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ABSTRACT earller. A demonstration reactor with a fusion
power of 400 M3 could produce 600 kg of Fissile

Studies of the technica) and economic material per year at a capacity factor of 50%.

feasibility of producing fissile fuel in tandem The critical issuves, for which small scale

mirrors and in tokamaks for use in fission experiments are either being carried <. or

reactors are presenied, Fission-suppressed planned, are: 1) materia) compatidility, 2)

fusion breeders promise vnusually good safety beryl¥fum feasibility, 3) BHD effects, :nc 4)

features and gen provide meke-up fuel for 11 pyrothemical reprocessing.

to 18 LKRs of equal nuclear power depencing on

the fuel cycle, The increzsed revenues from IKTRODUCTION

scles of both electricity and fissile meterial

might allow the comvrreial application of This paper will describe a reference

fusion technology significantly earlier than fission suppressed blankel design,' and

would be possible with electricity production review recent fusion bresder studies. Goals

from fusion alone. Fast-fission designs might end desige choices widl be discussed 25 we go

2aNow 2 fusion resctor with 2 smaller fusion along. Prior to 1979 we studied fast-fission,

pener and a lower Q velue to be etonomizal and Pu-producing hybrids.c Righ energy multipli-

thus make 1nds 2pplication of fueion even cation allowed econonica) operation 2t loser @

*lork performed under the auspices of the U.S, fepartment of Energy by the Lawrence Livermore
fiztfonal Laboretory under contract numher W-7405-£45-48,



velues? of 2 to & depending on cost of equip-
ment handling recirculating power, The loca)
blanket energy rultiplication doubled during
the typical 4 year irradiation time which is

7 ¥l-y/m intsareted first wall Ygading pro-
cucing 2% Pu/ S0 at discharge. Tke designs
resulted in fuel forms, power censities, radio-
3ctive inventories, and afterheat coaling
requirements much like fission reactors.
Fissioning hybrids could fuel or support about
5 LWR's af equal therma) power,

In 1978, we storted looking into fission-
suppressed 2330 breeders,d e prefer 233)
over Pu beceuse conventignal fission reactors
[LWR, HHR and HTGR's) ctilize the_farmer much
more efficiently, and secondly, €33y can be
substityted for 233 with little change in the
present day fue) cycle, The fissian~suppressed
designs resulted in power densities, radioactive
inventories and afterheat cuoling requirements
ouch like pure fusion reactors, Fission-
suppressed hybrics could support about 15 LWR's
of the same nuclear power,

BREEDING BLANKET DESIGN

We have made a number of studies of the
tenden airror 25 2 hybrid |interchangeably
called fusion breeder}. In 1982, we began
applying the fissioa-suppressed blackets to the
tokamak,4  Any blanket which works on 2
tokamak will work on a tandem mirror, but the
reverse +s most definitely not true. The
tendem has relatively simple geamelry and has &
uniform and low magnetic field [4-5 Tesla),
whereas the tokamak has pulsed magretic fields,
complex geometry and a nonuniform field with &
very high value an the inside of the torus,
Fig. 1 §1ustrates the tandem mirror blanket
geometry, end Fig, 2, the tokemak,

Fua) Form - ¥obile versus Fixed

Tr a7V cases we have mobile Tuel [pebbles
in these two exenples, bul mollen s2)t in other
exenples}, The veason for the mobile fuel is
5o we ran remove fissile raterda) withovt
blanket removal before it builds up enough to
fission and casse the blanket power to increzse
significantly. The blenlets shown fn the
figures have the cotmpn feature of vsing
pebbles for the foilowing reasons: 1 - dump
fue) for sefety reesons; 2 - sme)) size of
pebbles heve less redialion demage; 3 - fuel
t2n be resoved a1 Yow burhup to reduce power
swing (in prior fest«fission designs ¢ the
blanket power censity doubles); and 4 - Lhe
blznket can 1est euch longer than the fuel
Yiferine,

(0 " Frysion/Pingected)
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Fig. 1. Tandem mircor fusion breeder blanket.
The blanket surrounds the devterium and tritive
plasma which produces neutrons used to breed
fissile atoms in the blanket hy neutron copture
in fertile atoms. The fertile material is
thorium in the form of & snap ring 2ttached to
the beryllium pebbles which are fed in the top
of the pebble bed and out of the bottom every
few months, Heat is removed by liquid Tithium
floning in and qut of the blanket in the pipes
shown., Beryllium pebbles serve to multiply
meutrons and dilute the fertile pebbles, there-
by suppressing fissions,

