At the moment it would be far below what that.eurve in our

paper indicates. People today argue about a fraction‘of a mill per
kwhr(e) as,an_ecceptable cost. _

Coffman: The LMFBR people have projected in their impaet'statement‘

the value of plufonium per gram, starting aboutv$10-Pér gram, as
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show1ng a peak1ng up at several 10's of dollars in the late 1980 s, and .

hav1ng a very rapld fall off and plateau around the year 2000 to about

§2 per gram. I wonder 1f you would comment on what that would mean to .
the feasibility of a hybrid system if, indeed, plutonium. turned out to

be worth between 1 and 5 dollars per gram.

‘Lotker: I think from the utility point of view that's great' it reduces

our fuel cost, but I think reallstlcally the prOJected cost of pluton1um
is going down because there will be lots of breeders making lots of
plutonium. If that is not the case or if those breeders cost more than
people think they'll cost, then the figure of $2 will not stand.‘
Burger: The hybrid system would have to compete on the samé basis.
However, it has the capability of maybe producing a great deal more
plutonium than the breeder so on the plutonium side it might have

an edge, although with a low plutonium price;'the value of heat or
electricity produced would be more‘crucial to the economics.
Wolkenhauer: 1I'd like to respond quickly to Dr. Jassby's question. You
referred to actinide transmutation. Your answer referred to what the
utilities and the people are g01ng to pay in terms of waste management,
and I thought your numbers are quite correct. However, the transmutation
process for actlnldes is f13$1on and thus one can view the actinides as
a fuel which they are in the peculiar spectrum of the CTR. You can, at .
least, hope that the actinides in a CTR have a Worth close of that of
plutonium. It probably won't be the plutonium worth but it might be like
a half or a third of that. So your curves might not be too far off.
Burger: Do you have a credit for the heat in a transmutation device?
Jolkenhauer: Yes, and it is substantial.

Williams: Could you say something about the timing problems with the
enrichment services, separative work, and how you think that affects the
timing of the need for other fuel processing possibilities.

Lotker: I am not up to date on exactly what diffusion plant is being

”'delayed or the so—called constipation problem of reprocessing facilities,

but clearly all these things tend to make options like this more necessary
Although we talk about fissile fuel costs being a certain amount, the
very fact that you don't have enrichment facilities may make a need for

a breeder like this necessary even though there's plenty of cheap yellow
cake.

R ST S Sy o e s




-Hl=

Burger: You can have 1t if you pay for it today.

Williams: Clearly, the technology of enrichment is known The questlon

of tlmlng is will enrlchment serv1ces be avallable to satlsfy the demand

\

from llght Water reactors unt11 breeders are avallable.




FISSION-FUSION SYSTEMS: CLASSIFICATION AND CRITIQUE

Lawrence M. Lidsky ’
- Department of Nuclear Engineering
Research Laboratory of Electronics
Massachusetts Institute of Technology
Cambridge, Massachusetts

‘The advent of controlled fusion will make available ekcess‘neutkons which
can be used in various ways in combined fission-fusion energy schemes. These
schemes can be usefully classified as HYBRID - in which heavy element fission
occurs in the fusion blanket: SYMBIOTIC - in which fissile material is bred in
in the absence of fission events: and AUGEAN - in which the neutron surplus is
used to transmute fission reactor waste products. Within»thesevcategbries the
various conceptual schemes'can be further differentiated by the neutron spectrum
—+-2in the blanket (fast or therma]) and by the dom1nant fue1 cyc]e (thorium-U233 or
2. U238=pTutonium). o 7 - , v

. The poss1b111ty of benef1c1a1 comb1nat1on of fission and fusion systems was
apparent very. ear]y in the. fusion program ‘and'some of the earliest fusion reac-

«- tor concepts embodied Hybrid power-producing blankets. These early studies were
originally classified Secret and were declassified at a time when the poss1b111— -

- ties of combined systems were accorded 1ittle interest. The ear]y history of some i
‘important recent. deve]opments are described below but no attempt 1s made to pre- }
 sent a comp]ete descr1pt1on of recent efforts several summary articles are avail-
" able that present a complete survéy through June 1974 [1, 2] and this meeting re-
“views the most recent developments. In general the deve]opmenta1 history shows

%7 that the conceptua1 merit of various fission-fusion schemes (improved energy bal-

- ance, h1gh breeding ga1n, prof1tab1e fuel generat1on, etc.) have been extensively
“~analyzed but realistic discussions of the techno]og1ca1 1mp]1cat1ons of combined

- systems are now, for the first t1me,.under active 1nvest1gat1on In this d1scuss10h
Twin describe a useful classification scheme and point out some common features

that the scheme makes appareht. In Section I the c1assif1cation’matrixkis defined,
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1n II the early history is rev1ewed, 1nI]]Znoteworthy examp1es of various. des1gns
are described, 1n IV the advantages and’ d1sadvantages of var1ous subsets are
d1scussed,‘and 1n‘Sectjon V the extension to Tow and moderate Q dev1cesglsinoted.

I Definition and Classification

‘ produce 0. 5 neutrons per- fusion reaction. These neutrons play no ro]e in the fuel
N cycle and can be used for any desired purpose. The DD reactor has not been exten-

goperat1ng on the DT cycle will requ1re a tr1t1um breed1ng blanket but ca]cu]at1ons
“based on rea11st1c blanket models pred1ct excess neutron product1on of 0 1to 0.5

o dens1ty and h1gh capital- cost to-power ratio. In any event the excess neutrons
~are potent1a]1y valuable because the w1despread use of fus1on reactors w1]1 “almost

" These f1ss1on reactors whether or not they have been mod1f1ed to take best advan-

*‘the same device. Such reactors are based for the most part on DT generated neutrons |

'vcapab]e of driving many inelastic neutron mu]tip]ying reactions [(n, 2n), (n, n'p),

Mby virtue of its higher energy is capab]e of. produc1ng more progeny (has higher

~and so it is no surpr1se that they exhibit the same d1chotomy between fast and

If a]l the 1ntermed1ate products are burned DD cyc]e fus1on reactors w111

s1ve1y considered to date because most f1ss1on fus1on stud1es have concentrated on
Q;> 1 systems but mer1ts recons1derat10n for Tow Q non- -Maxwellian systems ‘Reactors

neutrons per fus1on react1on It will be- part1cu1ar1y 1mportant to garner the max-
imum energet1c and econom1c benef1t of. these excess neutrons if, as appears ]1ke]y,!
techno]og1ca] cons1derat1ons w111 1imit fusion reactors to- re1at1ve1y 1ow power l

3

certa1n1y fo]]ow the dep]oyment of an extensive f1ss1on reactor based power system

s

tage of fus1on generated fue1 will be potent1a1 customers : c
Hybr1d reactors are ‘those in wh1ch both fission and fusion events occur in

and are afforded great freedom of des1gn‘because these high energy neutrons are

(n, f) and others]. In most cases, the hybr1d reactor. consists of an energy-mu1t1-
plying fission blanket surround1ng a fusion reactor Because the 14 MeV neutron

Importance) it is possible to design a system that has very high energy mu1t1p11ca—‘f
tion and breeding ga1n even though the fission 1att1ce remains extreme]y subcr1t1ca1t
Hybrid reactors are more close1y related to f1ss1on reactors than to fu51on devices f
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:%thermal spectrum devices. Fast spectrum hybr1ds exh1b1t the most spectacular
1238~ -plutonium conversion ratios but thermal systems can be used with thorium
or depleted uranium feedstocks,albeit with 1ower breed1ng ga1n The choice of
e fuel cyc]e has great 1nf1uence upon the scale s1ze, power d1str1but1on,
structura] materials, coolant etc. and thus becomes a further c1ass1f1catory
variable.

- Symbiotic systems are those in which excess fusion neutrons are. used to

eed fissile fuel from fertile material in the fusion reactor blanket. Such sys-
ms are truly symbiotic only if fission product qenerat1on1n the b]anket is mi-
mized. The minimization of fast fission demands,in essence, that the neutron

ux be well thermalized before reaching the fertile material. A thermal spectrum
though compatible with both the: thorium or uranium cycles 'favors'operation

the thorium-U233 cycle. It is a]so necessary, to avoid fissioning the bred

el in situ, to choose a fueling scheme compat1b1e with rapid fuel process1ng

d short in-core res1dence t1me As with any symb1os1s, the symb1ot1c partner

st be modified to make best use 'of the bréd fuel - in the most h1gh1y deve]oped
amples -this emphas1zes the use of h1gh convers1on eff1c1ency therma1 spectrum
ss1on reactors operating on the thorium cycle.

ted in fusion reactor blankets to less$ toxic form. Such systems m1ght or might -
t have fission events taking place in the blanket (the act1n1de wastes -

rposeful inclusion of radioactive wastes nullifies any reason to distinguish
tween fissioning or non-fissioning systems. The dominant neutron flux may be

hot available in the fission reactor neutron spectrum.
| The classification scheme is summarized in Figure 1 (see following page).
;?ec1f1cat1on of these classifying parameters for a specific fission- fusion system

ﬂt systems within a given subclass will be similar enough that they can be com-
“aPed on a rational basis as differing solutions to the same set of problems.

Augean systems are those in-which fission reactor waste products are trans- -
e best destroyed by f1ss1on) but this distinction is of.11tt]e_1mport because the

ther thermal or fast. The fast flux is useful even though its intensity is relat-
[ively Tow compared to the thermal because it ‘makes poss1b1e transmutation reactions

‘ﬁelds enough information to predict with reasonable accuracy the purpose, products,
;Fale, size and power density, in a combined power cycle, and major eng1neer1ng dif-
qu1t1es It is possible to define additional parameters and subdivide more finely

Hu

u\
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FUNCTION
SPECTRUM

FUEL CYCLE

HYBRID  SYMBIOTIC |  AUGEAN
FAST THERMAL | - .l THERMAL | | FAST | [ THERMAL
\ T
Th | |U ( Th Uy |Th U {ACT, ~ |ACT.| |Fiss. Prod.
FIGURE 1.

Classification Matrix for Fusion-Fission
Systems. Note that some technologically
less promising alternatives have been
omitted from the figure.

II Paleography

- Early fission-fusion reactor concepts were all Hybrid devices, concentra-

~ ting on the production of fissile materials or tritium. The problem of regenerating

sufficient tritium to replenish that consumed in the reactor is now known to. be
solvable without recourse to heavy element multiplying blankets but the Li7 (n,,ﬁ*a)T
reaction was not known at the time. The importance of this reaction was first appre-

“ciated when an:experiment to measure the tritium production by 14 MeV neutrons in a

Tithium deuteride sphere was performed in Los Alamos Scientific Laboratory.dufing,
the period 1954-1958. A classified report describing the experiment was issued‘in

11958 (1imited general publication was permitted in 1961 [3]. Designs antedating the
'1958 report assumed the necessity of using the fission reaction for sufficient '

neutron multiplication. ,
- The earliest reasonably-well analyzed Hybrid scheme was described in-1953.

This proposal [4] called for the use of a_pre-ionized high.density, mirror-confined
plasma as the target for a high energy deuterium or tritium beam. Such a target
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(with electron temperature of 2-4 keV) is some 20-40 times more efficient than

a neutral gas target for production beam-induced reactions. A basic feature of
thisfdesign was the concept of surrounding the target chamber with a blanket of
depleted uranium. The energetic-14.MeV neutrons-from -the DT reaction would-in-—-
duceﬂfaét fission in this blanket with subsequent capture of these neutrons in
U238 to form plutonium-239, or in 11th1um 6 to breed tritium. Using unpub11shed
data for the 14 MeV fast fission cross sect1on, the proposal predicted that suf-
ficient tritium could be regenerated and further that "with the addition of ener-

gy produced'in capture events, at least 200-400 MeV of energy is released per

triton destroyed. This energy will appear as heat in the blanket. The heat gene-
ration might be capable of producing tohsiderab]y more electrical energy than
that required for operation of the machine". ,
The study was. soon followed (1954) by a much more detailed version by Imhof,

also of California Research Corp. [5]. This report stated explicitly that a
multiplying blanket was the key to using the DT reaction and considered toroidal
configurations in addition to mirrors. Imhof postulated a plasma device driven
by eéxternal: injection of all components Using a depleted uran1um and 11th1um
‘blanket of 60 cm thickness, Imhof calculated a resulting total multiplication of
3.0 neutrons per incident 14 MeV neutron after regeneration of tritium. These
figUrés tor%éspond‘to a total energy release in the blanket of 160 MeV, i. e. an
energy multfp]ication in excess of 10. Imhof poihted out that the Tow tritium
inventory of a fusion reactor coup1ed w1th the high neutron ga1n of a multi- .
p1y1ng bTanket could y1e1d tritium doub11ng times of the order of "hours or days".
This early paper anticipated many other features of_]ater hybrjd studies. For
example, fhere was also considered the use of beryllium moderators, natural ura-
nium fueling, and the possibility of optimizing the design for either fissile mate-
rial or power production. ~

- Similar studies were carried out-in the ‘United Kingdom at about the same
time. In a report that was classified at the time of its first publication (1955)
J. D. Lawson considered the effect of a U238 fast fission blanket on a DT reactor
using lithium-6 for- tritium regeneration and also considered an injected beam- tar-
get plasma reactor similar to that described above [6]. Lawson calculated that
a U238 blanket would increase the power of reactor-scale systems by a factor of
approximately five. Lawson did not discuss the use of the excess neutrons for
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s plier and heat transfer medium [8]. There was also filed in 1957 a British pa-

- breeding fissile materials, but in a review of a 1957 meeting of the British
Association he reported "among the topics raised in the discussion after the ta]ksé
was the possibility of using thermonuclear neutrons for breeding fissile mate- ;
rial:and the point.was made that this might be worthwhile even-if.the thermo-
nuclear reaction cycle itself was not self-sustaining. It is however .too early
yet to say how this would complete with conventional breeder systems" [71: There
were a few other moderately well documented first generation studies. In 1957
L. G. Barett described a fission-fusion reactor based on the ste]]ator'toncept

with a near-critical or critical aqueous fuel (U02304) external fission multi-

tent describing‘a toroidal vessel with thick metal walls enveloped by a first blan-
ket containing U238 and a second blanket containing1ithium-6 [9]. The patent spe-
cification pointed out the capability of attaining both power mu1t1p1ication and
enhanced tritium production but no numerical estimates were given.

