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SPHERICAL FUSION PLASMA CONFINEMENT FIELD OF SURMAC TYPE

Stefan L. Wipfl
Los Alamos National laboratory

Los Alamos,

The concept of 8 Surma: confinement field that cen
be ccmpletely closed is presented. The internal
conductor i3 magnetically suspended Inside large
corrugations of & superconducting spherical shell
structure that carries the return current. Presently
avallable superconductor technology using superfluld
helium cooling allows fields adove 1,57 throughout the
wall region. Such a Surmac h3s potentisl for the study
of advanced fuel cycles,

A. INTRODUCTION

Magnetic confinement fields that have most 2. their
field energy concentrated near the oasurface of the
plasms and leave the interior, §{.e. the msjor part of
the volume of the plamms, in & very low field are known
under the name of SURMAC. The chief advantage compared
to conventional toroidal confinement fields such a3
tolamaks ({3 & vastly reduced total field energy &né
correspondingly reduced structure to cope with the
magnetic forces.

The ‘'picket fence' was an
Surmac confinement field.! It consists of a8 row of
equally speced strelght parallel current carriers with
neighbnring currents {n opposite directions. The flield
produced provides sbsolute MHD stability because it in-
cresses everywhere away from the plasms. This asdvan-
tage 13 offset by the field openings through the line
cusps between esch pair of comductors. The suggestion
of 8 'cauiked picket fence' in & device caplled
'Helixion's aimed at overcoming the dissdvantage of the
open line cusps by pairwise reconnecting neighboring
cusps with each other. In the coanecting region the
field drops off toward the outside of the plasma re-
sulting in the loss of sbsolute MHD atatility. Another
disadvantage is thast the inner concuctors are ‘otally
surrounded by plamms which creates problems fcs current
and cooling connectinns. The pstadbility w®s fnvestigs-
ted In multipole experiments ) Superconductivity
allows the persistence end magnetic levitation of the
inner cuirent cearriery, avoiding current Jegds end
force supports. Dipole experiments with single levita-
ted rings, 'levitrons', were built gnd 1nvnt1|ned."
It was found that a true minimum B fleld is not neces-
ser' for MHD stability, an sverage mainimuc B condition
i3 sufficient., In continuation of the multipole srxpe-
riments severa., Surmesc geametries heve been suggested
anu tested, notsbly at UCLA, They roy prove to be the
besl tools to atudy edvanced fual cycles.

early osuggestion of o

The
Surmac
closed.

topic of the present pasper i3 un
field that (s aspherical end cen be completely
A discussion of technicel problems $ndicaten
that today's Bsupervonducting magnet technology opens
the possibility of 8 practicsl reslization of such
field concept.

edvanced

B. A SPMERICAL SUNMAC FIELD.

Iapo-tent (and.tions for & plamma confinement fleld
ere that the (,e1d lines do not penetrate an outaside
boundary, end that the magneltic field is nowhere gero

at the boundery.
(Fig.le),

A cosxisl cable,
with persistent current

closed s bOth enda
flow satisfies these

conditions. The toroidsl field en uled in @ tokemak
{8, of course, the standerd closed confinement f(ield
geometry, The closed aocaxial cable 1s topologically

homeomor phic with @ torus. By elongating the torud in
the azjal direction the ocentrul torus hole becomes »
tube; {f the tube then ehrinka to # wsolid wire tne
coaxial geometry {s produced.

N.H. 87545

The cosxial cuble can be deformed - 2lways assuming

thet 1t 313 out of rubber @83 13 wsual in topolugical
arguments - firast into a8 balloon with @ straight wire
through its axis (Fig.'b). In the next step the cent-

ral wire {s spiralled 30 ft is located everywhere equi-
distant from the outer surface and with a (different)
equal distasnce between turna (Fig.'c). In the final
step the outer surface i3 necked in between the turns
of the Inner spiral so ea to furm s rcughly 2/3 closed
shell with circulesr cross section sasround the spirusl
wire (Fig.1d). If the outer surface remains supercon-
ducting throughout the deformation process the currents
will aasume 8 distribution which insures that the field
nowhere penetrates the surlace. Furthermore, a3 theie
are no singularities in the deformation, the fiela is
nowhere tero. The described transrormation shows that
the resulting field is tomologically homeomorph with a
siaple toroidal field; it is campletely closed.?®

1 Deformation of Cylinder with Co-Axial Conductor.

Fig.

