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ABSTRACT

The fusion breeder is a fusion reactor designed with special blankets ta
maximize the transmutation by 14 MeV neutrons of uranium-238 to plutonium or
thorium to uranium-233 for use as a fuel for fission reactors, Breeding
fissile fuels has not heen a goal of the U.S. fusion energy program. This
paper suggests it is time for a policy change to make the fusion breeder a
goal of the U.S. fusion program and the U.S. nuclear energy program. The
purpose of this paper fs_to suggest this policy change be made and tell why it
should be made, and to outline specific research and development geals so that
the fusion breeder will be developed in time to meet fissile fuel needs.

Studies by many organizations over the last two decades have examined many
approaches to breeding blankets, fuel cycles, economics, safety, deploynent,
and so forth, From these studies, there is wide agreement that many approaches
will work and will produce fuel for five equal-sized LWR'S, and some approach
as many as 20 LWR's at electricivy costs within 20% of those at today's price
of uranium ($30/1b. of U308]. The blankets designed to suppress fission-
ing, called symbiotes, fusion fuel factories or just fusion breeders, will have
safety characteristics more like pure fusion reactors and support as many as 15
equal power LWRs. The blankets designed to maximize fast fission of fertile

material will have safety characteristics more like fission reactors and will
support 5 LWRs. This author strongly recommends development of the fission
suppressed blanket type. This point of view is not agreed upon by everyone
and hence should be discussed thorcughly., There is, however, wide agreement
that, to meet the market price for uranium waich would result in LWR
electricity within 20% of today's cost with either blanket type, fusion
components can cost several-fold more than would be allowed for pure fusion to
meet the goal of making electricity alone at 20% over today's fission costs.
Also widely agreed is that the critical-path-item for the fusion breeder
s fusion development itself; however, development of fusion breeder specific
items (blankets, fuel cycle) should be started now in order to have the fusion
breeder by the time the rise in uranium prices force other more costly choices.

-2-



bl L

SYNOPSIS

The purpose of the fusion breeder (fusion-fission reactor) is the produc-
tion of fissile fuel for fission reactors. Fusion breeders whose blankets are
designed using the fission-suppressed concept, promise unusually good safety
features as well as the ability to provide make-up fuel for a large number of
fission reactors of the same nuclear power as the fusion breeder. This number,
called the support ratio, is 12 for LWR'S un the U-Pu cycle, 15 for LWR's using

23

233U mixed with 8U and recycling Pu (U-Pu cycle) and about 20 LWR's using

233U mixed with thorium (thorium cycle}, Even more heavy water- or gas-cooled
graphite-moderated reactors can be supported. Such high support ratios and
good safety results from the use of beryllium to multiply neutrons. If beryl-
lium is not used, 7Li can be used with about a 20% lower support ratio. The
introduction of fusion breeders will require minimal changes in the fission

233U can fairly easily be substituted for 235U.

fuel cycle because Pu and
The fusion breeder is primarily a fuel source and secondarily a power
source. A fusion breeder can fuel 10 to 20 - 1 GWe LWR'S while itself making
1 GWe. The high support ratio and the fact that the product is fissile fuel
means a large number of fission reactors can be constructed and operated based
on the knowledge of an assured fuel supply. This would allow utility planners
to use mined uranium as long as it was economical and then switch over to fuel
from the fusion breeders, rather than necessitate an early major commitment to
fission breeders which, being primarily power producers, must replace conven-
tional fission reactors,
The critical path item in development of the fusion breeder is the neutron-
producing fusion reactcr. The breeding blanket and fuel cycle development are

apparently modest extensions of similar developments for fission reactors.



INTRODUCTION

This paper is arranged in self-contained sections which he reader can

selectively read.

Section 1:
Section 2:

Section 3:

Section 4:

Section 5:

Section 6:

Status report on the fusion breeder,

Research and development needs for the fusion breeder.

Fusion breeders impact on the export market--an opportunity
for suppliers of reactors, of fuel, and of fuel services.
Fusion breeders impact on the fusion research and development
pragram--an early application of fusion would help justify
research and development expenditures on fusion science and
engineering, bringing the feasibility of fusjon-produced
power at affordable cost closer to reality.

Fusion breeders impact on the fission breeder program--the
fusion breeder is a back-up to the fission breeder. If the
fusion breeder proves successful, the expensive commitment to
a new fission-power system will be unnecassary. We won't
know if fusion will be successful for some time, so we
recomnend carrying the fission breeder to the deployment
stage and carry fusion through the engineering feasibitity
stage. The fusion breeder can compliment the fission breeder
by producing initial fuel inventory if that turns out is
economically advantageous.

Fusion breeders impact on process heat and synfuel market--gas
cooled reactors have already made helium gas at 950°C. This
high~temperature gas can be used for a number of industrial
applications, if their price rises sufficiently. The fusion
breeder can supply an almost inexhaustible supply of 233U

to operate HTZR's or pebble-bed reactors for this application.
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SECTION 1: Status Report on the Fusion Breeder

1. INTRODUCTION

Since the beginning of the fusion program, people have been considering
the use of fusion neutrons to breed fissile material (233U, 239Pu) from

232Th, 238U). The rationale behind this is simply that

fertiie material (
uranium, the only source of fissile material today, is scarce; the few rich
mineral deposits will be depleted rapidly, leading to the mining of ever lower
grades of ore, and as a consequence, pushing uranium prices ever higher. Any
enterprise based on the use of uranium must find means for making more
efficient use of it in the next few decades.

235

The problem stems from the fact that the fissile isotope of uranium (“°°U)

constitutes only 0.7% of natural uranium. Therefore, the idea behind the

238

breeder reactor is to absorb the neutrons derived from fission in
232Th and produce as many or more fissile atoms than those consumed by fission,
thus making use of all the uranium (or thorium) mined, rather than less than
1%, Thorium is four times more abundant than wranium.

Neutrons from both fusion and breeder fission reactors can be used to
produce fissile material at a cost which may be competitive with that of mined
uranium. The breeder uses initial inventories of fissile material, which puts
additional demands on uranium supplies during the introduction phase. The
fusion reactor would require an exceedingiy small amount of uranium. None at
211, if thorium is used to produce 233U.

Figure 1 iliustrates the point long recognized in the nuclear community

that eventually the upward thrust of uranium prices will be stopped by

breeders. That is, thare will be an "indi ference price” for uranium where
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power can be made for the same cost gither by using mined yranium and fission-

ing the 235 in conventional fission reactors (L¥Rs, for example) or by using

238

U {or thorium) to both breed and fission

239Pu {or 233U) in a breeder reactor,

The time in the future when one is indifferent as to which way to utilize

uranium to make power is the time when breeders can begin to produce benefits

relative to the old ways of conventional nuclear power. The speculation is

that when the fusion breeder becomes available it will result in a lower

indiffrrence price for uranium, which is one aspect of the rationale for the

tusion approach to fuel production.

Refs. 1 and 2.

