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ABSTRACT

The Univarsity of Wirconsin fusion design
affort iu directod inftially to a low 8
torofdal reactor. The studies are described in
terms of ports of the systen moving from the
center oulwdrd with romarks on fuel handliug.
and materiuls at appropriate poiunts,

The plasma is central geomctrically and
technically, and eelf consisteut parameters
for operatiny points have been genevated in
the presence of radiation energy loss enhance-
ment by dwpuritfes and particle confinement
spoiling. A poloidal divertor produced by
both superconducting and regular windings is
deneribad,  Materialas problems of the first
wall ﬂFO.dipcuéscd'with cnphasis on radiation
effects. Hemt removal is discussed with repre-
sentatlive results for wall ctructure, and coalant
tempervatures and prassure for helium cooling,
The specisl neutrouics problems of tLhe high
energy noutrous are rveviewed and the present
state of (he calculational model and data are
stated,  Sowe aspects of the tritiuvm breeding
and handling problem are covered that arve
likely to be independent of technology. VFinally,
nagnet deslgn is discussed in terms of the costs
associated vich large high ficld systems which
are dominated by mechanical stress consideora-
Lions,
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Titis WLGGORSIN PUSLON DEo Gl Vi ot iIs dvttially
directed toward o low g toroldal system, but
many of the desipn considerations will apply
with little or ne modification to other svstems,
However, it wan felt thot a more effective con-
tribution to the field would result from initially
restricting the study in this wvay. ,

The proposed device would consist schemat-
feally of a V-1 plasma surrvouanded by a blanket
composcd of a first vall, coolant, and neutron
moderating and energy producing materials, The
blanket is surrounded by a shicld to attenuate
the radiation to a satjafactory level for the
cryogenic and superconduct tng mignet systew
videh surrounds the eutire unit, The blauket
must contain lithivin iv sufficiont quantitices
to breed tritium andg the shield and blanket
Must be breached by suitable passages for fuel
injection, plasma henting devices, and aspent
fuel exhaust systems, A schematic of the con--
flguvacion Is chown dn Fig, 1. A divertor
system may he required to protect the firet wall
from escaping high cnevrgy particles and will
require additional magnet coils.

The design of these and other subsystems
start naturally wich the plasma and its operating
parameters, It scems desirable to start up the
Sy&tas ond brdog it e w wlueady state vperat lug
point where it coatinues for as long a time as
posaille, Tliig is referred to as the burn time
and 1s determined 4n a Tokamaic type systenm by
the length of time the stabilizing plasma current
can be jnduced by the imposed field (unless
bootstrap currcats can stabilize the system).
This is estinated to be on the order of a
thousand seconds. This jinterval is much greater
than the average particle confincwent times that
ere now predteted (1)* (2); thus the plasma
oust be refueled in an essentlally steady state
mdhncr,oncc the operating point is reached.

The opcrating conditions are determined by
encrgy and particle balances on the different

particle species present. Stability criteria .

such as the limits on S, are imposcd as con-
straluts, and losscs by diffusifon processes are
included, using confinerent times, in the balance
equations, The « particles produced by the
fuzion reactions have boeen shown by Conn (3) and
others (4), (5) to slow doun much faster than
thelr expected lealtage rate, implying that
essentially all their cnerpy gocs inte heat!ing
the plasma particles. Mast of tihe inftial alpha
enerpy poci to the electrons and is then divided
betweer radlation losses and heating of the {ons,

*Numbers dn parentheses designate Keferences
at end of paper.
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ne ions lcac fiom the aystem or are deantroyed
by fusion reactions,

