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Second Stability in the ATF Torsatron
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Access to the MHD second stability regime has been achieved in the ATF torsatron. Experimental P
values (POS 3'%%uo, with fast ions contributing = —, of the pressure at high P) are well above the theoreti-
cal transition value (P, = 1.3% for ideal modes) required to reach this regime. The relatively low P, re-
sults from operation with peaked pressure profiles. The measured magnetic fluctuations decrease with
increasing P, and the pressure profile broadens. This behavior is consistent with theoretical predictions
for P self-stabilization of resistive interchange modes.

PACS numbers: 52.55.Hc, 52.30.Jb, 52.35.Py

The ideal magnetohydrodynamic (MHD) second sta-
bility regime has attracted increasing attention in

toroidal confinement fusion research' because it offers
the hope of operation at high P=2pop/8 (the ratio of
the plasma kinetic pressure to the magnetic pressure)
with favorable confinement, which would improve the
prospects for a viable D-T fusion reactor. This theory
predicts that the changes in the internal magnetic sur-
faces (plasma axis shift and shape) caused by an in-

crease in plasma pressure act to stabilize instabilities
driven by unfavorable field-line curvature. ' As a result,
the plasma can become more stable as P increases ("P
self-stabilization" ), with an accompanying reduction in

the anomalous transport induced by the curvature-driven
instabilities. In this Letter we describe experiments in

which operation in the second stability regime has been
achieved at relatively low P in a torsatron (a type of stel-
larator).

Because of their external control of magnetic
configuration and the absence of plasma current, stel-
larators are well suited for exploring the second stability
regime and studying P self-stabilization. In stellarators
with significant shear (dg/dr )0, where g is the rota-
tional transform and r is the plasma minor radius) the
dominant instabilities are interchange modes. These
modes can be stabilized by the magnetic well produced

by the outward inagnetic axis shift at finite P (Shafranov
shift), and this P self-stabilization effect can open a
stable path to the second stability regime. ' The ATF
torsatron design was optimized to explore this possibili-

ty.
ATF is an I 2, twelve-field-period torsatron with ma-

jor radius Ro 2.10 m, average minor radius a 0.27 m,
magnetic field on axis 80( 2 T, central rotational trans-
form @0=0.3, and edge transform g, =1. For the
profile assumed in the ATF design studies the P self-
stabilization effect should dominate at Pp —5%.
Electron-beam field mapping in early 1988 revealed sub-
stantial magnetic islands (6 cm wide at the g 2 sur-
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FIG. l. (a) Time history of an ATF discharge. The upper
and lower Po curves show the total (including fast-ion contribu-
tion) and thermal pressures, respectively. For the (Pl curve,
the smooth trace represents the diamagnetic measurement, and
the solid points come from the profile analysis. (b) Electron
temperature profile.

face and smaller at other rational surfaces). These is-
lands, now corrected, acted as a magnetic limiter and
effectively reduced the plasma radius to r~ =0.6a (in-
creasing the effective aspect ratio A from 8 to 10) and
the effective edge transform g, = 0.5. This led to a large
increase in the Shafranov shift (b/a ~ PpA/g, ) that
enhanced the self-stabilization effect and afforded the re-
sults reported here, which show P self-stabilization of
MHD activity.

In this Letter we first discuss the experimental condi-
tions and describe measurements of magnetic fiuctua-
tions; we then compare these results with theoretical sta-
bility predictions.

Figure 1(a) shows some of the characteristics of a typ-
ical discharge. Up to 1.4 MW of H power is injected
from co- and/or counter-oriented neutral beams into a
H+ target plasma produced with second-harmonic
electron-cyclotron heating (ECH) using a 0.2-MW, 53-
GHz gyrotron at 80 095 T. The plasma current
ranges from near zero for balanced neutral-beam injec-
tion (NBI) to a maximum of 4.2 kA for unidirectional
NBI, but the general characteristics of the discharge do

1989 The American Physical Society 1249



VOLUME 63, NUMBER 12 PHYSICAL REVIEW LETTERS 18 SEPTEMBER 1989

5)
CO

4
E
0

2

0 L
O ~i

~ a ~I ~ 8
~ + LISq ~

~ ~ ~
R

&') — o.2o ~
— 0.15

OC
— 0.12 0

C[
— 0.10 cL
— 0.09 ~
— 0.08

& o
LLi ~

1

Ic
0

AT BEAM AT
TURN-ON MAX. Wp

O ~ BALANCED INJ.
CO-IN J

0 ~ CN-INJ.

0.5
04

—0.3
v 02)—0.1

0
I
I

0.1 0.60.50.40 0.2 0.3
&Il& & ~.)

