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SPHERICAL FUSION PLASMA CONFINEMENT FIELD OF SURMAC TYPE

Stefan L. Wipf
Los Alamos Natioral laboratory

Los Alamos,

The concept of 8 Surms:- confinement fleld thet ccn
be ccmpletely closed s presented. The internsl
conductor i{s magneticslly suspended inside largce

corrugstions of & superconducting sphericsl shell
structure that carries the return current. Presently
available superconductor technology using auperfluid

heliun cooling sllows flelds asbove 1,57 throughout the
wall region. Such 8 Surmac has potentisl for the study
of advenced fuel cycles.

A. INTRODUCTION

Magnetic confinement fields that have most 21 the(r
field energy concentrated near the eurface of the
plasms and lesve the interior, i.e. the major part of
the volume of the plamms, in 8 very low fi{eld sre known
under the name of SURMAC. The chief advantage compasred
to conventionsl toroidsl confinement fields such ae
tokamaks s 8 vestly reduced tots]l field energy &né
correspondingly reduced structure to cope with the
magnetic forces.

The °‘picket fence' was ar early asuggestion of e
Surmac confinement field.! It consiets of a8 row of
equelly epaced etralght parsllel current carriers with
neighbnring currents {n opposite directions. The fleld
produced provides absolute MHD atability bacsuse it in-
cresees everywhere avsy from the plamme. This edvan-
tege {3 offset by the field openings through the line
cusps between easch pair of conductors. The suggestion
of 3 ‘ceuiked picket fence' in 8 device cplled
‘Helixion'? simed at overcoming the disasdvantsge of the
open line cusps by pairwise reconnecting neighboring
cusps with esch other. In the coanecting ragion the
field drops off tovard the outside of the plasms re-
sulting in the loss of absolute MHD etatility., Another
diesdvantage fe that the inner concuctors are 'otslly
surrounded by plammg which crestes problems fc:s current
snd cooling connsctisny., The sastability w83 {(nvestige-
ted in multipole ex,eriments 3 CSuperconductivity
sllows the persistence end magnetic levitetion of the
inner cuirent carriery., Bsvoiding current lecds and
force supports. Dipole experimente with single levits-
ted rings. "levitrone', were built snd inveetigated. 4
It wss found that s true minimum B field ie not neces-
ser' for MHD stability, sn sverage minimum B condition
i1s sufficient, In continuation of the multipole sxpe-
riments @seversi Surmac l“ﬂjl”" heve beern suggested
snu teeted, notably st UCLA. They ray prove Lo be the
best toole to study sdvanced fuel cyclwe.

The topic of the present paper le un edvenced
Surmac field that i{e spherical and can be completely
closed. A diecussior. of technicsal problems $ndiceten

that todav's superconducting magnet
the poesibility of 8 precticsl
field ooncept.

technology opens
reslization of asuch »

B. A SPMERICAL SUNMAC FIELD.

Iaportant sand.tions for s plamms confinement field
sre thet the (,eld lines do not penetrate on outside
boundsry. £nd that the magnetic field is nowhere gero

st the boundery.
(Fig.e),

A cosxiasl cable, clowed & bOoth ends
with paraistent current flow satiefies these

conditions. The toroidsl field an uled in 8 tokemak
18, of course, ths astanderd olosed oonfinement field
geometry, The olosed aosxis]l osble ie topologically

homeomor phic with 8 torus. By elongating the torue in
the siisl direction the oentrul torus hole becames @
tube; {f the tube then shrinks to & asolid wire tne
oosxisl geometry {s produced.

l
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The cosxial cuble can be deformed - 2lwvays assuming
thst {t 313 out of rubber 83 {3 wsual (n topolougical
arguments - first into e balloon with a straight wire
through fts sxis (Fig.'b). In the ncxt step the cent-
ral wire {3 spirslled 30 st i3 located everywhere equi-
distant from the outer surface and with a (different)
equasl distance between turns (Fig.lc). In the fina}
step the outer surface i3 necked {n between the "urns
of the inner spiral so es to furm 8 rcughly 2/3 closed
shell with circulesr cross section around the spirsl
wire (Fig.Vd). If the outer surface remains supercon-
ducting throughout the deformstion process the currents
will sssume o distribution which insures thst the fjield
nowhere penetrates the surface. Furthermore, ss there
sre no singulearities in the deformation, the fiela is
nowhere ero. The described transrormation shows theat
the reeulting field (s tomlogically homeomorph with a
siaple toroidsl field; it is completely closed.®

1 Deformation of Cylinder with Co-Axial Conductor.

Fig.