Conn and MeAlces (6) have attempted to
account for cach of these effects in an effort
to find a self-consistent operating point,
Since they fnclude the particle confinement
from the beginning, this ig an extension of
sinilar work by Rose (7)., The operating
point 1s influenced by the plasma radius I'ps
the toruidal magnevic fleld Byy the ratio of
major torus radius, R, to the plasma radiua
i.e. the aspect ratio A, the stability factor
q given (In tewms of the poloidal magnetic
field B, and previously defined quantitics)
by BT/AhP, the impurity atomic number, and a
spoiling factor which wmeasures the enhancement
of particle leakape relative to a neoclassical
diffusion coefficient, as modificd by Strelkov
and Popkov (8) to fit most experimental data,
The first proup of factors entery the kez equa-
tions in the particular combination (rgnr/qZA3/2)
which we have labeled the McAlces number, ilc,
The dmpurity densilty and atomic nunber enter
the equations through a radiatiou enhancement
factor Ny, which multiplies the bremsstrahlung
energy loes term, and is oune when there arc no
impurities, Similarly, the particle confine-
ment spolling factor S {5 one when the Shelkov
end Popliov £{t 1s used ror the ditfusion
coefficient. On imposing the restriction R
equal /3, where p is the retio of particle‘to

_ poloidal magnetic pressurc, one finds solutions
to the coupled balance equations. The lover
temperature satisfying these cquations is an
unstable cquilibr{um point and without radia-
tion enhancement or partiecle confinement spoil-
ing, the tcmperature is low (luss than 8 KeV)
and the power density is very low. The unsctable
nature of the point is readily understood if
oné notes that in the tcmperature range of
intercst, the gains arc proportional to the
temperature and the losses to the square root
of the temperature leading to a positive tenp-
erature coef{ficient. Operation ot this point
can be feedback stabilized in principle and
initial calculations indicate time scales on
the order of scconds for eignificant changen
8o that it should be practical,

The plasma heating by the a particles is
proportional Lo the pover. To inerecase the
power level and maintain an equilibrium, the
energy louscs must increase to balance Lhe
gafns, This increase of the losuns con be
accomplished by cnhancing brensstrihlung radia-
tion through iutroduction of ligh atomic wmber
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impursises into the | mile wiais alac

an increased operating temperature and pover
density as ehown in Iig, 2, llowvever, the
froctional burn up then increases rapidly. By
apoiling particle confinement the fractional
butn up of plasma pavticles can be brought to
satisfactory levels. The above discussion holds
for neoclannical diffusion, With an appropriate
correction factor to fit the curvent Tokamak
experimentally determined conCinecment time,

1 coan be takon as .
X = C M 177 (1)

1f Bohm diffusion, as caleulated to occur in
non axisynnetric torvoidal systems (9), controls
the confinement time at higher tewperatures, it
will scale as 1L Jostead of THM/2, This may
make it possible to convert from aun unsteble to
a stable cquilibrium point, This possibility
has also been noted by Ohta, Yamato, and Mori,
and by Mi1ls (10), (11). These concepts arve
currently under further Javestipgation,

Hoviug avay from the system center the
next region fe usually referred to as the
divertor region. This is the space betwveen the
plesma and the first wall which is suvept rel-
atively free of particles by the field configura=-
tlen din erder to protect the wall from particlea
frow L plaswa viiich could cause rodiation
Lidstering and sputtering (12), (1.3). It
vould be nuch sinpler and cheaper to dispouse
with the divertor and have nc special fields
for this purpose., As the eacrgy to the first
wall for realistlec plasini operating conditions
is less than originally anticipated it may be
possible to allow the particles to simply go
to the wall without eroding it at an unacceptable
rate. On the other hand, the impuritics intro-
duced to enhance radiation losses may also en-
hunce Teakape and instability and thus demand an
effecrive divertor., This point is stil) under
investigation,

