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[57] ABSTRACT

Apparatus for maintaining three-dimensional MHD
equilibrium in a plasma contained in a helical axis stell-
erator includes a resonant coil system, having a configu-
ration such that current therethrough generates a mag-
netic field cancelling the resonant magnetic field pro-
duced by currents driven by the plasma pressure on any
given flux surface resonating with the rotational trans-
form of another flux surface in the plasma. Current
through the resonant coil system is adjusted as a func-
tion of plasma beta.

7 Claims‘,hl Drawing Figure
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METHOD AND APPARATUS FOR MAINTAINING
EQUILIBRIUM IN A HELICAL AXIS
' STELLARATOR

CONTRACTUAL ORIGIN OF THE INVENTION

The U.S. Government has rights in this invention
pursuant to Contract No. DE-AC02-76CHO03073 be-

5

tween the U.S. Department of Energy and Princeton 10

University.
BACKGROUND OF THE INVENTION

In the design of stellarators as plasma confinement
devices and candidates for fusion reactors, simplifying
assumptions concerning basic MHD equilibrium have
been made. In previous analyses of helical axis stellara-
tors, the assumption has been made that for large aspect
ratio, the stellarator could be approximated by an infi-
nite cylinder. This assumption reduced the MHD equi-
librium equations to two-dimensions, thus affording
simplified solutions. However, during experiments on
such stellarators, plasma confinement was lost at high
plasma pressure, contrary to theoretical predictions
based on two-dimensional equilibrium solutions.

The inventors have recently determined that in a
three-dimensional MHD equilibrium, the diamagnetic
and Pfirsch-Schliiter currents driven by the pressure on
any given flux surface may resonate with the rotational
transform of a flux surface elsewhere in the plasma. This
results in the appearance of magnetic islands and the
destruction of flux surfaces in the equilibrium. These
resonant equilibrium currents are unique to three-di-
mensional equilibria and are precluded by symmetry in
one or two dimensions. In one- or two-dimensional
equilibria islands may be generated by the appearance
of a (symmetry breaking) tearing instability. However,
the islands driven by resonant diamagnetic and Pfirsch-
Schliiter currents are intrinsic to the equilibrium. When
these islands are sufficiently large that they overlap, the
flux surfaces are destroyed, and there is no equilibrium.

Therefore, it is an object of the present invention to
provide a method and apparatus for maintaining three-
dimensional MHD equilibrium in helical axis stellara-
tors.

Additional objects, advantages, and novel features of
the invention will be set forth in part in the description
which follows, and in part will become apparent to
those skilled in the art upon examination of the follow-
ing or may be learned by practice of the invention.

SUMMARY OF THE INVENTION

To achieve the foregoing and other objects and in
accordance with the purposes of the present invention,
a method of maintaining three-dimensional MHD equi-
librium in a plasma contained in a helical axis stellarator
may comprise the steps of: providing a current through
a resonant coil system about said stellarator, said coil
having a configuration such that said current there-
through generates a magnetic field cancelling the reso-
nant magnetic field, Bj, produced by currents driven by
the plasma pressure at any given flux surface resonating
with the rotational transform, ¥, of another flux surface
in the plasma; and varying said current as a function of
B, where B=2p,/B.?2, pois the average plasma pressure,
and B,is the average stellarator magnetic field. Appara-
tus for maintaining three-dimensional MHD equilibrium
in a plasma contained in a helical axis stellarator may
comprise: a resonant coil system about said stellarator,
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said coil having a configuration such that current there-
through generates a magnetic field cancelling the reso-
nant magnetic field, By, produced by currents driven by
the plasma pressure on any given flux surface resonating
with the rotational transform, x, of another flux surface
in the plasma. Suitable resonant coil systems may in-
clude helical coils wound about the stellarator and mod-
ular coils. For the case of resonant helical coils x=n/m,
where m is the number of periods of the coil, and n is the
number of turns of the coil carrying the current in the
same direction. Expressions for the resonant magnetic
field are developed in the following section.

DETAILED DESCRIPTION OF THE
INVENTION

The MHD equilibrium equation,
Vp=jXB,

also describes 3teady flow in an incompressible, invis-
cid, neutral fluid if B—yv and p+B22——p*, where p* is
the pressure of the neutral fluid. This equivalence is
clear if the MHD equilibrium equation is rewritten in
the form

V(p+B82/2)=BYB.