A second way of forming the shape in Fig.1d sllows
s better feeling for the resulting flelds and currert
flowva. Assume 8 fairly long cosrisl cable, closed and
with current flowing 8s in Fig.ls. Wind it sround s
sphere. with sll the turns touching, atarting with &
spirsl et one pole, and ending st the other oole. [r

the next astep 3l1it the outer cosr phell slong the line
where it touche . the asphere, Ddend the slit edges out
uriti]l they touch (overlap) the bent edges of the neigh-

boring turn. The current density in the outer coox
shell wos originally nesrly uniferm: s/lter connection
of the bent edges with their neighbore the current dis-
tribution will have to chonge {f flux {8 no. sllow d to
penetrate the walle. with s higher current density i{n
the parts closer tu the certer of the ephere anc lower
in the oviter parta., The reeulting field will have two
regions: one with field linee cloeing sround the {nter-
nsl conductor and the other with field lines cloeing
slong the corrugsted outer ashell of the sphere. The
separstrix hase lobes that resch to the oenter of the

epiere. The fleld falls off rapidly swny from the wall
region towsrde the oenter of the aphere and 13 Quite
negligible throughout most of the i{nner volume. The

location of the seperatrix in the poler regione i{s leee

8 A roether aimilar esrgument was first given by
Sknrnyokov‘ snd formed the basis for the Tornsdo
device? which, however, has s sphericsl separastrix and
is not oaepletely olosed.



Hge 2
Artist's model of
spherical Surmac

obvious: there must be s large rotationsl trensfora and
wany field lines from the outer region oontinue by epi-
ralling round the internsl conductor, Fig.2 i{a oen
fllustretion of s 3-dimensions) model, A modal for o
closed poler region is inr Fig.3s. There ‘s no diffi-

oulty in opening the magnatic field st the poles into »
cosxisl oasble a3 {n Fig.3b.

a) olosed
Model of polar region

L) open

Fig.)

Both ‘nner and outer conducting 8tructures sre to
be superconducting. An important festure of the
described field geometry {s the magnetic suapension for
the internsl conductor, The Bsuspension has stiffness
in redisl and letidudins)l direction, A further
sdvantage is the sccess tc the inner conductor at the
polasr regions, There i3 no need for plasms penetrating
supports or current lescds,

C. PLASMAPHYSICAL CONSIDERATIONS,

Stadility., Outside the saparatrix the field lines
sve slternastely convexr snd concave Lowsrds the plamna,
Concave regions have the redius of curveture outsidey
the plesms ond indicete incressing field away from the
plasma; they asre favorabla for MHD stability, Convex
regions have the redius of curvature inside tha plamms,
indicete dacressing field and asre bad for atability.
The regions wutside the f{nternsl conductors thst form
the bridge between the two cusps either side of the in-
terns) conductor have bad curvature, Aversge minimum B
condition for atability requires thet slnng o fileld
line /R°VB='dL > 0, The redius of owvature R {a coun-
ted neyetive for the oonvex re¢jions, The equsl aign
gives the criticel field line Y_outsice of which the
plesmas {8 no longer contasined, If & fisld line hee
oonteve sections st 8 constent redius over an engle ¢
ot » field B, slternasting with convex sections st eno-
ther oonaunl radius over an angle 9, 8t s field By
the stability oondition® becomes ll“/t1 < 32./.2'

Tne sverage minimum B stability oriterimn demands

that the totsl volume of & fluxr tube, {f displaced

ferther out, becomes smaller, In effect {t works
because, on its motion along the field lines, plamma
does not atsy long enough in the bad regions for an
instebility to develop, This puts » limit on the
sctual length L of a section of bad curvature with
redius R, and this length depends on plamma pressure
and tempersture. A theoretical estimate of the limit
givea 8 criticsl plesma pressure a3

‘crn s 9L (an/n) ™!
where &n/n {s the density gradient. While the avg.
ain, B criterion hez ample confirmation {n multipole
experiments, the pressure criterion, giving the onset
of ballooning modes, {8 experimentally not yet well
investigeted.?

One of the sdvantages of Surmscs {s the low cyclo-
tron redistion becsuse the bulk of the plamms 15 {n »
low field. This {s most sttractive for the containment
of high tempersture plssmass for asdvenced fuel cycles.
Therefore one may want to find ways of enhancing 8 rite
It could be thet putting 8 pettern of concave Se“s
into the outside wall (which is now smoc'h st sn app-
rox, radiue r,, 8, Fig.4) or corrugating it might redu-
oe L: als0, Lauung the {nternsl conduztor thus provi-
ding shesr into the bridge field might {ncreasse 'crlt'

Many other plasmaphysicsl conajderstions in Surmacs
sre not ®much different from other plasms machines,
Injection cen be by plasms gun, pellets or neutrsl
beams and hesting by lsser or RF methods.

