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412 R. W, MOIR

then be fed into a fission reactor, releasing Far larger amounts of energy than
from fusion alone. The fusion reactor 13 short on energy, bul can produce
excess Tual via its extra neutrons. These features complement the Assion
reactor’s fuel shortage and power abundance. We will call this lucl-producing
usion reactor cither a fusion—fission fuel factory {(FUEFEY or o hybsid.

A hybrid that could produce fissile fuel commercially shortly aller the turn
of the century would be quile timely because a Muel shortage for fission
power plants is predicted by many people, and this shortage would prevent
Further large expansion of fission power after the year 2000. T'hus the
development of @ hybrid would be msurance ags inst the possibility of a
[uel shortage. As is well known, this fucl shortage has long been anticipated.
and the fission breeder has been the proposcd solution. As we shall sec
later., the hybrid has a number of advantages over the breeder, The Tusion
power plant hus long been considered the inexhaustible power source ol the
future, but it is hard Lo see how [usion can be made practical and commerclal
until Tong after the year 2000, by which time the large-scale burning of fossil
fuels may have to be abandoned due to scarcity of these Tuels, or due Lo
allects of CO, accummulation in the almosphere which may result in a
greenhouse effect, climatic changes, and other unknown consequences. The
bybrid, on the other hand, can be developed with fusion icchnelogy that,
according (o some estimates, is almost here, because the requirements for
the Dusion part of hybrid are less restrictive than for a power producer.

The slow, sleady progress in fusion rescarch supgpests (¢ = | operation
will mast likely be achicved in the devices now being built in several lnbora-
tories. € is defined as the ratio of the energy of the fusion reaction (17.6 McV
per DT reaction) Lo the energy invested in the fosion plasma for heating
and maintaining losses. @ — Lis called scientilic feasibility. The definition of

O does not include handling (he input and outpul CNCTgies.

An early practical hybrid can be based on lusion conditions corresponding
“to O = ), buta lactor of 2 would be preferable. This is considerably short ol
alectrical breakeven. whereas a commercial, pure-fusion power plant will
need to exceed clectrical breakeven conditions by at least a factor of 3. (Yor
clectrical hreakeven, the clectrical energy recovered from the fusion process
just cxeeeds the clectrical encrgy supplicd Lo the fusion plasma. The clli-
ciencies of cnergy conversion are included here. ¢ — 5 corresponds to
clectrical breakeven Tor an efliciency of converling electrical encrgy into
plusma encrgy and thermal conversion of §. @ drops to 33311 a 50 ellicicnl
direet converler of plasma energy is practical. Commercialization ol fusion
is more difficull to achicve than electrical breakeven, Tt depends ultimately
on the cost of delivered kilowall hours.) Thus a practical hybrd can provide

a lucl source for (ission reactors in a timely manoer, and provide an carly
[ expericnce gained thereby miy aceclerate

application of fusion. "The pract
et development of'y lision,

e

15 THE FIUSHON Ii

SION FUEL FACTORY 4f7

Apreat deal of llexibility results. since the [usion neutron source is separale
from the [ucl-producing zone. Tor example, carly hybrids which —:_{c low
@ values covld improve power production al (he cxpense of some fuel
production characteristics (for example, **?Pu-produciag blankets resull in
morc energy release than do 3311 producing blankets). Small facilitics Q:.__ﬁ_
be built soon, cven belore 1990, Better fusion conditions ¢ould _cm.:_._:
hybrids in which fission reactions arc largely suppressed and may result in
considerable sufety advantages. Production of . :
ol [uel which, with
Weapons.

The hybrid can provide o practically inexhausiible energy (fuel) sonree
as can the last breeder reactor, the slow-ncutront near-breeder, mud __:”
clectronuclear breeder. Near-breeder reactors will need large (u , litivn of
natural wraniom (o get started but very little to sustain :J::
hiybnid could help o build up the mitiaf inventory of lissile fuel
the other reactors will be compared to the hybrid. . .

Before we make comparisons, we need 1o clari

33 2
_ uiet U could provide a source
admixture of =%, could nol readily be usable

tive, In the case of Lhe hybrid, the system includes the fission
consume the prodoced fuel such as slow-neulron reactors
_.o_.,._.ﬁ.o_.v LWR; heavy-waler reactor, HWR ;. high-temperature pos 1o
ITTGR; Light-Waler Breeder Reactor, [LWBR). A x_:,.{,_:c__ O e
_w_.ccaﬁ, includes a makeup fuel system (mining and isolope sep m) e
fust breeder includes one or two fission reactors (0 consume ¢acesy I
produced or excess fuel can be used to provide startup inventorics (o new
breeders, The electronuelear breeder uses aceelerator-produced py
produce neutrons, which in turn produce fuel as in the hybrid,
system likewise includes the fission veactors to consume (e 1t
oulput of cach system is electrical power.

The hybrid has an advantage over all of these allernatives i
forward the development of fusion, which
Kelative Lo the fast breeder and slow-neulron n e hybeid con
! pply Tuel to fssion reactors which are already dovelaped and. de i,
e hybrid could accelerate deployment ol the last brecder by Ielping, :._
! _,_d,_w. startup inventory. The Gast breeder must be loeated heur i __.::_
distribntion network, whereas (he hybrid can be ofT Hne, The Gisi D ..,__._
necds Lirpe amaounts of Pu to provide the inftial core loading, and ihis hiel
Ias 1o be bred in olher breeders. 'The breeding ratio, or more correetby, The
haed o (i is (hus o critical item, which may delay the ::._:._ i
shybrid, o ihe otlier | N

i

Fombeplther ol nenbion apwelig

teebon ogwsnnlings, taoden



4 R.OW. MOIR

out using natural or depleted uranium and thorium, and immediately begins
o produce cither Pu or > U or hoth. The slow-neulvon neat-breeder needs
a developed and deployed thorium cyele, requiring great amounts ol 235U
and therclore o lot of mined vranium, and perhaps some lacititics for
uranium iselope separation, 1o get started.,

Cosl contparisons are important, but highly uncertain at this tme. Some
comparisons can be made, however. IFast breeders are expecled o cost
sigmificantly more. -perh sowewhal less than twice as much - lighi-
waler reactors (EWR). The hivbrid, on the other hand, can cost considerably
more (Lhree times) because it supplies fuel for five LWRs, or o much greater
number of ncar-breeders. The high allowed cost will fucilitate early intro-
duction. The electronuclear breeder produces tewer fuel atoms For facilities
ol similar power rating. The electronuclear breeder. on the other hand, can
use loday’s near-aceelerator lechnology with little change, albeit in a very
larpe size. The target and blankets techmologies, however, will need con-
siderable development and such a development seems questionable since, in
comparison Lo fusion, it can be considered dead-end technology.

The motivition Tor developmg the hybrid is the perecived shortlall of
fissile fuel. To illustraie the possible shorilall, we can compare uraniuui
resource projections with projected requirements. Tt s estimated that there
will be 200 Hght-waler reaclors (LWIR) either operating or under con-
struction in the ULS, by the vear 1990, 1T we assuwme a 3%, growth from then
on there will be 325 by 2000, 530 by 2010, and 864 by 2020 Laking 171 tons of
U504 per LWR vear for a 30-yr life, and 480 tons lor the inital core, then the
cumulalive requirements are 1.7, 3.1, and 5.7 million tons by the vears 2000,
2000, and 2020, The sive of the LIS, uraniom resources, is a malter ol
opinion. Estiunates vary (rom 2 1o aboul 6 million tons al a price ol $50/
With this scenario, we run out of domestic uranium at $30:1b somewhere
between the vear 2002 and 2021, with 2014 being the year when 4 million tons
will have been commitled (these figures account for uramium o last Lhe
retnzining life of those reactors which are built). [f the srowth rate were
halved Lo 2.5, then the dale the resource is depleted is 2025 rather than
2004 1 wmore aramum-cllicient (TTTGRITWR} reaclors were employed,
then the 5% wrowth rute would deplete the 4 million tons by the yenr 2028,

M uranivm reeyeling were emploved, the resource would expand by i few
105 ol percenl. Further. i the uranmium—thorium cycle were ytilized, the
resoures would lust even longer. The point of the above examples is to show
that major relionee on nuelear fission for electrical power 1s nol possibie
carly in the next century without deployment ol cither near-brecders (1 T
reactors), breeders, or the alternate hreeding concepls such s The hybrid
or Lhe electronuclear breeder.