- This early history has some. interesing facets;vThe earliest -schemes were in
fact "two-component systems" and were discussed as such. The application of this
- concept to toroidal systems is-of course a present'realfty. Not enﬁire1y3sur-
prisingly though, linear systems are in many ways better suited for beam target
interactions ana with the advent of recent technological advances in pulsed beam
technology the study of fission-fusion systems is returning to its roots. A second
interesting point concerns possible reasons for the 20-year hiatus in the study
- 'of non-Maxwellian plasmas and Hybrid reactors. Several strong arguments‘were made
by Lawson in 1955 when he noted that the power gains of 5-20 or so could just as
easily be achieved in a reactor by relatively minor increases in density or tem-
perature. There was no reason at that time to doubt that these increases were pos-
sible and if they were, there would be ‘no reason to incur the added .complexity
of hybrid blankets. However, Lawson also pointed out that there was a narrow range
where such a factor of several decrease in nt might be useful (if reactors were
barely submarginal) and also that power multiplication might be important in re-
ducing break-even beam intensity in a target p]asma scheme. These cases are pre-
cisely those of current interest.
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'II1 Recent Developments

jIn this ‘section I describe someznoteWOrthyAexamplesxof fission-fusion syétems.
.Axpredominantgportion_of the current research effort js”devotedmto@the;deyelop-
ment of various Hybrid schemes. The most highly deve1oped of - these are'the»LOS
.'Alamos and Livermore studies of theta pinch, mirror and laser Hybridsfreported at
this meeting. Rather than abstract papers given .in this report, I will instead
g1ve somewhat ear11er ~examples that illustrate the engineering resu]ts of choos-
“ing a1ternat1ve neutron spectra and fuel cyc]es I will devote proport10nate1y
- ‘more space to summarizing 1mportant contributions to Symb1ot1c and Augean systems
because ‘these were not presented at 1ength at this meeting.

i) The PNL Thérmal Fission HybridA,

&,

B R Leonard Jr and w C WOlkenhauer have reported extens1ve numer1ca1 "
computat1ons of the neutron1c performance of hybr1d reactors based. on subcr1t1ca1 : imw
-fission lattices. Their most recent results are summar1zed,1n«Leonard~s-rev1ewA
. article but the earlier laboratory reports give more detail [107. Leonard and
Wolkenhauer considered fuel -cycle economics, questions of environmental quality,
and -resource preservation to be the principal determinants in.combined system de-
s1gn Because the energy equ1va]ence of a_.neutron is so much higher in a f1ss1on ' ‘
fuel cyc]e than in a fusion.fuel cyc]e, and because Hybrid p]ant costs- cou1d - ;
conceivably approach fission breeder costsy they chose to investigate systems |
capable of very high fissile energy multiplication-in subcritical b]ankets. For ‘
similar plant costs, they. expect that in addition to.the energy gain,nimportant ‘
secondary advantages would accrue due to the anticipated relatively low inventory
of fissile fuel and:reduced criticality hazards,~To satisfy the resourceepreserva-
tion -criteria the :design goal incTuded'the<requirementwthat;bdth~trittum-and~fissi]e
conversion ratios. exceeded-unity. . -

-~The reference blanket configuration cons1sted of a thin. neutron converter ,
region followed by a thermal fission lattice followed in turn by a graphite moderator
reflector and a natura1 1ithium absorber for thermal neutron leakage..The neutron con-
verter, depleted uranium carbide with natural T1ithium cooling, serves several
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-enriched. reactor) with a thermat- spectrum

functions. It provides nearly unit multiplication of the source neutrons (1.
~2 neutrons produced per neutron incident on . the convertor) and energy mu]ti-

~ plication through fast fission. The uranium and 11th1um decouple the fission
lattice across the plasma cylinder.and so he]p to e]1m1nate extensive power -

peaking in the vacuum interface. The 1ithium- -6 in the converter provides most of
the tritium breeding and shields the plutonium-239 produced in this region from
slow neutrons Teaking back from the thermal lattice. These neutrons would other-
wise make this region an intense fission source and reduce the fissile regenerat1on
ratio. The thermal fission lattice for this model was 150 cm thick and the tota]
thickness of the blanket including the Tithium outer absorber was greater than

_2 1 meters.

The neutronic behavior of the blanket was ana]yzed using standard f1ss1on
reactor analytical methods. The effect of fission products on the neutron ba]ance
was calculafed on the basis of 60-week irradiation to an average fuel exposure of
90 MWD/T. With 1.35% enriched uranium in the therma] lattice the convers1on ratios

~for both tritium and uranium are greater than unity (1. 06) the lattice is . sub-
- critical (k = 0. 87) and the energy- deposited in the blanket per source neutron is

approx1mate]y 500 MeV (i. e. an energy. mu1t1p11cat1on of 35). Because of the high
-energy density the 14 MeV neutron energy flux on the first wall is 11m1ted to an
upper value of 0.05 megawatt/m if the average power density in the thermal lattice |
is not to exceed. that in advanced gas cooled reactors. There are several nofe— .

worthy points common to thermal Tattice systems. One is that the blanket must be

relatively thick to yield adequate thermalization and to minimize 1eakage Another
1s that the energy multiplication is 1nherent1y high unless the fuel is conside-
rably enriched. Effectively this design results in a fission reactor that takes
advantage of a source of 14 MeV neutrons to allow h1gh power density in a sub-
critical system and comparatively high fissile conversion rat1o (for a s11ght1y




ii) Subcritice1 Fast Fission Hybrid

In 1970 J D. Lee of the Livermore Radiation Laboratory reported on calcu-
lations of energy generat1on and fissile breeding react1ons for 14.1 Mev neutrons
incident on large assembliesof pure thorium, U233, and natural uranium. The re-
sults of these calculations indicated that uranium would be an attractive blanket
material for both energy generation and fissile breeding. These early results
were followed by a detailed study of “"plausible" blankets capable of regenerating
tritium, breeding fissile materials and releasing fission energy in the blanket [11].
These calculations, employing modern computational techniques to replace experi-
mentally guided approximations, were important connecting 1inks between the simple
models of the early 1950s and the fast f1ss1on systems d1scussed at this meet1ng

Lee first considered s1mp11f1ed two-zone blanket structures conta1n1ng uranium,
Tithium and niobium. He found that it was necessary to use 1sotop1ca11y deple- '
ted 1ithium (depleted in Tithium-6) to'produce the required tritium. However,
he also noted that‘thé U238 (n, o) breeding ‘ratio was very high, raising the po-
tential breed1ng gain poss1b1e for blankets with p]uton1um recyc]e Lee then stu-
died the effect of Tloading the blanket with plutonium- 239 in various concentrat1ons
As -expected, the energy generat1on and tritium production both increased with pluto-
nium Toading. The increases were nonlinear with 1oad1ng because of the effects
of fast fission multiplication. Because for a subcritical blanket. the energy multi-
‘plieation scales approximately with (1 - k)~ where k is the Teffective react1v1ty
coefficient, the breeding gain is a very sensitive function of k as the reactivi-
ty approaches unity. The optimum value of k must be‘determined by an economic ba- -
lance which depends on heat transfer capabi]ities, specific energy density, fuel cy-
cle costs, etc. Lee somewhat arbitrarily imposed the condition that k was not to
eXceed 0.9 and concluded that within this Tlimit it was possible to achieve energy

Vmu1t1p11cat1on of approx1mate1y 30 with respect to nonfission DT reactor b]ankets

The Timiting value of k was apparent1y based on safety considerations.

To estimate the effect of fission product build-up Lee repeated his calcula-
tions with the inclusion of 8 atomic percent fission products. This value of fission
product load corresponds to approximately 80,000 MWD/T burnup, consistent with
values assumed-for fission breeder reactors. This reduced the react1an-rate per
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. tion were much Tower for thorium-U233 systems compared to.the uranium- p]uton1um—239

- of replacing uranium metal with uranium oxide as would most certainly be done in

- "hybrid (supplementing the fuel production of fission breeder reactors and signifi-

1nc1dent neutron by 30% but the breed1ng ratio was relatively- unaffected The -

reaction rate is important because the fuel doubling time depends primarily on

the spec1f1c energy .density in the blanket.: and thus on the reaction rate per un1t of
, 1nventory Lee computed the average blanket power density. required to. give. five

-~ .year plutonium doubling to be 225 watts/cm3 and from-this va1ue derived the re-

quired first wall flux of 14 MeV fusion neutrons; 7.25. Mw/m In Lee's opinion.

at that time, this did not pose a "nuclear heat transfer problem". It should be

- pointed out however, that this value is quite h1gh 1n ~comparison to the flux Tevels
‘deemed acceptable in more recent and detailed eng1neer1ng stud1es Lee also inves-
,t1gated several other interesting cases. For example, he appraised the possibility
-of fast fission systems based on other fuel. cycles and more realistic fuel assem-
~blies. He found, for example,: that both the breeding ratio and energy multiplica-

'systems. Th1s result was not: surprising because it-is:known that the: thor1um-uran1um
;ﬂcyc1e is part1cu]ar1y bad]y matched ‘to the spectrum of fast fission- -reactors.and the
t-spectrum of a fusion blanket will be harder still. Lee cons1dered a]so the effect

. a realistic blanket. ‘Although. the metal fue] is. neutronically superior, various
metallurgical considerations rule out its use. With mixed oxide fuels, the average
. power density required to achieve five year doubling increased to. 600watt/cm3 and

~because k was Tow, the first wa11 neutron flux required to drive the- blanket: to- th1s
level increased proportionally more. This demonstrated out a severe: technological
problem in fast fission systems that more recent designs have attempted to rectify.
Lee concluded -that although there were two major advantages of the fission-fusion

cantly reducing the plasma containment requirement for a- “viable" power system) there
-was no clear cut neutronic advantage of the subcritical fast fission blanket over
~a fertile blanket supp]ementlngwthewbreed1ngw0fwawseP&Tate*fTSSTQﬂ*reaCTOﬁ?_T"
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iii) Fission-Fusion Symbiosis

of - The potential benefits of fission-fusion symbiosis depend as strongly on the

‘ ‘technological aspects of fission reactors and the detailed.economics of the f1s-
sion fuel cycle as they do upon the analogous features of projected fusion reactors.
The dominant consideration is that present day reactor technology is based on

the existence of. naturally occuring. U235. The problem of ultimately Timited fuel

s ‘availability could be-solved, in principle, by the construction of fast spectrum
p1uton1um cycle or thermal spectrum thorium cycle breeder reactors. HoWéVé?,~it'ap:'
pears that the fast reactors are 1nherent1y technologically compliex, expensive, and
require compromises between somewhat conflicting requirements for fuel conversion
ratio, cost and safety. Thermal spectrum breeders are potentially simpTer and safer

9 o but will probab1y have unacceptably low conversion ratios. Although techno]og1ca1
um ~ problems mount rapidly as the conversion ratio, C, reaches 1.0, values of C = 0.9 ;
he :  can.be relatively easily attained using ex1st1ng technology. The goa] of various -

B

symbiotic schemes is,-in a combined system, to achieve both power: product1on and o
fissile breeding while operating the fission component of the system in techno]og1ca1- %ﬁ
1y simple areas. A measure of success is-the achievement of these goals at m1n1mum

~:total cost. , : -
Various. symb1oses based on "electronuclear" neutron sources have been propo-
is | & sed. These sources utilize the nuclear spallation reaction occuring when-a. h1gh

energy beam of charged particles interacts with a high atomic weight target.
The neutrons produced in this fashion have a broad energy spectrum and are accom-
panied by an intense gamma ray flux. Electronuclear sources (based on designs
calling for beams of 0.1-2.0 GeV at currents of hundreds of m111amperes) have been
‘proposed for materials testing, transuranic isotope product1on, and fertile to
. fissile conversions. It appears that the use of spallation produced neutrons for
fertile to. fissile conversion is uneconomic at this time but if fus1on reactors e }
prove unattainable and fission breeders are incapable of achieving short enouch :
doubling times, then electronuclear generation of neutrons will become essential. |
Electronuclear schemes suffer from a fundamenta]]y unfavorable energy balance.
From this point of view, fusion reactors are potentially far superior; even sub-
marginal fusion reactors can produce neutrons at much less energy cost per neutron
than the theoretically most efficient scheme. Of course if the fusion reactor
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" breed fuel, the fusion reactor need not generate power) and 1ntroduces‘add1t1ona1 ]