D, TECHNICAL CONSIDERATIONS

A practicel reslizetion of & Surmesc will be limited
by today's technicas) capabilities, A short distussion
of the fields and currents in relstion to the aize, the
suspenaion forces @and the cooling capacity ot

cryotemperstures and higher temperstures {8 given,

Fig. Crosns Saction and Detail of Wall Structure,

Fig.u {8 8 schematic cross section of the wall. It
indicate, the structure of the {nternsl conjuctor, with
8 guperconducting winding of crres sections' radius r,,
ir. 8 aryostst with 8 cold wall et radius rye ® heast
shield of redius r. at 70 - 90 K with one or more ¢ool-
ing tudbes of fls’ Léned cross secticn , snd superlinsule-
tion between r., and rus The cryostst is surrounded by
s space for ocolant st room tempersture or higher, and
® first wall ot ri. The outside {s clad with » suite-
ble first wall moat.erisl, The outer shell has the re-
verse srrangement, atarting with a firec well ot ro, @
otnlent apace between r, and r,, oryostat wall Qﬂth
hest shield and auperlm&lotlon gnwun r., snd the asu-
perconducting wall st r_, snd s liquid helium space to
o' In Lhe concave region of the shell the asupercon-
dugum wall hes & radius of r,, and {s thickened to
indicate & winding ceapable of cor}yln; s return current
of sbout 1/3 of the totsl current in the internsl oon-



ductor winding. The other 2/3 of the return currents
flow in the convex part (r_ )., Outside the outer shell
is 8 structure F to contafn the consi..:rable magnetic
forces., Since tliese forces originate in the supercon-
ducting windings ot 4 K or lower, it will be prudent to
keep the msin force structure also st cryogenic tempe-
ratures; structursl materisls are stronger ot low
temperatures and & large heat lesk can be svoided. The
supports for the warm parts of the shell can be made,
83 indicested, through mmall ports {n thr uperconduc=
ting wall esnd the cold structure to & w,ro #tructurye
ferther outside,

For the ccoling of the internsl winding, superfluid
helium at stmnspheric pressure snd s tempersture of 1.6
- 2 K {8 recommended. This cooling metkod is now used
in o lsrge tokmmak, Tore Suprs.’’ Experiments] atudiest
indicete that the temperature difference between the
Aepoint (2.17K) end 1.6X cen drive s hest flux of 0.5
W/an' over s length of sbout 50m. Suppose th: {nternasl
conductor {8 75 m long (a8 {n the 3m dism example
below) and connected ot both end to 8 1.6 helium
supply: further sssune that the asuperinsulation (20
layers/am) {2 1 om thick and has an sverage thermsl
conductivity between 100K and 2K of Kk s 0.3 uW/ cmK,
The hest leak from the hest shield to the helium space
will be 100 eW/m, resulting in & flow of 3.8W out of
esch end of the 75m internsl conductor. A croas section
of 7 om' will mmply sccosmodete this flow and keep the
middle (nesr the equator) of the conductor well below
the A-point. The coolsnt duct could be 83 indiceted in
Fig.4, or, better for the superconducting winding.in a
central tube, or, still better, distributed through the
winding, superfluid helium technology {s quite new and
experimentation ie needed to oonfirm the bast solution.

The superconducting winding can be MT1, The
fields at the surfece r  sre <5T and therefore rot
very high; an oversll c\}ront density of st lesst 20
kMcem' for the internsl oonductor winding should be
possible. It could be that with Nb.Sn and super’luid
helium cooling the current denaity cﬂa he doubled. The
conductor thickness will be ohosen sccording te¢ cone
sideralions of 288e¢ of winding, insulstion, power sup-
plies and making connections #t DOth ends eof the inter-
nal winding to the windings of the externs] ashell.

The externsl "wperconducting wall has three func-
tions: 1. carry the return current of the internsl
conducto-; 2. ceiry correction currents to make \Lhe
magnetic field parasllel to the wal.s (insure closed
confinement field): 3. osrry the ourrents nec2sssry for
the magnetic suspension of the interns) oonductor. The
returr current 1s to be carried in discrets wires thest
connect individuaslly to wires of the internsl winting.
The spacing of thes. wires will be the subject of osre-
ful calculation, Such oslculation will slwo determine
the exsct shape of the shell for the oondition that {n
equilibrium position the internsl conductor is frre of
longitudinsl compression that oould cause buckling.
The internsl cenductor will be samewhat {r.werd of the
center of curveture of the sh2l) and the shell will bLe
samewhat ellipticsl. 7The 2, ard 3. function {s handled
by & superconducting acreen outside the windings. Tne
currents to be carried are relestively mmsll and the
locstion of the acreen {8 in very mmpll buckground
fields; » motion of the internsl oonductor by ! m&m
crestes field {ncresses of only sbout 100 gauss. It {»
therefore likely that the acreen oasn be sade out of Pb
vhich has on HC(ZK) of 750 gesuss. The soreen oould
8180 be & mesh of fine superoonducting wire,

Teble I lists spproximate aizes and other cats on
tWO examples: s mmeller device for fessibility end ex-
periments and 8 larger device of roughly resctor sie.
Aocurste dats and shapes of the outer shell, even for »
two damensionsl epproximstion, would need extenzive
cslculutions; the pole regions, needing 8 th-oe
dimenaionsl trestaent . sre eapeoially ohallenging.