REFERENCE BLANKET - L1QUID L1THIUM COOLED
PEBSLE BED

After an extensive scoping phase,
reference blanlil concept described in a
detailed report! based upon the vse of a
1iquid Vithium coolent flowing radially through
2 two Zone packed bed of cosposite berylliun/
thorium pebbles wis selected, The design shown
in Fig. ) vses a ferritic stee) |i.e., HT-9 or
similar) structuce and operetes in the J50-450°C
temperature ronge, In this conrcept, the
coolant flow resembles that of 2 convenliona)
oi) filter, Specifically, the coolant flows to
the first wall plenum through 2 thin coolant
annlus and is disiributed to the peched bed
through perforations in ¢ corrugated inter-
regiate wal) which, in cumbinalion with 8
corrugated Tirst wal) and recial stiffeners
(tied to the back of the bleriet), pravides
structural support.
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fig., 2. Cross-section elevation view of &
suppressed fission blanket concept for 2
tokamak reactor [not to scale),

The coolant flows radially outward through
twg fue) zones {separated by analher perforated
w211}, exits the bed through 3 third perforated
wa)) putside of the second fuel zone, and exits
the bianket through 20 Jarge outlet pipes. The
cowposite fuel pedbies (beryllium pebbiles with
thorfum sn2p~rings) are loaded into the top of
the blenket and discharged at the bottom in a
frequent batch process (1.e., fuel residence
time % 3-5 months).

The reference blanket concept offers
several potentiz)ly attractive design and
performance features:

o high breeding perforaance per unlt of
therma) poser prpduction;

o Jow decay sfterheat and excellent pro-
viston for coaling §n the event of a
1055 of coplant or conlant flow eccident;

o 2 bery)lum mtiptier form which can
be eesily fabricated and readily
recycled,

0 the extensive use of conventional
meierials and coolant terhnologies.

The breeding performance s good for two
reasons. First, the design features & high
volume fraction of high efficiency neutron
multipliers. The bed volume fractions in Fig. 1
include about S5% bery)iium, 40X Tithivm, ang 3%
thordium - 211 excellent neutron multipliers,
The remsinder of the fuel region follewing the
two corrugaied walls is 1255 than 28 zm?.
Second, the design effectively suporesses the
fissioning in the b‘hnks} {< D.04 fission per
fuston nedtron ot 0.5% 243 concentration in
thorium). Faty fissiont are suppresses gue 1o
nevtron moderation §n the bery))ium ang low
thorfum yolume "‘“'Sﬁ Tharnd) and epithernal
fissions in the bred -9y are suppressed dus
to fuel discharge at low concentration (< 1%}
in the smal) volume of thorium and due to
thermal nevtran gepletion fram the large 1/V
neutron 2bsorption cross seclion of the YL
in the Yiquid Yithium coolant.

As 2 result of the low fission rate, the
fissipn product inventories and decay afterheat
levels in the fuel are very Tow. In fact, the
{ission product decay afterheat is a relatively
minor contridbution to the total efterkeat, and
the afterheal asspciated wilth the actinide
decay chain dominates the overal) afterhest
Jevel, Typical fission product levels in the
discharge fuel ore only abowt 1000 ppm in
thorium, or roughly 1/60 that of LWR discharge
fuel. These advantages are uniguely 2ssociated
With fission suppressed blankets since fast- -
fission blankets, with blankel energy mullipli-
¢ations of £-10, increase Lhe fission rate by
factors of 10-20.

Additiona] reactor safety benefits for the
reference design result from the use of &
mob{le fuel form {i.e., the composite
bery 11 fum/thor {um pebbles] with provision to
discharge the fuel to an indepenently coaled
dump tank shoudd the need arise. n 2ddition
to Lhe primary cootant Yoop and the dump tank
Yoop, the fve) handling system piping and
v2lving provides a coolant flow sufficieat to
remove the decay aflerheat. Therefore, dodble
redundency of the cooling systems is provided
in the event of & Yost of coolant or loss of
coplent Flov accident.