The data for Fig. 1 is partly derived from

The cost targets are discussed on pages 1-19, The introduction

dates for the hybrid will be discussed later.
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2. NUCLEAR REACTIONS

The two fissile material breeding reactions are:

203, 23
2em 27d

and

1,238

o4 238 239

Y P 2, B

24m 2.4d

Pu

These reactions occur only for slow neutrons. The fusion reaction that

is easiest to initiate is the D-T reaction:
D+ T e + 1 +17.6 eV

The T breeding reactions are:

U RPN DA T SR

and

g+ i T+ e 0 - 2.8 MoV

The first reaction occurs for siow neutrons, while the second occurs only
for fast neutrons. This reaction breeds tritium, and also preserves a neutron
for further breeding, fThus, it is uniquely suitable for fissile breeding (as

will be discussed later).
3. IDEAL BLANKET COHFIGURATIONS

A neutron produced by the D-T reaction has a spectacularly high energy

and can be used to produce several slower neutrons, For example, Table 1
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shows neutron mutliplication for each 14-MeV source neutron in an infinite

medium {Ref. 3).

TABLE 1. Neutron muitiplication for each 14-MeV source neutron
in an infinite medium.

238) 231h | Be 7 Pb

Number of neutrons 4.2 2.5 2.7 1.8 1.7
captured (produced)

30f the 1,8, 1.0 is an equivalent neutron represented by a bred tritium.

Uranium-238 is by far the most effective neutron multiplier due to the

232Th. Beryllium is unique

fast-fission reaction, which is less important in
because of its large neutron multiplication with essentially no radioactivity,
contrary to the case with uranium and thorium. Lithium-7 is aiso unique, as
st.*ed before, in that it breeds tritium and still preserves ane neutron for
breeding. Lead is one of the better neutron multipliers, but after subtracting
one neutron for breeding tritium, it is a significantly poorer multiplier than
either beryllium or 7Li.

Two classes of hybrids emerge based on different characteristics of the
multiplier: fast-fission and fission-suppressed. The fissile material to be

233 238U or 232Th, further specifies the class of

bred, 2:']gPu or “““U from either
hybrid.

The most interesting combinations are given in Table 2. As shown in the
table, the energy released in the blanket is the energy multiplication M of

the blanket and F is the number of fissile atoms bred per fusion neutron. The
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values in Table 2 are derived from design sctudies where many practical

considerations reduced the breeding from ideal performance such as parasitic

absorption in structural materia],coo]ant and leakage effect. The breeding

rate par unit of fusion power and per unit of power in the blanket are also

given in Table 2.

The relative breeding rate is defined as the ratio of the

breeding rate to the breeding rate of a fission breeder whose breeding ratio

is arbitrarily taken egual to 1.3. A fusion breeder will produce mich more

material than an equal power fission breeder and the fission-suppressed class

is extraordinary in this respect.

In a recent report, Jakeman (Ref. 4) discusses how various blankct iypes

- : ] 7. .
produce similar performances, and he also, recommends using beryllium or "Li

in a fission-suppressed mode,

|

TABLE 2. C(lasses of hybrids and typical performance parameters,

Fast-fission| Fast-fission { Fission- Fast Fission
U-Pu cycle Th-U cycle suppressed | Breeder
Myltiplier-- | Myltiplier-- | U-Pu cycle | Reactor
HEBPU, %E Th or Multie]ier--
Br Sger-- 23 Be, ‘L1

: 2 , B Bgsgder-- Breeder--

i 230Th B 238, 6

Energy released in 154,0 70.0 22.4 200 i

blanket (E), MeV ‘

Breeding ratio, T+F 2.5 1.8 1.7 1.3 |

' i

F/E (T=1), atoms | $

, per MeV | 0.01 0.0] 0.03 0.0015 |

Breeding rate f

kg/waus\'on year I 6.6 3.5 3.1
kg/MMy1anket year 0.77 0.88 2.57
kg/mwnuc]ear year 0.73 0.83 2.2 0.13
Relative breeding 5.6 6.4 17.0 1.0
rate




By examining a number of ideal infinite-medium examples, as shown in
Table 3, one can get an idea of the breeding capability of various materials
and one .an obtain guidance for practical blanket design. More examples are
given and discussed in Ref. 3.

In practice, however, the results are usually degraded due to a number of

effects, such as:
o parasitic neutron capture in structural materials and coolants,
¢ neutron leakage,
o lack of complete wall coverage,
o fissioning of bred fissile material before removal,
¢ decay of tritium before removal, and

o heterogeneous effects (that are sometimes good).

TABLE 3. Infinite homogeneous results for each 14-MeV Neutron.

Energy ‘
release
Case Medium Product atoms (MeV)
1 238y 4 7,6% BLi 30 8%, 4007 193
2 23%1h 4 16% 6L 13283y +1a7 49
3 e+ 5% 0L 277 22
4 9Be + 5% 2% 2.7 233y 30
|5 %e +13 2%y 2.4 Py 29
' 6 e +3%7Th + 2 0L 1.6 28y 107 27
7 9B+ MU+ 00250 | e+l T ~ 28
v g TLi o+ 0.8% Th+ 0.02% BLi 0723y +1.a7 17
|9 Pb o+ B i 1.7 7 18
’lm Pb + 5% Th 1.6 233y 21
-




4, ENGINEERED BLANKET CUNFIGURATIONS*

The geametry of the breeding blanket is shown in Fiq., 2. An exanple of a
fast-fission blanket based on either the U-Pu fue) cycle or the Th-U fuel cycle
is shown in Fig., 3, The fuel form is either ceramic Uasi, metaliic alloy of
uranium or metallic thoriym and is helium-cooled.

The performance parameters for this blanket are given in Table 4. Note
the significant 10ss in breeding due to veducing the wall coverage. In the
case of the tandem mirror for example, we expect the central-cell to be almust
100% covered, Losses due to the ends may be as low as 5%, thus giving a

coverage of ©5%.

Magnet —,

Shield —]

Breeding f
zoneg
Multiplier
2one

Plasma

Radius (m)

FI1G. 2. Breeding blanket geometry.

*This section and the next have not included work carried out in the last
year.
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FISSIONING BLANKET CAN PRODUCE FUEL FOR
5LWR’S ON U-Pu CYCLE AND 9 LWR'S ON Th=UCYCLE

Halium in
%”

(i
2
/
He out

~ ~Replaceable
/ blanket cartridge Stainless [ ||
steel
shield \
J
J
Tritium
é] breeder
| - Superconducting
/ magnet

Gas distribution

torus
Pu PRODUGTION 233, PRODUCTION
2700 kg PuIYEAR 2900 %y 233UsvEAR
3600 MW THEAMAL (MAX 4000MW THEAMAL (MAX)
400 MW FUSION 8O0 MW FUSION
350 W/CC PEAK FUEL POWER DENSITY 120 W/CC PEAK FUEL POWER DENISTY
(AT WL21,8 MW/m 2) (AT WL=1.5 MW/m?)

Fig. 3. Fast-fission blanket design
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TABLE 4. Performance parameters for the UsSi blanket.

H T
' : Blanket ~overage
Pud .o ' M (7}
1.5 1.0 noo 86 ;
: ’ i
1.7 L2 13 00 ‘_J

éAtems bred tor each 14-MeV neutron.

The geometry »f the tandem mirror hybrid is shown in [ig. 4.