The MHD equilibrium 8 limit corresponds to a condi-
tion for the onset of stochastic, steady flow.

The resonant pressure driven currents in an MHD
equilibrium are associated with the variation of [dl/B
on the corresponding rational surface, where the inte-
gral is taken around a closed field line. There is a dis-
tinction between direct resonances, due to the variation
of [dl/B in the vacuum field, and nonlinear resonances,
due to a variation of [d1/B that arises in the presence of
finite 8. The amplitude of the direct resonances can be
minimized by proper design of the stellarator. The non-
linear resonances, on the other hand, are intrinsic to the
three-dimensional nature of the equilibrium, and give a
fundamental B limit for each type of stellarator. Even if
Jdi/B is constant on every rational surface in the vac-
uum field, it is generally not constant on any rational
surface in the presence of finite 8.

Adding a pressure p(y) to a given vacuum field B,
where s is.constant on the vacuum flux surfaces, the
diamagnetic current at low S is approximately given by

J1=(/BYBXVp. M

~

The corresponding Pfirsch-Schliiter current is deter-

‘mined by-Vg‘ =0, or

BV /B)==V§L )
The total field is approximately given by the vacuum
field, B plus the field driven by these plasma currents,
which we call By. If 8 is sufficiently small, the finite 8
shifts of the flux surfaces are determined by B;. We can
iterate the above procedure, calculating the diamag-
netic and Pfirsch-Schliiter currents from B+ B, Atlow
B the corrections to the currents are smail.

The pressure driven currents are conveniently deter-
mined in a set of vacuum flux coordinates (y,6,¢) such
that

B=gV, ®)

Copy provided by USPTO from the CSIR Image Database on 08-24-2000



4,668,464

3

where cg/2 is the total poloidal current in the coils. The
Jacobian is then

J=g/BL @)
The currents are obtained in terms of the Fourier de-
composition of the Jacobian, -

(5)
J = Jo[l + = 8umcos(nd — mO):l ,
nm

where the prime indicates that the term n=0, m=0 is
omitted from the sum. In neglecting the sin (n¢ —m#)
terms in Eq (5) we have assumed for convenience a
symmetry with respect to double reflection in an appro-
priately chosen poloidal and equatorial plane. Most
stellarator designs have this symmetry.

Because all of results are expressed in terms of the

- 8um, it is important to ndte that for any given vacuum
field the &8,m can be determined numerically in a
straightforward manner by an integration along the
field lines.

In solving Egs. (1) and (2) for the lowest order cur-
rents, we take the equilibrium to have zero net current
within each flux surface, as is appropriate for stellara-
tors. For p(y) given, the solution of these equations is
then

6
m

8
I = J—Z';L[Vd) X Vy + "Z"n# cos(nd — mO)Vy, X

L]

(mVe — an))] .

The resonant currents give rise to a resonant part of
B-Vy, which opens up an island at such a rational sur-
face, so that the resonant current vanishes as we ap-
proach the rational surface itself. The island width in-
creased as \/E' The importance of such islands can be
minimized by properly designing the vacuum field to
minimize &, for those n,m corresponding to a rational
surface, x==n/m.

The resonant terms in Eq. (6) give rise to resonant
components of B;-Vy, which produce magnetic islands.
In calculating the island width, we take the net toroidal
current to be zero also inside the flux surfaces defined
by the islands. During the initial formation of the is-
lands, currents are induced in the islands which retard
their growth. These localized currents are rapidly
damped. Since we are interested in Ohmic stellarator
equilibria, for which the net toroidal current inside each
flux surface is zero, we clearly must take the island
currents to be zero. .

For a stellarator with nearly circular flux surfaces,
the island half-width, w, at y=n/m is

i Y
2L B{ pnm
= | 7Bo m dx/dp

»

where L is the length of the magnetic axis, B, is the field
on the axis, p is the distance from the magnetic axis.

We find that the resonant radial component of Bj at
the rational surface with y=n/m is
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By ®
By —
L a—po 2m4ly g .
— In ——— —_— -_— - 0),
Bo o 8,,,,,|:n o 217 + PO] sin(nd m0o)
where
BoEZPo/an~

Note that although the In (a—p,) term blows up if we
evaluate Eq. (8) for rational surfaces closer and closer to
the plasma edge, the singularity is cancelled by the In
(m) dependence of the following term. The field itself is
well-behaved. Equations (7) and (8) together determine
the island widths due to the direct resonances.