% pents “of such'a system can be- chosen “to minimize the tofal system ‘cost rather

produces net power also, then the energy product1on of the fusion reactor in a
symb1ot1c scheme can ‘be viewed as a valuable by- product. Although symb1osas is
often alluded’ to, -ysually -in conjuction with electronuclear breeding, there has
appeared only one detailed analysis in the open literature. This analysis by
L. M. L1dsky,uwas f1rst presented at the 1969 Culham Conference of Fusion Reactor
Engineering and appears in the proceed1ngs of that conference [izi. A reasonably
detailed summary of that paper was g1ven in a recent rev1ew and so on1y the re-
sults will be noted here. T

Lidsky c1a1med that symb1ot1c systems utilizing the ‘strength of fission and
fusion systems ‘could achieve properties atta1nab1e by neither alone. Properly don&
such symbiosis. removes constraints from the system (the fission reactar need not

“adjustable parameters (re]at1ve reactor sizes, breeding ratios, etc.). The compo- g

than the cost of the 1nd1V1dua1 components To allow opt1m1zat1on in this ‘sense
it is essent1a1 that the fusion reactor not be burdened with fission products nor
~ with apprec1ab1e power mu1t1p11cat1on in the blanket. “The ana]ys1s contained

" three segments, first 1t was shown that it was poss1b1e to produce apprec1ab1e
quantities of a fert11e material in a nonf1ss1on1ng blanket while yregenerating
tritium; second it was shown that the ‘costs were relatively insensitive to the
parameters of the fusion reactors and third a particular example was chosen to d
monstrate that a nonbreeding fission reactor and a fusion reactor with a submarg W
energy balance ‘could in symbiosis y1e1d an econom1ca11y attract1ve ‘power station

with ten years doubling time.
Symbiosis requires the simultaneous production of f1ss11e mater1a1s and
_‘tr1t1um It is not essent1a1 to do this in a single device because a symb1ot1c
'power system m1ght comprise” ‘severalt physically distinct fission and fusion react(Jr
and the production of fissile material could then be concentrated in a single CTR,
device optimized for that purpose alone. Lidsky presented for purposes of chchS51
the design of a dual purpose blanket based on molten salt reactor technology. Th%
first wall of the proposed blanket is cooled by 1iquid T1ithium, the rémainder 0
the system is cooled by, and the fert11e material carried in, @ molten salt deveg
loped for the two fluid molten salt ‘breeder reactor. This salt is comprised of th'
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. fluorides of lithium, berylliumand thorium, depleted in 1ithium-6 to favor abs-

orption in thorium. The molten salt region is surrounded‘by an internal.graphite
moderator to attenuate theﬂhighvenergy neutrons capable of producing fast fission
in the thorium, and an outer graphite zone serving as thermal neutron reflector.
The tritium and uranium-233 conversion rat1os are var1ab1e over a wide range; 1n
the design presented there was produced 1.126 tritons and O 325 uranium- -233 atoms
per incident 14 MeV neutron. The use of the molten salt is of part1cu1ar interest
because the U233 is easily removed from the salt by fluorination. This eliminates
. one expensive fuel cycle cost and, most important, ensures that the fission rate
f in the fus1on blanket can be ‘held to very Tow values. .~ oo '
The. costs and re]at1ve sizes of the fission and fus1on reactors in.a symbiotic
scheme depend most strong1y on the properties of the fission reactor component. This
emphasis ex1sts because there 1is a 1arger neutron excess per nuclear react1on in
the fusion reactor and because the energy released 1n a f1ss1on reaction exceeds :
that of a fusionreaction, by more.than a factor of ten These factors, in combination :
w1th ‘the much Tower. spec1f1c 1nventory in a fusion: reactor, result in the conclusion
that " for a “wide range of reactor types, over an interesting range of system pe- "
| ~ riods, the fusxon fission reaction rat1o is near unity". Similarly, “the. fuel ‘ w
doub11ng time of a balanced hybrid system is. determ1ned almost ent1re1y by the fusion
-reactor component" A similar argument can be used to show. that for . reasonab1e ’ i
values of Q and reactor core costs, the symb1ot1c p]ant s cost is dom1nated by the

fission reactor component. : : . v o
For.a spec1f1c example L1dsky considered the design of a centra1 stat1on

power plant with net output of 1500 Mw and a seven year fue] doubling time. The

fission segment was a molten salt reactor producing 4450 Mw(th) with conversion

ratio C = 0.96. The fusion reactor was a tokamak with a molten salt blanket capable

of a total fuel conversion ratio of 1.40. The expression for system balance

showed the required fusion reactor thermal power was only 295 Mw. This react1on
_rate could .be provided by an underated tokamak with 100 Bohm t1mes conf1nement at

a wall loading of 1.0 Mw/m2 The fusion reactor in this system would be a net con-
sumer of power (Q = 0.57). The net power output of the plant in the example would
be, at a thermal equilibrium efficiency of 40%, 1600 Mw with a comb1ned thermal
efficiency ‘of the system equal to 36%. The net effect of the symbiotic comb1nat1on
is to turn the central station power p1ant 1nto a breeder reactor for a surcharge
in efficiency of less than 4% and a surcharge in cost of approximately 20%, without




:c1ated with a re]at1ve1y small portion of those medium-weight isotopes resulting
from the fission process itself and with heavier isotopes produced by nonf1ss11e
‘ absorpt1on in heavy elements. It is conven1ent in considering nuclear waste d1s-
~ posal to cons1der these two groups separately. The fission product group is—com-.

'tant of these are krypton-85, strontium-90, and cesium-137 which account,with

~ their daughter products, for more than 90% of the total act1v1ty of fission reactor
hwaste after a ten year coo11ng per1od The heavy element group, the so- ca]]ed

“ "act1n1des, are composed of “those isotopes formed by success1ve,neutron capture — |

' ter1zed by very Tong half 11ves and extreme toxicity. Because the tox1c1ty 1s do-

_ ’1eads in genera] to stable or relatively harmless progeny. The act1n1des can be
" destroyed by causing them to fission and the resulting fission products then treated
much the same as reactor waste. It has been estimated that with a 20% neutron Sur

~wasgenerat1onshﬂm,v,q
each isotope chosen for transmutation because in some cases, the members of the

“chain are more toxic than the original wastes. Furthermore, the cross sections for

~ consumed in the fission reactor itself. Thus, except for some advantages accru1"95

S — e ;

compromising either reliability or safety.
iv) Augean Systems

The long term b1o1og1ca1 hazards of fission reactor operation are asso—

posed of medium weight elements resulting from near-symmetric fission. ‘These
1sotopes have relatively short Tife (approx1mate1y 30 years), high toxicity, and
are produced with relatively h1gh probab111ty in the fission process. Most 1mpor—

and decay1n various heavy elements in the reactor core. The actinides are ‘produced

in re]at1ve1y sma]] quant1ty compared to the fission. products but they are charac-

minated by a few isotopes whose absolute production rate per fission event 1s Tow, |
it is poss1b1e to consider the economics of using neutrons to burn out the trouble-f
some isotopes. The decay chains following neutron absorpt1on by fission products

p1us in fusion reactor blankets it would require 1 watt of fusion power generation |
to burn out the long 11ved waste products associated w1th 9 watts of fission powerj

The process of neutron transmutat1on, a]though s1mp1e in concept, is qu1te
plex in detail. The complete absorption and decay chains must be cons1dered for-

the troublesome isotopes tend to be small. If it were otherw1se, they would haVebf-
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from a different energy spectrum, the f]ux requ1red in a fusion reactor to
g1ve reasonable transmutation rates must be as high or higher than that 1n the
original power producing fission reactor. Such high fluxes are not eas11y
achieved in fusion reactor b]ankets ' .

The most detailed study to date of the neutron1cs of h1gh 1eve1 rad1oact1ve

' waste transmutation was carried out by w C. WOlkenhauer and his co]]eagues at

Battelle Northwest Laborator1es in 1973 [13]. The technical approach chosen was

" the assumpt1on of 1dea11zed ana]ys1s cond1t1on in order to establish upper 11m1ts
for transmutat1on rates in a fusion reactor. The particular. waste cons1tuents

singled out for study 1nc1uded the 1sotopes krypton -85, stront1um-90, ces1um-137
jodine-129 and a m1xture of stront1um and ces1um 1sotopes correspond1ng to re-

- processing p1ant output The actinide group 1nc1uded 23 1sotopes w1th part1cu1ar

attention g1ven to the p]uton1tm cha1n, aga1n at 1sotope rat1os correspond1ng
to reprocessing p]ant wastes. The study showed the f1ux 1eve1s requ1red to reduce
effective Tlife under neutron bombardment to. two years was 1n genera] in excess

-of 1016neutron/cm25ec The except1ons to th1s were 1od1ne 129 w1th a requ1red
flux of 6 X 10M%/cm
C1TE X 10 /cmzsec A]though the two year. 11fet1me is very short compared to the
A’natura] 11fet1me of the f1ss1on product, 1t st111 corresponds to the storage of

2sec and the mi xed act1n1des wh1ch requ1red a f]ux of on1y

great quant1t1es of reactor wastes 1n fus1on reactor blankets.
© Clearly,” very high fluxes are requ1red to ach1eve transmutat1on rates h1gh

enough to be of va?ue Wo]kerhauer et al. postu]ated the use of a bery111um
:1oaded blanket to enhance both ‘the fast and’ therma] f]uxes “The transmutat1on rates

were computed using the neutron spectrum and flux 1eve1 computed for the h1ghest
flux’ region of the b]anket, neg]ect1ng absorpt1on 1n radionucleides. No structural )

‘mater1a1 or waste packet1ng was considered nor was any attempt made to account for -

self- -shielding. A1l these factors in more deta11ed treatment would result 1n a

reduct1on of the transmutat1on rate.

" WoTlkenhauer et al. conc]uded that, 1) the transmutat1on of“stront1um -90 and
ces1um—137 is theoret1ca11y feas1b1e for source strengths in excess of 1.0 Mw/m ;

‘ 11) transmutat1on of krypton -85 is not theoret1ca11y feasible; 111) transmutat1on

of mixed strontium 1sotopes which have coo]ed for ten years is theoret1ca11y feasible

whereas transmutation of cesium isotopes after ten year coo11ng per1od is feas1b1e

on]y for very high reactor surface flux.; iv) That actinide transmutation in controlled
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fusion reactors appears to be an attractive scheme particu1ar1y‘in view of the fact
that -the actinides constitute the long term hazard ofihigh.1eVe1‘waste; ’

" IV Comments and Cdnc]usions

The study of~fission-fusion'systems has become fashionable; both quantity
and quality of published reports is increasing rapidly. It is encouraging that
the recent numerically sophisticated results verify, in large measure, earlier
estimates of neutron excess. energy multipiication, fissiié~é1éh€n£”prodUCden,
~and so forth. However, given that from the standpoint of neutronics and simplified
engineering studies, such systems could be built, it is far from certain that

they §bgglﬂ;be built. The ultimate worth of any particular means of accomplishing
“a given end must be judged in the contex@.of other means of accomp1ishing'that end

and must also be weighed against*the~p0581bi11ty of changfng,90a1s.~1n'this section,

I'w111‘p01nt’out some*questions;raised by,consideration of a1tern§tives.
A.  Hybrid Systems The mosf;highly‘deve]oped.modelé‘are baséd‘onVSchriticaiA
thermal or fast b1ankets>fué1ed with natural or.s1ight1y‘enr§ched uyranium. The
advantages claimed are substantial energy multiplication, absence of criticai%ﬁy
“hazardss and thelability‘to,produce substdntia]lquantitieS'of fisSi1é materiak
usually Pu=239) o ‘ : ‘ R e
i) Enerdy Multiplication: If the bulk of the power in a combined system is pro-
duced by the fission'reaction then the Hybrid device must be judged-by fission read
‘standards. The engineering design of large fission reactors is dbminatedrby two
~.concerns: The first is the necessity of ensuring that a Loss-Of:Coo1ant-Accident
is highly unlikely and the second is that the fissile fuel be‘so‘disposedvthat it
can be transferred safe1yiand efficienf1y and if possib]e; while the reactor is
operating. II;js,for,thg;grreasons that virtually every reactor (CANDU eXcepted)
i constructed with a vertical axis, and fueled \ith-bundled-parallel linear fuel
elements. Even in such simplified geometry the machineryaassociated.with fuel handj
1ing is Verycomplex.'The irradiated fuel upon removal is sO highly radioactive ;
that cooling must be provided during removal and transport to temporary storage-
Any accident during this phase of operations, while probably not dangerous to the
public at large, would greatly complicate plant operations. . S
The problem of safe, efficient fuel handling in the complex geometry of 2
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fusion reactor blanket has major implications. For example, one proposed Hybrid

'“f‘f“'reactorgwbuId‘have‘more-than“174‘X—105fseparate fuel pins in 320 modules making

up a near spherical lattice. Each pin would be nearly 2 meters long. The manner

in which these pins would be feplaced is not addressed but the task sesems formidable.
It 1s'difficu1t'to point out'explic%t possibilities of Loss Of Coolant Acci-

dents in Hybrid systems because the engineering has not.been done in sufficient °

vdetail'and‘becaUSe.in'anx event the probability of such an accident is small.