.- Magnetic-electrostatic

,’ end plugs

|
-

Low field solenoid

Blanket

Direct
converter —

End-plug
agnet set :

Neutral- meg A e
beam "

injector -

FIG. 4. Tandem mirror hybrid configuration: (z) the plasma shape determined
by the magnetic flux surface and the corresponding magnetic-field, plasma-
density, and potential profiles for the conventional tandem plasma mode; and
(b) the main components of the hybrid reactor.
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Various blanket types were considered in design studies of the tokamak

configuration (Ref. 1)}, A pressure-cylinder blanket concept was worked out

for the tokamak (Ref. 7). The same plate fuel concept as shown in Fig. 3 has

been worked out for the tokamak in a pure fusion version in a recent pacer by

Huggenberger and Schultz GA-A16456 as shown in Figure 5.

An example of an engineered blanket based on a fast-fission Th-U cycle

using helium-cooled metallic thorium is shown in Fig. 3 and discussed ir Ref.

(2). The performance for this blanket is given in Table 5,

INLET QUTLET
cooLe? MANIFOLD  MAKIFOLD
oUTLE” ]

;—‘TiCUBlA'd

T ALET

FLOW COLLECTIDN
CHARNEL

PATH

BRETOEAPLATE
FLOWGAP

~——GROOVED
FIRSTWALL
CHANKELS

Blanket module.

STAINLESS STEFL
HOT SHIFLT 316 55
[ RECTANGLLAR TU3E
f < INCONEL 18
H HREEDER

HATERIAL LD

550

ALL DIMENSIONS IN mm

[14] LY
=
I y WIRE WRAP
_‘_ 1 mm DIAMETER
45 I
J_

13
-0

Breeder plate design.

BALK FLATE AK,
™
| . i
IHLET HELIUM INLET + OUTLET MANIFOLDSE ||
COOLANT $ Jl
DISTRIBUTION ]
CHANNEL -0 W% |
|
THEAMAL fa_ —_;'::_ .JPW
BARRIER i - —
HOT SKIELD OUTLET i
a3 1 cooLant " |
SIDE FLOW GAPsS i cakhcninuu |
LOOLANT 1 c ANREL 1 | ax,
FLOW GAP 250
20 BREEDER i
PLATES Lip0 e —2 ;
|
GROOVED
FIRST
WALL |
)
1
ALL DIMENSIDNS IN mm
Blankct module cross »=ction.
UPPLR COOLANT MAMFOLOS
- LR QUTLEY
\ LNEQSm
< DIAMETER

LINEDAS m

G S L
———
— \1 BOOR
LoweR CO0LANT L h] e
RANIFOLDS NLET
BLANKET SECTOR l LINE
i LoweR
| urier
QUTLET RING QUCT LIKE
16 m DIAMETER
INLET RING OUS(

15mQIAMETER

\) - UPPER HLED
4 DIAMETER

Blanket sector coolant tupply,
fit into the STARFIRE design

FIG. 5. Example of a plate fuel gas cooled blanket worked out for a Starfire
Tokamak, The fuel could be either uranium or thorium although this e. ample was

a pure fusion design.




TABLE 5, Performance cf the fast-fission thorium blanket.

.
2332 T 1 M

5.2

0.84 L 1.07

8\toms bred for eazh 14.-MeV neutron.

A fission-suppressec¢ blanket design (Table 2) using nonfissioning neutron
multipliers {Table 1) could use beryllium or 7Li for the myitiplier and could
be cooied with He, Li, or molten salt, The fission suppressed bianket shouid
have materials arranged as in Fig. 6.

The front part of the blanket should contain mostly 7Li or berylljum, A
small amount of 6Li is used to outcompete structural materials and hery}lium
for slow neutron capture. To minimize fast fission, thorium or uranium should
nat be present in the front part. In the back part of the blanket, where the
14-MeV incident flux has been mocerated and multiplied into more of the siower
neutrgns, 6Li and tharium or uranium should be placed in sufficient concen-

tration to outcompete siructural materials for slow neutrons. Bred 233

233U.

U must
be removed often ennugh to prevent captures in An example of a fission~
suppresssed blanket cooled by molten salt is shown in Fig. 7. The perfarmance
of this engineered fission-suppressed desigr is given in Table 6.

The requirement for large quantities of beryllium brings up the question of
an adequate resource. Since relatively few hybrids will be needed, as discus-
sed in Sec. &, present resources gppear Lo be adequate. fowever, for this yse
alone, an increase in the production of beryllium would be required. This
subject is discussed further in Ref. 8.

Note that the breeding performance of the fission-suppressed blanket is

almost as good as that of the fast-fission thorium blanket, but the heat
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generation by the blanket is 3 times less. The fission power of the blanket
is a small part of the total heat generation, and, because the thorium in the
blanket is much more diluted, the fission power density is very small. Because
the after-heat cooling requirements are so relaxed, we believe that fission-
suppressed blankets can possibly be designed so that no active after-shutdown
cooling systems will be required, as illustrated in Table 7, The subject of

the safety of hybrids is further discussed in Refs. 9 and 10.

Reflector .
Plasma Blanket Shield
n
% Fast neutron
b flux Slow neutron
| ——
= T
7Lior Be
Concentration
GL;
=
Concentrativa
Th Y
L > r

FIG. 6. Anatomy of a fission-suppressed blank. t.




FiG. 7. Example of a fissign-suppressed blanket cooled by molten salt,

ThF, (27%) + BeF, (2%) + Li* (71%)

—-— 08m
75% Be
10%C
16% Salt
6-mm-thick

Ni
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The design parameters that resulted from the analysis are given in Tables

g and 9.

TABLE 8. Fusion driver performance parameters.

!
Molten-salt

blanket

9 2.2 :
T, MH/ml 3 2.0

a . -
Reirst warne ™ 2.1

a

Rsatenoid magnet® m 4.2
L, nd ’ 40
%udew’mw(m”) f 4000
Peusions ™ : 3000
tlanket energy 1.4

“multiplication, M
1

3For comparison, the proposed Mirror Fsion

Test Facility (MFTF-B) employs similar magnots
2.2 m in radius, 25 m long, and has & plasma
radius of 0.4 m at 1,5 7 (1,7 T for the hybrid).

TABLE 9. Hybrid plant parametcrs (with molten-salt blanket).

T
:Pnuc1ear’ MU ' 4000
Peusions ™ 2700
Pelectric’ M 360
Electrical efficiency, % 9
kg 233'l/yr rate 9600
kg 233U/Mw nuc lear year 2.4
‘Total estimated direct cost, millions of § 4100
Estimated §/g | 59
‘Number ¢f fission reactors (LWR's) 25

(at 303 kg/Gwe yr) of 4000 Mw nuclear supported
_
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e g

-

200
S/g 233U

Injection effia:iencv,ni X Q

or

Wall load, I* (MW/m?)

FI1G. 9. Cost of fissile fuel versus njG and r. When the wall Toad [ is
varieg,  is kept fixed at 1; when Q is varied, I' is kept fixed at 1.