The composite beryllivn/thorium pebble fuel
forr exployed in the reference design provides
several zcvantzges n cosperison with previous



designs, First, this form provides a rela-
tively sirple method to achieve uniform mixing
of the bery)lium and thorium throughout the
blanket - an advantage with respect to the
thermal and nuclear breeding performance,
Second, the design is relatively insensitive to
the high rate of volumetric swelling in
beryllium since the bery)lium is discharged
frequently and the packing density of the bed,
although high, is low enough to accommpdate some
growth (typically 0.2% )inear growth occurs over
2 90 day irradiation). Finally, the sma)l size
of the pebbles {1.5 cm radivs) )imits the
thermal and differentia) swelling induced stress
Jevels §n the bery)lum - key Yifetime deter-
minztes. Our results indicate that an average
bery)iium in-core lifetime in excess of two
years should be easily achievable, but that more
materisls data and more accurate models are
required before 2 more definitive lifetime
estimate wi)) be possible. The reference
blanket provides a flexible design which can
sccommodate a wide varistion in the jrradiated
properties of beryllium without imposing a
substantial penalty on the overall level of
performance,

Finally, the reference design utilizes con-
ventional and well known materfals and coolant
technologies. Dur selection of ferritic steels
was based upon thedr jrradiated and vnirradiated
materials properties (e.g., high strength, high
thermal conductivity, low nevtron swelling,
excellent 1iquid metal compatibility} as well as
the extensive industrial experience in the
fabrication of components from ferritics
{principally 2-1/4 Cr-140} ond the current
interest of the nuclear materials community in
these 211oys,

Our chodce of Yiquid Tithium as the “lanket
coolart pricarily derived from nuclear, heat
trensfer, and tritfus extraction advanlages,
but 2150 considered the operatfonal and safety
implications of liquid 1ithfum versus the
obvious 2ternative, Ly7Pbp3. It s our
consfde-ed vpinfon ihat 11quid Vithium systems
can be designed to operate more economically
and more retebly than Tead-19thium systems and
wil) hzve the aoventlage of Yower normal tritium
rede2ses,  An ecceptable level of Yitnivm
sefety sppears 10 be achfevable based upon the
developnent of Yiquid sodium coolant safety
cystems In the LMFER progran.  The recognitfion
ihat fusion breeder reactors would not, most
1ikely, be sited near population centers (but,
rither, in renste safequarded fuel cycle
centers) provices sdditional confidence in the
choice of 3 1iquid 1ithfum coolent

Our choice of thorium metal as a fertile
fuel form rather than thorium dioxide (thoria)
or another thorium form is primarily based upon
fuel cycle considerstions. Although thoriym
oxide would provide fewer compatibility con-
cerns, thorium metal is less expensive to
reprocess (either aqueous or pyrochemical) and
is more amenable to the selected fue) form,
There is considerable experience in the use of
thorium metal in fission reactors.

The direct cost of the plant was estimated
at 33744 including §372M for bery¥lium and
thorium fabrication and reprocessing and had @
peak therma) powesr of 5340 ¥4, The direct cost
of an LWR was estimated at §$7854 for 3000 My,
Thus, the plant cost 2.4 times an LWR. Typical
parameters are given in Table 1,

Table 1. Reference Blanket System Parameters

Pfusion 3000 MW (15 Md/m)
Slanket energy
myltiplication 1.6 ave. (1.97 peak)

U product icn 5600 kg/yr
Center cell length 200 m
Center ce)l mag. field .27
First wali radius 1.5 m (1.3 Hi/n?)
Li inlet temp, 3400C

outlet 4200C
Pressure on first wall 1.9 MPa or 150 Psi
Structura) material Hi-9
Blanket thickness 0.85m
Shizld thicknecs 0.5 m

et fissile Lreeding retie  0.62
Peak power censity 182 W/emd Thorium
5.4 W/cn3 Be
3.3 2/emd Ly
kverage fission rate
per fusion 0.04
Average fission burnup

at fuel discharge 500 MWD/MT
Average net power 1300 MWg
(1660 M, pesk)
Recirculeting power 720 Mde
Fusion power gain 14.6

(ntrapo)

Berv1lium Pebbles

he reference 8esign c211s for beryllium
and thordum at a 20 to ) volure ratie. First
we considered a mizture of balls, but experi-
rents cerried out by W. 5, Neef {see p. 3-37
of ref, 1} with two rasses of balls showed 2
severe segregation prodlen, To m2intzin uni-
formity, we propose using composite balls,



F49. 3 shows three candidate composite balls,
At present we favor the snap-ring compusite
ball. The disadvantage of these composite
balls {s the necessity of remotely resoving
and replacing the snap-ring, and the groove
around the bery)lium ba)) could Jeave it more
susceptible to radiation domage.