However, the Hybrid fission blanket will have a large internal void, the plasma-
region itse]f,‘and;w111.in all probability be traversed by numerous passages for

particle ‘injectors, vacuum pumps, electrical leads, etc. that are not needed in a
. pure fission reactor. Thus, in comparison, the Hybrid system seems more Tikely to

fail than does a pure fission reactor. It should be pointed out that some designs

- are less sensitive to the effects of coolant loss accidents by virtue of relatively
_Tow: power density. - A ) : .
Cid) ’Subcritica1‘pgeration: The advantage of subcritida1~operation from the point

of view of safety considerations is often overrated because all large power reactors
have been designed with large negative power coefficients of reactivity. Therefore,

‘they are in effect passively safe against small reactivity increases. However, excess

reactivity -is built into-the core so that the fuel need not be changed uneconomically
often.Usually what is done is to. supp]y enough excess reactivity so that radiation

damage, rather. than fission product poisoning, determ1nes the core lifetime. This ex- -
cess react1v1t¥ is held down with control rods. The same must be true for Hybrid blan-
- kets. Even: though the operating reactivity is held constantsat~some,subcritica],va]ue,

there w111QaTmostccertain1y be enough excess reactivity available so that control rods

-must be used. The worst possib]e reactivity accidentvwould be caused by. the accidental

rapid withdrawal of control rods. Such an accident is, if anything, more 1likely in
the complex environment of a Hybrid device. | A

Some Hybrid reactor designs, notably those with very high plutonium conversion
ratios, aetua]1y increase in reactivity with‘expOSUre. Such designs have a different

| “problem-because the breeding gain—is highestrin regionS*of-highwftux density—

and the h1gh flux density reg1ons tend to occur where the local reactivity is highest.

~Such a system is-obviously unstable with respect to nonuniform production of - fissile
“material and to power peaking, and so will require a relatively fine mesh sensing and

control system, a control system much more complex than those used in current fission
reactors. - - ‘

lllll
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§ii) Fissile Production: -The desirability.of fissile fue] product1on in Hybr1d
“must be compared with the cost of fuel produced by alternative schemes (the LMFBR,

for example) and against the total: cost :in some larger sense. of alternative ap-

~in which the Hybrid would be clearly. super1or to pure fission.reactors would re-

A'B Symb1ot1c Systems Symb1ot1c systems Ain genera] have fewer constra1nts than )
" Hybrid systems because the. b]anket is not requ1red to perform three funct1ons at
~once - power product1on, tr1t1um generat1on, f1ss11e fuel production.’ This ...

- power generat1on Because of the re]at1ve1y Tow fissile production rate in symblo-

" total plant costs against fuel production rate)

cluding such considerations as. development and deployment of . a]ternat1ves to the
. electric breeder, relative costs of various nuclear fuel cycles, etc It may weTl

€. Augean Systems: The Battelle Northwest -study of radioactive waste transmuta

Subcr1t1ca1 operat:on is often cited as a maJor benef1t of Hybr1d reactor operation.
It does not appear. so to _people. familiar w1th fission reactor operat1on because
criticality. accidents are- not ‘the Des1gn Base Accidents.. . At best subcr1t1ca]
operation offers a small quantitative advantages, at worst the dif? 1cu1ty_of“s
control in Hybrid devices actually puts them.at a “disadvantage..

reactors poses a most comp]ex economic question.. The cost of the fuel. produced
proaches calling for. fuel conservation (for examp]e, a. large scale trend toward
reliance on U233 fueled, heavy water moderated reactors) The.only eventuality

quire simultaneously an inability. to build safe, high gain. breeder reactors and
an unw1111ngness to sw1tch to neutron conserving fue] cycles. .

freedom is purchased at the cost of reduced fert11e conversion..and of course,.

sis, it is essential that the f1ss1on reactor port1on of the economy be. des1gned

to operate at very h1gh fuel eff1c1ency _ -
A fusion reactor probably cannot be Just1f1ed as an "E]ectr1c Breeder" 1f the
benefits of electric breeding arecomputed in the narrow sense,(t.e:, by ba1anc1ng

Instead the total cost of the. power producing system must be computed 1n-

turn out that power. systems best. suited to f1ss1on fu51on symb1os1s must be base
on the Th-U233 fuel cycle. A change to such a cycle, even if justified, would un
doubtedly prove to be very difficult. . . Coe S a

tion is the definite work to date. It was undertaken with objective of "survey
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the neutron physics characteristics" of CTR transmutation and to "evaluate the
‘potential of CTR as a‘Source of supplying neutrons" for transmutation. The first

of “these tasks has been done but ‘the potent1a1 ut111ty of fusion rad1oact1ve waste
burners remains to be proven. :
" There are severe problems in ‘the use of fusion reactors for high Tevel-

:rad1oact1ve transformat1on The first of these is Togistical. The Battelle Study

shows that even at the adm1tted]y unrealistically high flux levels assumed in

'r”the1r study, the Hazard Half-Life for the 1mportant fission products is in the
~ range of 5-15 years. The time required for.reduction to safe dispersal levels is
“five to ten times Tonger than this. It is easy to show, for any reasonab]exratio

of fusion burners to fission reactors, that the fusion burners would soon con-
tain a much higher radioactive burden than the fission reactors themseres This
is certainly undesirable and probably intolerable. I 0

The prob1em of inventory build-up. does not occur ‘with the actinide wastes

However it is possible to burn out act1n1des in f1ss1on reactors a]so The LMFBR

s part1cu1ar1y suited to such use because the requisite chem1ca1 separat1on would
~be reduced (" the recyc]ed fuel already contains such-wastes) and the incremental

increase in’ rad1o]og1ca1 hazard of the recycled fuel would be m1n1ma1 Even if it
should occur that breeder reactors do not have sufficient neutron excess, 1t

might still be preferab1e to use the excess neutrons produced by the fusioh reac-
‘tion to generate fuel for fission burner reactors. The systematic econom1cs

of the various waste disposal and storage schemes remain to be worked out.

V Low Q;Systems - The "E]ectric'Breeder" '

 Recent design excercises for both Hybrid'and'Symbiotic systems have assumed
the fusion portion of the system to be one of’those developed for use as high Q
stand-alone power sources. It is unfortunaﬁeTy'true'that some of these concepts

seem capable only of Tow Q operat1on (thus, necessitating Hybrid power multipli-

cat1on) but the fact remains that the configurations discussed were initially
chosen because of properties unrelated to optimization of Hybrid or Symbiotic sys-
tems. Jassby's work on the optimization of the two component tokamak as a neutron

\'source, reported in this conference, is cons1stent with this approach but a1so
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oof these is the dom1nant expense in “the systems based on the "standard" fusion

" iliustrates that.the conditions in optimtzed fissionffusion systems may be very

different from those of ‘pure fus1on systems. ; R .

oo Let us. cons1der a fusion reactor opt1m1zed for ‘the production of fissile mate-
pial. The fuel product1on cost 1is composed of the prorated caoital amortization '

g Charges of - the system, the operat1ng costs, and the fuel cycle costs The first

 schemes. Therefore, there 1s a poss1b111ty of substant1a1 gain. if cap1ta1 expense
and fuel hand11ng comp11Cat1ons can be ‘traded of f for increased operating costs.
In essence, one 1ooks for geometr1ca11y simple devices of modest scale capable
- of operat1on in the range Q = 0.1 - 1. 0. Many such systems were proposed as pos-
~ sible fusion reactors but were abandoned when it was rea11zed that they were in-
vcapab1e of achieving Q substantially greater than unity. > '
The str1ngent requ1rements p]aced on pu1sed systems des1gned for power genera
,t1on are eased in the Tow Q regime. Further, if the ‘device is to be used only
for fuel productxon, the average power “density can be relatively low without incurr-
ing the usual ‘economic. pena1t1es because heat transfer and re11ab111ty tonstralnts
- that are ref]ected in costs are eased. . In such a pu]sed system, the predom1nant :
cost will be that of the energy storage ‘reservoirs and the economlc ba]ance struck ;
between’ their cap1ta1 cost and the “fuel product1on rate. ' :
" One poss1b1e example of such a Tow Q fue1 producing system is a linear e-be
heated multiple mirror system [14] Re]at1v1st1c e-beams are capab1e of very ef-
ficient energy transfer gven to dense p1asmas The p!asma ‘contained in ‘the mirror
"system is to be used as the target for a pu1sed jon beam 1n3ected along the axis
of the system Note that in this ‘case it would not be necessary to generate a neuwﬂ
beam so the beam energy can be opt1m1zed independently of neutra1lzat10n restr1c-i
tions. At a plasma density chosen so that the total length of the device is on the@?*
“der of 100 meters, and -at the temperatures. consistent with two component operat10m:
the mean free path is such as to render multiple mirror conta1nment effective. Becaﬁ A
of the Tlow ptasma temperature the magnetic field need not be inordinately h19“; i
even at relatively high densities. A highly schematic version of such a marror tary

get breeder (MTB) is sketched in Figure 2.
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Figure 2.

The Mu1t1p1e Mirror Target Breeder (plasma length .

. N P .. ~100 m., plasma diameter ~1 m. ) - one example. : ~
©oof a techno1og1ca11y stra1ghtforward 1ow Q f1ss11e

- : - breeder. . _ , R C

S

C]ear]y, there are many other 1ow Q systems that m1ght Jend themse1ves to-

- - service as neutron sources for fissile material: production.. It is possible to
ch1nk of the MTB or any of these others as poss1b1e drivers for. Hybrid b]ankets,
“producing both power and f1ss11e materta?s However,‘the arguments app11ed to

eady-state Hybr1d reactors app]y even more strongly when app11ed to pulsed re-
actors A power producer would a150 be more strong]y effected by cons1derat1ons of
| ava11ab111ty and siting. : .
Econom1c analys1s of such 1ow Q e1ectr1c breeders has bare1y begun However,
“the potent1a1 advantages of poss1b1e trade offs are obvious. Even in the event
that a h1gh Q "stand-a]one" fusion reactor 1s perfected there will no doubt be
a 1arge and possxbly still grow1ng fission reactor economy 1n existence. The e]ec-
tric breeder would operate in symb1os1s w1th fission during the trans1t1on from
' N " a pure f1ss1on to m1xed and possmb?y a pure fus1on system.

~al
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compatible with the fusion machine,vteﬁds to have large holes and provisions

for access built in and it almost certainly would be penetrated by the

_gevere engineering problems, more severe’ than for the ordinary fission

. last year and I tend to think that they are not, but that is personal '

QUESTIONS ABOUT SECOND PRESENTATION

Dean: There was & meeting similar to this aBout a year'angat Princeton.

1 a trylng to recollect some of the things that were said at that meeting,
and I am wondering 1f you could sort.of ‘summarize- your view 'as to aﬁything
that has happened in. the past year for ‘these systems that may have changed

your outlook. In partlcular, 1 kind -of remember a lot of emphasis placed

_last year on the engineering complications of fusion—fission designs.

Just the geometrical arrangements of things which, from.the englneer s

point of view, is felt“could be»very;difﬁicult to engineer in a way to
compete with fission reactors. ) '

Lidsky: I agree with yourvcomment. I promised-that T wouldn't, for the
durationvof this talk, be a proponent'ef one scheme OT another, but I'm

glad you've asked the question now. T agree with you that the hybrid

system 1s sutject to the pejorative-statement‘that it.can in many -ways com=
bine the worst of two systemsS. *And if you're not catefulﬁit will. The
worst problem is that one has to build a multiplying assembly'with a geometry

you would not ordinarily choose for a multiplying assembly’ .0f céourse-2

lot of the constraints compete from the point of view of englneerlng,

in cooling, in fuel handling, and in other systems of that sort. One

still is subject to the hazardé7of 1oss of coolant accidents in sueh a
multlplylng assembly, because it isyproducing coplous amounts of power.
It is effectively 2 figsion reactor and the most dangerous hazard of flesion
reactors 1is the Loss of Coolant Accident. The hybrid is more liable to

this failing because the geometry is not of one's choice. Tt has -to be

many access requirements of the fusion reactor itself. S0, there ‘are

reactor. 1 think there is no gainsaying that+ _The questhgﬁthen becomes

"are ‘the potential gains that one gets sufficiently large tO overcome the

engineering;difficulties?" 1 think that this {s the question I posed -

judgement and the engineering really needs to be done to see whether in

fact something-could be done to alleviate the difficulties..
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Maniscalco'v I would like to point out that for the two separete systems,

he,room to comblne the two. 'A‘number-of the actinides that are put out

in. the fission economy have fast:fission cross-sections which are actually

. larger- than U-238. This may make a hybrid system using.some'spent waste

or actinides-a:lot easier to engineer.

Lidsky: O. K., except that I would like to take exception to your poss1blyt

combihing that with the symbiotic systems. I'm trying very hard to main-
tain: at least.ooe "column'", the symbiotic one, for listing devices

in which no fissions take place at all and therefore in which one need
hotfworryfabout.afterheat accident. 1In fact the burning of actinides
in-a hybrid or augean blanket would be perfectly compatible with the
definitions of both:these schemes.

Maniscalco: 0.K., then just one 1’\o'ther observation. By definition then,

your systems -in which no.fissions take place would have be a molten salt -

_reactor. . ions

Lidsky: WNo. It would be'quite.eesy to take advantage of the high tempera-
ture gas reactor technology; in fact; it might even be easier.
Maniscalco;"Well,,onée‘you start building up U~233, how do you prevent
fission?. - . - U ; ‘ . ' '
L;dskz. ‘What -one has to do,. :and this is where the molten reactor system .
works better than the HTGR system, is to move the fuel through ‘at quite

a rapid rate. - If ome employed the HTGR system for the fu81on part of

the blanket, a pebble bed or equivalent scheme to move. the fuel through
fairly rapidly would have.to be deviséd. On the other hand,-one advantage
of symbiotic schemes is that one can run a fusion reactor of one sort,

say with a salt blanket, and feed the generated ‘uranium into f1s51on
reactors of another sort, say HTGRs. The point is that only the fuel is

transfered from one device to another, and so .each system can be de81gned

-_for,theAadvantages you would like to engineer into that system alomne.