In order to see the sensitivity to Q and ' separately, these parameters
were varied independently of each other, This is, of course, not a real model
and 1s scmetimes called a “no-cost (§ enhancer.™ The results shown in Fig. 9
show that Q should be 3 or greater and T should be 1 or greater. More
accurately, the product niD is the proper figure of merit, where s is
the injector efficiency. For our work, we assumed a 60% efficient injector,
therefore, the product ”iQ should be greater than about 2,

The same kind of analysis was performed where Q was increased "at no
cost,” and we plotted the cost of electricity under two ccaditions: where the
fuel was used in LWRS, and where the blanket produced no fuel {thus it was a

pure-fusion case)., These results are discussed more fully in Ref, 13 and are

shown in Fig. 10,



The canclysions that can be drawn from Fig. 10 are threefold:

1. The hybrid can supply fuel to LWRs so that their electricity costs
are increased due to fuel cost by only about 25% for Q values of 2
or more,

2. Q values need be 2 or more for hybrids but must be 15 to 20 or more
for pure fusion, and

3. for pure fusion to compete economically, :he reactor must have a
higher power density (or the cost must be reduced) as well as have

very high Q values.

| LA B B

1000F )

TMR—pure fusion

Mills/kWh, 100t \ TMHR + LWRs
fusion-fission

b \ b
; —_ :
10 R ..hWlee?ﬁism,. o]
0.1 1 10 100

Plasma energy gain (Q}

Fi6. 10, Cost of electricity versus Q for the hybrid with its LWRs and for a
pure~fusinn tandem reactor (TMR).

The above conclusions can be substantiated by looking at cost estimates.
The hybrid designed in 1979 with the fission-suppressed blanket, discussed
above, was estimated to cost $6.5 billion for a 4000 MW nuclear power unit
producing 7200 kg of 233U each year and supplying the fuel makeup needs for
25 LWRs of the same size, The Q value was only two and iittle electricity was
nroduced, This LWR has a 1280-Mwe capacity and consumes 303 kg ot 233U

each year at a 75% capacity factor. We have estiualzd the cost of each LWR at




$1.15 billion, This hybrid costs 5.7 times an LWR. rhese 25 LWRS then would
cost an estimated §28.8 billion. The cost of the system per unit of power

produced is:

Chybri + N Cup

e hybrid eLWR
where N is the support ratio. [f we measure hybrid costs in units of LWR
costs, and hybrid electricy + in units of LWR electricity, then the above
equation for our exampla gives |,21. That is, the power system wili cost 21%
more Lo pay for its fuel supply.

These ratios show that even for an expensive hybrid {by LWR standards} the
system electricity costs are near those of the LWR without fuel charges. We
can expect that the same improvements that will reduce the costs of pure fusios
vi11 also considerably reduce the hybrid cost figure quoted here of $6.5
bi1lion. Since 1979, the concept of the thermal barrier tandem mirror has
resulted in much higher Q values and lower capital cost. For a capital cost
of the hybrid of twice that for the LR, and high encugh Q so the electrical
power is produced as efficiently as an LWR, the cost of the system per unit of
power is 1,04. That is, the fuel supply only costs 4% extra capital. [f the
support ratio drops to 15, the add-on is still only 6%,

We can derive the relationship of the price of U308 for wnich we could
produce electricity at the same cost as from a system fueled from the hybrid.
For example, $100/1b. of U308 is the same as $118/1b. of uranium metal which
is §260/kg of uranium metal. If we can remove 5235U atems per each 1000 238,

atoms during isotope separation then the §260/kg becomes $52/g of 235d. An

233

LKR uses “*"U about 30% more efficiently than 235U, s this is worth $68/9233U.

Actually U is not quite 30% more efficient, but isotope separation costs were
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left out, which some what compensetes. Thus, we get the rough equivalence of
$100/1b. of U0, being $68/¢7°%, Our reactor example used 303 kg of 233y
each year resulting in annual fuel costs of $20.6 M/yr. At 15% capital, this
is equivalent to $130 M capital, which is 11% of the capital of our LWR. We,
therefore, conclude that a hybrid costing roughly 11% more than the LWR system
it supports will be cost-competitive with uranium priced at $100/1b.

A hybrid costing 2.5 times an LWR, and producing electricity at 25%
efficiency--supporting 15 LWRs--has an add-on cost of 11%; hence, it would
compete with $100/1b. uranium. A breeder reactor, due to its higher burnup, is
predicted to have a lower fuel-cycle cost compared to an LWR. Assume a breeder
at 1.1 times the cost of an LWR is equivalent to an LWR with zero fuel cost.
From the above rough analysis, eack 10 percentage points of add-on cost is
equivalent to about $100/1b. of U308‘ Hence, a breeder costing 7.15 times
an LWR would be equivalent to $50/1b., 1.20 to $700/1b., .25 to £150/1b., 1.3
to $200/1b., and 1.4 to $300/1b, This simple analysis is the basis for the
cost targets shown in Fig. 1. We conclude these arguments by noting that
fusion development might find a practical use as a fission suppressed breeder
as soon as the following conditions are met:

V. ”10 >3
2. T > 1.5, M. n?

3. Breeding ratio, T+F > 1.7

4. Wall coverage > 97%

5. Capacity factor > 2/3

Chybria/CLur €3

7. The demand for LWR fuel drives the price sufficiently high
(> $100/1b).
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6. INTRODUCTION RATES OF HYBRID AND LWRs

fs mentioned before, the fission-suppressed hybrid with its fyeled fission
reacters hay umique advantages in that it can be introduced st a rate that is
historically unprecedented for a new technclogy., This is due to the large
support ratio, The new part of the system is a very small part of the total.
The large LWR part will be well known by the time of the first hybri¢ intro-

23y, 2R

duction, With a support ratio of 25 ( U cycle), we could huild

over 70 LWRs for each hybrid if first core-fuel lpadings were provided by 235
Howeve, this mighi put a strain on uranium resources. These intial cores
could be provided by the hybrid with an attendant slower LHR construction rate
than 20:1.

In a previous version of this paper (Ref. 17), 1 have considered a hypo-

thetical introduction scenario that supplied fuel te 210 LWRs of 1000 MW, each.

This introduction scenario is appropriate for a medium size country. I[n this
paper 1 discuss another hypothetical introduction plan approprizte to supply
the world's nuclear fuel needs exclusive of the centrally planned-aconomy
countries.

The performance assumptions for the hybrids and fission reactors are given
in Table 0. The assumed hybrid introduction rates are given in Table II.

The first machine was sized at 200 wausion because that was close to
the value assumed for the Tandem Mirror Next Step (TMNS) study, (Ref. 15}.

The next tokamak will very likely be even larger than ZOOwa This

ysion®
machine would be a developmental machine operating »nly 30% of the time with
an average of only 50% of the possible blanket arca utilized for breeding.

Construction could begin on such & machine in 1384 with fuel production

U.

-



beginning in 1990.* We assume that a 1000 wausion demonstration plant could
be built starting in 1990, Befnre large expenditures are made, results from

the 200 MW plant will be known.