Beryllium Lifet ime

The expetted 1ifetime of the Be pebbles,
discussed more fully in ref, 5, {s predicted
to be greater than 2 MW-y/mé.
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Fig, 3. Beryllfum/Thorfum composite fuel form
options.

Beryllium Rediat{on Damage Faper jments
Beryllium S2mples irra jated in Egp.-” or
atout § years ta a fluence of 1 x 10 n/cmg

(E > ) Fev) at a temperature of 450 OC have

been znalyzed.% The saxples showed 2 decrease
in ductility #nd cwelled, but &t on equivalent
of about 2 M¢.y/mt Lhey maintained their ]

integrity, leading us to believe that we can
get enough Tifetime before remanufecturing is
necessary to be economically viable. Irradia-
tion of bery}livm shou)d be carried out with
high energy neutrons from FHIT {Fusion
Materials Irradiation Test Facility) or a
fusion enginesring test facility such as the
proposed TOF,

Bery)lium Material Compatibility

BerylTium will attack many other metals by
interdiffusion and forming compounds. The rate
is highly temperature dependent. Experiments
cdrried gut at ORAL show that beryllium in
contact with 316-55 with Viquid Vlithium will
be compatible with steel below 500°0. The
samg type of tests at TRW with sodium were
carried out. Thorium will be included in
these ongaing compatibflity experiments, This
work also discusses the use of coatings for
inhibiting mass transport and weight )oss.
This subject is discussed in refs. ) and 8.

ALTERNATIVE BLARKET COOLANTS

Helium Cooling, Ability to keep radio-
active contaminants at a low level i5 the big
virtve of helium cootent, Corrosian is only by
impurities and neulronics are unaffected by the
Tow density of helium, The large film tempera-
ture drop and Yow heat capacity are disadvan-
tages. The high pressure, about 50 atmospheres,
{s a disadvantage in that {t leads to increased
structura) material which hurts the neutron
economony. The blankets shown in Figs., ) and 2
can ve modified to be helium cooled using the
naturaily tensioned skin containment structure
shown in Fig. 4, which was adapted from ref, 9,

Hater Cooling, wWater, if vsed 25 2
coolant, must accupy less than 10X of the

yolume of 2 blanket to minimize moderation of
neutrons before neutron rultiplication
raactions occur. If the water temperature fs
kept Yow [< 100°C), good breeding occurs
because Vittle structural material is needed
te contain the water, and Lritium diffusion
into the water can be kept small, Such a
blanket suffers economically from Yack of
electricity production, but will have a lower
plent cost and higher plant availability due
to the sicpler, low-temperelure badance of
plant, and will alsp incur Jow technological
risk, PModest temperature witer-cooled blankets
deserve more attention.

Hoiten Sz1t Cooling, Use of mclten salt as
2 coolant hes ot worked out well for three
reasons:

1) The hot spot tesperstures wsually
require refractory metals such 2s TIM,

R S S
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2) The Yarge amount of fluorine hurts
neviron economy,

3) The selt must not comé into contact
with the beryllium or else bred uranium will
deposit on the beryllium balls cavsing hot
spots, Coatings would be attacked at pin hole
defects,
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Fig. 4. Helfum ccoled blanket, This blanket
will work in either the Tandem Kirror gecmetry
{Fig. 1) or the Tokamak geometry {Fig. 2

This figure 250 shows the breeding ED"CEpl
vsing molten salt which slowly circuletes in
the pipes.

PIPE ELANKET ALTERWATIVE

The use of pipes 1n the blanket has the
advantage of forming 2 barrier to racionuclides
much as the cled of conventional fisston reactor

fuel, 1In the cese of the blarket shown in Fig, £

the coolant is helium and the pipes contain the
fertile fuel along with actinides, tritium and
fission products, The smal) amount of radio-~
nutlides in the helium such as trace amounts of
tritivs and activated corrosion products can be
kept to 2 low level. Another pipe design has
the coolant f1oming in the pipes and a statit or
slonly eirculating )iguid metal in the fuel
pebble bed to conduct the heat into the

pipes.