The partfcles of the plasma are guided by
the field lines which are set up to close on
themsclves in the plaswa vegion to effect con-
fivement. The ficeld Jiues 4n the divertor re-
glon before clesing must be caused to pass
through a passage in the blanket and shicld to
a chanber vhich can handle the encergetic leakage
flux puided there, This is illustrated by the
flux Jines shewn on Figure 3. This diversion .
of the ficld Jines can be ‘accoupl ished in
theory by extro wagnet coils producing either
toradial ov poloidal [telda (aromul the major A
or miner radit of the torue). As tha peloidal
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Uvt i ior wotgd e onn aisruptrve ol tue Dywmalsy
mnd thua of stability, thig approach has beey,
taken.  The divertor fleld must be programmed
in tiwe to hold tha proper relatfonship to the
ficlds due to the induced currents in the plasna,
If this je accomplinhed wvith ordinary coils
Placed close to the first wall, the tve coils
would require on the ordar of 200 megawatts
to drive thew in the case of a system with r, = 3
meters and au espect ratio of 6. This wvould
mean 400-500 mrgavatts tnermal from the plant
might be required for the system. Since this
is probibitive, bFnaert has fugpested placing
euperconducting coils consuning little cnergy
about two meters back from the first wall near
the main colls where they will be adequately
:8hielded, However, the ficlds would not ba -
able to woak through the relatively high con~
ductivity mateviajen of the blanket and shield
on the vequirved (ime scale. The solution he
envisions 19 to use cojls of both the above
types with the ficlds bucking one another out
on the short non-burn portion of the cycle.’
The inner coils then operate on a low duty
eycle and thus at a low average power,

The first wall must operate at very high
temperaturcs if high thermal ectfficicnaios are
toe be achileved and vill be expased to intense
Yadintion ficids, 7Thne refractary motels nivvium,
melyl:derun, and vanadium are the prime candi-
dates with stainless steel a choice either for
& protolype reactor or in the event thermal
efficiency can be sacrificed making a Jower

well temperature acceptable, The wall problem '

" 18 cssentially specificed when the wall loading
is given. Values for neutron wall loading usual-
', ly mentioned ranage from the order of one to ten
megawatts per Square meter. The limitations on
it are jwposed by heat removal and radiation
damage requirements and by achievable plasma
condit{ons. Calculations to date (14), (6)
indicate It will be difficult to produce ] MW/mZ,
and probakly impossible to acliicve 10 MW/in2,

in a Jov @ toroidal system,  In addition, while
experimental data is very dincomplete, radiation
damigu and Impurity production at 10 HW/ul ara
expected to create extreme swelling and ewbrittle-
ment problems,

The chajce batvoen wall material candidates
1s 2 trade off Letween fabrication, compatibility,
strength, radicactivity, and vadiation effects
problers, A decision will require considerable
additional data. This is particularly true,
as the refractory wetals have wot received the
atitention piven materials used crntensively in
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Jeocson reacltors.  auoau, €At cadiataon

damage will be a wajor consideration in the
assessments  The energy of the incident neutrons
as well as their number is important in the
evaluation. Hulcinski, Abdou, and Dovan (19%)
“have ealeulated dicplacement and tvansmutation
rates in potential CTR naterials. These cal-
culatlons compare results [or a CIR with a
numhey of other exlsting or proposned neutron
facilities,  The UL dosinctry data on spectra
In the ETR, OFTR, EBR-2, and VETE were usced,
Crosu gsectieons for (lux caleulations ave from
ENDI/B2 as processed to DLC-2 tapes. ANISN

was uscd Lo obtain spectra, and displacement
cruns sections as a funetion of incident nentron
energy result frowm a wodified Linhart model of
the process. Figure 4 shows the calculated
displacenent vates for nioblum and clearly these
can be dupifcated in a nawber of facilitics,

at lcaust ot the lower wall loading. Oon the
other hand, transmutalion rates arve wore difficult
to duplfcete and the ratjo of transmutatjons to
dirplacements 45 not avallable from existing
facilitics and will requive a 14 MoV neutron
source proeferably of hipgh Intensity or a CIR

as shown in Flgure 5. The ratio can, however,
ba simulateed by two accelerators operating
sinultaveov: 1y, the {ire; for heavy fone and
the sccond for a'u or prolens,

lHieat vemeval can probatly be accowplishied
up to about 1 MW/w?, but a neutron wall loading
of 10 MW/m” unuld almost certainly deposit more
than this and agravate the cooling problens
in addition to the wall damage. Thus while a
high wall loading is economically desirable, A
it secms technically unreasonable to allow
greater than the order of 1 MiU/m2 even if it
can be produced. ‘

The blanket must contajun lithium and this
has promoted the choiece of lithium itself as
the coclant orxr the-lithium containing wmolten
salt "flibe". These and gascous helium are
the favored coolants at present, Helium cool-
ing is suppoested since it does little to disrupt
the neutroniz processes which produce the
treitivm breoding.