TABLE 10, LWR and hybrid parameters for the introduction scenario,

LWR 1000 Mwe
75% capacity factor

¢39 kg 233U gach year

233

2400 kg “°U first core

233

Hybrid 9600 kg ““~U per year rate

75% capacity factor

7200 kg 233

U produced per year
4000 MW nuclear

2700 MW fusion

*when this scenario was constructed (Fall 1980), 1984 seemed like a reasonable
start date given the favorable budget predictions then; however, budgets have
been falling short of the predictions, but for a machine in the 50-200 wausion

size, 1986 is probahly even now a reasonable start date.
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TABLE 11. Hybrid introduction rate assumption.
Number Start Begin fuel Begin fue ing | LWR fuelinc
and construction| production new reaclor 233U
Size (year) {year) (year) (tonnes/year)
1-200 MW 4 don 1984 1990 1992 2.10
1/2 blanket {phased out
coverage; by 1998)
CF-30%
1-1000 MMy e ion 1990 1998 2000 2.13
full blanket {phased out
coverage; CF-€0%| by 2006)
1
112700 Meygion | 1998 2006 2008 7.2
2-2700 MY, ¢ 50, | 2008 2012 2014 21.6
2-2700 Mipysion 12002 2016 2018 36.0
1-2700 MM gin 2009 2017 2019 43.2
1-2700 M 500 12010 2018 2020 50.4
2-2700 My gign  |207) 2019 2021 60.8

The first commercial plant could be constructed starting in 1996; criteria

for the design of this plant would be based on operat-onal rosults from the

demgnstration plant,

Two units are started six years later in 2004, two more

units four years later in 2008, one unit one year iater in 2009, one unit in

2010, and then two urits per year until 2014.

tion starts per year are plotted in Fig. 11,

introduction rates are shown in fig. 11,

were taken from Ref. 16,

about 20% of the hybrids under construction.

rather high and should be reexamined.

1-23

The number of hybrid construc-

llsing data from Table 10, the

The high and low demand projections

From 2008 to 2019 the new constroution starts is

This introduction rate seems



The delay time, from the introduction of the plants supplying fuel to a
significant number of reactors, is apparent from Fig. 11. Small quantities of
fuel (100 kg/yr) can be produced by 1990, but it will be 2014 before there is
enough fuel for a significant number of reactors ( ~ 30). Note that this is
tess than 10 years after the introduction of the first commercial hybrid!
There would be 100 reactors supported by 2020 and 2000 by the year 2042. The
schedule could be foreshortened if a sense of urgency should develop. A group
from the University of Wisconsin and Karlsruhe luclear Research Center (Ref.
16) studied hybrid introduction rates and they found that fission-suppressed
hyerids {high support ratio) are best from an introduction standpoint. Also,

they find it necessary to introduce them before the year 2020.

233U-Thorium Gas Cooled Reactors

One could develop another introduction scenario where only new plants of

the high-temperature gas type would be hybrid fueled. Since these reactor

2
use 23“U on the thorium cycle considerably more efficiently than LWRS and

233

since there is no readily available alternate source of U, this scenar io

has merit.
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FIG. 11, Introduction rates of LWRs and their hybrid fuel suppliers,
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The plans for gas ccoled reactors that are based on very uncertain assump-
tions call for a lead plant of 800 Mwe to go online about 1995, the next one
scheduled two years later, and multiple units after the year 2000. Small
process heat or synfuel producing reactors would also benefit from use ¢ high
temperature gas cooled reactors using thorium and 233U.

As we can see from the tables and figures, the first reactors would have

to use 235U, but ane per year could be started after the year 2000 and about

three a year after 2008 on 233U from hybrid reactors.

More studies of hybrid introduction have been carried out in reference 18

where it was shown that the curtailment of nuclear power would occur after 2020
if the hybrid were not introduced early enough. The effect of the fission
breeder was also shown, and except for every agressive deployment, there will

would still be a curtailment with the breeder alone.

7. FUTURE WORK
A study of the fusion breeder based on the tandem mirror and the tokamak
is underway at the Lawrence Livermore National Laboratory; portions of the work
are being carried out by industrial firms. The feasibility of the fusion
breeder and its associated fuel cyc.e to impact the use of nuclear fission
power is the paramount goal of this study. Further goals are given in Table

2.

TABLE 12. Goals of future work on fission-suppressed blanket concept.

Produce an engineered blanket design that has: o
Qutstanding safety features
¢ no significant afteheat coaling prablem
o low radioactive invantory ‘
Outstanding deployment fratures
o rapid expansion possible due to high support ratio
¢ minimum development due to fission suppression !
Economics that compete with fue) from mined uranium
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SECTION 2: Research and Development Needs for the Fusion Breeder

The goal of the fusion breeder R and D program is to have the appropriate
technolo,y proven in time to allow use of this technology to breed fissile
materiai on a large enough scale to avoid problems associated with a uranium
shortage. Some scenarios for the future predict the long anticipated uranium
shortage will not occur before the midale of the next century. Others predict
aranium supplies will be committed early in the next century. The answer to
the anticipated uranium shortage has been the fission breeder replacing
existing fission reactor types, principally the light water reactor. Such g
replar._. .nt program will take so long that to avoid a uranium shortage the
fission breeder should be deployed starting now. The problem with this
strategy is that each fission breeder will have to be subsidized until their
cost drops or uranium price rises sufficianily. For exampie, a fission
breeder {1 GWe) costing 1.5 times an LWR would have to be subsidized by at
Teast $400M on its inftial cost. It would break even only for uranium priced
at around 3400 per pound.

1f we could prove we nad a better alternative answer to the uranium
shortage, we could save billions of dollars.

Having an early answer to the technical and eco.omic feasibility of the
fusion hreeder is the immediate goal of the fusion breeder program. The
pacing item for the fusion breeder is fusion technology itself. The fusion
breeder can be economical with fusion technology whicn is less demanding than
the rlectrical power production application of fusicn. One goal of the fusion
Breeder 7 and D program is to understand the differences in fusion technology

for pure fusion and for Lhe fusion hreeder.
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The fusion breeder program includes those things different from the pure
fusion technology development. In particular, breeding blankets and fuel
cycles are the pacing items. In the following pages the project goals for the

next year are laid out.

Project Goals for FY83

1. Plan Development and Testing Program
Plan experiments and studies to (1) give data that is needed to determine
fezsible fusion-breeding approaches {e.g., is use of beryllium feasible?, can
we use pebble fuel and peryllium?, can we use 1iquid metal heat coupling and
coolants?), (2} to determine optimal approaches (e.g., HZO cooling versus
Tiquid metal cooling and aqueous reprocessing versus pyrochemical
reprocessing), and (3) provide an integrated pian for the develcpment f the
fusion breeder. This Task was planned fer FY82 but was not funded.
2. Experimental tasks
There are common features of recent blanket designs, both for fission-
suppressed and fissioning blankets which have resulted in superior performance,
that need experimental work rather than relying on paper studies alone. Use
rt beryllium, liquid metals and pebbles are common elements where screening-
type experiments or proof-of-princinle experiments are needed. A preliminary
list of the experimental tasks is given below:
1. 14-MeV neutronic bench mark experiment to resolve go/no go issue
with beryllium-neutron multiplication.
2. Liguid-m>-al flow experiments in a magnetic field through pebbles,
insulated ducts, and baffles, etc., to better understand pressure

drop and heat transfer characteristics
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3. Corrosion tests: static and convective
4. Fabrication of beryllium
5. Irradiation of beryllium in a fission reactor

¢ Evaluate existing data

6 Test and evaluate irradiated Be

¢ High temperature irradiation (e.a., FFTF}

6. Mock-up pebble transport experiments, non-nuclear
7. Compatibility tests of beryllium in moiten saits
8, Blanket mock~up experiments in a test reactor