MOLTEN SALT BLAKKET ALTERKATIVE

In 1969, Lidsky discussid 2 mlten salt
ission-suppressed breeder, 10 The Tiquid
Li as the neutrpn multiplier gave a local
breeding ratio of 1.45 (T+F). The structural
material was TIH, and the cooling was both by
Tiquid lithium and molten salt.

In 19727, B}inkin and Novikov suggested
replacing ihe Li neutron multiplier with
bery)Vium!! which gave 5 loca) breeding ratio
of 1,63, In 1978, Lee!? reported on a homo-
geneous one-zone design in which the local
breeding ratio was 2,2, A rather detaileu
study in 1979 uncovered problems with fabrica-
tion of TZ¥, radiation damage to the berylgium
and to the graphite cladding of bery)lium,

In 1981, a design with steel was used 1o con-
tain the molten salt where corrosion was
virtually eliminated by kesping the steel
caol,!3 However, it used /Li instead of

Be to produce eacess neutrens, thus its
breeding was only 1.5,

Ye are now considering a design using
helfum as the conlant with the thorium contain-
ing salt in pipes somewhat like the helium
cooled pipe design of ref. 9. Corrosion i§
inh1b1ted by a frozen salt layer on the inside
of the pipe or at least a salt-steel interface
temperature which §s coo) enough. This design
concept (see Fig, &) laoks promising in that it
could be a relatively low technalogy, high per-
forming, economicd) fusicn breeder,

BREEDING RAT]D AKD LWR SUPPORT RATIO

We define the support ratio as the number
of fission reactors which can be Tueled by one
fusion breecer where each reat% r has the same
nuclear power, We 2ssume the <=0 makeup for
& ceaventional LWR is 460,380 or 303 kg for
each full power T GWe year gf opﬁral1on on the
denatured urenfum cycle (23 38y with

? Py recytled), 5he dengtured Lhurium cycle

y + Th+2 -u with Pu recycled) or the

1 orium cycle (2330 4 Th), respectively,



This 233y consurption rate at 33% thermal
fficiency becones 0.15, 0.125, and 0.0 kg

Sy Minerparte

In each fuzion reaction, the nuclear energy
release 15 J4.) MeV x M + 3,52 Fe¥, The number
of fissile atoms bred 45 F and fusile (tritium)
atoms 4s T, If T equals 1.05 and the beryllium
blanket has an average energy multiplication of
1.6, then each fusion reaction results in F
fissile atoms bred and 26 MEV energy release.
The fissile production for 33y 45 then:

27 -

F 233(1.67x10 kg x 3600 sec 24 hr 365 d
-19 hr d y
26 Mevx).6x10  i/e¥

233

. 2.95Fkg U
Hieyr

The support railp then is 19,7 F, 23.6 F,
and 29,5 F for the thres different fuel cycles.
for the reference design shown in Fig. 1, the
breeding ratio s 0.60 (T+F = 1.65), The
support ratios on the three LHR fuel cycles
then are i2, 14, and 18, It may be possible
with improved design to fncrease the breeding

“ratio to 0,75 (T#F = 1.8) or more, The support
ratios would then become: 15, 18, and 22.

ECONOMICS

There are a number of ways of lookfing at
the economics of a fusion breeder:

) - Incremental System Electricity Cost
17 the Tusion breeder costs 2.5 tiles
an LWR of equal nutlear power and produces as
much electricity, and supports 11 LWRs, then
the system cost per unit power retio i&:

2.5+ 12
e 1.115

The increrental cost of the electricz) pro-
¢ucing sysiem was 12.5% which represenis the
extra cost of the fusfon breeder fuel source,
Using & discounted cash flow method (p. 8-38,
ref, 1), the incremental cost of electricity
veries frum 5% to 1)X depending on assumptions
mede, Fig. 5 shows the average present value
of the system electricity cost versus ) for the
reference design, We can see that Q shovld be
equal to or greater than about 6 so that the
recirculzting poser does not significantly add
to the product cost,

2 - Eav’valent Cost of Ug

The cost of the mater3al produced in
the reference design is equivalent to a 30-year
discounted average of $165/kg U30g ($75 per
paund). The price of U30g reached 2 high of
over $40 per pound in 1378. This would b2
sbout $60 in 1983 dollars. The price of
uranium at present is depressed to under 330
per pound; however, many people predict the
price may be well over $100 per pound early in
the next century (only 17 years from now!),

3 - Cost of 2330_(or Pu) per gram
The present velue of %<3 averaged
over 30 years in our mode) {pp. 8-30, ref. ))
is $93/q.