One ol the first studies (bmholl e of., 1954} on
at Liver

hyhrid w
1SS With the discoveries ol rieh depeosils al
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the 19505, and thus a relatively large, low-cosl resource ol the fissile isolope
2350 compared 1o its demund, interest in the hybrid decreased. Tn the early
£970s, there was rerewed nterest (Lidsky, 1969 Lee, 1972} in the hybrid
due to the significant use of 237U in the commercial light-water reactors then
operating and planned, due 10 the reduced optinnsm about the fast hreeder
reactor, and due to the uncertainty ol an early achievement ol economically
dable pure [usion. A review article on hybrids was written in 1973 (Leonard,
1973). Conceplual hybrid designs were done Tor a mirror {usion driver
(Bender, 1978), a tokamak driver {Rose ef af., 1977) and a Taser Fusion driver
{Bechtel Corp.. 1977} These designs tended 1o be peunarnily fuel producers
{fuel factory): however, other designs sometimes called power amplifiers
emphasized power production (Greenspan ¢f af., 1976, 1978 'Tenney ef of.,
1976}

The hybrid is a development direction for lusion which involves pro-
duction of rudicactive nuchides resulling (rom nuclear transmutations ancl
lission products i the region surrounding the tusion chamber. As progress
15 made in fusion rescarch resulting in more output of fusion energy per
inpat. the hybnd can evolve toward designs where [ission 18 lacgely sup-
presed together with tission products which, by some, are considered un-
desivable, Trurther progress may result in pure Tusion power, and still
further progress might allow lusion reactions in which neutren production
15 suppressed (clean fusion), These advanced lusion luel cycles are the
subjects of Chapler 16.

This chapter 1s orgamzed in sechions covering basic processes, energy
balanee, system cconamics, description of conceptual designs, uranium aud
lithium resource and demand projections, and comparison of the hybrid
with the fast breeder reactor, the slow-neutron near-brecder, and the electro-
nuclear breeder.

[1. Basic Processes

A.  Nuclear Reactions

The D T lusion reaction yields a very energetic ncutron and an alpha
particle:

D 4+ T = 0 (1406 MeV) -- *1le {3.52 MeV). (1)

The 14-McV neatron s to be used 1o produce hssile luel, as we shail sce.

T'he energy of the neutron is derived from the nuclear mass differences
und the kinetic energy ol the reactant 1 and T and the produect *He. The
newleon cnerpy in MeV s approdimately #79 14.06 - 0.00267 - 01170,
whete Tu the lenipen i eV ool the 1Y and ' reactanls,
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The energy disiribulion of the neulron resulting from 1 1 Tusion has
been caleulated by Lessor (1973) and Js plotied in Fig. 1.

The 1y 1y reaction has (wo approximately cqual possibilitics, one ol
wlich results ina neutron:

D1 D =Tl McV) + p(3.03 MeV), (2)
I} + 1 » e (082 MeV) - 0 {2.45 MeV). (3)

The product T and *Tle can fuse in the [llowing reactions:
1 T — 0 (14.06) 1 *He (3.52 Mevy, {4}
0D+ e > p {467 MeV) o *He (3.67 MeV), (5

If we add Yigs. (23-(5), the T and *He drop out, but the vield is greatly
enhaunced. The nel result

60 = 2n - 2p 4+ Mle - 43.27 Mev, {6)

Alprha
—lartizles

£
£

+ -1 nentrons

7

el netrons.

i | | _
6 # 10 12 14 14 1

Tnergy, W (Mav)

0

g, Lo Linergy distribuiion of neutrons and alpha paeticles cnitted Grom the Casion venel o
na demprerinee of 70 ey,
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I this reaction goes o completion, there are 7.21 MeV ol enerpy release and
0.33 ncutrons released per 1) consmned. The 1Y T reaction resulls in
22.4-MceV encrgy release and one neulron per 1 consumed.

The neutrons produced in this complete TI)=T) reaction could be used to
produce fissite [ucl. A distinet advantage over D--11s the lack of the need
to breed tritium. A disadvantage 13 that the ceaction rate Tor [3 12 13 about
100 times skower than Tor 12 71, thus requicing muach better plasma contine-
ment. For our purposes, we will concentrate on the D T reaction; bul we
remind Lhe reader that with better confinement, the 1213 cvele has note-
worlthy advantages as a neatron source lor breeding Muel (Greenspan. 1977,
Salinursh ef af. . 1979).

The T consumed i the T3-T reaction {Eqg. (1] 15 replaced by cither of the

following “hreeding” reactions:
ool L= THe 4 40 Mey, {7
n+ Lo+ T+ e - 247 MeV, (8)

The first reaction proceeds wath thermal (e, essentiadly zero energy)
nceutrons, whereas the sccond s endotherimic and has a threshold of 2.47 MeV
for the incoming neuntron. Natueal Li contains 92,44 of “Li and 7.56%; of
“Li, and 15 so abundant (Holdren, 19717 as to allow fusion to be widely used
for many thousands of years.t As we see Irom Lgs. (7) and (8}, a fusion
reiction chiamber surcounded by ©Li can breed in this Li blankel the tritium
consumed in the fusing plasma. Tlowever, any neutrons leaking out of the
Li blankel or captured n stroctual materials will lead Lo a tntum deliat.
To make up lor this T breeding deficit, some “Li can be added to the blanket.
An example of neutron loss in the structure would be parasitic capture by

T According to Haoldren™s report, kuown LS, reseeves of Li are estimiated to be 6o« 1" oo,
The Tusion energy conlent of natural Liis 2.5 x 107 KW b G assuming only § of the nacural 1

.

is converted Lo e, I the Gasion reactors produce 100 tines as mnch encrgy as Tusion cnerpy
and using i conversion clficiency of 4. then the cuergy content of the knewen veserves ol 14 iy
50 WM GWeiyr ol cleetrival energy from the hybrid system. The present UL, capacily is abont
SO0 GWe Al LDDO-GWe nse cate, there is 5000 years sapply of TG pure lusiow reactors mnd
SO0 years Tor lssion reactors getting Tuel from hyhrids. We sl apparenily tun ol ol
urstniun ! teoriany before Boam, in il bylwid scenario,

Fhe TES. reserves of S0 s estimated ad L8 million wons, 15307 ol this con be converted e
fissile fuel i hybrids aond then Gisstoncd i lission reactovs, Then (here is 58yl 1000 ¢
bt i Eles meenionn reserves, Phe Vs Uoerinnn resotress are oven Jess wiell known
than dhe aepminm resonrees;, bowacver, They are ealinaded an HEmillion tons an o cost ol S0 g
taee 1elt Y o ehis sone relerenee, Blaldren (PP pives the wemniom resonrees recovernble
gy Lo R ULl tone, bul also sy these wtmsates are fendang bo e resed dosy e
wanth Tnwny vaew, the TS resomreet ol thosiong appeans o e aeverul tes thad of v
it i on beam swevennd hetearmd yenn soppeby g the TOBE GWe e s,
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b L1

104 ¥

Meution cnergy [ Mey')

Fr;, 2 Total and absorption cross scolion for a typical siru L ron ' lie, 0.

won, which 15 a common structural maierial being considered lor fusion
reacLors

0t e, o TTRuy, 4+ v (%)

The cross seetion (Plechaty «f «f., 1976) lor this reaction is plotied
function el ncolron encrey i :

To produce fissile luel, we would like (o ubsorb neutrons in vraniam or
thorium

i

..“...x”,_.._ N uu..;u = . .«..:_.Z_u
BTl

no| - 4Py 1200, y + 25 Pu), (1Y)

i~
| Fy .
Pa- 555

2

2 .w-—.—_ [ ww.f._.._u..

uol ) [**Thin, ¢ + 257301 {11)

These reactions are writien in the compact form shown in brackets,

Owing lo the need for using one nculron (o breed tritium. there is a
shortage ol neutrons, which forlunalely can be provided by ncutron-
multiplying processes induced by the high-cnergy (14 MeV) neutron from
the D-T reaction. (Incidentally, here is the large advantage of the =D
cyele previously mentioned, in that those ncutrons are all avatlable for fuel
production, and not needed For (ritium breeding.)