0 Experimental data needs assessment

o Test facility evaluation

o Preconceptual experimental design

¢ ?lan for testing program {cost/schedule)

3. Studies
The purpose of the studies is to quide the experimental work and help
Jefine the role of the fusion breeder. The study tasks are listed below:
1. Blanket Design

6 Reference commercial blanket for a tokamak

) Demonstration blanket (e.q., for FED or TCF)

0 Generic hlarket design and safety studies including a liquid
metal helium, water and salt cooled fission-supnressed and an
vpdated ficsioning planket design

2. Fuer cycle studies
0 Aqueous reprocessing plant design
0 Pyrochemical reprocessing plant design

o LWR fuel fabrication considerations

2-3
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3, Fusion-fission systems stucies
0 Deployment and U308 resource studies
0 Economics assessment and comparisons with
fission technologies
The goal of this experimental work and systems studies is to assess the
technical and economic feasibility of producing fissile {U-233 or Pu-239) fuel
in tandem mirror and tokamak reactors. The work in FY83 will prepare for the
FYB4 work that is an expanded testing and development program for fusion-

breecer blankets and associated fuel cycles and facilities.

Proposed Research in FY84

To make breeding fuel in fusion reactors a real option gn the required
time-scale, work needs to be done in more detail, including experimental work,
and with more thorouginess than heretofore., The experimental work outlined
will be much more expensive than theoretical studies alone due to fabrication
of equipment and the operation of expensive, although existing, facilities.
We are preparing this request under the assumption that the future need for

more fissile fuel will become more widely accepted.

Goals for FYB4 Work

0  Materials compatibility experiments, jrradiation of samples in
reactors and 1iguid-metal loop experiments

0  Design studies of commercial- and demonstration-size fusion breeders

0 Systems studies to optimize designs and to determine sensitivities
to technizal uncertainties

0 Fuel cycle studies to include problems of bringing into practics

large-scale new processes



0 Safety studies

0 Economic studies

This effort would be closely coordinated with MARS, TDF and tokamak

studies, and would be carried out largely by industrial firms.

LLNL's role in

the study would be: project management, fusion physics and technology,

selected experiments, and systems analysis work.
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SECTION 3: Fusion hreeders impact on the export market--an opportunity for

suppliers of reactors, fuel and fuel services,

The U.S. has pioneered the develaopment of peaceful uses of the atom.
Indeed, U.S. industries have a lead in the nuclear business as well. However,
due to & number of factors this lead is slipping away rapidly, and in fact
many say the industry is dying. With no new reactor orders for many years and
all too many cancellations, the outlook of the industry looks bleak, Three
conditions could provide the climate for a strong return to nuclear reactor
construction starts: an improvement in the economy, a normalization of
regulatory action, and a favorable government support for nuclear energy
sustained over successive administrations. If coal becomes less favorable due
to environmental effects (acid rain, 002 effects, and others), the grewth in
the nuclear industry could be even greater. When this return to nuclear
occurs, there will have already been a great deal of experience builtup in
conventional reactors, and, by comparison, almost no experience in commercial
fission breeder reactors. The orders would pour in for canstruction of and
fuel cycle services for conventional fission reactors {LWR's in the U.S. and
many otner countries, but also HWR's and KTGR'S in some countiies) except for
one thing--the vendors or purchasers may not te able to guarantee a supply of
fuel over the economic life of the reactor. Reactors ordered in 1990 will
reach their economic life in 2030}

If & new reactor type which breeds its own fuel is going to be needed
{i.e., orders beginning in 1990), then the great experience built-up in
conventional reactors is in a sense wasted. However, if a new fuel source
could be made available from the fusion breeder and already in 1990 the propo-

sition had considerable basis even before operation of a large demonstration

3-1



I

fusion breeder, then the conventional fission reactor and fuel cycle could be
relied on and expanded rather than switching over to a new technology. To the
extent one is sure the fusion breeder will provide fuel at a future date--or
for that matter any new fuel source such as new ore deposits developed at a
future date--then new reactors could be ordered with quaranteed fuel from

existiig sources up until the time when the fusion breeder is deployed.

Is it reasonable to order a fission reactor in 1990 whose fuel can not be
guaranteed beyond 2020, based on the prediction in 1990 with confidence* that a
fusion breeder will or can be operational in z015? That js, from first
operation in 2000 the owner would have 20 years to obtain secure fuel futures
to cover the period 2020 to 2030. These futures could either be uranium gre
or fuel from the fusion breeder.

The fusion breeder is used as an arguement for staying with the product
now being produced. Industry could sell LWR's or any other reactor types, |
they could sell fuel and fuel services such as fabrication, transportation, |
reprocessing, waste preparation, and disposal. All these things, now rather
well known, could be greatly expanded and have no connection with the fusion
breeder except confidence based on the assurance of not having tc make major
changes in the near-planning timeframe future.

Some predict the French witl sell liquid-metal, fast-breeder reactors
around the world when fuel becomes scarce and expensive. This may be so, but
we would argue that the reasons for the change-over would have to be com- |
pel]fng.* New suurces of fissile fuel--the fusion hreeder being only one--

will tend to support expanded use and refinement of the present technology. ;

*Assuming a vigorous fusion program and low-level research and development

were carried out on the fusion breeder between now and 1990.
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On the technical side, fusion-breeder-produced material, 239Pu or u,

should he ysable in LWR's, CANDU's or HTGR's with only modest changes from

235

present use vased on
The opportunities for U.S. nuclear industries are:
1.) Sales of conventional reactor comprients or licensing foreign
manufacturers

2.) Selling engineering services and design skills

3.)  Selling fissile material

4.0 Selling manufactured fuel assemblies

5.) Buying back spent fuel, reprocessing it and reselling it

6.) Disposing of wastes for a fee.
Buyers will only enter into Tong term contracts with reliable suppliers.
Since the feder.1 government myst regulate nuclear materials, it is essential
for the government to guarantee the reliability side of these long-term supply
contracts for any of tiiis to make sense. Independently of whether U.S.
industries enter into the nuclear market world-wide or not, foreign-based

industries surely will.

*The development of the fission breecer up to the point of deployment is a
prudent policy. To be deployed in significant rumbers, it must compete with
conventional fission reactors obtaining fuel from mined uranium of from the
fusion breeder. Breeders costing thirty percent or more than present LWRs,

for example, will apparently require large subsidies.
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SECTION 4: Fusion breeders impact on the fusion research and dzveicoment

program

Horetofore, the fusion research and development program has been
supported for its ultimate use in electrical power production. Having another
applicetion--the fusion breeder--could result in iore suppori; the earlier
this application, the more ' jency there is to develop the Jong-lead time
part, which is fusion itself,

It is Tikely that early fusion reactors will cost significantly more than
other power sources and this greater cost will discourage early use.
Conversely, the fusion braeder car cost two to three times that of an LWR and

stil17 produce fissile fuel at costs competitive with mined uranium at about

1200/kg.
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SECTION 5: Fusion breeder's impact on the fission breeder program.