" 0 vout aamy
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Fig. 5. The cost of electricity for
fusfon-fissior electricity generation and
fusion electric versus the fusion gain,

BURKER REACYQR FUEL CYCLE

Eithss 233y or Pu cen be produced. We
prefer 233y pecause of its higher utilization
efficiency in thermal neutron spectrum reasctors
and because suppression af fissioning fs
easier, the fast-fission cross-sestion is 2 to
3 times Yower for 232Th thaa for €38y,

The four fuel cycles for use of 233 or
Pu are:

1 - 2333+238y;  denatured uraniun fuel cycle

2 - 233y4Tne230y:  denatured thorium fued cyzle
3- 23391#\: thorivm fuel cycle

4 - pu+e38y, plutonium fuel cycle
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The first fuel cycle 1s unique in that it is
3Tmost {ndistinguishabIe from-the present day
fuel - 2350 + 238y, N thorjum chemistry is
neeced whatsoever in the burner fission
reactor's fuel cycle. It's one in which no
readily accessible materials are available for
weapons menufaclure, and therefore it would be
suitable for supplying reactors in foreign
countries with the spent fuel being shipped
back for reprocessing. Reprocessing of spent
fue) is necessary for good fue) utilization
efficiency. The first two fuel cycles produce
Pu. This bred Pu could then be recycled in Pu
burn1ng reactors on the fourth fuel cytle.

;3 produced in small quangitles along
with Associated with ¢3¢0 is gamma
raduatiun emitters which require shielded
handling - an expense which, however, makes
this fuel much less suitable for weapons use
than plutonium. The third fuel cycle is the
most fuel efficient. These fuel cycles are
discussed more fully in the fusion breeder
context 1n Chapter 7 of ref. 1.

FUSTON BREEODER FUEL CYCLE

The feed stock for the blanket of the
fusian breeder will either be Th or
The discharge i1l be Th + 233y + fission
products or 75U + Pu + fission products.
As mentioned earlier, there will be small
guantilieg of other elements, for example,
2 or

REPROCESSING OF FUSION BREEDER FUEL

In wrder to suppress fissfoning of bred
fuel the concentration must be kept Tow,
usua)ly Jess than 1X of the fertile in the
fission suppressed case, Therefore, 2 goal is
low cost reprocessing so that we can 2fford to
reprocess at this Jow fissile concentration.
Aqueous reprocessing of Pu {Purex) or Thorium
(Thorex) fuels are well known and espensive
processes utilizing oxide fuel forms, Pyro-
chemical (or pyrometallurgicel)} procesces are
weli founded in laboratory scale proof tests
and have the potential to save almost an order
of magnitude on reprocessing costs, The
preferred 50196 fuel rorm 1s metallic, or in
the case of molten salt in which fluorinztion
should be a strajghtforward Yow-gost process,
the form §s ThFg., The molten 58)t case should
have the lowest fuel cycle costs &s well as
21low for on line refueling 2nd reprocessing,

D-D CYCLE FUSION BREEDERS

for the seve fusion power op the D-D cycle,
fusfon breeders can produce 215t twice the

ampunt of material as can D-T cycle fusion
breeders. However, this gain is approximately
offset by the increased cost per unit power of
D-D fusion over L-T fusion based on a particu-
lar example of a breeding version of the Wild-
cat and Starfire Tokamak studies, according to
2 recent study by Greenspan and Hiley.

Even though 0-0 fusion would make a better
breeder, the more advanced fusion technology
required might make this a somewhat later
rather than an early application of fusior,
The fusion reaction rale can be enhanced by
polarization, The enhancement is more for 0.0
than far D-T, hence the D-D fusion breeder
might gain an edge over the O-T fusion breeder.

DEVELDPHENT '

During the next 10 to 15 years, the pacing
or Tong lead time items for the fusion breeder
is fusion technology itself, Blanket techno-
logies if not addressed early in Lhe program
can become pacing items. To prove fusion
breeders will be practical, an expanded studies
and eaperimental program is needed. The
ultimate proof test of breeding blanket techno-
logy wil) require exposure to 14 Hev neutrons
up to 7luences of at least 5 MH- ¥/m at a
wall loading greater than 1 Ed/mc, This
subject has been studied in an EPR] sponsored
fusion breeder develqgmenl study for tand.m
mirrors, 1% tokamaks, '8 and inertial fusion.