A good neutron-multiplying reaction is the lissioning ol >*U by fast
neulrons. ‘The fission cross scelion and number of neutrons produced per
fisston (Argonne National Laboratory, 1963) are given in Figs. 3 and 4.
‘Thorium is shown lor comparison ; the probability of fission is muoch less,
and somewhal lewer lission neutrons are produced Mrom thorium than (rom
nranium.

The other reactions {Brookhaven National Taboratory, 1973} which can
oceur in U and Th are given in Figs, 5 and 6. Some of these reactions are

n 4 2R TR 4w g (inelastic coll

on) [Un, 0. {12}

ol B e 4 Y IUin, 20, {13

IR Bl Tl A3

M

)l { _.\_:
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(rauev}
S0 Lission cross section versus uoutron cnu
The energy of the bombarding neuiron 15 allimportant. For i nee, e

fission (1, 1) cross section of 2*¥ U s very small below 1.3 MoV, w 1he
Utn, v + 2f) PPu reaction can occur at any cencrgy. 'The (n, 2n) i,
also have thresholds as shown. The largest cross section in the ahove 10 MoV
range is the so-called inelastic reaction, where the nentron exciles the
nucleus, which emils a gamma ray.

We will now make some comparisons that are important Tor brveden,
converters, and hybrids. An important breeding patametor g, the numlwr
of neutrons enntied divided by the pumber of neutrens absarhed inon

5.0 e
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saction. We plot g in Fig. 7 for the fissile isotopes 222U, *50U, and 23*Py
as 4 [unction of the neutron energy (Fraser er e, 1973), The figure also
shows the neutron spectra for fission neutrons, for a fast reaclor and for
thermal reactor, so the interesting cnergy ranges ol 3 can be examined. The
condition for a chain reaclion is y = |, which is satisfied for all ihree cle-
ments. The condition for breeding as many fissile atoms as are consumed is
i = 2. Breeding is possible for 23U only above 1 MceV, whercas I’u can
breed at cncrgies above 20 keV. Breeding of 231 is possible below 2 oV
and above 2 keV. The margin lof extra neutron ]
neuiron breeding than for fast-neutron breeding

osses is smaller for slow-

Lflevtive breeding threshield -,

= w33
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1

larbitrasy units
R
!

Be uin,Znt

Meutron production

prokati-ity
[

0 2 4 £ H 11 12 14
ergy {(Mev)

ddent neutron encrgy.
nes the number of neatrons

i, #. The probability of producing nevlrons 1s ploited ve
The quantity platted 1 the neolron prod
prodoced per reaciion.

10N cross seelion

We now make some compansons more closely related to the hybrid. To
convert fertile elements (22 1Th or 2*¥U) to fissile elements (372U or 2321y,
one needs a supply of nentrons over and above those needed to breed Critium,

To convert the 1D T neutron into a greater number of lower-cnergy
neulrons, we consider several malerials which, when bombarded by neutrons,
give oll more peutrons cither by lission or by (n, 2n) and (n, 3n} reactions.
In Fig. 8, we plot the cross section for newiron produciion. For fissiomng,
we multiply by v - 1T and tor (n, 2n) we multiply by unity. The numbers
plotted arc in some inexact way i measire of the relative abality of materials
o multiply ncutrons. *** U produces considerably more excess neutrons than
other multipliers, including 2*<Th.

B.  Hhufinite Homogeneous Results

The discussion up until now has included qualitatively a few reacttons of
importance. but in practice, of course, there are many competing reactions,
and the energy distrtbution ol the neutrons will be material dependent. 1o
include all ksown clleets. computer codes are used. For example, one can
use a Monte Carlo compuler code to follow many histories ol neutrons Irom
crealion lo {inal absorplion. Using the code varr (1976), Lee (1979) has
considered a number ol relerence cases. For example, a [4-MeV neutlron
emitted inte an infinite medivm of 2¥U, 232Th, °Li, "Li, and natural Li
results in the numbers given in Tuble 1. From ihe tuble we can see the newdron

150 THIE FUSION-FISSION FULEL FACTORY A0

BLIZ

3 A-MeV NLurkon

crgy release

Produocl {McV)
4,18 7Py |k
5.0 Py 30
249G 23T 1]

| N8 T 14.5

0y r 12.3

1.006°1T 16.3

production from ***U s considerably larger than from 2221, resuliing
more fissile-atom breeding. When the lertile isotopes *#U amd "I e
uniformly mixed (homogencous lailice) with the proper amount of 11 ta
breed trilium. then the fissile production drops, as shown in

As shown in Table 11, the most fucl breeding (both fissile
accomplished in the 2**U medium. For 23%U, 4.2 aloms are bred;
2.4 atoms. For a blanket whose area is hall Be/lfand hall Bef 1 i
2.7 altoms bred; and lor ihe b combination, there are 17 nio
Clearly, Be is a better neutron multiplier than is Ph.

One might predict that the substitution of 2**U for the Be would v
more 2321 production, bul this is not the case because the *™ U, in ndd
o being a good neulron multiplier, is also an absorber.

H ____.._

TABLE IN.

Irerrserls Dlomooirions 1RsuLTs por 14

Clase Muedium®

(e vy

[y
Al
.-_
i
R
1!
L 1
[IRE R 2
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T ) T T T T T
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=221 {n
d
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1 Dlanked v the fra maetal varieed from

The performance for a mixture of #**U, Th, and °Li is shown in Fig. 9,
with the UfTh [raclion varying Lo include al cach extreme C :2
of Table 1T,

C. Two-Zone Heterogeneous Blankets

ice 18 e

e as nlission reactors,
bt the TdeMey

The rationale for a heterogencous |

where one is trying lo maximize the |
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energy wakes this eflect greater, as one can see from ihe cross see i ol
Fig. 3 and the lission neutron specirums ol Fig. 7. Similarly, the (o, ‘o)
reactions occur at high energies. To best use the D I neutrons, o wo 2o
blankel or Lattice is employed. The purpose of the fisst zone is to convert i
incident 14-MeV neulrons inlo many lower-cnergy neutrons by fast fissio
80, by (n. 2n) and (n, 3n) reactions. This is called a converter or
plate. Trom Tig. 8 we can see that #**U is far superior (or this purpose (]
“*1h, Ph or Be. This zone should be thick enough to attenuate the neul
above about S MeV, where ***U has a signilicant neutron-multiplying elivel,
bul not so thick that the resulting fission neutrons are absorbed in the
zone. The next zone is loaded with ***Th and T.i, where **3U i5 bred by the
{n, 9y capiure reaction, or with more 2390, where 24Py is bred. Ui
vone breeds T with the leakage neutrons from the 224Th zone, or the 1«
be mixed homogencously in with the **7U. The purpose of the Twe s
blanket 18 to maximize breeding of 21, which is the best Toel Tor wlo
neutron fission reactors, as can be seen [rom the compx RITT
Fig. 7.

Soeme spectfic examples of helerogencous latlices will now D puven i
conliguration is as shown in Fig. 10, and a number of cises are juven
Table T,

[n some cases, (we-zone lattices are less productive thin one zeone |
Faor example, Case 1ol Table 1 shows amuch lower U
Case 3 of Table 11, The reason is self-absorption in he
mueltiplier region. This can be remedied by mixing "1 in w
usclully absorb neutrons. In the case of the multiplicr being,
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TARLY XTI Table T, the U production is high. Another reason for o lwo-zone
blanket is the practicality of engineering design and fabrication.

Two-Zoni HErerocenrous Brasger Resonns rug 14-MeV Neeron \ . o , )
All of the above examples are somewhat academic, as no strocturl

(— malerals are included. and the lertile matectal is 0 Qs natural state. Praclicul
releise designs, including the fertile fuel in alloyed or chemical Torms, will 11
ﬁuz.wn “NO_.:». _ Lone 2 248 : N.,.c_,v: T ﬁ?.._.u/J —401_,3—._.: as 5__.0__.