Baker: . Concerning thefstudy you did a few years ago which had a salt-
thorium solution, did you flow that solution through the system?
Lidsky: Yes. |

Baker: Did you worry about taking out some of the intermediate steps

between thorium and U-233?

i
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- of coolant'situatlon.

1dsky ‘There ‘are many” similar-points. in this fleld that I dldn t get

Lidsky: Yes. It s not necessary “to Temove the 1ntermed1ate products,

because the flux is so much lower in a fusion Pblanket than 1t is in a

fission reactor where proctactlnlum probably must be removed Here,

it makes a very minor difference and the U—233 burnup turns out to be
negligible.
Wolkenhauer. IIAthink it's quite approprlate What youlre doing,rtortrywv
to identlfy one very ‘clean system, and I thlnk that is an approprlate
approach. Also, I think it's fair to p01nt out that you re oroducing
something that you ult mately 1ntend to flss1on so, in effect you 're
viewing this as a fuel mahagement problem. " You' re 81mply not g01ng to
have your flss1ons here,  you 're going to have them someplace else. it's
the whole system that is 1mportant you want to max1mlze the safety and

whatever of the whole system.

Another point that T thought is Well taken was your p01nt on the geometry

and that you are, in fact; Selecting a geometry Whlch from f1551on reactor

» ohy31cs you wouldn't have selected. “But it also has some sllght advantage

in that this- geometry which is very leaky, at least in the case of the

mirror machines we looked at, turns out to have some advantage 1n the ioss

There is another point l'd'like to make Whlch we are probably responsible
for perpetrat1ng the llterature.’ You very carefully point. out “that our
systems are very sub-— —critical which is qulte correct, but those are h0c
values of ke £ which is the reglme within which you want to do your calcula-
tions. 1t's fair to point out that as these systems cool down, and our
particular system has a very large reactivity defect in 1it, that one is

very close to critical at shut down. That should be recognlzed

to dlscuss. Tor example, ‘the systems that breed plutonlum (especlally
those that breed it at hlgh gain) tend to breed in hot spots, & nd’the place
where the plutonium is, tends to be the place Where the plutonium grows°

In fact, it may very well be a2 severe control probl em that must be englneered
out. Such problems are partlcularly dlfflcult in hlgh galn systems.> Howevers

1 don't think that it is fair, until muc ch more englneerlng has been done,




‘Lee: The figure you showed for the mlxture of fuel, structure, and
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to put these systems.down_strqngly, simply‘because they are subject to such
hazards and problem.‘ However, it is very important to realize that they . i
exist. It's just another example of tﬁe“problems 'you can get 1nto if you f
try combining two technologies without being quite sure how they are going f |
to interact. , _ | ; | ,‘
Anonymous: Do you have any numbers as to how fission-free a symblotlc

system could be in v1ew of the economics of fuel application and exposure. N

requirements? ‘ o y ' _ . i
Lidsky: It s a 11tt1e b1t d1ff1cult to work out some of these numbers now. - /‘

One fact is plaln though, one can reduce the U-233 fractlon in c1rculat1ng "/
salt to several parts per mllllon Wlth very s1mple~process;ng techn;quesi
So at least insofar as the recycle U-233 is concerned, one can‘keep that
down ‘to extraordlnarlly low values. It is also p0531b1e to develop f1s31on
products by the fast fission of thorium. One avoids this by ensuring a /
thermalized neutron spectrum Where the thorium is. But I am vague as to /-
how "thermal" the spectrum can be. The fission rate depends on the tail

of the neutron dlstrlbutlon and this is hard to calculate -

Anonzm us: Are you really talklng about exposures of your fuel elements

of a few days or a week before they are taken out?

~Lidsky: -Yes. That is why I prefer to talk about the salt—based fertile

system rather than the HIGR system. One has effective exposures that are
unmeasurably small and a very small salt recycling time. These considera-
tions can be very successful in keeping U-233 out of the system.

Lee: _Larry,_I would like to set the record straight. Early in your

_ presentation; you someWhat'misquoted my 1970 work.

Lidsky: I apologize. )
lithiumvshould have an energy generation of 100 Mev, not 220. The _
numbers you gave went mith the‘pure uranium and thorium cases.
Lidskz} I think I said that but if I did mlsquote you, I apologize.
Coffman:. I would llke to comment on the subject of transmutatlon.' It
Would seem that all told, the economic tradeoff is one of what will it

cost you to bury 99 percent less actinides versus the cost of getting a 99

percent conversion in a fus1on reactor. I guess my point is that the Nation

is going to have a federal repository if for nothing else than to dispose

of the LSA plutonium wastes, and hence that repository is going to be there




to receivewactiﬁide wastew_wAssnmigg_YQg can . burn up 99 percent of your
actinides in a reactor, the question is,’ 1s.1t cheaper to mine out’ 95 or
100 times as uch ‘salt and bury all of the actinide wastes in a per-—
manentvrePOSitory or to burn it~ up in a fusion reactot. My simple logic
tells me that . if you 1look at the costs and'safetylyou will have to decide
against introduciﬁg actlnldes 1nto any kind 6f reactor system. it's
extremely cheap to mine galt in termS of kilotons per year.

Lidsky: You raise, I think, 2 very good point but there is an assumptlon
built 1nto that point. You assume that salt mines will be an acceptable way
of getting rld of waste. There is another»assumptlon one tends to make
that equally strongly colors one's thinking. For example, it is an assump—
tion that the IMFBR will work.: 1f you ‘believe that, then there is a very
strong economic structure that can be erected based on that assumptlon.

On the other hand, if ‘you believe & successful TMFBR is open to. question,
then a veryvdifferent situation_prevalls ‘and many more thlngs are open for
discussioh. Except for that'caveat, 1 think that the point is very well
made. ' “ ' 1 ‘
’Coffman:»-lvhave one question about the side of the blanket. 1 got the
impression that for a fusion Bianket, the blanket size compared to the
IMFBR blanket would be quite a bit larger- is that not true OT are.they
comparable in size? The reason 1 asked the question is because the fuel
reprocessing costs are a very substantial part of your fuel cycle, and if
the fusion,bianket is required to be an order of magnitude larger, you
have an extremely large penalty there and that hasn't been talked about.
So my questioh is, what is the comparative size of the blankets for fusion
reactors versus an TMFBR? '

Tidsky: They tend to be blgger several meters thick for hybrid blankets.
Furthermore they work at & lower power density. One can hope to minimize
"Sbme of-the-fuel proce331ng costs in a hybrid system.by going to & con-
tinuous processing scheme like moltediselt. Thigsis a nontrivial point
that has often been discussed, but not at length in the llterature.
Wolkenhauer: I have two last big points to modify your answer a bit. The
size of the fusion blanket used in the hybrid is oretty much strictly
dependent upon the fission tecbnology embraced. 1t's a matter of how many
megawatts Pper cubic meter you want to pull out of the blanket. Some

you can pull more out of than others. HTGR.blankets‘tend to be large,
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and- fast systems tend to be smaller. . Anbther'poin? I'd likebtd;make, for
" the AECis benefit, is that I was struck by tﬂe»ﬁéctvtﬁat-for‘all.of the
“work that Larry reviewed, an&“if”fﬁrns'6ﬁfffqvbeﬁEHMeXtéh§f§é»émounfwa
work, my guess is that the integral under theucOstﬁqurve;fdrwall that work
is much less than half a million dollars. S

Lidsky: SuBstantially less.

.
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ECONOMIC REGIMES-FOR FISSION-FUSION ENERGY. SYSTEMS

The Objectives

The objectives of this hybrid fusion-fission CTRieconomic‘regimes
study are to: “ R ' =
. Define the target costs the hybrid‘must meet.
e Define the optimum fissi]e/e]ectrica1}proddctiOn ratio
for hybrid b]ankétﬁr - | -
‘o Discover synergistic conf1gurat1ons

e Define the windows of economic hybrid des1gn hav1ng desirable
cost/benefit ratios. "

-These obJect1ves can be achieved by compar1ng ‘the“€TR- and CTR hybrxd

~ costs and performance with a]ternat1ves The 1og1ca1 a1ternat1ves for

this study include the Liquid Meta] Cooled Fast Breeder Reactor.. (LMFBR) w31ch

1ike the hybrid is a fissile fuel producer, foss11 p1ants,‘and-the LWR and

HTGR reactors.

The Mode]

The PNL electrical generation decision modé],(1) usingk1ihéék pfoéramming
techniques, "has the Togical a1ternative already characterized. It was used
in the recent LMFBR cost benefit analysis included with the programmd%ic
environmental statement: (2 o ‘

Some of the decision model features which make it valuable for such
an analysis are:

. A minimum cost objective function is available (the stated 1ong-term

“electrical utility objective).

e It utilizes 35 two-year time increments covering 1970 to 2030

(a 70-year span).
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. Coinete fissi]egaooountingffs used including a
stockpi]ing feature, ——-- | Y |

e Fossil fde]lprices are determined by demand andhsupp1y
as‘enconpassed in the 11nearﬂprogram1ng marginal or

'shadow'price syStem oo )

. Fue1 cycle processing costs are modeled for reasonab]e
market penetrat1on of each a]ternat1ve techno]ogy |

. Foss11 fue]s are represented on a regional basis.
Both base and intermediate power Toads are “included.

o Limits on the rate of new technology 1ntroduct1on
are included in the mode]. |

so.L1m1ts are also p]aced on the rate of o1d techno1ogy
phase out

'3 It has capac1ty to hand]e CTR and CTR hybrid p]ants

in addition to the ex1st1ng p1ants

Of part1cu1ar dnterest. to this analysis is that the value of f1ss1]e
material produced by the hybr1d p]ants is an outcome and need not be

treated as a parameter
The Data

- Some of the bas1c 1nput data strong]y affects ‘the benef1t cost resu]ts

'The discount rate is ‘an important parameter because the costs are being
encountered now and the benef1ts w1]1 primarily accrue a generation hence.

-Thus, 1ntroduct1on dates for var1ous techno]og1es are important as is the

demand growth pattern:assumed. These and other factors are Tisted in

Tab]e_I.




Table I

BASIC INPUTS"

Discount Rate . 8%/Yr
Electrical Energy Demand  ~  WASH 1139, Case D _
o - . S S (5.6% annual growth)

System Capacity Factor =~ ' " 0.57, Fraction
introduction Dates »

HTGR .~ 1978

Wbrid . 1986

Phase In Capacity Constraints
... For New Technology

First Biennium via 4 GhWe
Second Biénnium ' 8 .
Third Biennium o 16
Fourth Biennium 32

Fifth Biennium No Limit

Fissile Material Storage Cost 0.75 $/g-Yr
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Capital costs are assumed to declihe as a function of time due .

—-to-evolutionary improvements-and.cost reductions from plant size

increases (according to Table I1I). The.base case is assumed not to
contain any CTR's. Case H-1 uses an assigned capital cost for the |
CTR hybrids which would aehieve a market penetratiOn but not'displace-
the LMFBR.

Lowered capital costs were assumed for the CTR hybr1ds for case

H-2. It was expected that these Towered costs would resu]t in substant1a1

entry of CTR's which was. precisely the result atta1ned,when the calculations

were carried out.
Table II

-~ CAPITAL COSTS, $/Kw

©es0 1990 2000 20104

Base Case L . o
LWR . 404 - 388 374 360
HTGR - 405 389 » 374 - 360
FBR . 458 L 434 410

“Case H-1
Hybrid Powers o 638 - 614 598

Case H 2 ' ‘

Hybr1d Power* R 575 561 - 548

*Hybrid fue1.factory at equivalent cost per kiWt.

The decision by‘a uti]ity to utilize a particular powerplant
technology is based on estimates of both capital and Spending,r These
costs may be summed to a single cost equivalent by adding the present
worth‘of future spending costs to the capital costs. The following
equatioﬁ describes this relationship which is used by the decision mode]

to evaluate minimum cost energy systems.
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. 43923'?
30 yr plant cost = Cap1te1 * v]_‘!Pw(OM + 1C + Fuel)

30_yr
EEY PW (Energy Produced)
7 .

The Résu]ts.

Analysis of the hybrfd CTR is more complex than the .CTR alone because

of the 1nteract1on with the HTGR and LWR reactors. The interactions occur

because of the use of the fissile spec1es produced in the hybrid reactor

to power the HTGR's and LWR's.

Although either 233 o p1uton1um could be produced in the hybrid
blanket, this analysis on]y considered p]uton1um because of the lack of
complete fuel cyc]e data of 233U use in LWR ‘and FBR's. In genera1 it
would be expected the 3U would be a superior fissile fue] in therma]
reactors. Comp1ete accounting for the f1ss11e and fertile species
inc]ddes'annua1 flow for each isotope. The mass balance data used in
this study is approximate]y that shown in Table 111 for the p1uton1um .
users and for the LMFBR in Table IV. The hybrid CTR mass balance data

is shown in Table V. Negat1Ve figures 1in the annual inventory charge

“indicate consumption and positive figures 1nd1cate generat1on

As a result of the interaction between CTR hybrids and LWR's,andf
HTGR's (see the mass f1ow data) a power producer CTR hybrid of
1000 MWe can support the fue1 needs of approximate]y “four LWR's~or HTGR'S.
In the case of the HTGR's the 233U produced more than offsets the greater
congumption of 239Pu compared to the LWR. The fuel factory w11], on the

other hand, support more than eight LWR's or HTGR's.