A second way of forming the shape in Fig.'d allows
a better feeling for the resulting flelds and currert
flova. Assume & fairly long coaxiasl cable, closed and
with current flowing 89 in Fig.ls, Wind {t asround
sphere, with all the turns touching, starting with &
spirel at one pole, snd ending at the other oole. Ip
the next atep 31it the outer coar shell along the line
where it touche . the sphere, Dend the slit edges out
uritil they touch (overlap) the bent edges of the neigh-
boring turn, The current density in the outer coox
shell wos originally nesrly uniform; s /ter connection
of the bent edged with their neighbors the current dis-
tribution will have to chonge If flux 18 no. sllowd to
penetrate the woalle, with s higher current density {n
the parte closer tu the certer of the mphere anc Jower
{n the oluter perta, The resulting field will have two
regions: one with field lines closing around the inter-
nal conductor and the other with field lines closing
along the corrugsted outer shell of the sphere, The
separatrix has lobes that resch to the ocenter of the
spiere., The field falls off repidly awny from the wal)
region towardas the center of the sphere and {3 Quite
negligible throughout most of the {nner volume. The
locetion of the aeparatrix {n the polar regions s less

® A rather simjlar oergument was first given by
Sknrnynkov‘ and formed the baais for the Tornado
device 7 which, however, hes a spherical separstrix and
is not ocaepletely closed.



Hge 2
Artist's model of
spherical Surmac

obvious; there must be @ large rotational transform and
oany fleld lines from the outer region continue by spi-
ralling round the internal conductor. Fig.2 13 oan
i{llustration of a 3-dimensional model, A model for a
closed poler region is ir Fig.3s. There ‘s no diffi-

oulty in opening the magnetic field st the poles into a
coaxial casble as in Fig.3b.

a) olosed
Model of polar region

L) open

Fig.)

Both ‘nner and outer conducting structures sre to
be superconducting. An importent feature of the
described field geometry is the magnetic suspension for
the {nternsl conductor. The suspension has stiffness
in redisl and latidudinel direction. A further
sdvantage 18 the access tc the inner conductor at the
polar regions. There i3 no need far plesms penetrating
supports or current lescds.

C. PLASMAPHYSICAL CONSIDERATIONS,

Stadility. Outside the saparatrix the field lines
are alternstely convexr and concave iowards the plamna,
Concave regions have the radius of curvature outside
the plesma and indicate incressing field away from the
plasma; they asre favorabla for MHD stability. Convex
regions have the radius of curvature inside ths plasms,
indicete dacressding field and are bad for atability,
The regions vutside the internal conductors that form
the bridge between the two cusps either side of the {n-
terns) oconductor have bad curvature. Average minimum B
condition for stability requires that alnng a fleld
1ine JR"'B 4L > 0. The radius of owvature R is coun-
ted neyative for the convex re¢jions. The equal sign
gives the critical flield line v _ outsice of which the
plamma {8 no longer contained. If a fi«ld line has
concave sections at & conatent radius over an angle ¢
at a field B, elternating with convex sections st eno-
ther oonnanl redius over an angle 4, ot 8 fleld B,,
the stability condition® becomes ll“/t1 < 82'/03.

Tne eversge winimun B atability criterinn demands

that the total volume of a flur tube, (f displaced

farther out, becomes smaller, In effect it works
because, on its motion along the field lines, plamma
does not atay long enough in the bad regions for an
instability to develop. This puts s 1limit on the
actual length L of a section of bad cwvature with
radius R, and this length depends on plasma pressure
and temperature. A theoretical estimate of the limit
gives a critical plasma pressure as

‘crit s 1L (an/n)"!
where &n/n {s the density gradient. While the avg.
@in. B criterion hss ample confirmation in multipole
experiments, the pressure criterion, giving the onset
of ballooning modes. is experimentally not yet well
irvestigated.®