A . oo e T . . Table TV gives resulls for an engineered blanket. Note the Pu and “**U
1 Y15 T giom” 23 Th 4 10%; 1 0.169 1.3 20

468 piem? production are down lrom the previous cases, due Logely 1o parasitic
o Ll . . .
2 L38() 70y 0 jom? 222 g L .40 0.52 10 102 absorption and exira neutron slowing down by the structural mgicrial,
468 yiom? Uranium in the oxide form used m most fission reactors today perfonns
3 LT 349 piom? "L : 275 .10 N cven less well.
. Z32 gt iy y . i .o N - 5 .
+ Th-167 g i L 034 L1t i LU s instructive Lo look al the soucces and sinks of neotrons which we do
lor the U 7%, -by-weight molybdenum-alloy case of Tuble IV, These nre piven
n Table V.
TABLE IV
TworLome LinGis -Brankrr Riso
i L-MuV Negrzon® T 11, llybrid Tk
Enerpy i ) )
Product  releuse In this scelion, we describe the conceplual desipns ol hybrids Wi will
Mudium ialoms {Muy) consider twe examples of magnetic-confinement fusion systene; e talarmonah
e T and the tandem mirror. The design principles are not anique (o these Ty
M o Pu Al - -
- XY b UYVET, & ) H ¢ L wher b { Urls I I :
R (8 Py e " ex ::__u_r,, _M:S.;_C,. ati s::E, 1pply Lo 0 ther fusion concepts us well. T
Th (.73 233 |08 15 unction ol the [usion system s to provide o neutron souree (o drve the

i
lreeder bianket.

T Blankel consists of a0 05-cm stainless steel first wall
followed by a wraninm {ov thorium) fuel zone containing 54%;
fuel + &0, stuinless steel, followed in tuon by o lithium zone

isting: of 4%, araphite, 104 "LiAIOD, and 8,65 stainles:

. Tokamak as the Neutvon Sonvce

a
stecl. The tokamak is a coneepl tnvented by the Soviels in the carly 1950,
which las become quite sncoesstal in achieving plasma paraicters in pulsel
BLE ¥ liboratory experiments close (o those required Tor a hybrid reactor. The
NEURON Bt AN 108 U-MOLy BiANKET tokanmuk progrom is, as a result of these successes, larger Qi the niaron ol

ulher approaches lo magnetic Tusion. .
Sonrces Sinks The peomelry ol a tokamak is a loroid will thiree sets ol et lotondil
I = lickd mapnets, poloidal feld magnets, and clectric Held  inducny magiets
2T nevlren i i U (n, 12) P o LB The toroidal field magnet encireles the toroid, whereas the olher fwao g
S (0, 1) sl lssion® 2.4 L, 1Y tritium breeding 114 - . . g - )
(o 1) . 290 (a0} 0.08 nets are wound along the toroid and henee are interlinked, The peomely
(. 3n) 0.24 Capture in struciise 1,29 Al o conceptual reactor, carried out by Westinphouse (Kelley, 1978) wie
Leakage 002 shown in Fipso 12 and 130 The syiometey ahomt the vertival s ¢lipoe af
o “ vevolution as i Fig 11y is a vietoe Pronn the plasni phiysics poind of view

3, A

This pecmetry, oo the others Tooned, Teads o conpested vegion near (he axis,
il vontples reacton.
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Fig. 11, Toroidal geomelry.

The plasma is sustained by neutral-beam injectors, which are shown in
Fig 12 There are two mades of operating the tokamak : the two-component
maode and the thermonuclear mode. Tor the two-component mode, these
injectors supply energetic deuterium at about 200 keV, which can fuse durin i
slowing down with the background cooler witium producing an encrgy gain
of about two. The tritium would be replenished by pellet or gas injection. n
the thermonuclear mode, the beam would inject encrgetic deuterium or
tritium imto a mixture of devterium and tritium to bring the tenperature up
10 the point where heating by the fusion reaction praduct, He, would sustain
the ptasma teriperature. That is, the beam would be used only (o ignite the
thermonuclear bura. In this mode, the energy gain Q coulkl be high. lior
high Q. the energy investment in bringing the plasma to the ignition point
must be small compured to the encrgy release during the burn lime.

The burn time is limited by either of two processes :

(1Y The time at which the transformer magnet saiorates e Drins
former magnet induces the toroddal electrie Bield, which in tarn nnintning

-the toroidal corrent which is vilal to the plasma cquilibriom,
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i 120 Conceptual design of a demonsiration tokamak lvbeid veacior, (1 1 [
vacuum vessel, (3) bundle divertor, {4) neatral-beam injectors, (5F vacmim ponips (o pradondal
field coils, (73 toroidal lield cails, {8) inner shield, (9) owter shield, {00 Blanker gwnlnle L1
couling headers, (12) supporl structure.

Fhis titne o
predicied 1o be long, perhaps several hours.

rate exceeds the alpha heating rate, al whicl time the plsma lemperaiure
would drop quickly.

2y The gradual buildup of impurities to the peint where (he enerpy lise

[n order 1o remove the plasma as it gets to the outer edge of the toronl,

before 1t hits the wall, diverters are employed. They divert some ol flie
outer lield lines into a special pumping chamber, where the plivima Hhai
lows along these ficld lines is guided. A bundle diverter (elley, 19
A46) s shown in Fig. 3.
The two-component (TCY) mode of operation lus advanbpes nnd din
advantapes over the thermonuclear (TNY mode, The 'FC mode T lsphes
power density in the plasmi, and s more tolerant of impogines thain s e
TN e, Tlowever, The energy gaan can be higher Tor (he TN miode, e
possibility is 1o operite inoaoregime where Tesion s Grking place ooty by
iwo-componenl ceactions and partly by thermonuclear renctions. Tiovithi
cirse, the reactor will look approxinsnely like that shown in Fip, 10

Fromt the Tiybrid pomt of view, we are prinneily intesested in the Blanbie
whiel i shosein Fige 02 o dlisenssed Toer i Seeton € 10 s wortl con
sidering, Yo a mionment o oowanene sectond ol e Dlaked Tor reatone
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loroidal Auxiliary
field cals diverior com_ml_

— Separatrix

>

Diverted
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/

/

Vacuum vessel
Divertor and
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I 130 Tokamak wilh buadle diverlor shown,

maintenance and replacement. The complex geometry at this point makes
isell fell. Apparently, complex handling operations are gencric 1o magnetic
fusion.

As a driver for a breeding blankel, the tokamak can produce adequate

neutron (tux at (he blanket (1 2 MW/m?) and ai high ecnough @ (1 2). The
pulsed nature and complex geometry are disadvantages,

B. Taadem Mirvor as the Neutran Source

The tandem mirror (Kelley, 1967 Dimov et af., 1976 Towler and Logan,
[977) 15 a newer conpcept, invenled and improved upon in the U.S. and
USSR, and is considered a backup to the tokamak concept. The concepi
was developed starting from a straight solenoid, and asking what can be
done o the ends to reduce the plasima leakage there. The concept that evelyved
{Moir, 1979} is shown in Figs. 14 and 15, The idea is (o produoce a steady-
stale mirror-conlined plasma, as in Lhe older standard mirror coneepl, in o

135,
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Lo [rehed salenaid -

Lo 14, Geometry of Lhe tandermn mirror.

mirror cell 4t cach end ol a long solenoid. The electrostaiic liekls |
are able to conline lower-density. lower-cnergy plasmas in (he solenoid 1
landem mirror concepl promises to be sicady state, and has o
chamber whose geometry 15 simple, The ends are maintained by neut
beams ol D at about 200 keV. This is suflicient to conline denierium winl
tritium plasma of 30 keV or so in the solenoid.

o
Anvin i

y ' Solenold magnola
b+ Blandwot

P Iy Tadenn mnicror Ly beisd v o,
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In order to be steady state, impuritics must not build up (oo much. or,
like tokamaks. the tundem would have Lo be periodically shut down and the
impurities (lushed oul.

[or removal of blankets. a cylindrical section would be withdrawn from
the solenocid. as shown in Fig. 15, The magnetic ficld lines in the tandem pass
out the ends. thus perlforming a natural diverter action. In addition, the
energy ol the hot escaping plasma can be converted direetly into electrical
encrgy i Lhe direct converters located al cach end of the solenoid, This
extra recovered energy helps the overall cconomy, and allows the tandem
Lo operale al somewhat lower @ (han, say, a tokamak a1 other lealures
being equal.

As a dnver Tor a breeding blanket, the tanden mirror can produce an
adequate neutron Hux at the blanket (1 2 MW /m*), and al a high enough @
{1-2). The tandem has the advantage ol simple geometry, and the potential
lor being sicady state. The tandem, being a very new idea, has, however,
littdle experimental data to back up the concept.