The fusion breeder wil. not be a reality until fusion is proven both
feasible and economical enough to produce competitive fissile fuels. The
fission breeder has already been proven feasible, while not yet economical,
with mined uranium and conventional reactors. We can easily imagine scenarios
in which the fission breeder would be economical. Haowever, if the fusion
breeder proves to be feasible, the fission breeder would have to compete
econgmically not arly with other types of fission reactors fueled from mined
uranium, but also from fusion bred fuel, which ever was more economical.
Fusion breeders may be preferred to fission breeders because they may be less
disruptive and faster to deploy, and more economical. Since the fusion
breeder may not succeed, we must make sure the fission breeder remains an
option. One can even think of scenarios where fission breeders can compete
but have too Tong a doubling time. If so, the fusion breeder could be used to
help provide initial inventories. This would be especially important if there
is high nuclear growth, if the resources of uranium prove lower than some
predict, and if the ultimate breeding ratio along with other parameters result

in a very long doubling time.
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SECTION 6: Fusion breeders impact on process heat and synfuel market

In the next century when we will have had to all but abandon use of
petroleum, and where coal and natural gas are unavailable or unusable, there
will be tremendous incentives to develop new sources of synthetic fuels
(synfuels), Already we know how to produce these fuels from hydrogen produced
by water splitting at high temperatures. The processes are called thermo-
chemical and electrochemical processes. Heat from a nuclear power source
would drive such a synfuel plant. Helium-cooled fission reactors have run for
vears at 950° C outlet temperature. Such reactors are realistically
predicted to cost within 20% of that of an LWR, which means the energy is
going to be relalively Tow cost (although higher than todays energy cost from
nacural gas). High temperature reactors (HTGR®S using prismatic graphite
Slocks or graphite pebbles) could be nearly inexhaustible if they had a source
of 43y for start-up (about 2,4 Tonnes) and fcr annual make-up (0.1 Tonnes/

year for 2500 MwTh) and as a fertile material used Thorium. The fysion

breeder could thus be used as a fuel supplier to synfuel plants.

235 233U

Demonstration synfuel glants could use “““U, with later plants using

after fusion breeders becomu deployed in fuel centers.
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SECTION 7:  Fusion breeders impact on the heavy-water cooled and moderated
reactor developed by Canada, the CANDU.

This reactor needs very little make up 233

U on the thorium cycle
{similarily for Pu on the U-Pu cycle). [t has some safety advantages over
LWR's because of the pressure tubes integrity over large pressure vessels and
nas a higher availability because of cn-line refueling. An aimost

inexhaustible fuel supply would make the CANDU reactor am attractive system

for selling on the world market along with fuel services,
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SECTION 8: Fusion breeders impact on LWR's--the reactor of choice in most

countries is now the LR,

A fuel supply from the fusion breeder, when mined yranjum becomes too
expensive, will assure LWR owners their investment will be (rotected against

the possibility of an expensive switch-over to another fission reactor type.




SECTION 9. Summary of Fusion Breeders Role Relative to Fission Reactar Types

If one asks what is the best fission power reactor type, the answer
depends strongly on the need to breed fuel or not.

Candidates for breeder fission reactors are:

1. [MFBR
2. GCFBR
2, MSBR
4. LWBR

The breeding ratio is best for 1 and 2, and lowest for 3 and 4, Numbers
3 and 4 barely breed at all but are thermal reactors. For the long term U.S.
policy (as well as U.K., France, USS®, Japan) has been to rely on heavy use of
the LMFBR,

2

If an external source of fissile material existed such as 39Pu or

233 235

U, and unlike “7"U, could be produced essentially independent of
resources, then the choice of the best fission reactor types for long term
heavy use could be examined in a new light.

New reactor types might be considered with less changeover than would be
the case if the reactor vendor production pliants were at full capacity, since
no new fission reactor orders have been placed for many vears.

Without the virtual necessity to deploy the LMFBR, we could consider new
and betler strategies for fission reactor deployment as will be discussed in
the next paragraphs. Rather than proceeding with the expensive deployment of
LMFBRs (recent nuclear news article reports the second generation commercial
breeder in France, Super Phenix 11, is expected to cost 40% morc than an LWR
which is apparently only competitive with LWRS buying uranjum at over 3300/1b

according to the discussion at the end of section 1), we could keep the



breeder program active by designing a superior, cost-competitive breeder, but
not deploy a series of inferior reactors to that of the French Super Phenix,
If the French LMFBR turns out to be cost-competitive and needed, we cculd
ticense the design here much Tike the French Tlicensed the LWR (through
FRAMATOM, from Westinghouse).

One can make the analogy to the supersonic transport, The French-British
version, the Concorde, was of low technology {aluminum} and was expensive on a
cost per passenger mile basis, but they proceeded ahead with the project. The
American version was based on titanium, was bigger and would have been lower
in cost per passenger mile, but we didn't proceed ahead and in retrospect
saved considerable money by building more efficient subsonic planes. A lesson
may be learned from history by carefully studying the similarity between the
supersonic transport and the LMFBR, 1 believe the LMFBR is a "hird in the
hand" and nothing should be done tc "take this bird out of the hand" until an
alternate fuel source is assured, but just the same 1 believe we should also
take seriously the very likely prospect for fusion providing this fuel source
in a timely way and with more desirable characteristics.

For the U.S. the Tight water reactor or siightly improved versions could
be considered for long term use, FEven such diverse reactor types as the
yraphite moderated-sodium cooled reactor should be reexamined.

The high temperature reactor of the HTGR or Pebble bed-type likewise
could be reconsidered in the light of a new fuel source. The present
government policy towards HTRs seems to be for process heat. The electricity
application should be reexamingd in light of no LMFBR. The question of Tloss
of cooling accident should be reexamined and HTRs and LWRs compared, as the
HTRs seem to have much better safety features. The question of U-Pu or Th-U

fuel cycle choice should be reexamined for the case of an external fuel sour.e.
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Abstract/Summary

A study of fission suppressed blankets for the tandem mirror not
only showed such blankets to be feasible but also to be safer than
fissioning blankets. Such hybrids could produce enough fissile material
to support up to 17 Vight water reactors of the same nuclear power
rating. Beryllium was compared to 7Li for neutron multiplication; both
were considered feasible but the blanket with Li produced 20% less
fissile fuel per unit of nuclear power in the reactor. The beryllium
resource, while possinly being too small for extensive pure fusion
application, would be adequate (with carefully planned industrial
expa~ion) for the hybrid because of the large support ratio, and hence
few hybrids required, Radiation damage and coatings for beryllium remain
issues to be resolved by further study and experimentation. Molten salt
reprocessing was compared to aqueous solution reprocessing (thorex). The
molten salt reprocessing cost is §3.4/g fissile, whereas agueous
reprocessing cost 324 or 343/g for the thorium metal or oxide fuel form.

*Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under contract number
W-7405-EHG-48.

10-1



The cost of bred fissile material (233U) expressed as an
equivalent U308 cost was $91/1b for the Li case with molten salt
reprocessing, $76/1b fur the beryilium case with aqueous reprocessing;
and $63/1b for the berylliun-molten salt design. §$75/1b for U308 is
equivalent to $50-60/g9 of 233U, We plan to pursue (in 1982) a
relatively low technology hybrid which uses beryllium and thorium {or
uranium) pebbles cooled by liquid metal (Li]7Pb83, for example) with
fissile costs expected to be §75/1b equivalent, At 2 lower Tevel we plan
to pursue & higher technology hybrid which uses bery}lium and molten salt
with an expected cost of $60/1b. A1l costs are in 1980 dollars. A1l of
these results are based on the hybrid costing approximately 3.5 times a
light water reactor for the same nuclear power. Advances which lower the
cost of the fusion reactor will lower the cost of fissile material
produced.