FlG. 2. (a) Profile broadening parameter &P&/n, T,O vs &P&

for the discharges shown in Fig. 3, and (b) calculated volume
of the region of the plasma with V" (0 (magnetic well).

not depend strongly on beam configuration. The
volume-average P, measured with a diamagnetic loop
and defined using the full plasma radius a =0.27 m,
reached (P) 0.5% at a line-average electron density
n, =2.5&10' m, central density n, o= 5x10' m
central electron temperature [measured by Thomson
scattering and third-harmonic electron-cyclotron emis-
sion (ECE)] T,a=0.6 keV, and ion temperature (from
impurity ion spectroscopy) T;o= 0.26 keV at the time of
the maximum (P), t 0.265 s in Fig. 1(a). For this case,
the central P is Pp=3% [Fig. 1(a)], and the global-
energy confinement time rF*. =5 ms. Figure 1(a) shows
both total and thermal plasma Po, as determined from
analysis of the measured profiles and from beam deposi-
tion and heating calculations. Typically, about one-
third of the plasma pressure at high P comes from the
fast ions produced by NBI. Figure 1(b) shows the T,
profile reconstructed from measurements along a vertical
chord at Ro 2.10 m. The data are plotted in flux coor-
dinates (based on the three-dimensional finite-P equilib-
rium' ), for which p is the mean plasma radius normal-
ized to a. Similarly narrow T, profiles were observed in
both ECH and NBI phases and are believed to be caused
by the islands at g~ —,

' . The outward Shafranov shift is
large for relatively low values of P: 8 0.11 m=2'/3
for Po 3%. Such a large shift lowers the ultimate equi-
librium P limit to Pe=5% (which is still above the
values achieved in the experiment) but also lowers the P,
at which self-stabilization becomes dominant.

Although the field errors constrict the plasma pressure
profile p(p), we do see evidence of changes in p(p) as P
increases. We define a parameter (P)/n, T, oas a con-
venient measure of the "broadness" of the profile. Here
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FIG. 3. Dependence of rms (in the frequency band 5-60
kHz) coherent n l poloidal magnetic fluctuation amplitude,
&B(n 1 )), on &P).

T,o is determined from ECE measurements. Figure 2(a)
shows this parameter (and the corresponding (P)/Po
based on several profile-analyzed cases) as a function of
&P) for the discharges analyzed in the fluctuation studies
described below. The pressure profiles broaden substan-
tially as (P) increases to —0.2%. The time histories of
the broadness for individual discharges show a similar
dependence on P suggesting that the trend in Fig. 2(a) is
not merely the result of differing beam configurations.
This behavior does not correlate as well with the varia-
tions of radiative cooling and NBI power deposition.

The fluctuation measurements" on ATF were made
with a soft-x-ray detector array viewing the central por-
tion of the plasma (p ~ 0.5) and, for poloidal magnetic
fluctuations (Bs), Mirnov coils located = 30 cm outside
the plasma. Three coil pairs were separated only in
toroidal angle (4/=30', 150', and 180 ), and one pair
was separated only in poloidal angle (88=150'). The
soft-x-ray signals show no evidence of instabilities.
Spectral correlation analysis of the 80 signals reveals
bands of high-coherence fluctuations (frequency-resolved
coherent function y) 0.7, where y=1 indicates perfect
coherence, even at the largest coil separations) in the fre-
quency range 5-60 kHz with amplitudes —10 G.
The relative phase shifts of the signals from the toroidal-
ly displaced coils indicate predominantly n =1 toroidal
mode symmetry with some evidence of higher-n struc-
ture. Assignment of poloidal mode numbers (m) to the
n 1 fluctuations is complicated by the noncircular flux
surface shape and strong Shafranov shift. The data can
be interpreted most simply in terms of two principal
components, m =2 in the frequency range 5-20 kHz and
m 3 in the range 20-45 kHz.

Figure 3 shows the rms coherent n =1 components of
Be in the frequency range 5-60 kHz (determined during
ECH and at peak P during NBI) plotted as a function of
&P) for a sequence of discharges. The amplitude-limit
curve of the data suggests that (B(n =1)) rises with P
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for (P) ~ 0.2%, but then saturates and begins to decrease
as (P) exceeds 0.3%. Of course, the trajectory of a given
discharge in the (8) vs (P) space of Fig. 3 depends on the
evolution of profiles, etc. , and we infer that this is the
cause of the scatter in the data. The time histories of
(8) in individual discharges (e.g., Fig. 4) appear to re-
capitulate the curve in Fig. 3; (8) rises proportionally
with (P) for (P) & 0.3% and then decreases as (P) exceeds
this value. During the thermal collapse phase, (8)
again varies proportionally with (P) when (P) & 0.3%.