A conceptnal fivst wall is shown on Figure
6 vhich would be suitable for the case of
hetium cooling. A sechrmatic of the wall coolant
flow distributioun is alse shown in Vigure 6.
The wall Is designed tor rigidity acainst
buckling and for case ol heat removal, Sze
and Stevart supsest Lor cooling this wvall at
a loading of 0,76 sW/m2, hellum at a pressure
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ObL v vumthpac 1es pamped &b o veaotd by

8.25 m/see.  In this design Sze calculates inlet
and outlet temperatures of 673° 12 and 1023° K
respectively wvith a puapiug pover of 0.23 MW.

Wiile our fnirial calenlations have been
carried out for helium as the coolant, cooling
by lithiuwm and flibe will be considered. Cal-
culatiors for lithium flowing in a magnetic
field ave currently being studied.

The neutronics problows that arve vew and
substantinlly different from those encountered
elecubere are armsociated vith the high enerpy
of the source ncutvens,  These cause sipgnifi-
cantly wore (n,a) and (v,p) reactions than is
caused by fissjion speetrum noculrous as wvas
nentionced fn the vadiation damage discusgion.

Tn addition, the scatteving is very anisotropic.
This requires caveful treatment of the source
geometyry, a high order transpore approximation
and an adequate treatmant of scatteriug aniso-
tropy. Abdou and Haynard have found that a
digtributed sowrce with o pavabolic espatlal
disteibution represents the expected source (16)
and that the 86 approximation with I'3 scatteving
anlsolropy is adequate te treat neutrens above

8 MeV (17). 7This is Lnuplvd with a wesh

spacing of 1/, vhere ¥ s the order of the

Sy approximatlon.” - Lowar ordor approximations
will likely sul{ice fer neoutrons of loier enargy.

Aucther neutronics problem is that of energy
deposition. Since most of the energy is carvried
by thie uncutrons and the gammas which they pro-
duce, the Kerma factors for materials of
Intercst in the blanket must be obtained and
used to provide the source distribution for heat
transfer calculations (18). These are currently
being penerated using ENDF/B3 tapes and should
be availahle from RSILC soon,

Tritium production of greater than one per
furfon reaction will result from (1,2n) reactions
with the wall nucled and Li7(u,n'a)T reactions
followed by capture of almost all thermalized
neutrons in L{0 through the Li6(n,a)T reaction.
Calculated production per Inftial weutron ranges
from around 1.1 up to about 1.5 depending on
the materials, data, geowetry, and model cmploy-
cd.  To date, these caleulations have not been
made for realistic peometries and are affected by
consideravle uncevtainty in the data,  leuever,
the tritium bLreceding is wot vegarded az a nnjor
problem at this time.

The tritvium recavery m.d handling problen
is a very serfouvs one from the eavirenmental
and hazavd point of view, A 5,000 dMwth plant
burna on the ovder of a kllopram of tritium per
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range from a few to avound 20%4. Jf the exhaust
gases can be processed in one day an inventory

of the order of 10 Kg is necessary with several
ndditional kiloprams avaiiable depending on the
desived rescrves foc operation, Vogelsang has
shoun that the external juventory of produced
tritium iIs determined prinavily by the breeding
Yatio 1 while the faternal inventery (L.e. tri-
tium still din the blanker) s fized primarily

by the renoval systen which 1o characterized by
the mean residence tinme for tritium in the
hlanket (19). Without vepard Lo the technology
for achieving the result, to keep the internal
inventery to Jess than about one kilogram,

vhich 16 desivoble from hazards considevatious,
the residence time should be abiout a day or leas.
Simflarly, in order to produce only an acceptable
amount of excess tritium, T mmst be less than

