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tv ABSTRACT
Pla.sma."confined in the Tormac configuratibn ._ca.n be made to i'btate
about the minor axis so that guiding;centér drifts do not c_:arry'th'ev T
particles to the boundaries even in a pureiy‘ toroidal field B(R.)'. It
1s shown thaf in this casé fhe‘ density n(R) must decréé.se along the
ma jor radius R such that Rn(R)/B(R) =~ const. When the motion is adia-
.batic and when centrifual effects can be neglected the solution n(R)

" 1s found to be marginally MHD-stable for all values of B.



o) o : . INTRODUCTION
Levinéjand'coworkers have described the ddnfinement of high-beta .
plasma ih the Tormac device;]f-3 In this configuration the bulk of the
Pplasma ié'contained“within a toroidal volume of ¢1§sed magnetic flux
tubes (ééé Fig.ﬂl). " A thin boundary layer separates this:sracé from
an outer region; fhe so-called outef "sheath",bwhiéh‘is charactefiZed.
by strong poiéidal field components produCéd by:eXternal coils in an
annular éusp arréngemenf; Particles with guiding‘centers in thé-outer
sheath are:only mirrér'coﬁfined on the open fiélﬁ lines. The boundary
layer can not measure moré than a mean ion-Cyclotfén-orbitfin'thick-
neés, because it 1is the region‘in‘whichimanyviéns'ﬁith guidingvcentéré
6n both open and closed flux surfaces coexist. Wﬁile the structure .
and detailed properties of such a bOundéry'layér and oﬁter sheath ha&é'
‘not yet been _fu'uy analyzed, it 1s certain t»hat_ ‘the major pressure
gradients have to. be éonégntrated there. ‘The.véry large mass flow
density resultiné.from the gyrating motion of the_ibhs inithis region
may, at ieést‘in part, be suppressed'by the autoﬁafié appearance df
strong ambipolar electric flelds. In that case all orbits are highly
distorted in fhe layer and, in fact, a subsfantiél poftion of the con-
|  f1ning'cuffént will bé accounted for 5y E x B drift of the eléctroné
_ in the boﬁndé;y. In the'fbllowing wé éhall assume that_suéh fhin.
| (7;3 _{Cbla&ers'exist é?d,ire sté?lgiﬁi 'v E ,: N
: ' GUIDING CENTER CIRCULATION o
In the basic Tormac ébncept the internal field lines are con-

3

centric circles,,i.e{, no toroidal current is present'sb that there
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1g no magnetic rotational transform. . It follows that, unless internal
electric fields modify the motion, guiding center drifts parallel to
the torus' major axis carry all pgrticles to the plasma edge where

they have to be deflected and recirculated promptly along ‘the boundarf

P

if toroidal equilibrium is to be maintained. Obviously, this require-.
ment must be incorporated in the prescription for the cusp-confinement
of;plasma in Tormac. . Unfortunately, the losses_through_the cusps pro-
duce'an'anisotropy in the velocity distribution of the ions'in part_
of the boundary layer which then is communicated to the interior
reglons by the particle circulation mentionedbabove. This lead;»toi
the unavoidable conclusion that either a magnetic‘rotational transfonn
or a net mass rotation is requiredpin‘formac'if.the confinement is to
be better than that expected in a minimun-B stabilized mirror configu-~
ration. The function of the rotation here is to fOrce'most°particle
guiding centers to circulate inside the boundary.i If such rotation
can ‘be maintained, interior particles with velocity vectors ir® the cusp
105s-c0nes‘can reach the open field' lines only'by cross-field diffu-
sion, so that the expected confinement times are much improved over
that of ordinary open-ended magnetic configurations;e