A hybrid whose nucTear power rating is 4000 Md can produce 6000 kg/y
of 233U. This is enough to provide make up fuel for 15 LWR's
238U plus recycled 233y and 239Pu) each
rated at 4000 MH nuclear. Thz system of 15 LWR's plus 1 hybrid
(estimated to cost 3.5 times that of an LWR) would produce electricity at
a cost of less than 104 more than an LWR which bought U308 at

containing no thorium (only

$45/16.  The electricity would cost the same for an LWR using U30g
costing $75/1b during its first year of operation and assuming a U308
escalation rate of 3% per year above inflation over the 30 year life time
of the LKR.

The Tandem Mirror configuration offers the potential as an
attractive hybrid reactor because the simple linear geometry allows easy
access, Using a fission-suppressed hybrid blanket, an ideal "fissile
fuel factory” can be obtained by suppressing fission of both the fertile
and bred fissile material. This maximizes the amount of fuel produced
per unit nuclear power, thus maximizing the number of burner .eactors
which the fusion b-eeder can support. In addition, the
fission-suppressed blanket has a low fission product inventory and a Tow
afterheat level, Safety analysis shows that these blankets might be
passively cooled, greatly enhancing the safety feétures of the designs.




1. Introduction

During fiscal year 1981 a study was carried out to determine the-
feasibility of producing fissile material for fission reactors using the
fission Suppression concept. The context wﬁs the tandem mirror reactor
but the emphasis was on blanket engineering. This paper will cover
selected topics from that~study. Qur emphasis here is an conclusions.

A complete project report| is available upon request.

2. Highlights of 1981 Study

2.1 Tandem Mirror Hybrid Reactor (TMHR)

The reactor made up of a 129 m Jong cylindrical breeding region and
a complex, high technol gy region at each end is shown in figure 1
without buildings, heat transport systems and plant facilities. One end

is shown in fig. 2. The other end is similar except without a direct

converter.

2.2 Blanket Engineer‘ag

2.2.1 One-region beryllium/helium cooled design.

2.2.2 Two-region blanket Li-molten salt.

2.2.3 One region pebble bed blankets using beryllium as a neutron
multip]ie[.

Beryllium/Thorium Pebbles Blanket Qption. A schematic diagram of a
beryllium/thorium petbles blanket option is shown in Fig. 6 and more
fully discussed in references 1 and 4.

This option features only one
neutronic zone and utilizes bery}lium pebbles as the neutron multiplier.
In this design, nonreactive lead-1itnium is substituted for Viguid
Tithium as the primary coolant since the neutron multiplication occurs
primarily in the beryllium spheres and liquid litnium is not required for
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neutron muitiplication. The fertile fuel form in this design would be
metallic thorium pebbles much smaller than the beryllivm pebbles. The

[N,

thorium pebbles would be randomly packed between the larger beryllium. ;

pebbles. The remaining voids are filled with a liquid metal (e.q., iy

sodium) to improve heat transfer. 5
This design option offers several pntentially attractive features:

excellent fissile breeding perfarmance;

one-zone mechanical design;

conventional liquid-metal and pebble-bed technologies;

I PO -

possibility for nonreactive primary coolant;

5. continuous recycling of both beryllium and thorium oebbles in i
mobile fuel form;

6. excellent heat transfer capabilities;

7. fuel cycle fledibility (i.e., fertile pebbles can be thorium
metal, thorium oxide, or uranium oxide);

8. separation of fissile and tritium breeding.

9. structural temperatures below 350%C ensure long life.

The principal design issues to be encountered in the
beryllium/thorium pebbles blanket option are:

1. adequate pipe clearances and pebije flow;

2. limiting MHD pressure drops;

3. achieving satisfactory pebble mixing and packing fracticns.

4. heterogeneous effects on fissile breeding.

5. Coatings may be required to prevent solid state reactions with
structure.

6. Impurity control,

An artist's drawing of this blanket module is shown in figure 7,

2.2.4 The updated 1979 berylliun/molten salt (se/MS) reference
blanket design. The combination of beryllium (Be) and molten salt (MS)

for a fissile breeding, fission-suppressed blanket is even more
attractive if materials concerns can be circumvented, because beryllium
gives the highest fissile breeding ratio (F), and molten salt, the Towest
cost reprocessing. For the two blanket concepts examined in this study,
the Be/ThO2 blanket has an F of 0.73 and a reprocessing cost of 463/g
U233, while the Lithium/moiten salt has an F of 0,49 and a reprocessing
cost of 3.19/g. Combining the advantage of Be and molien salt would be

most desirable.
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A schematic drawing of the updated Be/MS design is shown in Figure
10. The walls are cooled to keep the salt frozen to protect the steel
from corrosion. Since the wall is made up of two layers, separately -
cooled, it serves as an independent first wall, as in the separate first
wall of the 1979 Be/MS designs.

There are several key issues which may be go/no-go items. They are:

1. Coating of Be pebbles which will adequately impede corrosion by
the fluoride salt and accommodate swelling, mechanical abrasien, and
other radiation damage effects,

2. A feasible mechanical design which will allow occasicnal
removal of the Be pebbles and adequate heat removal and avoid MHD
enhanced galvanic corrosion.

3. Maintaining a frozen salt layer on steel structure,

4. Tritium removal requires development.

The combination of beryllium and molten salt makes such an
attractive fissile breeding blanket, assuming we are successful in
circumventing the materials concerns, that development of the Be/MS
blanket should remain a goal of the hybrid program.

3. Conclusions

We have shown that the fusion breeder has the potential to produce
unprecedented quantities of fissile fuel, The resulting high LWR support
ratio leads to several important advantages. The high support ratio
relaxes both the fusion performance required and the economic constraiats
for comnercial feasibility. It reduces the number of fusion breeders
that must be deployed, and it enhances the fusion breeders' ability to
rapidly impact our energy needs. We are convinced that by producing fyel
for LWRs, fusion can have 2 significant impact on our energy needs in an
even earlier time frame than the LMFBR although the technalogy of fusion
is not as developed as that of the LMFBR,

The timely development of the fusion breeder requires an aggressive
fusion engineering development program such as the one called for by the
Yagnetic Fusion Energy Engineering Act of 1980. This aggressive program
in engineering should be pursued as soon as possible and it should be
supplemented with a fusion breeder development program aimed at identi-
fying and developing the technologies that are specific to the fusion
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breeder and its interface with the existing fission reactors. FElements
of this fusion breeder development program during the next five years
should include:

1. detailed design studies;

2. integral neutronics experiments to verify nuclear performance;

3.  blanket testing in existing fission test reactors;

4. technology requirements definition;

5. fuel cycle technology development; and

6. blanket material development including coating development and
corrosion tests,

The long Tead times and large capital investments required to
deveiop and commercially introduce this new technology establish the need
tc determine the feasibility of the fusion breeder and the incentives at
the earliest possible date.
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Lriding region of the reactor ¥5 129 m long and s
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Tvg. 10. Schematic arrangement of updated 1979
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