The rest of this section on hybrid designs will be applica
tokamaks and mirrors, as well as other concepts.

ble cqually io

C. Blanket Designs

A number of hybrid studies over the years have freated blanket designs
from which we will draw examples of four types characterized by coolunt:
(1) gas, (2} liguid metal, (3) waler, and (4) molten salt.

D, Gus-Cooled Blunkets

Helium js a good candidate for gas coolant because ils inert chemical
property takes removal of tritium (rom the coolant stream straightforward.,
One problem with He is the high pressure (~60 atm) required (o get enough
miass [low to cool fuel rods, and cven then, considerable temperature drop
from the fuel surface Lo the coolant is necded. The high pressure resulls in a
significant amount of struetural material. To contain the pressure. a cylindri-
cal pressurc-vessel concepl was developed [or the mirror reactor (Moir ¢f af.,
1975; Bender, 1978). This design 1s shown in Fig. 16. The pressure vossel
consists of a cylinder with a dome-shaped cap on the end lacing the plasma,
The inlet helium first passes over the lithjum-containing (ubes where (he
tritium is bred, then cools the lirsi wall and finally passes over the Tuel rods,
In this case, the rods contained U,Si, clad with Inconel 718, I'hi desipgn
maxinized o production, and nonuranium materials were minimized. The

T e e
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i L Blambker madule based on pr
maximum power density was 500 Wiem® which gave o ni
perature ol YO0'C. The helium pressure was 60 alm
s 15 atm, and the power consumed by the ctreulators wis V7,
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licd (o toroidal peon
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kel assembly o toroidal geometry.

coupling medium such as liguid lithivm or molten salt. One virtue of the
tubing approach is the reduced probability of failure ol welds because there
are fewer welds. The (ube concept has been studied by Mills (1974).

E. Ligaid-Metal Blonkety

er properiics ol liquid metal, along with the low
pressure, result in low lemperature drops and lower structural fraclions. To
minimize the pressure needed (o foree a liquid melal across magnetic fields
requires speeial design of ducts. The slowing down ol neutrons by the liguid-
mictal resulls in a minor loss of performance which, relative to the helium-
covled case, is compensated for by the reduced amount ol structural material,
Designs of liquid-metal blankets for a pure fusion reactor (Badger ef of.,
1975) and tor an inectial fusion concept (Bochtel Corp., 1977)
carried oul,

The cxeellent heal trar

we heen

ik e A
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F. Water-Covoled Blunkets

There is interest in cooling with waler in the liguid, vapor, and gas phases.
The case of dry steam is wuch the same as helium. excepl that tritium de-
contamination is impractical and (herelore gives little advantage aver
helium. The first light-water—cooled blanket designs were careied out by
Grreenspan ef al. (1976, 1978) using pressure tubes. A water-cooled blankel

using pressure tubes was also worked out by Westinghouse for a demon-
stration lokamak reactor (Kelley, 1978) in which present-day technology
was employed. As can be expected, the water rapidly slows the ncutrons so
Lhat neutren multiplication by last neolron [{n, 2n). (i, 3n) and {(n, N} re-
actions are reduced ; (hus breeding is reduced. In this design, the Pu thal s
bred will begin 1o lission as the concentration gets high enough, thus giving
energy muliiplication of order 100, which is much higher than for ihie fael
actory mode ol operation. Greenspan argues that the cconomics ol thi
concepl will be good because the fuel wall not have to be reprocessed il
refrabricated. The design of the blanket 1s based on Zircaloy pressure tulwe,
showan in 14g. 18, such as employved in he Canadian hedvy-waler r
Another design (Vasiliev ef af., 1979} using Light water in pressure Lulws win
carried out with fuel production being the goal. The parameters were 1.9
atoms of Pu, 1 atoro of tritium and 160 McV per fusion reaction, By vinymp
the water-to-fuel volume ratio. the light-waier blanket provides o wide
domain of Tucl production and cnergy multiplication ability; the 4
water volume [raction, the larger becomes the Tuel production ability uid

the smaller becomes the energy multiplication.




436 R. W. MOIR
G.  Aolten-Salt Blankets

The use of olten salt has been considered by a number of people (Lidsky,
1969 Mills, 1974; and Blinkin and Novikov, 1977). Lec {1978a) suggests the
vse ol beryllium to maximize fuel production. His idea is 1o low a thorium-
and lithium-bhearing moilen salt over beryllium rods. The beryllium muli-
plics the fast (14 McV) neutron. and the thorium and lithiom capture the
neutrons. producing 2?1 and T. The tolal breeding is estimated by Lee
to be aboul 1.6 sioms, and the energy mulliplication is 1.5 lor engincering
blankets. The idealized configuration is shown in ‘Table TT, cases 3 and 4. 'The
sall is continuously processed to remove bred fuel and some lission products.
The radioactive burden is consequently quite small compared (o the other
blanket designs. Additionally, the atterheat due (o {ission products s quile
small. so there is little problem associated with a loss ol coolng as in Lthe
olher designs. In other words, fission is suppressed in thus design. The per-
formanee is also less, both in breeding (1.6 atoms versus 2.8 aloms) and in
every mulliplication (1.5 compared (o 10},

T'he molien-salt n::oc_; results in a low-pressure system, and henee has a
low siructural fraction as in the liquid-metal case.

H. Other Mobile-Fuel Blankets—Moving Bualls
and Agqucous Selutions

The mollen-salt concept just discussed uses demanding high-lemperature
ials technology. Other concepls where the breeding Th is in a mohile
n allowing on-line processing but using technology more readily at hand,
would be worthwhile. Such aconcept consists of first a 238, Be, or Ph zone
to multiply neutrons, and then the ***Th zone, where the #**Th is in w mobile
form. A “Li layer is localed between the me and graphite zones to absorb
neutrons before they diflfuse back into the 2741 where they would produce
23Pg. A moderating material such as graphile is used to reduce the neutren
energy o the point where **#Th hasa significantly large caplure cross seclion.
One variant on this concepi, due te Schuliz et ef. (1978) combines a mixture
Th und graphite formed into balls which can be removed al will for
reprocessing, ot in {act, used dircctly i a (ission reactor. Fee's caleulations
give 0.45 23U and 1.0 T and 110 MeV per fusion evenl averaged over the
exposure [or a blanket with structural steel included.

The motivation [or the balls idea was Lo use these in o pebble-bed fission
reaclor alter breeding in the fissile Tuel in a hybrid blanket. The performime
was poor due to fissioning of U in the hybrid blanket (undesirable) and

ol
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buildup of fission products in the fission reactor; however, the coneepl il
avoid reprocessing, but al a cost of performance thal scerned unaceeptuble,

Another variant on this concepl, suggested by Teller (1978), avoids the
above problems by use of an aqueous Thorium solution where **#1 is kept
1o a low concentralion by continuous processing; thus, the *2*U thermal
fission rate is kept exiremely low. Te also suggesits use of a separute praphile
moderatot region to further suppress the alecady low, fast-fissioning
of **2Th. The inscrtion ol ihis moderator between the 1 zone and the
aqueous solulion reduces the fast-fission rafe in the thorium at the expense
ol reduced breeding of #**U because more neutrons are reflected back inte
the Li and 2% zones. The processing ol aqueous solutions or othet fission -
suppressed blankels should be much casier than, for example, proc ,5__: ol
high-fissioning blankets, because the low radioactivity greatly stimp
head end of the reprocessing plant. An aqueous selution must rei
able to dissolve Th so that the Th-capture cross section will doni
compelition for neutrons by parasilic captures, by structure, hy wi
or D,0) and by the other solubles, such as nitrates, sulfates, or avehb

Maniscalco (1978) has caleulated the noclear performance of |
consisting ol a first zone of Be, clad in graphile, and Li compotiul

sraphite. lTollowed by thorium in a mobile form, and he repo pivod
hreeding,
. Fuel Form

There are two lissile eletnents which can be produced, >*Pu and I

el (m i
U lor slon

from 230 and 2*¥Th, respectively. Pu is the preferred
makeup fuel requirement) for fast-neutron reactors, and
NCULron reaclors.