Some internal circulation around the minor torus axis by Bx B
drifts may beoexpected;to arise spontanéously because of initial pre-
ferential loss of partibles of one sign or the other. Excess positive
charge in the interior of a Tormac plasma would give rise to electric
fields along the minor radius which here, instead of forcing ions out
along field lines, would enhance confinement by causing internal cir-

culation of guiding centers. If such spontaneous motion is insuffi-
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cient for our purpose, rotation about the minor axis can -

also be driven by application of a torque from the outside, Forv
.instance, neutral—beam injectidn used to feed or heat a Tormac-con-
fined plasma may also be adding angularvmomentum(either by accident -
or by design In short we conclude that.the plasma ianormac is‘
likely to be in a' state of rotation, and the description of* the equi-
1ibrium must take this mass motlon into account i e., ve are dealing:

with a dynamic rather than a static equilibrium.
CONDITION FOR THE STATIONARY STATE

In the basic Tormac the internal plasma is assumed to be uniform
in temperature and densityvso that the internal-magnetic'field would_‘
have to be force-free. The simplest case is the one with v x B - 0 so
that the field lines are circles, as mentioned above, and BR = const.
if R denotes the distance from the major axis,‘ This would be ‘the state

of magnetostatic equilibrium with minimal free energy. However,' such
e ' ‘ »

"an ideal unifonn-pressure condition cannot be maintained:in the pres-

ence of even the slightest guiding-center rotation around the minor axis

because it would lead to a finite divergence in the mass flow. _The con=-

dition that must be satisfied_in the presence of any rotation is readily

derived using a purely macroscopic two-fluid description.'

In the stationary state we must have v-ﬁﬁ ='"O for both ions and

electrons, as well as V x E O " In this paper We restrict ourselves

to the simple case without toroldal current, 1. e., B= B(R,z)e, so that

~ the parallel flow nu” does not enter the problem. The mean perpendicu-’b

lar flow velocities ul in the steady state can be analyzed in terms of

components due to pressure gradients, inertial effects, cross-field

>



diffusicn caused by friction between species or by'anomalous dissipa~

: T L , _
tion, and electric fields. -~ Under conditions of -interest only the last
of these, U = cE x*B/B , needs to be considered.. Pressure gradients
cause no divergence of the flow in hydromagnetic equilibrium, while
diffusive transport may be assumed small, and the inertial drift is
negligible‘compared to ug when the rotation is slow compared to gryo-
, freqnencies Thus the divergence condltlon becomes (V 1n n) E x B/B

E v x (B/B ), which is satisfied for all E if
Vx§=§xv1n(n/32) | (1)

If B is purely toroidal, Eq. (1) can be'integrated at once, with -
the. result

nR/ano = B/Bo B , : o | - (2)

where n n(RO,zO) and B

0= 5 = B(Ro,zo) at an.arbiﬁraryvpoint (Ré,zo)
inside the plasma. This relation merely states formally:the obvious'b
fact that the number of particles in a flux tube must remain constant |
during the motlon under our conditions when cross- -field diffusion is
negligible | Thls means, of course, that n(R,z) = const 1s not an
.acceptable solution 1IfFEx B ¥ 0 anywhere in this torus.’ To find the
- specific required dependence of n (or B) on R and 2z we must use the
equations for the dynamic equilibrium to obtain a second and independ-
ent relation between these variables. ' '
DYNAMIC EQUILIERIUM _ o
COndition (é) mustvhold for Both fons and electrons. It is ‘there-

fore now convenient to sum over species and to describe the equilibrlum
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for the plasma as a singlé fluid. Since we are anticipating effecfive
1SOlation'from the.opeﬁ fieldfiines, use of a scélgr pressure p = Py + Dy
should be adequate. The dynamic_equilibrium then»fequires that

- - - e =, - . : :
(nimi + neme)(ugv)u + ¥p = (V x B) x Bfimr. Neglecting nm, on the left
and using thé_adiabatic approximation p = po(n/r'io)7 with n = n, to sub-
stitute for p, and Egs. (1) and (2) to éliminateji,vthis requirement
can be written in the form | |

5.

2onR°

o Boe_ | ‘76.0 o 1 | S o
n.m (u-V)u + v - -+ =0 o (3)
01 - , \ y=1 21 .
_ 87 7 - 1n, n.Ry |

where we have introduced Bo = 8ﬁpo/Boa.for convenience.v Equation (3) ‘_ .
determines n(R,z) in dyndﬂic equilibrium when GKR,Z) is given. .