" Initial

-Inventory.

Annual -

Inventory

Charge

- Final

Inventory

Table III

MASS BALANCE OF Pu USERS, kg .
(75% Capacity Factor, 1000 Mue)

PUR

HTGR

U

ne3d 135

238 67,530

Pt 1,621

235 _ o8

W2® 05

Pu - 492

235 .
u?38 6,360
p 239

" Th

- Th
11233

™

1,540 ~ Pu

232 7,680

Pu? 1,975

232 - 253

U + 98

. 239 .

pus39 - 564

6,916
233 280

239 328




Table IV

© MASS BALANCE OF FBR, kg

§75% Capacity Factor, 1000 Mile)

- Advanced Oxide _

mitisl 2B 350
Inventory
w238 46,600

< p23 1,800

Anﬁua1 U235-

- 12

Inventory -
Charge U238 - 1.560

put3? + 335
Final R y23d 83
Inventory: ,

u238 43,281

Pu?3 2,260




Initial

Annual
Inventory
Charge

Final
Inventory

_lOi- :

Table V.
MASS BALANCE OF HYBRIDS, kg

Power Producer

(75% Capacity Factor - 2500 MWTh)

Fuel Factory

Inventory_?ﬁlv? B gt 235

Pu

(1,000 MKe)

3,200

;QV3’U238 4573200

235 _ 100

u238. _ 2 600

w232 + 2,000

235 3,080
238 452,500
239 4,300

,,_ U

| Pu

4235
u238 114,300
25 g
u238 4,80
239 4 370
y23 800
U238 114,100
Pu?3® 2 800

800 -




Table VI

ELECTRICAL GENERATING CAPACLTY BUILT*, Ge

Year

1970-79

1980-89

1990-99 -

-+ 2000-09

2010-19

2020-29

1970-79

1980-89
1990-99

2000-09
2010-19

2020-29

1970-79 -

1980-89
1990-99
2000-09
'2010-19
2020-29

78

224

- 427
. 346
.. 261
27

8

210
182
42

42
- 42

78
204

183
42
42
42

- *Includes replace

Base Case

ment of cépacity after 30 year plant life time.

TR LMFBR  Fossi] mbrd  lotal

B R o 246

56 4.4 164 448

120 217 47 811

577 849 303 2,075

406 2,365 1,310 4,432

699 5,083 3,435 9,488

Case H-1-

0.3  167.4 26

67 159 12 448

305 25 245 797
1,448 185 400 2,075

2,613 778 999 4,432

4,686 2,971 1,789 9,488

Case H-2

0.3 167 | j 246

69 163 12 448

341 23 264 811

1,604 429 2,075

13,219 1,17 4,432

5,243 1,828 2,375 9,488
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The matrix of powerplants selected by the decision model to

———satisfy the power demand reflects-the solution which satisfies the

239Pu is a11bwed, interest

constraints imposed. While stockpiling of
‘must be paid on‘the stockpiled material and a stofage charge is also
assessed. The effect is to keep the stockpile to a minimum. Table VI
- shows the base case with.LMFBR's operated at base load ahd'fossi] fuel
plants at ihfermediate load suppTying a mjor part of the‘1ong-term"
power needs. HTGR's and LWR's supp1y on1y71d% of total demand.

When the hybrid is introduced in Case H-1 and caselﬂfz, they‘.}
‘generate enough plutonium td allow building a much larger number of HTGR's
or LWR's. This could be a sizable benefit in that future Fissile fuel

SuppTy would be assured for the HTGR and LWR. "Thus, capital risk could

be reduced. Also, if power cost from the CTR hybrid were to increase r
25% above case H-1 values, the power cost from the total 50wer net might | »

increase.only by around 5-8%.

The:shadowrprite or implied tfansfér price for p]qtbnfym ref1ééfs
the dynamics of supp]y'and demand and available fechno]ogy; Dukihgl |
the startup period of the LMFBR's in the base case, the price rises "
to more than $25/gram fissile by 1990 (see Table VII), and‘pontinués to
rise because of the relative]y 1ow breeding rate (see thé mass balances
in Table IV). By 2010 the price of‘p1uton1um rises to $52.731in this

base case and remains at $20.24 in the year 2030.




* Table VIL:

PLUTONIUM VALUE, $[g_‘:

Year . oo Case M=l Case W-27 . Base o
90 . . 590 ~6.23 - 8.15
S X7 A .49 T res.o7
2000 - 98 . 6.26 s el a7 45,45
2010 IR DL L S 52.73.
2020 | 7.4 5 40,90
2030 | e 2s SRR )

In cases H-1 and H-2 where the CTR hybr1d 1s a11owed tokenter, the
plutonium. pr1ce rises to on1y $16 97/gram 1n 1990 and dec11nes thereafter
as CTR- hybr1ds become estab11shed 1n the ‘market place. At the- p01nt of;;
initial market penetrat1on the f1rst few -plants would enjoy the $50/9 -
price. However, the econom1c benefit to ‘the nation would be very'sma1T;;
Only when plutonium is so]d and produced at lower cost are sav1ngs of
a magnitude to offset R&D 1nvestments.

From the previous d1scuss1ons, it becomes reasonabiy.obviousithat,_ﬁ
the:total overal] system must be cons1dered in order :to: assess benefits.
The benefits for the case H-1 are $10 billion after. discounting- @ 8% =3
and for case H- 2. (where the cap1ta1 costs were. assumed to be reduced fer :

the CTR hybr1d) they are $14 b1111on L R : ;a:“Tf
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The fuel factory was never selected as part of the least cost

energy supply system.

‘The capital costs level neceséary for the fuel factory to be selected

“was found to be about $270/KH. . Thus, it appears that a substantial amount

of the hybr1d energy output must be captured to make the technology usefu1

The resu]ts of the benef1t analysis are summar1zed in Table VIII.

Because of the difference in timing, the benefits are summed after

being present worthed to 1974. The costs are also summed by the

present worth methods using the same 8% diScount rate.

Table VIII “ .

WYBRID BENEFITS, BILLIONS | i
- (@ 8% Discount Rate) - T o aen i

Case - System Costs: - .~ - Base Case'-;Hybrid»Ggsé ' L

Base - . voi.osoooeoooooo 3230 . T S | WE
H-1 . R | K< N | | 10 : &

H-2 - 309 ” 14

H-1 Delayed =~ .~ 315 B

Benefit-Cost Ratios of the Hybrid

. Substantial benefit-cost ratios (~3:1) result from the hybrid CTR-
program, At the assumed capital costs for case H-2, the cost of the:
hybrid CTR program is approximateiy $10 billion, which reduces by

present worth discounting to about $3-billion (@ 8%).



Case H-2 shows a present ‘worth of future benefits of about $14

billion giving a benefit to cost ratios of about 5. The capital

costs of the hybrid were assumed to be $575/KWe at 1990 decreasing to
$548/KWe at 2010 and beyond (due to the learning curve)
Case H-1 was recalculated with d 10 year de1ay (1996) in hybr1d

~ technology 1ntrdduction date. The system costs were 1ncreased from

313 to 315 b11110n which reduced the benefits only 204. The LMFBR
market share expanded to replace the hybrid during the delay period.
The p]utoninm value increased about $10/9 thru year 2010 then,assumed

the case H 1 values.

The 1nformat1on obtained from this analysis isabetter"seeniin
perspective~as shown 1n Figure 1, where the assumed capita] cosf in
$/KW s shown as 2 function of the f1ss11e fue] product1on The CTR a

without breeding blanket is shown at the left. Th1s information: - |
resu]ted from the CTR economic. reg1nes study reported in the January—

June 1974 PNL "Interim Report on Contro11ed Thermonuc]ear Reactor_

~ Technology," August 1974. | f \

The fuel factory CTR which would generate about”4 200 kg/yr of:Pu
is shown on this figure. It~ reflects the reduced va]ues obtained from
cases H-1 and H-2 even though they didn't enter the solution.

" The FBR is the natural reference point for the study since it is
the alternate means of sat1sfy1ng energy demands in the future. The
$460/KWe capital costs shown as a dotted 11ne yielded sat1sfactony :

benefit-cost ratios in previous studies of~the‘LMFBR.(2)
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” Futuke work is planned to better define the economic windows of
opportunity for the hybrid CTR. AdditionaT vaTues are_needed)to
better def1ne the reTat1onsh1p of aTTowabTe cap1ta1 costs and N
‘fueT to energy product1on Synerqet1c comb1nat1ons and opt1mum |

values can result. Important parameters such as introduction datg’
and eTectricaT demand levels will be varied to-determ1neAtheir'effect
_on the benefit-cost rat1o obta1ned |
In summary, the anaTys1s of the “economic regime for’ f1ssiOn-

fu$1on energy system determ1nes that:

» Target cost of hybrid CTR of 10 to 20% over
LMFBR was estab11shed
° The_opt1mum fissile product1on would be_about
1500 Kg/yr from a 1000 Mie plant. . |
e Hybrids designed primarily as fissile material
producers are not econom1ca1
e CTR hybrid can synerget1caTTy support 3 to 4 thermal
reactors. | o . -

e For the CTR hybrid to achieve described R&D cost

returns it must produce plutonium a $5 to 10/9.

1t must be clearly noted that the hybrid could certainly be a
step along the path to pure CTR 1mpTantat1on which would add significantly

to the overall program benefits. ' Ve -
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QUESTIONS ABOUT THIRD PRESENTATION

Grace: As I recall, the cost-benefit of the IMFBR program over the next
50 years will vary from 60 billion to 0 depending on the set of assumptions
used, e.g- power~demand growth rate, cost of uranium, dates of introduction
of the different machines and the success of the HTGR program. Have you
fully exercised your LP program ms to determine the sen51t1v1tytof~your results
to all these different assumptions that went 1nto it? u
Deonigi: No, we haven't. In fact, we have : two- data points.’
Grace: OK, but for omne of the data points you mentioned, did you say the
cost—beneflt over 70 years was 14 billion and that was.-the H2 case which
assumed a very late introduction of the IMFBR?:, . aTEERT
Deonigi: No, the introduction dates in both H1l and H2 are the same. * There
was no shift in 1ntroduct10n dates, we simply lowered: the capital costs
about $60 a kilowatt to achieve greater‘market penetration. ,It~appe§rs
something on the order of 20 percent more: than" breeder costs could be
sustained by a hybrid system and be a productlve element. ’
Shapiro: f I understand what you said correctly, the value’ of the jntroduc-
tion of a particular system depends to'a: large degree. on the date of intro-
duction of that gystem and the cost of the work required: to reach that point.
As I recall the criteria that you used, you indicated the introduction of
hybrid -in 1986. Is that correct? - : B
Deonigi: Yes. s
Shapiro: You indicated results at a very optimistic date. What do you"
con51der to be a realistic date for introduction and what would that then
mean to your cost-benefit analyses7 R
Deonigi: The realistic date would certainly have to be in the 90's some-
place. We introduced the hybrid at the same time as the breeder was intro~
duced to put them on the same time scale. ~The effect of a later introduc-
tion substantlally reduces the beneflts pecause of the present.worthlng
and thus would increase the necessary performance, or reduce‘tﬁé“allow~~'
able cost, maybe to IMFBR costs or lower.
Shapiro: How realistic do you consider your projection at such a low
capital cost, considering the fact that you are combining the technologies

of the fusion and fission reactors?
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Deonigi:  The role here wasn't to define the feasibility of achieving it

but what the target is so thé designer can look at it from a pfactical

wm—gtandpoint-and-say that's not-achievable. If it's mnot, then let's scrap”

it. Putting the two technologies together may not be g feasible thing to
do. "If it's going to be more. expensive than the LMFBR, maybe, or more
expensive than either technology separately, then it looks like a dlfflcult
task. I essentlally avoided that by trylng to deflne What 1s needed to
make a contribution against these other systems. I'm really not an expert
in capital costs;myself\and'it's.not for me to say if that's feasible or
not.: That's up to:the designers. )
Hertzberg: . Ybu-have,shown, and in fact the first two questions have
stressed, thet\everything depends on a set of asSUmptioné. If you
go one step further behind this set of assumptions, there is a tech-
nology .built up to support a set of assumptidns. Now I'm just curious : .
as to your feeling about how valid you think the technology assumptions: .
are that you made in desigeing the hybrid system. I do believe one of the
* purposes of our meeting is going to have to be soonereor later to get
dewn to the question about what we are going to have.to find out before
any of these very elegant numbers become real. e e
Deonigi: I defer to Wolkenhauer as to the design characteristics because
he supplied them to me in this project. I agree with you that this really
is the task at hand, trying to establish What‘the'characteriStics are and
what they are liable to cost. The physical reliability of the design
itself,"I didn't have much to'do‘withg and Bill Wolkenhauer can speak to
that. '
Wolkenhauer: I guess, the Question is how valid are the assumpfions.
How easy it is going to ‘be-to build a hybrld hopefully, will be a
discussion: that will stretch over the next decade. My guess and this is
»only~ﬁy guess, is that the problem will go back to the plasma physics.
We have attemped to do some of these cost analyses and cafital cost
calculations -and so,forth.e We have fair confidence that we can price the
fission patrt of the hybrid with some accuracy, and the accuracy depends
upon the fission technology one selects. . Obviously, if:one uses HTGR
technology, one has a little more confidence in the numbers than if
EMFBRﬂtechnOlogy is selected. My guess is that the big unknown, whether
or not yeu-caﬁ make this $540 figure and including the operating costs,

is 1argely based on what the plasma physics portion of the device comes

gy
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out to be. We have done some extrapolatlons based on the cost analyses :

'done for both the UWMAK des1gn and the Prlnceton de31gn.\ Crudely taking

those reactors and addlng f1$Slon blankets to them 1nd1cates that nwybe L
you could achleve it. We hope to- be able to publlsh'some of.these very

prellmlnary, speculatlve kinds of numbers soon.