TABLE 1: Approx, data for two spherical Surmac Cevices

Kominal 0.D. (m) 1 3
R (m o.u 1.35
rg (m) 0.1 0.15

Internal conductory

Number of spiral turns 6 13
Length (m) 11 75
Tetal current (MA turne) 0.5 1,0
rp (cm) 2 J.0 L.5
Ho coolant crozs section (cm®) 2,0 12.5
r, (enm) L.5 6.5
rg (em) 5,0 3,2
2,0 2.5
Fleld in bridfe re;ion (T) <_ 1,18 1.5L
rg  (em) LA 13.0
rq (em) 9.2 .C
Kapnetic ;ressure at ro, (FPa) o.L 0.7
Spring constast  (kN/7°) 8o 93
Levitated mass (kp/w) 25 52
E. Ol'TLOOK AND CONCLUSIONS
The adventages of Surmecs, some genersl and 3some

specific to the version proposed here, are:

- A closed, MHD-stable confinement field without loss
cones.

« A lerge volume of plesms in 8 nesrly field-free
region., This reduces cyclotren radistion snd fevors the
high-%emperasture plassmass nasdod rohodv.ncod fuel
cycles including D - D, p=~- L, p=-B .

- The pagnetic field energy, because it is contsined in
s ourfece layer, is amsll campsred to conventional
toroidsl cnnfinement ay3stems for plasms volumes of
similer size. The simplified force contsining #truc-
ture represents s great engineering adventage.

- The internsl conductor is magnetically suspended ano
hae sccess st the poles for current end coolant supply.
-~ Resctor potentisl: It would be pramature to nake
promises ot this stege, before » feasibility model has
been buflt. MNevertheleas. & resctor besed on s apheri-
csl Surmsc, but with open cusps, has been proposed.}
The present geametry undoubtedly has advantages over an
oren syatem; 8 problem i3 the lack of apace for s neut-
ron sbaorbing blanket and the difficulty of removing
lerge mmounts of hest from the int=rnal conductor. A
justifivd hope i{a thst 8 furion resction poor in ener-
getic neutrons can be maje to work with » Surmsc con-
finement as described. The potential for & resctor
uaing 8 direct conversion process cannot be ruled out.
e sulhor Uan for halpfui dlscurelonr wiir J. W. Fores and wild  ohn
Marshal J¢. who Droushl rle sileniion (o the Jormado cevice,

Refarsnces.

1. J. L. Tuck, Washington Report No.289,

2. J. L. Tuck, Neture 187, 863 (1960)

3. R A. Dory, D. W, Kerst, D. M. Mesde, W. E. Wilsen,
end C, W. Ericksen, Phyr. Fluids 9, 997 (1966)

4, S. A. Colgate end H. P, Furth, Phys, Fluids 3, 982

115 (1955)

(1960); C, E, Teylor, T. J. Duffy, 1. L. Rossow,
D. R. Branwm, J. H, Sexton, R, L. Lleber, IEEE
Trens. Nucl. Sei. NS-156(04), 69 (197.); J. M.

Willerd, J. Iile, and G, D. Martin, ibids, 283
5. A Y. Wong., Y. Nekamurs, B, H. Quon and J. M.
Dawson, Phys. Rev. Letters 35. 1156 (1975)

6., C. V. Skornyskov, Zn. Tek, Firz. 32, 261 (1962);
transl.: Sov. Phys.-Tech. Phys, 2, 107 (1962)

7. B, Lehnert, FPhys. Scriftes 12, 166 (1975) eand
referencas therein,

8. T. Ohkawa and D. W, Kerst, Phys, Rev.let.7,41 (196.)

9, A. Kellbaan, J. H. Helle, R. S. Post, S. C. Prager,
E. H. Strait, M. 2arnsterf, Bul{.APS, 25,953 (1980)

10. K. Aymer, O, Cleudet, C. Desk, K. Duthil, P.
Genevey, C. Lleloup., J.C. lottin, J. Perain, P.
Seyfert, A. Torossisn, B, Turck, IEEE Trans.
MAG-15, 5u42 (1979)

11, G. HBonMardion, G. Claudet, P. Seyfert, Cryogenics
19, 45 (1979)

12. W, hershkowitz, J. M. Newson, Nucl.Fus.16,639(1976)

(¥