1.1 and Jikely as low as 1.02 on the average.
Denlgning to tolerances to insure the proper
breeding is wudesiruble and a system for control-
Jug T by bianket composftlon varlotion is a
promlaing approach, The external inventory is
shoun as a funetion of tiwe in Figure 7 and

thia Jllustrates the start up problum which re-
qulres an Infvial inventory that is greater

thon will by necded in steady operation in

order Lo allow the datcrmal invenveny Lo be built
up.

Over 90% of the neutrers and encegy can be
absorbed in a blanket consisting of lithium and
graphite on the order of onc meter thick.
Furthevr, a shield of Jcad, steel, and water
aboul one meter thick will reduce the encrgy
flux to the point where it can reasonably be _
handled by the cryogculc system for the magnets.
The exact choice of materials and dimensions
will be dictated by an optimization of the
materials, refrigeration, and magnet costs. This
optimlzation has an economic basis and this is
a difficult point to deal vith as it involves
coats and Ioncome criteria appropriate to the
time when the plant is Lo be built,

The magnets ave among the wost expenulve
parts of the system. Their cost clearly depends

on the siie of the systen and the requirved magnet-
ie field. MBowever, vith ragnets of the size nood-

cd here, the desipgn and thus the costs are deter-
mined by stress problems wore then by the super-
conductors.  To insure apainst Jocal fluctuations
which can preduce a non-cuncreonducting state
causing danage to the windings, the supercon=
duclor is cucased in eoppor vhifch serves to
stabilize the naguct. In lnrgg magicts, the




enerpy stovape din the flolds is uile Larpe
and results in larpe stressen on the windingsai,
To ald in supporving this stress, stainless
steel is dncluded,  Vinally Jusulation is
provided; thus the entive winding Is a composite,
A design In vhich 01l stresees ave kept below
the yield stress of copper is conscrvative
and expensive,  For e¥ample, Doom and Young
find the ratio of winding thickness to iuner
radiua varics from 0.1 to 2.4 for central fields
of 50 to 150 kilopavss respectively making high
ficlds very expensive at larvge rvadii., If
the stress 1s allowed Lo exceed the yield value
for copper but not that of stainless steel,
the structure in the winding can be cut in half
and the saviugs ave very large. However,
there will be large mechanical bysteresis
Josuces Ln the windings when the fields change
as in shut down and start up operations,
This is Jllustrated In Figure 8. This cnergy
wust be handled by the refrigeration system
partly off setting the gains from this type
of deripn, 1n the worse casce, the yield could
cause the windings to looscn up and damage the
magheic,

Ve viould like to acknewledge the cfforts
of Lhe entire Wisconsin desizn team most of
vhiom have bean pentdoned dn the texe,
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Fig. 1. ~ Schematie of ‘Fekamak showving plasma

and blanket reglons, magnet: windings,
and a poloidal divertor slot

Figs 2. - Power versus McAleca number for a

Fig. 3.

Fig. 4,

¥ig. S.

Fig. 6.

l’if,o 7.

Fig. 8.

reactor with jon density Nj and aspect
ratio A for two choices of the vadia-
tion enhancement and confinenent
spoilivg Jactors Ny and §

Magnetic field lines closing inside
the couflincment region and diverted
to other parts of the system when
atarted in the divertov region

Displacement rates in niobium for a
variety of ucutron irradiation
facilitlcs Including a CIR at two
neutron wall loadiugs

The ratio of helinm to displacement
production fu different irradliation
faciditics compared to a CTR

A couceptual design of the first
wall and a coolant (low header for
& helium cooled Tokamak

The external tritium inventory as a
function of time showing the initial
T, and mininum I .  invenLories

exX fin
and the doubling tine

Mechanical hysteresis in copper when
Jts elastic limits arc excceded repeti-

tively
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