- Deonigi: -+ This mornlng there have been a number of papers that all indicate

possible anm nual .fissile mater1a1 productlon in the 2000 kllogram range.;'I"
believe each of the papetrs were 1n that range. at least,,lSOO or 1300 ‘l¥
don't know about the 4000 number. o , )
Holdren: I want to take 1ssue on ph1losophlcal grounds w1th one of your
premises, and it's related to this questlon of sen51t1v1ty to assumptlons.
Your premise was that 1f -we had _say, a Zero. energy growth economy,‘then none
of us would need to- be here today I submlt that even.1n a stabl1z1ed energy
economy we would want to ask the quest1on, What is the best Way to meet the
stablllzed demand in terms of economlc costs,_env1ronmenta1 costs, and

social costs.. We would Stlll be looklng at a m1x of technologlesland i
trying to. flnd What klnd of le was optlmum._ There 1s a part of the analy51s
which is extremely sen31t1ve to growth rate, nd that 1s the economlcs of

the 1mportance “of the breedlng ratlo, as I mentloned earller today IfAh

the. growth rate is lower than the one : you postulated the 1mportance of Iy
breedlng ratlo enormously d1n1m1nlshes, and the relat1ve 1mportance of

env1ronmenta1 and safety con51derat10ns 1ncreases by v1rtue of that.>j0fu

‘course, one of the thlngs that is mlss1ng and very d1ff1cult to 1nc1ude

in this sort of cost beneflt analys1s is prec1sely thlS factor, the

env1ronmenta1 and safety considerations. But certalnly a system that 1s

,unacceptable to the publlc on these grounds has,. in a semse, an 1nf1n1te

éost associated with 1t, one cannot bulld 1t.m And, I submlt that one 1s
going to have to get around to elevatlng the prlorlty attached to these
‘environmental and safety cons1deratlons, lest we othemlse throw out at an
early stage the prlnc1pal reasons we, mlght want to have a hybrld at all.»
Deonigi: 1T agree with you. . : M;Af | l
Coffman: I wonder if you could try to. scope in some things. that bother
me. The first thing being the base case. for plutonlum cost Wh1ch you :
projected out to $20 a gram.. I was under the. 1mpre351on that the LMFBRp»
program projects $2 a gram out 1n that time range, or at least. approx1—
mately a order of magnitude lower than your assumed,baselcase.- Is that

wrong?
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Deonigi: No, that is true as far as I know. I think it depends on which
case of their's you choose to look at. It is, again, sensitive to the

““breeding gain. They have a much higher breeding gain for the LMFER.
I assumed a 10 year doubling time and they're;running eboﬁt sii.:v
Coffman: Let me cap up my concern. It looks to me’like that in this

—economlc analy31s base case, you assumed all the pe331mlsm about the
LMFBR. You assumed that you froze the fuel des1gn, you dldn t go to
carbide fuels, you froze off the LMFBR design, and assumed that you
make no technology advancement. You assume an order of magnltude
different base case for plutonium fuel costs in the year -2000.
Deonigi: No, that's not an assumption.

" Coffman:  You take those three‘together and switch them back to7what'.’
perhaps is in the IMFBR env1ronmental statement, and I th1nk you will get

"‘a totally different answer. ' ‘ ‘ '
Deonigi: The plutOnlum is an Outpot not an input. I think if you look e
at a comparable case in the ILMFBR study, you will find comparable prices ‘ P
for plutonlum evolved. The initial work under the LMFBR program was at , a
8 percent dlscount rate. They'later>m6ved'it up to 10 perceht when they 0
were ordered to by OMB, I understand, but they are now, I guess, going ¥
back to the 8 percent again to try to rejustify that level of discount - - {uﬂ
rate. The plutonium value, though, is an output which is a function of '
those 1nputs. The breeder that I have in there is a substantial improvement ﬁ
over ‘their early designs that they have. It's about m1d—range of what they %
come up with. It's the best of the oxide designs. I simply didn't go and ‘

add the six year doubling carbide design which apparently has SOme'physical

core de51gn problems that they are trying to wrestle out, even now, to
simply get the heat out, under that higher specific power. ' -
Moses: You gave ‘a realistic date and you also gave a’ starting date the
same as the LMFBR. Under the same assumptions and models that you used,
what would be the latest date one could introduce hybrids and remain
competitive with the LMFBR?

Deonigi: What would happen basically is that the same benefits at the
new introduction date would be achieved. What would happen is that the
target costs would drop; If I held the present cost that I assumed and
delay the introduction, the benefits would be substantially reduced. The

reason for starting with this date was that I really intended to run more
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than one introduction date and that was the beginning of the series. It
——--just-took: longer to accomplish than I antlclpated Possibly by the time
the proceedings of the meeting are publlshed, we may be able to supply more
data points. But right now, the benefits decline fairly rapidly. I
think if you look at the breeder numbers and if you look at the rate of
decline‘ihwbenefits with introduction date, i1+ would follow a very similar
pattern.. e S ' T R S —— .
yggeg; Then would you say the realistic date you project is probably
too late? o
' Deonigl. No, I"don't think that is the case.
Fur h: 1'd like to make omne- -rather-basic point on this cost benefit 7
analy51s. And that is, I think it will make a lot of difference whether
you think that the fu51on—f1581on hybrid is the end in view or a step on
the way of a fu51on reactor._ I think this is very important. And, I
think it would be an 1nterest1ng expansion of your work 1f, for example,
you assumed that stralght fusion reactors would be available at such and
such a year and that it is a matter of national policy as we g0 beyond
the year 2000 to infinity, to go: to fusion reactors rather than IMFBR
'plutonium‘breeders. In that chse, I think the cost-beneflt plcture for
sptroducing hybrids rather than straight LMFBR breeders as an intermediate
stage Would alter very greatly In the present analysis it seems that’if
: hybrlds were to become avallable only, say, in the late 80's or 90's, then

.»lf we walt a few mOre years, they lose all interest. But if all the time

the long range aim is 'to run a fu51on economy, T think it will come out qu1te
differently, and instead of paylng a penalty for beginning to introduce

the new fu51on technology, you are in fact paying 2a penalty for going

\'1ﬂLO a LMVBR.breeder technology excur51on when ultimately you're going
bacx to fu31on._’ ‘ o
" Deonigi: That's rlght, and: the breeder (LMFBR) cost benefit work has this
:, game problem.: Usually thelr flrst so—called commercial plants aren't really
economically viable at the ‘time of “jntroduction and you might-be describ-
. ing that the hybrid might fall into that some category, as a transitionary
"gstep £0 & full CIR. One of the data points on that last slide shows you
the "CTR only" eotry and it indicates a cost somewhat less than the breeder_
cost, in order to achieve the same level of benefits. The reason is that

the breeder does have some Benefit by operating,and supplying excess plutonium



to cheaper burners in the system. There are some .less ‘expensive burner
reactors. available in the system we're dealing with, and therefore it's
desirable to produce a little bit-of.fuel for ';hem‘at"' the same time you're

running CTR's. T e S I
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INTRODUCTION AND BACKGROUND

Battelle-Northwest (BNW) has, over the past four years, been actively
~jnvolved in the evaluation and.deve1opmént of a nuclear reactor concept which
couples fusion and fission‘technologies;;g BNW's interest in this concept,
generally referred'to‘as fusion%f%ssioh (or hybrid)‘stemmed from the
thought that; 1) it may be realizable before pure fusion (CTR)* power

plants, because the fusion reaction and plant engiheering tequirements do
not appear to be as stringent; and 2) 2 hybrid has pbtential;to alleviate
some of the constraints~in the fission power economy name1y; fuel supply

and waste»diSposa]. This paper outlines ouf_perspectivgiof the concept

and summariies technical highlights of our studies.

To prbvide a brief background,_the fissioh,éhd fusion processes are
described along with how these processes combiné”in the hybrid concept.-
The fission procéss is depictgdfih-Figure 1. A heavy element nuc]eué,\
such as 235U, is bombarded by 5 neutron, causing the fission of the nucleus
into fragménts, yielding betweeh*two{ahd'thYeé neutrons, and fe}easing about
200 MeV of energy. The fusion process‘is depicted in Figure 2. It': 
invo1ves‘1ight element nuclei, such as deuterium and tritium, which when'
confined as a plasma and heated, fuse together to form a he]ium nuc1eus,
yielding a neutron,- and releasing about 17 MeV of.energy;*f»Ré1ative1y f
speaking, the fission process can be described as energy rich and neutrdn
poor whereas the quion process s neutron rich and energy poor | -

" The hybrid reactor, as i11ustrated in Figure 3, combines fusioﬁ and
fission. The cbncept is based upon interactions between the high energy
fusion neutrons (~14 MeV) and heavy element nuclei placed in the blanket.
The choice and arrangement of heavy element nuclei in the blanket depend
upon the funétibna1'role intended for the hybrid. ' | '

The roles envisioned for the hybrid are three: 1) power production,
2) production of nuclear fuels, and 3) destruction of nuclear by-products.

*Hereafter we shall refer to fusion-fission systems. as hybrids, or fusion-
fission systems whereas we refer to fusion only (i.e., pure) systems as CTRs.
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The first of these roles seeks to amplify the energy of fusion neutrons
(m14 MeV) through absorpt1on in fissionable nuclei (e.g:, 235(), causing
fission thereby releas1ng mZOO MeV of energy. The second'ro1e seeks to
prodﬂce fuels far fission reactors and fusion reactors. This is
accomplished by neutrons becoming captured in fertile nuclei (232Th 233U"
6Li) thereby prcducing f1ss1onab1e material (233U from 232Th and 23%Pu from
23$U) and fus1onab1e mater1a1 (tritium from 6Li). The third role seeks to
e11m1nate or s1gn1f1cant1y reduce the rad1oact1ve waste created by f1ss1on
reactors through transmutat1on Transmutat1on s the chanq1nq of one
nucTeus 1nto another nucleus‘ For the waste management concept, transmu-
tat1qn must resuit in a product nuclide hav1ng a lower tox1c1ty and/or
shorter half<life for rad1oact1ve decay than its predecessor. The process
env1s1oned in the hybrid, is “the transmu*at1on of 1ong—11ved nuc1e1 via
neutron absorptton to produce other nuclei wh1ch have shorter half- 11ves.
Thus, the decay rate of certa1n toxic spec1es in rad1oact1ve waste may be
effect1ve1y accelerated v1a transmutat1on. Since al] three- roles involve
use of heavy nicled (3. ChY act1n1des) in the ‘blanket, a hybr1d reactor may
be charactertzed as “any fus1on reactor W1th a b1anket conta1n1ng act1n1des
i, €., f1ss11e and/or fert11e mater1al)

The concept does not appear to be Timited to a s1ngu1ar role. It
could be comb1nat1ons thereof such as produc1ng power and useful nuc]ear
material, or produc1ng power and’ ‘reducing by—product waste. Further study
of the techn1ca1 and “ecanomic feas1b111ty of hybrid reactors de31gned to
ful1fill these roles is def1n1te1y needed T ’ '

-




: commerc?a]]y viable, then the concept is. 1ess attract1ve. o

'-‘TEGHN*I-'GAL“APPRO_ACH s

Some general ground ru]es were estab1lshed at the outset, in our..

study on hybr1ds In. order that the reader view the f1nd1ngs of our, ,,'
~work in the proper context _these ground ru]es are stated here,

F1rst the stud1es are based on techno]ogy wh1ch ‘has been deve?oped |
or which is expected to be deve]oped in the near future . The rationale .

be1ng, the hybr1d shou]d not requ1re substant1a1 R&D 1nvestments over .

and above the 1nvestments current]y be1ng made 1n the nat1ons energy p1an.
Thus, it should be a step along the pathway of ach1ev1ng pure fus;on e
- -power, and rea11z1ng the benefits of the f1ss1on power economy. If g

substantial new R&D 1nvestments are requ1red for the hybr1d to become -

Gyt

Second, 1deallst1c cond1t1ons are assumed in- 1n1t1a1 feas1b11 ty i
,assessments There are two reasons for th1s.‘1) 1f the concept does noc
- appear techn1ca11y feasible under idealistic cond1t1ons, it w1]1 not be -

feasible under realistic conditions, and. 2) the ana]ys1s is s1mp11f1ed
thereby requ1r1ng less investment of time and money fin these s»ud1es
However, we certa1n1y realize the need for caut1on that viable concepts N
are not 1n1t1a11y ru]ed out on the bas1s of 1ack of know]edge J

e

Last]y, to negate the need for cost1y operat1ona1 safety systems,zh

we de]1berate1y selected systems hav1ng the greatest potential for avo1d1ng

or mitigating the effects of reactor acc1dents ' For example, a safety
criterion in our analyses was that the b1anket of a. hybrid reactor must
be subcritical at all times. L1kew1se, b1anket techno1og1es which

;1ntu1t1ve1y seemed to have more potent1a1 to w1thstand loss- of—coolant with-

out fuel melting were favored.

