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Inverse-dee— and square—shaped equilibria are observed by experimentally mapping
the magnetic-flux plot as a function of time in a tokamak with a 4-null poloidal divertor.
Inverse-dee equilibria are observed to be unstable to the vertical magnetohydrodynamic
axisymmetric instability on a time scale ~1000 poloidal Alfvén times, Square equilibria
are stable on the time scale available for observation. Instability growth is apparently
slowed by field-shaping hoop and wall passive stabilization.

Tokamaks with noncircular cross sections (such
as dee’s and ellipses) are advantageous with re-
spect to g-limited magnetohydrodynamic (MHD)
modes. Noncircularity arises unavoidably in po-
loidal-divertor configurations. However, elonga-
tion introduces instability to axisymmetric dis-
placements (with toroidal-mode number #=0) to
which circles can be neutrally stable. The po-
loidally asymmetric placement of external cur-
rents necessary to establish a noncircular equi-
librium, in turn, creates destabilizing forces on
the plasma current. The importance of these
modes has given rise to a fairly large amount of
linear theory—mostly for idealized displacements
of ideal analytic equilibria (see, for example,
Ref. 1-4). Recently, nonlinear evolution of the
instability has been followed numerically.>® Ax-
isymmetric displacement of dee and elliptical”"®
plasmas has been deduced in a few previous ex-

periments from magnetic probes external to the

plasma. Plasma shapes have been inferred from
equilibrium computer codes with use of external

experimental signals as input.

Here we present the first direct experimental
observation of the stability to axisymmetric
modes of square— and inverse-dee—shaped equi-
libria in a 4-null poloidal-divertor configuration.
The equilibria are verified by mapping the mag-
netic field in the plasma as a function of time.
The stability of these equilibria to axisymmetric
modes is determined by studying the evolution of
these experimental flux plots. We have found
that inverse-dee~ and square—shaped equilibria
experimentally exist. Inverse-dee equilibria are
unstable, with growth times on the order of 1000
poloidal Alfvén times. The instability is slowed
from the Alfvén MHD time scale by passive sta-
bilization from the hoops and walls. Square equi-
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FIG, 1. Numerical flux plots (major axis to left).
(a) Without plasma; (b) with plasma (hoops in case-B
position). Adjacent tick marks represent a separation
of 2 cm,

libria appear stable.

These experiments were performed on the Uni-
versity of Wisconsin Tokapole. The Tokapole has
a vacuum-magnetic flux plot of an octupole [Fig.
1(a)] which provides vertical and horizontal fields
to center the discharge. When plasma current is
driven toroidally through the octupole null, a to-
kamak with four poloidal divertors is generated
[Fig. 1(b)]. By varying the placement of the in-
ternal rings, we can change the shape of the toka-
mak separatrix from outside “dee” to square
[Figs. 2(a) and 2(b)].

The machine has an iron-cored, square-cross-
section (44 cmXx 44 c¢m), 50-cm-major-radius,
aluminum chamber. Four octupole hoops, made
of a chromium-copper alloy, are placed near
each corner (Fig. 1). Typical electrical charac-

0) Time=1200 p.sec b) Time=1200 u sec

Time=1600 . sec

Time=1600 psec

Time=2000 psec

Time=2800 pusec
-

FIG. 2. Electrical characteristics. (a) Loop voltage
at machine center with and without plasma. (b) Plasma
current, Toroidal magnetic field =3.5 kG on axis.

teristics of the discharge are shown in Fig. 3. A
normal discharge lasts ~4 msec with toroidal cur-
rents =40 kA, the peak electron temperature

~100 eV (surmised, with ~30% accuracy, from
modeling of the time evolution of different sets of
impurity lines, e.g., OI-OVI), electron density

~ 10" em™2 (microwave interferometry) and ion
temperature =~ 20 eV (Doppler broadening of He 1I).
Temperatures are sufficiently low that probes

WITH PLASMA
@) Vieop VACUUM
(10 volts/div)
0]
bY I,
(20 kA/div) [
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TIME INTO PULSE (500 sec/div)

FIG. 3. Time evolution of experimental flux plots
mapped out with magnetic probes. Only the area inside
the initial separatrix is shown, (a) case A; (b) case B.
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can be inserted into the plasma with little observ-
able effect, and parameters such as plasma cur-
rent, electric field, and magnetic field can be
plotted as a function of space and time.