If ihe hybrid is used to produce nitial inventorics lor fast breedes
then Puis the desiced product. 1F initial inventories and miken |
be produced lor slow-neuteon reaclors, then 2320 iy desired. However, 1
can be nsed almost as efficiently in fast reactors, whereas Puin o
reactors performs rather poorly, requiring twice the make ITRRTY
We will not atlempt fo determine the best fuel 1o produce, bul vithe)
how 1o produce cach, and show (he production rates.

There are o wide varicty of chemical compositions of the fuel. Ty pe
ximum density of heavy mctal is best from a neutronic poinl ol view
se | nonheavy melals (oxypen, for cxa npled sof ©onenbeon
apectrn il thus replaces the neufrot-multiplying reactions, The chonee ol
el Torms inctudes some of the Todlowing: VO, UC D, L SL

ihe

b

o
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Mo, B metal. The oxide Torm can stand higher temperatures and longer
exposurcs than can the metallic uranium. Thoriom compounds similac to
Lhe above are candidates for #¥*U production. The metallic forms tend to
have more stored chemical energy which could be released i an oxygen fire,
for example. Fused or solid salts and water-soluble compounds are candi-
dates such as ThI7, . sullules, nmitrates, acclates.

The fuel geometries which have been considered include rods. plates, and
balls as well as the liquid Tuel Torms. The rod form corresponds closest 1o
preseni-day fuel Gabrication technigues. T'he ball form lends itself to on-line
lucling; however, 1t 15 Tkely to be expensive o labricate compared 1o rods.

J. Plant Design

The part ol the plant nol vel discussed.i.c., everything exeepl the fusion
neutron source and blanket) is discussed next. The coolant circulators keep
the blankel coeled under normal conditions, and carry away alterheat when
the fusion source is off, ¢ven under emergency conditions. The primary
coolant loop usually has ruchoactive nuclides circulaling which must be
isolated Trom the environment. To accomplish Lhis, a sccondary cooling
leop is usually required such ag in the liguid-metal reactor. Helum-cooled
systems can have cleanup systems for radioactive nuclide removal and
theretfore can go directly to a steam generator, which is one attractive feature
ol the helium sysiem. The system worked out for the mirror hybrid is shown
in Fig. 19, The containment buwilding 1s a large, expensive part of the plant.

‘Turbocirculatar (8)

Sleam gengrators (16)

\_‘. Check valve

Mairtenance
cut ling
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The stearn gencrator, condenser, cooling lwwer, turbine, and gencrator are
the remaining large components of the plant.

K. Safety

By safely, we mean (e avoidance of hazards to people due o the hybrid.,
The aspect that is different from other large industrial plants is the radiation
hazard. The hybrid at its beginning of life will have 1-10 kg of iritiun, bul
at equilibrium, which should be after one batch of lissile fuel is generiled
(a few years), there will be fission products, lissile atoms, transuranitm
elemnents, tritium {10 or more kg), and activated structural materials, These
radionuclides must be well contained. even in postulaled accidents, so ax io
protect (he health of the public. With carelu! design. routing enii wlons ¢

be kept low by double ot triple containmenl and cleanup systems.

Tritium diffuses through most malterials readily at the high tempernfures
ol interest, and thus poses special design problems for the cladding mul
dilfusion barviers. This problem is common with pure fusion reactor. The

activated structure is also common Lo pure lusion.

The unique aspect ol safety of the hybrid is due to the fission prodouctuid
transuranium elements. This feature is common 1o fission reactor, nnsl
solutions applied there will be needed. The molien-salt blunkel Uit umned
carlier is a counterexample in that Gission s suppressed, and consequenlly
(he radioactivily content of the hybrid can be so much less thun for the ol lisl
blankets that the safely problem is qualitatively improved,

The most dangerous accident is that leading 1o a loss of cooling, in which
case the heal generaled by radioactive decay ol the flssion products i
enough Lo melt the part of the blanket thal bas lostits cooling, The desin
philosophy that has been adopled in design stadies (o dale is Lo cmplay
enpineered safety, ratlier than passive salcly systems, Passive silily nysledn
would provide for removing the blanket after heal by pnssive coeling
natural convection, conduction, or radiation. Engincered sulely systenmm
could employ Torced convective cooling with cmergency punips wdfor e
dundant pumps as is now done in water, liquid-melal, and pis canled liwdian
reaclors,

The molten-sall blanket and some mobile fuel blankels appenr do e T
ol the Toss-of-cooling accident, because the fission rile is preatly s end
atid some of the fission produets are continuously removed, Some Tull Tived
coneepls may have salety advantages by employing systems to gstivchiy {in
ahout 1 mind transpord the balls in the case ol o loss ol cooling to o rephom
{hunks) where passive cooling is provided.

Hybricd blankets con be kept suberitical ondee all conditions by NG ITTH
fssthe maderind belore A - L eonditiony are reaehed.
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Since (he hybrid should be locatled al o guarded site along with the re-
processing and fubrication tacilitics, rather than near population {load)
cenlers, salety Lo the public is eohanced by semiremole location. The salcly
of the hybrid should be considered i a system context in the sense that the
concern is for the hybrid plus its burner reaclors. The safety of this whole
system should then be compared Lo the safety of the breeder-reactor system
ol the same power,

L. System Pevformance

The hybrid can be looked on, in an oversimplificd way. as a device costing
an amount C, producing (acl ata rate sy . e, . and o, and net electricity,
P, I we make assumplions about capital inancing costs. annual operating,
and maintenance costs, Tuel reprocessine, and lucl refabrication costs, we
an determine the required revenues to be cconomical. Unfortunately, the
cost ol fucl and clectricity separalely s indeternnnable. To resolve the
indeterminacy we enlarge (he system under consideration Lo include the
nuclear-fission reactors al a cost C each, which consume the fuel produced
by this ene hybrid, Then ihe system as a whole has only one product. elec-
Lricity. whose cost is determined. The fuel cost can then be compuoted vsing
the derived cost ol electricity, and thus we gel, in a consislenl way, the
individual cost of the two products. This system model has been worked
out in some detail Tor the standard mivror hybrid (Bender and Carlson. 1978},

The economic performance of any lusion- fission power system depends
on the type and performuance of the (usion driver, blanket und lission reaciors
that comprize the systen., As an example, we esiimate the performance ol two
systems: one bused on the Ui fucl eycle, the other on the Thill fuel eycle.
Bolh use the standard nuirror as e fusion diver, The U Po-based syster is
a uraniwm blankel. producing makeup “*"Pu for light-waler reictors
(LW Rs). The ThiU-based system used a thorium blaakel producing makeup
233 for high-temperature gas reactors (H'TGHRs). The results on the Thi U
system will be characteristic of the luel cyele and not the reactor type The
examplcs could have used the light-waler reactor with a conversion some-
what lower than the HTGR, however, Both blankets are the fast-fission type
(U-Moly or Thi. Both hybrid reactors are oplimized 1o minimize the cost
ol electricity from the fusion fission system. Both ave sized 10 have thernal
puwer ratings approximalely the sante as present-day fission reactors.

The performance parameiers for both systems are sonimarized in the
following six tables CFables VI=X1) [rom Lee (1978b). The optimized reactor
parameters with aranivm and thorium blankets arve listed in Table VI There
are several significant differences between the two reactors, Tl uriminmu

ES. PHLE FUSION-FISSION FURL FACTORY i

BLE ¥YI

PARAMETRERS FOR CILE Crrmiziay Hyiriris REacons

Param Ui Th
Mirror ratio 250 2043
Injection energy (ke 100 104
Conductor licld {T) 8 2
Q 0.68 .75
Fusiom porwer (MW 470 1200
Firsk-wal) Mux (MW/m™ 1.3 4.2
Blankel thermal power. average (MW) 4220 3340
Fieotrical autpul {MW) 1040 — <}
Capacily laclor .75 0,13
irror-lo-mirror lengih (m) 15 15

blankel. because ol its high energy multiplication, results in i plant with
large clectrical oulput. The thorium blanket reactor does nol prodiny nei
clectricity. just fissile fuel. Both blankets have about the same the il
rafing. this being the result of @ much farger fusion power ondpat fron o
thorinm blanket reactor, as compared (o the uranium blanket reactar. The
high fusion power ol the thorium blanket reaclor is obtiined by wainp b
more intense magnetic Nicld than for the wranivm blanket yeactor, H
uranium blankel resctor may, therelore, rely on existing NITT supeean
ductor-magnet lechnology, whercis the thorium blanket reactor will reguoire
the more techuologically advanced Nb,Sn superconductor,