All of the results obtained have been expressed in
terms of the Fourier amplitudes of the Jacobian, the
Oum. To understand these results, it is necessary to un-
derstand the physical significance of the 8,,,. The toroi-
dal curvature of the stellarator gives the Jacobian a cos
6 dependence, and thus contributes to the nonresonant
So1 term in Eq. (5). The resulting plasma field gives a
toroidal shift of the flux surfaces. This is the well-
known toroidal Shafranov shifts, which exists even in
an axisymmetric device such as the tokamak. In a heli-
cal axis stellarator, the helical curvature gives J a cos
(0 —Nd) dependence, contributing to the (the non-reso-
nant) 6v1. The resulting field gives a helical flux surface
shift. The shape of the flux surfaces is determined by the
mz=2 contributions to 8,p,. In stellarator vacuum field
designs, the resonant harmonic content of the flux sur-
face shapes is kept small by the requirement that no
large islands be present in the vacuum field. This condi-
tion is not sufficient to preclude the presence of sizable
resonant 6,,’s. However, these resonant terms are not
intrinsic to the stellarator design, so we expect that they
can be suppressed. The amplitudes of the 8, for the
vacuum field decay exponentially with increasing m
and n, so that at most a few such resonant terms need to
be suppressed.

DESCRIPTION OF THE DRAWING

The present invention is illustrated in the accompany-
ing drawing showing a schematic of helical axis stellara-
tor 10 with the stellarator primary coil 40 a resonant
helical coil 20 wound about it and means 30 for varying
the current through the resonant coil 20.

EXAMPLE

The above has been applied to a three-period, helical
axis stellarator. This stellarator has a relatively large
rotational transform which implies a relative small finite
B magnetic axis shift. The value of x increases from
slightly above 1.5 at the magnetic axis to about 1.7 at the
edge. The axis shifts halfway to the outer flux surface at
a 8 of about 15%.

The 84" for a general vacuum field should decrease
rapidly in amplitude as n or m increases. This is borne
out for this heliac by a numerical Fourier decomposi-
tion of the vacuum field. The largest components corre-
spond to (n,m)=(3,0), (0,1), and (3,1). Of course, n must
be a multiple of 3 because of the periodicity. The 839
component corresponds to the field ripple on the mag-
netic axis. It is very nearly equal to 2r,/R=0.5, where
Iois the radius of the helix formed by the magnetic axis
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and R is the major radius. The 8o term, which is due to
the toroidal curvature, is about 2.5p/R, where p is taken
to be the circularized flux surface radius. The helical
curvature gives the 31 term, which has a value of about
831=1.3p/1ch, Where rcx is the helical radius of curva-
ture of the magnetic axis, 7cp=(1+k2re2)/(k2r,0), 2w /k
is the periodicity length).

The decrease of 8, with increasing (n,m) implies
that the most dangerous direct resonances are those
with low n and m. Higher order resonances are due to
coupling of the 8,,,". The coupling is strongest for reso-
nance with low n and m. So here again the low order
resonances are the most dangerous. For this heliac, the
most serious problem is posed by the n=3, m=2 reso-
nance, which lies at the magnetic axis. (The transform at
the axis is actually very slightly above 1.5. It is conve-
nient for the following discussion to take x there as 1.5
exactly, which has only a small effect on the results.)
The radial m=2 component of the plasma field goes to
zero at the axis; but dx/d, also vanishes there, so that
the island width can nonetheless be finite. It is necessary
to modify Eqgs. (7) and (8) to take into account the van-
ishing dyx/d,.

Specializing to n=3, m=2, we estimate

n— my —2-2 ©)

X Ax = —2Axpt/d?,
where Ay is the change in x across the minor radius, a.
We obtain

(10)
By L 832
To =P Tmay T

(m 7‘;— +4 ) sin(3¢ — 26).

This is the required modification of Eq. (8).

The 831*and 801" components couple directly to give
a nonlinear 832 component. The corresponding island
width is equal to half the minor radius at 8,~0.017. The
831* and 8¢1” Fourier components are intrinsic to the
heliac vacuum field, and can be eliminated by the use of
a helical equilibrium coil whose current is adjusted as a
function of 8 to suppress the resonant n=3, m=2 part
of the equilibrium field. A few helical equilibrium coils
would suffice to suppress the islands at the low order
rational surfaces.