Fusion research and development has become
costly because the size of experimental
facilities is large and getting arger (e.q.,
TFIR ~ §0,5 B, MFIF-B ~ §0,2 B? The fusion
breeder could be an early application of fusion
research and development which would help
Justify the Yarge expenditures which will be
necessary to construct and operate even larger
facilities in the future,

DEP'.OYHERT

As discussed earlier, the fusion breeder
produces primarily fuel 5600 kg/y compared, for
example, to an equa) size fisgion breeder that
would produce 220 kg/y at a breeding ratio of
1.2. The guestion we hzve posed s how sarly
an impact and how large an impacl can the
fusion breeder have when the Yong predicted
urarjum shortage forces breeding technology to
be deployed.

We show as an illustrative example how
fusfon can go through an orderly set of
development steps end expand, limited by
tra¢itional, new technology learning curves.
Our exenple shows how 50X of the projected
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electrical demand in the year 2050 tan be met
by nuclear with the help of ‘the fusion breeder,
P possiole se: of development s1eps are shown
below:

0 Integral neutronic tesis tp verify
breeding: TFTR, mig-1980s
and

¢ Heat removal at temperityre: Tritium
burning upgrade of HFTF-B, early 1990s
and

o Blanket component and_material lifetime
{esting,? 3-10 Mh"ylmz: Engineering
Test Reactor,© start mid-1930s

and

¢ Prototypic blanket testing and system
demanstration with_breakeven or tetier
power > 1000 kg 23%/yr {production
rate}: Fusion Power Demonsiration,
Prise 1, mid-1990s Phase 2, 2000

¢ First commercial size fusion breeder
> 6§ Tonnes 233/ye by 2015

We assume based on successful operation of
the first commercia) fusion breeder starting in
2015 and a clear aeed for fuel, that 5§ more
units coudd be priered and put into operation
by 2030 providing fuel for over 120 GW, af
[#Rs, By 2030 (15X growth rate], Lhere could
be 24 fusion breeders providing fue) for 500
Gu, of LWRs. By camparison to LMFBR (Liquid
Hotal Fost Breeder Reactor) deployment, we
assume the first commercia) LHFER to be opera-
tional fn 2005 in the U.5. By 2020 five more
plants could be put n operation, accounting
for 9 GHp. At 2 15% growih rate, there would
be 36 GWp of LMFBRS by 2030 and 150 G4, 1n
2040, 1n samary, by 2030 the high LW support
ratio of the fusion breeder could provide about
a 10-year lead in deployment relative to the
LMFRR, and by 2050, 50¥ of the electrical
demznd could be mel by fusion breeder supporied

twRs,

buaterial testing can be carrfed out con~
current)y with the following step, or with some
delzy and extra risk but Yower total cost, the
ralerfal testing can be carried out in the
prototypic blanket testing facility.

L1his machine could be based on z Lenden

mirror operated at 25 Md fusion such as T0F or
s lokamak operated ot 250 KM of fusion power
such as FEO-R,

AT s

LONCLUSION

Fusion breeder studies, being carried out
with increasing attention to details, are lay-
ing the foundation for an edrly and econamit
application of fusion, The concept of Fission~
suppression has been shown to be advantagedus
due to its extra safety, The fission-suppressed
fusion breeder is Fast to deploy due 1o its
extra high suppart-ratio, and it is based on
relatively modest extensions of canventignal
nutlear technology. Experiments) studies are
needed 20 resalve key issues such as establish-
ing material compatibility by carrying out tests
on liquid meta) loops including MHD effects,
jntegral neutranics tests to verify breeding
predictions, and verify pyrochemical processing
of Yo fisside discharge fuels. Ve show how
fusion by breeding can allow nuclear to expand
to 50% of the electrical demand by 2050, for
example, i1 needed.

We are presently including in our work
fissioning blankets whose goal is 1o achieve
good safety and economics by the use of patble
fuel. Such designs coule moke a fusion breeder
practical based on fusion performanca, which
can practically be guaranteed 1o be achieved,
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