Extremely important to this study is the special
ability to produce experimental flux plots. The
magnetic probe (0.5 cmXx 0.4 cm) was inserted at
the midplane at several random azimuths to ver-
ity axisymmetry. We are able to adjust the ver-
tical positions of the internal hoops by + 5 mm
enabling us to study a range of poloidal-divertor
equilibria.

Axisymmetric instability was observed in the
form of a nonrigid mostly vertical shift of the
plasma. The deeness is varied by moving our
hoops, which exert attractive forces on the plas-
ma. The hoops although disconnected from each
other, appear electrically in parallel, with con-
stant voltage. Two cases are illustrated. Case
A [Fig. 2(a)] has the outside hoops moved closer
together yielding an inverse-dee equilibrium.
Case B [Fig. 2(b)] with the inside hoops moved
closer together gives roughly a square equilibri-
um. It is seen that the inverse dee is unstable
while the square is stable on the time scale of
the experiment. Figure 4 illustrates the motion
of the central magnetic axis for the unstable in-
verse dee. The square exhibits a small horizon-
tal displacement, probably due to the changing
magnitude of the current.
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FIG, 4. Distance traveled by magnetic axis as a func-

tion of time. Note that case B moves only horizontally.
Uncertainty in distance traveled is 1-2 mm. 100 usec
=500 poloidal Alfvén times.
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Although no previous theoretical work exactly
applied to the experimental situation at hand,
several comparisons between experiment and the-
ory can be made. Figure 4 indicates that the
growth of the instability is exponential for excur-
sions of the magnetic axis up to ~0.5a (@ is the
minor radius ~8 cm). At that time the upper-
outer x point joins the o point (magnetic axis),
destroying the closed tokamak magnetic surfaces.
This change is not discernible from our external
diagnostics. Growth times are 7, 300 usec for
t<2.0 msec and 7,~ 1 msec for {>2.0 msec. Sim-
ilarly Jardin and co-workers® !° found numerical-
ly that the displacement is exponential for excur-
sions of at least 0.2¢ with 7,~7, (poloidal Alfvén
time), without passive stabilization. Including
passive stabilization, Jardin and co-workers® *°
(and Fukiyama®) predict that for a perfectly con-
ducting plasma, 7, increases to the inductive de-
cay time (L/R) of the wall and field-shaping coils.
In our experiment 7,~ 10°7,, where 7, is defined
with use of a suitably averaged B qq,. The L/
R time of hoops and wall are ~ 15 msec whereas
the plasma L/R time ~ 100-200 usec. The close-
ness of 7, to the plasma L/R time suggests that
the passive feedback may be limited by the plas-
ma conductivity. This effect has not yet been ex-
plored theoretically. A plate has been installed
in the divertor region outside the separatrix to
eliminate the plasma in that region. Preliminary
observation indicates little difference in plasma
stability.