One of the sdvantages of Surmacs is the low cyclo-
tron redistion beceuse the bulk of the plamms i3 in »
low field. This {s most attractive for the containment
of high tempersture plasmas for advanced fuel cycles,
Therefore one may want to find ways of enhancing 8 e
It could be that putting 8 pattern of concave Se“s
into the outside wall (which 18 now 3moc%h st an app~
rox., radiue r,., 8, Fig.4) or corrugating it might redu-
ce L; also, tauung the internsl condustor thus provi-
ding shear into the bridge field might increase 'crn'

Many other plasmaphysicsl conajderations in Surmacs
are not wmuch different from other plasms mach:ines.
Injection can be by plasma gun, pellets or neutral
besns and heating by laser or RF methods.

D. TECHNICAL CONSIDERATIONS

A practical reslizstion of a Surmac will be limited
by todsy's technical capsbilities, A short diszussion
of the fields and currents in relation to the size, the
suspension forces and the cooling <capacity oat

cryotemperatures and higher temperatures is given,

Fig. Crosns Saction and Detail of Wall Structure.

Fig.u {8 & schematic cross section of the wall. It
indicate. the atructure of the i{nternal conjuctor, with
a oguperconducting winding of craass sections' rediuvs r,,
ir, 8 oryostat with a cold wall at radius ro. 8 heat
ahield of redius r. at 70 « 90 K with one or more coole
ing tubes of fh't;ned croas section , and superinsula-
tion between r, and r,. The cryostat is surroumded by
s spece for coolant at room tempersture or higher, and
e first wall at ri. The outside is cled with & Bsuite-
ble first wall maerisl., The outer ahell has the re-
verse srrangement, storting with a first well ot re. 8
oenlant space between r, end r,, oryostat wall Qluh
hest shield and luperxnl\?lqun etween r., and the Bsu-
perconducting wall et r., and & liquid helium space to
o' In Lhe concave region of the shell the suparcone
duguu wall has & radius of r,, and 18 thickened to
indicete & winding capable of eor}ylna s return current
of about 1/3 of the total current {n the internsl cone



ductor winding. “The other 2/3 of the return currents
flow in the convex part (r_ ). Outside the outer shell
is a structure F to conulgn the consi. :rable magnetic
forces, Since tliese forces originate in the supercon-
ducting windings at 4 K or lower, it will be prudent to
keep the main force structure also at cryogenic tempe-
ratures; structural materials are stronger at low
temperatures and 8 large heat lesk can be avoided. The
supports for the warm parts of the shell csn be made,
88 indicated, through smgll ports in th uperconduc~
ting wsll and the cold structure to a w.,rm structurye
farther outside,

For the ccoling of the internal winding, superfluid
helium st atmnspheric pressure and a temperature of 1.6
- 2 K i3 recommended. Th3s cooling metrod s now used
in & large tokmmak, Tore Supras. Experimentsl atudjiest
indicate that the tempersture difference between the
A-point (2.17K) end 1.6X can darive & heat flux of 0.5
W/ am' over a length of sbout 50m. Suppose th: internsl
conductor {8 75 m long (e3 in the 3m di{sm example
below) and connected at both end to a 1.6 helium
supply: further assuue that the superinsuletion (20
layers/am) {# 1 om thick and has sn average thermal
conductivity between 100K and 2K of Kk s 0.3 uW/cmK.
The heat leak from the heat shield to the helium space
will be 100 eW/m, resulting in s flow of 3.8¥ out of
each end of the 75m internsl conductor. A cross section
of 7 om' will amply sccosmodate this flow and keep the
middle (near the equator) of the conductor well below
the A-point. The coolant duct could be 88 indicated in
Fig.4, or, better for the puperconducting winding.in a
central tube, or, still better, distributed through the
winding, superfluid helium technology is qQuite new and
experimentation ie needed to oconfirm the bast solutien.