~ Under conditions of‘slow'(vefy subsonic) rotaﬁion, such that
nmi[(u~V)u}R << Op/dR, the R-component of (3) can be integrated by

- neglecting the inertial term, and we obtain for any fixed z = Zg

2 [@% 2-1DF]  e(r-1) R
Bo Lo 5 Fo . 70 '

By the same argument it follows frbm.the.z-componénﬁlof7(3) that
d 1n h/az.iS-insignificaht'when SWnOmi[(EVV)a]é/BO2 is very small, i.e.,
n =~ n(R). | ‘ '

Of special intgrest is_tﬁe high-beta situation, when BO >
2(y - 1)32/7302,.50 that the term»ih R® 1n-Eq.:(3) or () can also be
neglected as a first approximation. In that casé we see that h== no
everyvwhere which means that,.beéguse of the constancy of nR/B,

B(R) = (BOR/RO)G. In other words, in the high-p limit the field is



modified scrthat,the volume of a'toroiual flux'tube remainstconstant
ss i1t changes its major radius R. It should be noted, also, that
n~ const does not mean that the plasma is current;free; On. the con;
trary, the:equilibrium here requires a uniform ;nternal current density“
large'enougn to balance the“finite‘residual pressure gradient that is
consistent with thevcontinuity requirement. The situation is sketched
scnematicaiiy in Fig. 2 As an aside we point out that in a tor01dal
magnetic field which increases with major radius R the mean guiding
center drifts are reduced because the effects of the curvature and of -
“VIBI opposeveach other. Thus BO > 1 introduces an additional advantage
to our Tonnac?confinement. ‘ | |

- In the”opnosite 1limit, for very low values §f,50: Eq; (4) tells
~ us that n(R) = nORO-Q/R2 so that B(R) « R-l, as expected when plasma |
currents are negligible. ' |

: | | STABILITY

‘The density distribution n(R), according to Eq. (h),‘decreaseS'
- with increaSiné R, and so does the pressure p. The configuration has
much in common with that of the diffuse linear plnch where we have a.
distributed current density in the z-direction only, and i X B balances
a cylindrically symmetric radial pressure gradientf Analy515‘based on -
the energy brinciple requires -Rop/poR < by/(2 fxyﬁ) for stability at
. all values cfiR for such systems.5 Uéing the adisbatic approxination.
we find the equality is satisfied, i.e., the,stsbilityvis nEutrél for
the districution_n(R) given by (4). This is not:surprising since the -
slow rotation about the minor axis envisioned in this_discussion-repre-

sents nothing but a pure 1nterchange process whichvwe have prescribed'_



to remain in hydromagnetlc equilibrium. _

The centrifugal effects which were neglected in going from Eq: (3)
to Eq. (&) may then be expected to render the system unstable . On the
other hand, any dissipative process, e.g., as caused-by_heat flow, vis;
cosity,'or eleCtrical resistivity; may well hare azstabilising'effect.
These matters remain to be explored. We conclude tentatively that slow o
mass rotation about the minor axis is probably permissible in Tormac
without causing difficulties.

If we wish to restrict the displacement of:a'drift;orbit along
the z-direction to the order of a feu gyroradii}andiatvthe same time
introduce negligible centrifugal effects, then r /R < u/v s (r /R)l/2

where v is the mean thermal speed, and r denotes the radius of curva-

th |
ture of the rotating flow, i.e., r is of the order the plasma minor.
radius, so that the centrifigual acceleration is I(u-V)ul ~ u /r .
Evidently this condition can be readily satisfied ‘provided the aspect

ratio R/r is kept fairly large, e. P as indicated in Fig. ‘1.
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FIGURE CAPTIONS
Fig. l_. The .Tormac' configuré.tion, showing a ty’pi‘éal ion-guiding
.center drift in vthe i}nteriﬁyor. _
Fig. 2. At high values of B, n(R) dec_rea.sés oniy slightly with R
/w_hile B(R) increases, ‘and a nearly: uni.fv‘o'n_n'z-current passes

through the interior.
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