‘I'he blankel parameters for the optimized reactogs are listed in Table VI
Both produce close to 25 metric tons of fissile Tuel per year. However, 1hy
thorium blanket requires o rather high exposuce, and the possihility ol the
hlanket structure being able to attain 9 MW yrfm?® exposure i more un
cortain, The average energy multiplication of the uraniom blanket roabon

TABLFE. ¥II

BLANKET PARAMICCERS FOR T OETIMIZED 1A i

Yreler 1Mo I'ls

Fissile oulpul (kufyr) 2 2nn
Averupe energy muliiplicatisn 1.1 rR
Blhinbel coverngpe TR0 7!
Perlibe e () (1] 0"
Blinke! exposire {MW yijui’) 4.1 I

Vel power deisity (Wi’ 141 LI

Hhrnbsd ewede losend, avenpse %3 [.n! 1t
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TABLE VIN

DrscrIPLioN OF THERMAL CONYERTER REACTORS

Burner
Parameter 239py Sl

Reactor Lype LWR Iligh-gam HTGR
Fuel eyele

Fertile feed Natural U Th

Fissile fved Pu R

Fissile recycle Pu Iy
Conversion ralio 0.5 0.8
Fissile feed require (Kg/yr MWe} 0.333 0,185

a factor of 4 higher than for the thorium blanket. The performance given in
Table V11 includes the eflect of the walls being less than 100% covered with
blankets and averages the performance over the lifetime of the neutron ex-
posure measured in MW yrim?,

The fission reactors chosen as burners of the hybrid fissile fuel are listed
in Table VILI, along with their requirements for hybrid fissile fucl. As a
burner of Pu, we have used a light-water reactor (LWR) on a Pu-recycling
fuel cycle. and supplemented with hybrid Pu. As a *?*U bumer, we have
uscd a high-gain HTGR, using the thorium 2331 fuel cycle.

The hybrid economic paramelcrs ars listed in Tabte IX. The higher
capital cost of the thorium blanket hybrid is associated with the fusion
components required to generale the higher fusion power than the uraninm
blanket hybrid. The 2331 cost is more than a factor of 2 greater than the Pu
cost. However, the lower fissile requireiments of the 23U burning teactor as
compared to the Pu burning reactor results In approximately the same

TABLF iX

EruNOMICS FOR THE OpTIMIZED HYBRID REACTORN

Cost L/Mo Th
Capital cost {107 §) 2.3 3.3
{$/kWe) 2200 —
Fissile material cost ($/g) 35 127
Capital {3/g) B 163
Fuel cycle (3/g) 13 21
Operation and mainlenance {$/'g) | ]

[lectricity revenues (5/2) -3 2
Electricity cost (mili kW vy B 253

15. 'THE FUSION-I'TanalUIN FLEL S 22

TABLE X

ECONDMICS OR T1LE FISSION RULACTORS

High-guin

Caost LWR HTGR
Capital (3/kWc) 750 750
Electricity (mil/kW h) 4.8 25.3
Capital {ril kW h) 6.1 16.1
Fuel cycle without fissile malerial (mil/kW ) g 32
Fissile fuel (mil/kW h} 4.1 5.3
Operation and maintenance (MilkW b} 0.7 0.7

clectricity cost from the 1wo fission power plants. The breakdown ol (e
fissile material costs indicate that they are dominated by capital costs, The
fuel-cycle costs account for [abrication ($200/kg heavy metal), repiocessing
($200/kg), and spent-fuel shipping $50;/kg. Current (high? estinuthes for Hhew
services have been used, but they are not a dominant cosl, Lar the i
blanket reactor, approximately 60%, of the plant revenucs urv penened by
fissile production, in contrast 1o the total revenue generntion by el
material for the thorium hybrid.

The fission reactor economics are listed in Table X. The fmpatinnl
result here is that the cost of producing fissile fuel in the hybrid G0 mnd
5.3 mil/kW h) is a small fraction of the total electricity cost. The comnclumon
is that the standard mirror hybrid reactor is capable of converting, the by
jertile resources of the world into fissile fuel at a cosl thal does not sirongly
influcnce the net cost of cloctricity. A factor of 2 increase in fissile (nel
generation costs (i.e., cost of the hybrid) would only increase eleciriely ronl
by about 207, While the results presented herc are for the stundard st
reactor, the cost of fissile fucl should be less for the Landem mirrol aenl Liw

TABLFE. X1

ECoNUMICS FOR TR HYBRID/TINRMAL REACTOI Byt

Cosl Lifha h

Pnstabled capacity (MWe)
Hybrid {MWe)
Lission reaviors {MWe) G g
W) ain NHNI
i 1} RN "
AW I 1! Kl
AW R Al
e ol i o K [Ea1)
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al costs are less

the tokamak il their @ values arc higher than 0.8 and th
than $1000/2 yr Tor Pu, or $1300/g yr lor 239U,
Tnstalled capacity, capilal cost and cleciric costs ol both fusion-fission
systems are snmmarized in Table XI. The uranium-blanket hybrid supports
17-MWc¢ power per MW [usion, while the thorium hybrid supports 9-MWe
ITGR power per MW fusion. On a thermal power per plant basis, the sup-
porl raiios are 5 lor the vranium blanket and 10 for the thorivm blanket.

IV.  Uranium Demand and Resource Projections

The purpose ol this seetion is (o put in perspective the extent of the uranium
resource and ils anticipated rate of vsage, in order to cmphasize the eventual
nced lor a breeder if fission power based on LWRs s (o be relied upon. The
discussion in this scetion is based on results from Werner (1978) and Ehrlich
et al. (1977). First, we will consider the projected number of nuclear power
plants in units of I GWe. The time required to place a nuclear plant in
operation i now about 12 yr. As of 1977, the number of nuclear planis
installed, under construction, or on order, was 200. So we Lake 200 GWe
as the capacily for the year 1990 as a realistic number, and project from the
If we assume a 5% growth from 1990 on, there will be 325 reactors by the
year 2000, 530 by 2010, and $64 by 2020. Taking 171 tons of U,Oy, per LWR
year and a 30-yr lile, and 480 tons lor the initial core, the cumulative require-
ments can be caleulated, and are shown in Fig. 20 for the erowlh rate
discussed above as well as for 2.54% and 7. 5%, for comparison. The growth
rates assumed here are not to be conlused with the growth races of all types
of encrgy conswmplion, or even just central station clectrical. but just the
nuclear portion of central station electrical power.

Next we will consider the stze of the uranium resource in order Lo calculale
how long until we run out of uranium, There arc a nuniber of relevant
fuclors to consider when estimating the magnitude of 2 mineral resource. We
consider only the case of the U.S. The availability ol uranium is proportional
to its cosl. Higher costs allow mining lower-grade ores. We will consider
ores al up to $50/1b. Bascd on test drillings and actual mining operations, the
__nmcjx.ﬁ (known deposits) are judged 1o be approximately a million tong ol
U0, In addition 1o the known deposits, further discoverics can be as-
mc_:r:, thus the total resovuree is based on undiscovered deposils and hence
is subject o uncertaintics. ‘The low estimales give the resource al 2 million
tons and high estimates of aboul 6 million 1ons. Trom Fig. 20 we see thal 4
million tons will be commiticd by the year 2014 (these figures account [or
the uranium 1o last the remaining life of those renctors which are builty, 11
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the growth rale were halved te 2.5%,, (hen the date the resomree is tepleted
is prolonged until 2025, 1F more uranium-efficient reactors (1ITGR, TTWIR)
were employed, then the 5% growth rate would deplete the i
e year 2028,

M uranivm reeycling were employed, the resource uii _\:::__ woithd 1
prove by a few teos ol pereents. 17 i .
tilized, the resource would last even longer, The point of the ihove ta
i o show that major reliance on nuclear fission Tor clecivienl power in
[rossible carly tn the nextcentury withoul :r:ré:: i ol c___:__ It
(LT renctors), breeders, or e
lybried o the clectronnelear :__r._...ﬁ_r_.‘

Uhie point o depleting the nrite
pererived xl i
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the growth of the nuclear power indusiry which would he nceded to build the
864 reactors by 2020 (3% growlh). The limiled uranium resource contribules
to u low growth rate for nuclear power. The harm of low nuclear-power
growth rate is the implied heavy reliance on the burning ol coal and oil,
which is itself undesirable and could become environmenially prohibitive.