_//
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| ‘SUMMARY?““AN‘D' "PRI‘N‘Q‘I'P‘AL" fFIN.DIN,G'S" S

N As ment1oned in the Introduct1on sect1on of th1s report BNw has been
engaged in the study of hybr1ds over the past several years.  The resu]ts
of our studies to. date lead us to.conclude that there is ne. a-pr1or1
basis to eliminate the hybrid as fu1f1111ng a useful function in meeting
~ the nations energy needs. ’

We have conducted a variety of studies over theﬁpastvfewiyeafeAand
the principal results of these studies are summarized here,  Studies of
power producing hybrids, the use of fusion~neutrons,for}transmutation of
radioactive waste, and the evaluation of the most Tikely combinations of
fusion and fission techho]ogies arefaddressed. . More details are given:in
“the fo11owing'section and we refer the reader to the bibliography for
more complete discussions. It should.be noted that these studies have
been primarily technical based and ‘that economic bases are not firm1y 7
established. Preliminary economic evaluations of hybr1ds are’ g1ven in
the paper by Deon191 in this document.

A. Power Producing Hybrids

The initial work on the evaluation of hybrids as power plants
began over four years ago. In fiscal year 1974 (July 1973'to
July 1974), BNW and Lawrence‘Livermore Laboratory (LLL) undeftddk a
cooperat1ve study of hybr1ds based upon a m1rror fusion dev1ce The
direction taken and conclusions reached on each of these stud1es are
briefly descr1bed here.

T. Ear]y BNW Stud1es -~The ear]y efforts were aimed at def1n1ng the
gross characteristics of a power producing hybr1d (2,3)
chose a graphite moderated helium cooled, uranium fue]ed b]anket
since this type of system has some commonality to the H1gh Temperature
Gas Cooled Reactor (HTGR) thermal power -systems currently being

[
]
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operated and constructed. A fusion plasma patterned to the
Tokamak_machines was selected. The\characteristics offéuch a
hybrid power plant were then projected. The prinC1pa1 findings
of this ear]y"study follow. |

e Power multiplications between 30 and 50 over a;héﬁ—
fissile blanket appeared feasible. '

o The tritium consumed in the plasma could-benreconStituted
in the blanket. .

. A\blanket subcritical from a self sustained fission
reaction appeared achievable. | ‘ |

.- BNW/LLL CooperatiVe'StudTes - BNW has'beeh involved in a coopera-

e

_tive study with LLL to determine the characteristics of a power .

producing fissile b1anket'matched’to a mirror magnetic_cohfinement
(4,5,6,7,8) : W

device. The basic design objectives were to:

(1) - produce electrical powers,

(2) produee'as much tritium as consumed, - .

(35 produce more fissidnab1e~materia1 thah‘eqnsumed,
LLL undertook study of a fast fission blanket and BNw‘uﬁdertopk .
study of a thermal blanket. The results of the LLL studies are-
presented in the paper by Moir and Lee in this document and are
summarized in Reference (7). The conceptual designs were
basically built around the plasma characteristics as defined by
the Livermore group. BNW _designed a thermal fission lattice for

the hybrid blanket, optimized for power production and fissite-
fertile fuel uti]ization.v The principa1 analytical results of
the design analyses for this mirror confinement, thermal\b1anet
system are as follows:
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o An electrical power plant utilizing a sub-Lawson plasma
to drive a subCFTfTEaT"Eﬁérma1 fission lattice is feasib1e.

e In this system, more fissionable and fusionable mater1a1

1

is produced than is consumed. .

o The fission blanket remains subcritical at all times for
temperatures ranging from room temperature to those
estimated for operating conditions.

o Fﬂei,meltdOWn is not expected as a'consequence of loss-of-
coolant.

. Transmutat1on

. BNW has been studying a1ternat1ves for management of high-level
rad1oact1ve was;te.(9 10) Transmutat1on is one of these a1ternat1ves.
Poss1b1e methods 1nc1uded use of acce]erators, f1ss1on and thermo-
nuclear exp]os1ves fission reactors and’ fus1on reactors - One of
the conc]us1ons reached in th1s study was the neutrons produced in

- CTRs have s1gn1f1cant potent1a1 for the transmutation of radioactive
" waste placed in blanket regions of CTRs.
- findings of the ana]yt1cal studies on the use of neutrons produced

(10,11,12) The principal

in CTRs for transmutation are:

e Transmutation ofﬂactinides is theoretically feasib]e.'

. Transmutat1on of selected f1ss1on products is theoret1ca11y
feas1b1e.

However, to accomplish this, the f1ss1on products and the actinides

_in spent fission reactor fuels probab]y have.to be separated. (chem1ca11y

or by other means).
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“"t. Evaluat1on of Possiblé Fusion= F1ss1on Technology Comb1nat1ons

The obJect1ve of this study, wh1ch is current]y being conducted,

is to evaluate the technical feas1b111ty of various fusion-fission

techno]ogy comb1nat1ons in terms of a self susta1ned e1ectr1ca1 power

’plant. "The comb1nat1ons will be ranked on the basis of eng1neer1ng h

conStra1nts to identify the most promising conf1gurat1ons as candidates

‘fdr‘po{ntldesign studies. Since this study 1s in progress no conclu-
"7s1ons have been reached as yet A d1scuss1on of the approach be1ng -

'taken in the eva]uat1on is g1ven in Sect1on IV

Technical details upon wh1ch these statements are based are  summarized

in the ‘following section. For additional 1nformat1on e refer the

reader to the references.
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. Based upon stud1es performed to date, the fusion- f1ss1on (hybr1d)
appears to have s1gn1f1cant potent1a1 for fu1f1111ng usefu] ro]es in th1s
nat1ons energy p]an. Hybrid p1ants m1ght be ab]e to: . a) produce. e]ectr1c1ty,
b) enhance ut111zat1on of natura1 resources (i.e., breed power producing
mater1als), c) a]]eviate constraints in management of nuc]ear by-products.
Deve]opment of fusion- f1ss1on energy systems fits 1og1ca11y on the path-
way to development of CTRs because:

o it provides useful information on CTR plasma characteristics,
e it allows early assessment .of engineering and economic Lo .
constraints, o !

e it provides an avenue for early involvement of private ﬂ
industry. » ‘ _ _ ‘ w

ptd
e

A

The plasma physics and materials damage requirementS'for a hybrid may m
be less stringent than those for a CTR.  Information gained in des1gn1ng |
and proof testing a hybrid would add to our understanding of. CTR p1asmas.
Being able to.cqnstruct and operate a hybrid device, sooner than a CTR,
would aid in-identifying major engineering constraints and evaluating the
economic impacts of these in developing CTRs.

~ The goal of the CTR program is to develop commercially viable CTR
power plants. To achieve this goal, the base technology of CTRs must be
developed and this technology must be transferred to private industry so
,,,,, . they become capable to design, cdnstruct, and operate power plants and
related CTR facilities. -~ Since CTRs and fission reactors are congruent
being both nuclear based, we speculate that commercial firms currently:in
the fission reactor business will ultimately become involved in’ the
fusion reactor business. The fusion-fission systems are not as foreign
to these companies as CTRs and may prove to entice their venturing into
CTR systems sooner than would be the case if hybrids were not in the plans
for CTRs.

-
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The results of our studies to date are encouraging. Therefore, we

.t ~recommend further study of the fiybrid concept to crystallize its role
Q‘U‘ in our nations energy plan.
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been

~ TECHNICAL RESULTS = = -

i
/

The principal findings of studies conducted at BNW on hybrids has
summarized above. - Additional technical detail is given here.

Power Producing Hybrids

The power producing hybrid work at BNW began over four years
ago on a very low level funding basis.  The ear]y'ef¥orts were
aimed at roughly scoping the characteristics of a power producing
hybrid.  These early efforts were focused on fough]y defining
blanket components and configurations which might achieve:

1) Neutron power mu]tip]ications in the order of 25 to
50,

2) Production/destruction ratios for tritium-and fission-
~able material equal to unity or. better,

and determlnlng the 1mpact on CTR p]asma parameters and neutron wall

41oad1ngs. In these stud1es we attempted to stay w1th1n the

confines of existing or near extant fission reactor techno1ogy.
Within this restraint, we chose a gas cooled (helium), so11d
moderator (graphite), uranium fueled fission reactor system as the
(near) extant fission reactor technology most obviously suitable
for CTR requirements. The criteria for suitabi]ity'inc]dded the
inherent safety of various systems relative to reactivity insertion
and loss-of-coolant acc1dents and the apparent lack of 1mpact of
helium cooling on the CTR magnetic field. We then attempted to
define the characteristics of such a system, “implicitly tied to a
TOKAMAK fusion device, The results of these studies, although
most of the analysis was purely neutronic, indicated promise for
further analyses of hybrids. Results of these studies and
discussion thereof are given in a Nuclear Technology Review Artic]e,(1)
Proceedings of the University of Texas‘Conference,(Z) and PNL

Annua]ﬁReports.(s)




‘to determine the near term characteristics of a power producing fissile

- plasma conditions are expected to be attainable with reasonable . -
extrapo]at1ons of present technology. The Yin- Yang conf1ned plasma -for

‘hybrid are listed in Table 1.. -

H;for power production -and f1ss11e fert11e fuel utilization to fit in
““the design configuration. " The blanket consisted of some 320 modules’
;7of the type shown in Figure 5.. Fach module consisted of a convertor
~ypegion, a thermal fission 1attice region, and inner and outer. tritium
~ breeder regions.  The inner b1anket“region ‘cél1ed a convertor,
t”con51sted of dep1eted-uran1um-d1ox1de, with the uranium being 0.3%
~-235Y atom percent. The thermal fission lattice region consists. of
f”s11ght1y enriched U0, fuel. (1 35 wt.% 235U) graphite moderator,.and:
- -heTium coolant. The inner and outer breeder regions conta1ned

. “natural 1ithium;
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More recently BNW Was invo]ved:in a cooperative study with LLL

blanket matched to a mirror magnetic confinement device, shown
pictorially in Figure 4. The conceptual design has been built around
the p]asma characteristics as defined by the Livermore group. These

this mirror hybrid was fed by four high-energy neutra] beam 1n3ectors.
The characteristics of the magnetic mirror fusion segment of the

Battelle-Northwest designed a hybrid lattice which was optimized

At initial operat1ng conditions the energy mu1t1p11cat1on was
calculated to be about 40 times 14.1 MeV. Using this value:
parametric studies of.the system were carried out to define plant
parameters. " The overall system efficiency, Ng, as a function of
the plasma energy mu1t1p11cat1on Q, for various assumed values of \
the efficiency of the neutral beam 1nJectors (N ) is shown on

Figure 6.  In Figure 7, the net electrical power and the overall
system efficiency is shown as functions of N Q The parameters
selected for the magnet1c mirror hybrid are shown in Table 2. We
note that for the values chosen here, a breakeven power plant Py . = 0,

would require Q = 0.16.
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Table 1

'MIRROR HYBRID PLASMA CHARACTERISTICS

 PLASMA

| Ellipsoid
3.5 m radius:

"NEUTRAL BEAM INJECTION

150 keV
500 Amperes
68 Mi(e)

MAGNET

10 m rad1us »
" Central Field = 1.9 Tesla
M1rror F1e1d = 7.1 Tes1a
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o :  FIGURE 7

" NET ELECTRICAL OUTPUT (PygT) AND SYSTEM
~ EFFICIENCY (Ng) AS A FUNCTION OF N;Q
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'Thus, it tentatively -appears that an: emergency core coo]1ng system
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. Study of the steady state and dynam1c thermal hydrau11c behavior
of the hybr1d blanket was a1$o made. In Figure 8 various blanket
temperatures calculated assuming different values of average specific
power generations are. shown. The data on Figure 9 shows calculated
temperature prof11es for projected operating conditions.  The
ca1cu1ated radioactive afterheat following shutdown is shown on
Figure 10 for var1ous assumed operating powers and times. Calcula-
tions of temperature following loss of gas coolant have also been
made and the. resu]ts are shown on Figure 11. As shown a peak
temperature of approx1mate1y 2010°C 1s pred1cted at-about.55 hours
after shutdown. The melting po1nt of UO2 is 2450°C.  Thus there
is a 400°C margin between predicted fuel temperatures following
loss-of-coolant and the temperature at which the fuel melts.

m1ght not be needed in th1s dev1ce ,'

Some of the more significant accomp]ishments of the study are
out11ned on Figure 12.  On these bases there ‘would appear to be no ' w
techn1ca1 reasons for e11m1nat1ng this mirror hybr1d as.a candidate - '
for further deye1opment)as a power plant. o N .

- The status of the LLL mirror hybr1d design results was reported f |
in two papers presented at- the First Top1ca1 Conference on the !
Technology of Controlled Nuclear Fusion at San D1ego 1n April
in a paper presented at the. 8th Symposium on Fusion Technology, . \
Noordw13kerhout Nether]ands 1n June.(ﬁ) A deta11ed technical
report BNWL 1835, cover1ng the work has been issued.: (]3)

(4,5) and

Since these'initial reSuTts, neutron1cs ca1cu1at1ons have been
made to extend and clarify these results. Def1c1enc1es were noted
in 238U ENDF/B descriptions of secondary neutron energies. These k ‘
were modified and certain calculations were repeated to determine
the impact of these cross section improvements on hybrid performance.
We also increased the thickness of the inner 1ithium reg1on to improve
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FIGURE 10
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