The superconducting winding can be MTi. The
fields et the surface r  are <57 and therefore rnot
very high; an overall c\}ront density of at least 20
kMcn' for the {interna)l oconductor winding should be
possible. It could be that with Nb._.Sn and superluld
helium cooling the current denaity ¢ he doubled, The
conductor thiclkness wil] be ohosen according te con-
sideralions of aase of winding, insulation, power sup-
plies and making connections st Doth ends ef the inter-
nal winding to the windings of the extarnal shell.

The external +wperconducting wall has three func-
tions: ). carry the return current of the internal
conducto-; 2. carry correction currents to make \ihe
magnetic field parsllel to the wal.s (insure closed
confinement field): 3. ocarry the currentas necassary for
the magnetic suspension of the interna) conductor. The
returr current 18 to be carried in discrete wires that
connect individually to wires of the internal win4ing.
The spacing of thes. wvires will be the subject of care-
ful calculstion. Such oslculastion will alwo determine
the exact shape of the shell for the condition that in
equilibrium position the internal conductor {8 freve of
longitudinal compression that could cause buckling.
The internal cenductor will be samewhat inward of the
center of curvature of the sh2)l]l and the shell will e
samewhat elliptical. 7The 2. ord 3. functien {s handled
by & superconducting acreen outside the windings. Tne
currents to be carried are relatively mmsl]l and the
locetion of the screen (» in very smpll buckground
fields; & motion of the interns]l conductor by ' =
creates field {ncreases of only about 100 gsuss. It is
therefore likely that the screen cen be sade out of Pb
vhich has sn H_(2K) of 750 gauss. The screen ocould
also be a mesh of fine superoconducting wire,

Teble I lista approximete ajtes and other cets on
two examples: o mmaller device for fea3sibility and ex-
periments and a larger device of roughly reactor sire,
Aocurate dats and shapes ol the outer slell, even for @
two dimensional epproximation, would need extenzive
calculutions; the pole regions, needing & th: ce
dimensional treataent.are especlially challenging.

TARLE I: Approx. data for two spherical Surmac cevices

Korinal 0.D. (m) 1 3
R (m) O.L 1.35
l‘9 (m) O.l 0. 15
Internal conductory
Number of spiral turns 6 13
Length (m) 11 75
Tctal current (MA turne) 0.5 1.0
rp (em) 2 J.0 L.5
Ho coolant crozes section (ca) 2.0 12.5
T, (cn) L.S 6.5
rg (em) 5,0 3.2
2.0 2.5
Fleld in bridfe re;ion (T) <_ 1,18 1.5L
r6 (CI‘H) B-f 13-3
rq (cm) 9.2 .C
Kapnetic ;ressure al ro, (FPa) O.L 0.7
Spring constant  (kN/7°) 8o 93
Levitated mass (kg/T) 25 53
E. Ol'TLOOK AND CONCLUSIONS
The advantsges of Surmascs, some general and 3ome

specific to the veraion proposed here, are:

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

- R large volume of plasma in s nearly field-free
region. This reduces cyclotren radiation snd favors the
high-temperasture plasmas nasdod fohaduneod fuel
cycles including D - D, p=- L, p-B .

- The magnetic field energy, because it {3 contsined {n
a surfece layer, {3 small campared to conventional
toroidal coanfinement systems for plasma volumes of
similar size. The simplified force containing struc-
ture representd a great engineering sdvantage.

- The internal conductor 18 magnetically suspended ano
has access at the poles for current and coolant supply.
« Resctor potential: It would be premature to aake
pronises at this stage, before a feasibility model has
been built. Nevertheless. a reactor based on a spheri-
cal Surmsc, but with open cusps, has been |:ut'c>pu:ned.1
The present geametry undoubtedly has advantages over an
oren syatem; s problem is the lack of space for a neut-
ron sbaordbing blanket and the difficulty of removing
large mounts of heat from the int=rnal conductor. A
Justificd hope 1s that a fusion resction poor in ener-
getic neutrons can be maje to work with a Surmac con-
finement a3 descrided. The potential for & reacter
uaing e direct conversion process cannot be ruled out.
The author Uwanke for haipfui discuralonr with J. w. Fores and wilth shn
Marshal Jr. who Drousht Kia atiention o ine Jormado cavice.
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