In the general design of stellarator vacuum fields, we
might have expected the requirement of good vacuum
flux surfaces to suppress the resonant field amplitudes.
Our calculation for the heliac reference design shows
that the amplitudes of the direct resonances may none-
theless be unacceptably large. We conclude that it is
necessary to incorporate the constraints on the resonant
Snm' directly in the design procedures. Our application
also shows that coupling of nonresonant components
can give large islands, even for values of 8 at which the
axis shift is small relative to the minor radius.

In summary, we have proposed the use of resonant
coil systems, such as helical coils, carrying relatively
small currents. The required current in the coils is deter-
mined by the plasma pressure, as given by equations (8)
and (10). Initially the current is zero, to avoid the dele-
terious effect on the vacuum field. As the plasma pres-
sure is raised, the current in the resonant coils must also
be raised. The final current in these coils is typically 1%
of that in the stellarator primary coils.
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The embodiments of this invention in which an exclu-
sive property or privilege is claimed are defined as
follows:

1. A method of maintaining three-dimensional MHD
equilibrium of a plasma contained in a helical axis stel-
larator said stellarator having a set of primary coils, said
method comprising the steps of:

providing a current through a resonant coil system

about said stellarator, said resonant coil system
having a configuration such that said current there-
through generates a magnetic field cancelling the
resonant magnetic field, B1, produced by currents
driven by the plasma pressure at any given flux
surface resonating with the rotational transform, x,
of another flux surface in the plasma; and

varying said current as a function of B, where

B=2p,/B,2, pois the average plasma pressure, and
B, is the average stellarator magnetic field pro-
duced by said primary coils.

2. The method of claim 1 wherein said current is
varied such that 8 satisfies the relationship:

B
By

2m+1 1

=1

.BL

p— + ﬁ-:l sin(ng — mo)

Sum [lﬂ z_po_‘_’ﬂ + 0
at rational surface p, and where m is the number of
period of said coil and n is the number of turns of said
coil carrying current in the same direction, L is the
length of the stellarator axis, a is the circularized plamsa
radius, 8, are the Fourier amplitudes of the Jacobian of
the stellarator magnetic field, and p, 0, ¢ ar helical
coordinates.

3. The method of claim 2 wherein m=3, n=2 and
wherein said current is varied such that 8 satisfies the
relationship:

B; 832 .
TT=§1?IT{ n (In% + 2) sin(3¢ — 26)

x=n/m and Ay is the change in X across minor radius
a.

4, In a helical axis stellarator having primary coils, an
apparatus for maintaining three-dimensional MHD
equilibrium in a plasma contained in said helical axis
stellarator, said apparatus comprising:

a helical resonant coil system about said stellarator,
said resonant coil system having a configuration
such that current therethrough generates a mag-
netic field cancelling the resonant magnetic field,
By, produced by currents driven by the plasma
pressure on any given flux surface resonating with
the rotational transform, x=n/m, of another flux
surface in the plasma, where m is the number of
periods of said helical resonant coil and n is the
number of turns of said helical resonant coil carry-
ing current in the same direction; and

means for varying said current as a function of 3,
where 8=2po/B.?, po is the average plasma pres-
sure, and B, is the average magnetic field produced
by the stellarator primary coils.

5. The apparatus of claim 4 wherein said means for

varying said current is operable to vary the current such
that B satisfies the relationship
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/34:’78,,,,,[1n i J‘—+p2—o:| sin(nd — mb)

at rational surface p, with y=n/m and where L is the
length of the stellarator axis, a is the circularized plasma
radius, 8, are the Fourier amplitudes o the Jacobian of
the stellarator magnetic field, and p, 0, ¢ are helical
coordinates.

6. The apparatus of claim 5 wherein said stellarator
has three periods and wherein said means for varying
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said current is operable to vary the current such that B
satisfies the relationship

.ﬁl—_wL 53 Ing 41
Bo ~dmbx p ("p T°

) sin(3¢ — 26)

where Ay is the change in ¥ across minor radius a.

7. The apparatus of claim 6 wherein the magnitude of
the current in said resonant helical coil is about 1% of
the magnitude of the current in said stellarator primary

coils.
* * * * *
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