This discussion has only considered U.S. production and consumption;
however, the world's supplies are similarly limited compared to projected
use. Shortages worldwide are predicied at approximalely the swme time.

V. The Fusion—Fission Fuel Factory Compared to Alternatives

The purpose of this section is (o compare the hiybrid to other concepls
which all have in common --lhe expanded use of fission power. When
making such a comparison, all subsystems of each concept must be included.
The subsystems for cach concept are listed in “Lable XI1. Lach subsysics has
in common fuel reprocessing. luel fabrication, and waste disposal.

The last concept in the table, the slow-neutron reactor, 13 cxemphtied by
present-day reactors such as the LWR and the CANDU HWR using the
U--Pu eycle. As shown in Section 1V, (his concepl leads (0 o depletion of
low-cost uranium sometime in the st hall of the next century, and, as bas
been long recognized, the uraniom shortage will preveal large-scale use of
present-day lission reactors taking over a large fraction of the electrical-
power gencruling market). We Lherefore do not consider the slow-nculron,
reactor to be a long-lerm energy option.

The slow-neutron reactors can, however, be modilicd to become a near-
bereeder by crmploying the Th U fuel eycle, and by a core redesign to improve
the neutron utilization. The heavy-waler reactor (CANDU) and HTGR,
designed as near breeders, have been discussed in the literature. The EWR
has been modificd Lo be a near breeder. and one example is now operating at
Shippingport; it is called the light-water breeder reactor. The design of a
nuclear reactor is derived [rom a set of desipn requirements, among which is

TABLE XN

M Proswrr 8 5 Bas1y or 1Ss10H

COMPARISON O TwO DIrr

Lileclro- Slow- Slow-

neulron nenlron nelbren

Subsyslem Fiybrid near-hreeder hroeder renclor
Burner reactors Many Mone | 2 N

sl seole sl s
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the minimzatton of cost ol electricity. The cost of clectricity can be broken
dowil into two categories: ilems proportional 1o fuel costs (mined u 2
and dems independent ol Tuel cost (capital cost of plant). With the low cost
of uranium as in Lthe past, the cmphasis has been on minimum capital cosl
(smallest core, both in size and initial fissile inventory) and ineflicient (vl
burming. Higher fuel costs will tend to increase the fuel utilization by ioge
expensive core designs 1o improve the neutron cconomy and hence gel
more complete Tuel wiilization in order 1o reduce the Tucl-related costs,
Realistic costs will be achicvable only aller actual operating cxperience ix
obtained from near-breeders.

The electronuclear breeder s composed of an accelerator ol proto
deuterons, or tritons to abouwl 500 MceV per nucleon. These energetic pur
are dirceted into a target which converts the primary charged particles i
a shower of neutrons which arc absorbed in a lattice of ***U or *
produce #**Puor 2 T'he aceelerator is cssentinlly state of the art, whet
the hybrid depends on [usion whicl: has yet (o be demonsteated, amd frener
is beyond state ol the art. A unit ol electrical encrey used 1o derive the elechio
nuelear breeder will produce about hall the number of fissile alony, e |
same unit of clectnical energy supplicd 1o a @ = 1 hybrid. Studies ol [he
hybrid and electronuclear breeder have shown similar costs ol the plint,
and thus hall the cost for fuel from w hybrid compared (o the clectronuelem
breeder (Van Atla ef ol 1976: Kostoll, 1979). A furiher adv ool oa
hybrid over the clectronuelear breeder 1s that it follows a development juith
ioward pure [usion power, whereas the latter simply extends linewi ne
celerator technology.

The hybrid has several advantages over the fast-neulron breeder
hybrid allows flexibility of location, with the hybeid located at ihe Toel
lactory v, and ihe fuel produced 1s shipped (o clectricnl peoerilion

stations localed near the load centers. The fast breeder, on the svilier Iy

Because the support ratio (ratio of burn reactors (o one hiybosd) for the
hybrid is so high, the impact ol introducing, the aew lecholopy e
For example, the construction of one new hybrid wonld |
construction of ten or more near-conventional fisaion 1
diflerent sites, i desired. The construction of one hybrid reg IYRIETES
4 ju U and Th, whereas the fast breeder reguires severl tons ol 1%
tor e inttial wmventory, Fhis nitiad inventory, while it seems febhihes o
i, feads toa dimit on inroduction rite of new re and invishyey
8 ol Pu. The hybrid systion, on (he glhiet
bivad

el

RTINS

Hond, vinin
i by prod
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plying ncutrons, then the relatively small amount of Pu can be burned in
special lission reactors, thus keeping the total Pu invenlory in the sysicm
small. The cost of the two sysicins must be compaved, and because costs are
5@ uncertain at this point, the sensitivity to cosls must be compared. [f we
sel, us a cost goal, electricity 1o cost no more than 259 more than from
today’s fission reaciors, the LWR, then the hybrid can cost about four times
thal of the TWR., whercas the [ast breeder can only cost 23% more. This
fourfold. allowed added cost is due Lo the large suppott ratio, Studlics are
showing the cost of the hybrid to be about twice 10 three times that of an
LWR: however, the fasi breeder is showing cost larger than (2577

Cof an
LWR, and thus it appears the hiybrid is simply more ceonomical. ‘The con-
clusion remains the same il, lor example, the cost of the hybrid doubles,
while the cost of the fast breeder increascs by 23%, . Here again the hybrid
leads o the desirable technology ol pure lusion, whereas the tust breeder
leads Lo a new lechnology, one that works best on plutoniwm,

Tn conclusion, we see that the slow-neulron reactor is nol a long-term
power producer because ol (he shortage of uranium. The Fast breeder has
several disadvantages: namely, high cost, large PPa inventorics, mtroductlion
limitations, and problems of location relative 1o the hybrid. The advantage
of the st breedor is that it has had considerable development work done.
The electronuelear breeder docs not lead to pure Tusion and 1s probably less
cost compelitive. The slow-neatron near-breeder is a strong competilor a
system ol ils own, and with the hybrid io supply makeup fuel, it becolnes
truly long-lerm cnergy option requiring, however, the development of a new
lission reactor, albeit a relatively minor modilication of existing reactor
types. The hybrid can uvse existing reactors, which is its virtue among Lhe
others staled above.

In a comparative cconemic study Kostoff' (1979) shows the cost of elee-
tricity to be highest for the electronuclear breeder and lowest for the hybrid,
will the ast breeder in belween.

VI. Summary

sion neutrons can produce fissile atoms (Pu and *3U) from fertile
atoms (>*®U and ***Th) by ncutron multiplying and caplure reactions. A
reactor based on these processes whose purpose is luel production is a
Fusion fission fuel tctory. The encrgy released in the lission reaclors is
more than an order of magnitude more than from the Fusion reactor, The
introduction ef the hybrid technology is eased by the lact that the vast
majority ol the power system is based on present-day fission-reactor tech-
nology. The need for a new fuel source, such as the hybrid, is bused on
ively seall wranium resonree projections lor the US. ol about 4 million
feny of VHoy whieh will be nsed np o conexteenly

13 TLEE FUSION=FISSION FI
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‘T'he tokamak and the tandem mirror are considered candidates as [usion
drivers for breeding blankets. The requiremenis on any driver is that 1l
0 valuc be one or mare, and the wall loading be 2 MW im” or more, and the
capital cost be aboul S1000/g yr of tissile fucl preduction capability or luss.
Results of an cconomic model are discussed.

Nuclear perfonmance of hybrid breeding blankets are discussed. The Pu-
producing designs have cleetricily to sell which resalts in about 4097 of
plant revenues for one example, Tn the case of the **U-producing des
discussed, there was no net clectricity available for sale, and the fuel cost
more {over lwice). However, the betler Tuel utilization in lission reaclors
compared Lo Pu resulted in close to the same luel cyeke cost as a [raction of
the electricity cost,

The hybrid, when compared Lo the fast breeder, the slow-neutron brecder,
and the electronuclear breeder, has a nuniber of advantages: among thean i
ithe experience gained by carly applications of fusion, which
developmeni of pure fusion, and the potential for being the most ceano
luel producer among these compared alternatives.
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