The behavior of (8) with increasing (P) cannot be at-
tributed simply to the finite-P plasma shift, since the
Mirnov coils used to measure (8) in Figs. 3 and 4 are lo-
cated on the large-major-radius side of the torus: At
finite P, the plasma actually moves closer to these coils.
The time variations of the principal components of B
show that the decrease of (8(n 1)) for (P)&0.3%
(Figs. 3 and 4) is most strongly refiected in the 5-20-
kHz component (assigned m 2), while the 20-45-kHz
(rn 3) component changes little.

Since there is no Ohmic current in ATF, we can quan-
tify the fast-ion density nf by measuring the beam-driven
current for varying unidirectional injection power and
find (experimentally) that nf ~Pb/n, . For th'e high-P
experiments, Pb/n, ' varies by a factor of 2-3, and trend
analysis shows no correlation between this quantity and
(8). Furthermore, during individual discharges [Fig.
1(a)], the fast-ion pressure remains nearly constant
while the Auctuations vary with total (P). These results
suggest that the Auctuations in ATF are not driven by
tangential injection per se. ' Additional studies show no
obvious correlation of (8) with beam configuration or
plasma current.

Theoretical ideal MHD stability studies' were carried
out for two sequences of equilibria. In the first, p(p)
was fixed to have the peaked shape measured in the ex-
periment at high P [Fig. 1(b)] for the entire range of (P).
In the second sequence, p (p) was allowed to evolve from
an even narrower profile at low P to the high-P profile
along the path indicated for the experiment [Fig. 2(a)].
These equilibria are all stable to low-n (n ~ 3) modes.
However, the Mercier criterion' (DM &0 for stability)
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gives indications of instability for the fixed-profile se-
quence. It therefore describes the overall plasma stabili-
ty properties. The sign of the shear term is opposite that
in tokamaks so that ballooning modes are not impor-
tant. Figure 5(a) shows the Mercier unstable region
and the contours for relevant low-order resonances as a
function of (P) mean radius for the fixed-profile equilib-
rium sequence. At a given radius (e.g. , p 0.52, where
DM has its maximum negative value), Dsr shows weak
instability for 0.25% & Pp & 1.1% (corresponding to
0.05% & (P) & 0.25%). The transition to second stability
for the whole radial range occurs at relatively low Pp
( 1.3%, corresponding to (P) 0.3%). Above this
value, DM increases sharply, refiecting a strong P self-
stabilization effect. The experimental values (Po up to
3%) are well above the theoretical transition value. For
the second equilibrium sequence, in which p(p) broadens
with increasing P, the Mercier unstable region disap-
pears altogether, suggesting that the plasma remains
close to marginal stability along the path to second sta-
bility.

Even in the second stability regime the plasma
remains unstable to dissipative modes, particularly resis-
tive interchange modes. However, P self-stabilization is
expected to reduce the saturation amplitude of these
modes as P increases. ' In Fig. 5(b), 8 at saturation for
a single-helicity calculation (n/m 2/5) is plotted versus
(P) for the fixed-profile equilibrium sequence. The Auc-
tuation amplitude increases strongly when (P) is in the
Mercier unstable region, but decreases at (P) & 0.2% ow-
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FIG. 5. (a) Ideal Mercier instability diagram for ATF with
peaked pressure profile. The dashed lines show the trajectories
of the principal resonant surfaces. (b) Theoretical poloidal
magnetic fluctuation amplitudes at saturation at the plasma
edge for single-helicity (n/m 2/5) resistive pressure-
gradient-driven modes as a function of (P) for the fixed-profile
equilibrium sequence.
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ing to P self-stabilization. For multiple-helicity calcula-
tions including the toroidal mode couplings, the Be spec-
trum at the plasma edge is dominated by the lowest n
modes (n 1, m 2 and n 1, m 3). ' These features
are similar to those observed in the experiment, but the
experimental values of 8 are smaller (by a factor ~ 10)
than those shown in Fig. 5(b), which may imply that co

and other kinetic efI'ects should be included in the model-
ing.

The P self-stabilization results from the radial expan-
sion of the region with magnetic well (V" (0), coupled
with an increase in the magnitude of the favorable V".
The calculated (P) dependence of the volume of the mag-
netic well is shown in Fig. 2(b). The dependence is simi-
lar to that of the pressure-profile broadening observed in
the experiment. This similarity could be evidence of im-
proved plasma confinement due to stabilization, but mea-
surements connecting local transport and fluctuations
and clearly delineating the eA'ects of beam configuration
are needed to substantiate this interpretation. Such
studies are planned for ATF.
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