Relative stability of square, dee, and inverse-
dee equilibria has been considered in Refs. 2, 10,
and 11. Rebhan and Salat® evaluate stability bound-
aries in parameter space for constant-pressure,
surface-current equilibria with the outermost
flux surface described by

e’R -1+ 1(+ 7922 = A1,(R - 1)a?
—A274(R - 1)2 ZZ:eZ/Az’

where 7; and 7, characterize the trangularity and
rectangularity; e and A are the ellipticity and as-
pect ratio. The inverse-dee and square equilibria
of Fig. 3 are well fitted by the above equation with
use of 7,=0.2, 7,=0.6, and e = 1.23 and with use
of 7,=0, 7,=0.9, and e = 1.1, respectively. For
these parameters Rebhan and Salat predict (ig-
noring passive stabilization) that our square is
stable and our inverse dee appears to be margin-
ally stable to rigid displacements; but both equi-
libria are unstable to a nonrigid antisymmetric
(up-down) perturbation. Jardin,®'° with use of a
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nonlinear numerical code, also found that both
our equilibria are unstable without passive feed-
back, with the inverse dee growing about twice
as rapidly as the square. He found passive feed-
back can stabilize both modes on the time scale
of his program (100-200 Alfvén times). Becker
and Lackner!! tested the axisymmetric stability
of numerical square and dee equilibria with the
toroidal current-density profile input as a vari-
able, J, o ( — ;)" for >y, and zero elsewhere.
Numerical solutions for their equilibria best
match our experiment for 7 =1 for both square
and dee. (The inverse aspect ratio € =0.12, the
rectangularity o =0.15.) Their stability diagrams
predict the square to be marginally unstable and
the dee to be unstable (with 7,~ 1.37,) to nonrigid
perturbations.

Calculation of Refs. 2 and 5 indicates that the
displacements are maximized where the poloidal-
field curvature is maximum (toward x points).
The flux-plot mappings of Fig. 2 clearly show
this to be true. Also, in agreement with analyti-
cal Solov’ev equilibria, the inner flux surfaces
are elliptical. However, the outer flux surfaces
are not well fitted by Solov’ev’s model.

In summary, various theoretical models applied
to the experiment predict that the square is more
stable than the dee and inverse dee, in agreement
with experiment. The growth rate of the inverse
dee is intermediate between an Alfvén time and
the hoop L/R time (7,~ 10°7 s~ 0.01L/R) and is
roughly equal to the plasma L/R time. Thus,
passive stabilization from the hoops slows the
growth of the instability considerably (7,>>7,),

although plasma resistivity may partially defeat
the passive feedback (7, <«<hoop L/R time). The
wide separation of the various time scales sug-
gests that these conclusions may not be very ma-
chine dependent. The importance of inclusion of
finite plasma resistivity (ignored in all cited the-
ories) is emphasized. Finally, since the experi-
ment produces flux plots equivalent in detail to
that produced by a computer code, it can func-
tion as a test case to which the various numeri-
cal codes may be applied and compared in detail.

This work is supported by the U. S. Department
of Energy.

'E. Rebhan, Nucl. Fusion 15, 277 (1975).

%k, Rebhan andA Salat, Nucl Fusion 16, 805 (1976).

A, Fukuyama et al., Jpn. J. Appl. Phys, g_ 871
(1975).

‘S. Seki et al., J. Phys. Soc. Jpn. 36, 1667 (1975),
and references therein,

’L. C. Bernard, D, Berger, R, Gruber, and F, Troy-
on, General Atomic Report No, GA-A14805 (1978).

83, C. Jardin, Princeton Plasma Physics Laboratory
Report No, MATT 1400, 1977 (unpublished).

P, Toyama et al., in Proceedings of the Sixth Intev-
national Conference on Plasma Physics and Contvolled
Nucleav Fusion Reseavch, Bevchtesgaden, West Gey -
many, 1976 (International Atomic Energy Agency, Vi-
enna, 1977), Vol, 1, p. 323,

3G. Cima, D. C. Robinson, C. L, Thomas, and A, J.
Wooton, Ref. 7, p. 335.

%A, J. Woobon Nucl. Fusion 18, 1161 (1978).

3, DeLucia and S. C. Jardin, prlvate communication,

G, Becker and J. Lackner, Ref 7, p. 401,

"L, 8. Solov’ev, Zh. Eksp, Teor. Fiz. 53, 626 (1967)
[Sov. Phys. JETP 26, 400 (1968)].

39



