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Access to the magnetohydrodynamic (MHD) second stability regime has been achieved in the
Advanced Toroidal Facility (ATF) torsatron [Fusion Technol. 10, 179 (1986) ]. Operation
with a field error that reduced the plasma radius and edge rotational transform resulted in
peaked pressure profiles and increased Shafranov shift that lowered the theoretical transition
to ideal MHD second stability to 8, = 1.3%; the experimental 8 values (8,<3%) are well
above this transition. The measured magnetic fluctuations decrease with increasing /3, and the
pressure profile broadens, consistent with the theoretical expectations for self-stabilization of
resistive interchange modes. Initial results from experiments with the field error removed show

that the pressure profile is now broader. These later discharges are characterized by a
transition to improved (X2-3) confinement and a marked change in the edge density
fluctuation spectrum, but the causal relationship of these changes is not yet clear.

I. INTRODUCTION

The ideal magnetohydrodynamic (MHD) second sta-
bility regime'™ is important to the improvement of toroidal
confinement in tokamaks and stellarators because it offers
the possibility that anomalous transport might decrease with
increasing S=2u,p/B* (the ratio of the plasma kinetic
pressure to the magnetic pressure). The goal of second sta-
bility experiments*® is to use the changes in the internal
magnetic surface geometry (magnetic axis shift and flux sur-
face shape) produced by the finite-£ toroidal equilibrium to
reduce (and ultimately reverse) the unfavorable curvature
responsible for the MHD instabilities that are thought to
limit the achievable plasma pressure (ballooning modes in
tokamaks, and interchange modes in stellarators).

In this paper we describe experiments on the Advanced
Toroidal Facility (ATF) torsatron’ (a type of stellarator)
in which operation in the ideal MHD second stability regime
was achieved at relatively low S by virtue of peaked pressure
profiles resulting from the effects of a field error. In Sec. 11
we describe the mechanism of S self-stabilization of inter-
change modes in sheared stellarators. The results of the sec-
ond stability studies for plasmas with the peaked pressure
profiles are described in Sec. III. In Sec. IV, we present the
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first observations regarding fluctuations and confinement in
the plasmas with broader pressure profiles that have been
obtained in ATF since the field error was repaired, and Sec.
V contains a summary of our conclusions.

Il. SECOND STABILITY IN STELLARATORS—
BACKGROUND

Figure 1 illustrates schematically the concepts of second
stability and self-stabilization. For a given magnetic configu-
ration, different sequences of finite-£ equilibria can be se-
lected using a control parameter such as the indentation of a
bean-shaped tokamak® or the shift of the vacuum field mag-
netic axis in a sheared stellarator.® For a range of values of
the control parameter, the plasma passes through a region of

SECOND STABILITY REGIME

UNSTABLE,

|
CONTROL

S

,,,,,,,, PARAMETER -
~
- -
Bin T
B Ban B

FIG. 1. Schematic illustration of ideal MHD second stability. Here ¥ is the
ideal MHD growth rate. For the equilibrium sequence on the left, the plas-
ma passes through a region of instability before entering the second stability
regime. For the sequence on the right, the plasma passes directly into the
regime where self-stabilization occurs.

© 1990 American Institute of Physics 1353



ideal MHD instability as £ increases (leftmost dotted path
in Fig. 1) and then becomes ideally stable as the finite pres-
sure reduces the curvature drive. For other values of the
control parameter, the plasma avoids the region of instabil-
ity but still becomes more stable (¥ becomes more negative)
as 3 increases past a transition value.

Because of their external control of magnetic configura-
tion and the absence of plasma current, stellarators are well
suited for exploring the second stability regime and studying
B self-stabilization. In stellarators with significant positive
shear in the rotational transform (dt/dr> 0, where ¢ is the
rotational transform and r is the plasma minor radius), the
dominant instabilities® are interchange modes that occur
when there is a sufficient pressure gradient on a surface of
rational +that lies in a region of unfavorable average magnet-
ic curvature or “magnetic hill” where V* > 0. (Here the spe-
cific volume ¥’ is the asymptotic value of the field line inte-
gral § dl /B over the flux surface, and the prime denotes the
derivative with respect to a minor radius flux surface label.)
This basic theoretical picture has been substantiated by ex-
periments on the Heliotron-E device,? in which the strong
+ = 1 resonance lies on the magnetic hill. When the pressure
profile p(r) has a significant gradient at + = 1, sawtooth os-
cillations are seen on soft x-ray signals emanating from the
plasma, and higher frequency fluctuations with poloidal
mode number m = 1 and toroidal mode number n =1 are
seen on both the soft x-ray and edge poloidal magnetic field
(B,) signals. These instabilities appear to limit the 8 that
can be achieved in Heliotron-E using peaked pressure pro-
files.'®

These interchange modes can be stabilized by the mag-
netic well produced by the outward magnetic axis shift at
finite 8 (Shafranov shift), and this /3 self-stabilization effect
can open a stable path to the second stability regime. The
essential physics of this effect can be seen using the large-
aspect-ratio limit of the Mercier criterion for a sheared stel-
larator configuration,’

2
Dy=2 4L 9% p (BZV;;

__(p3t)’A) 1
4 B> dp ) D

P

where B is the magnetic field, R is the major radius, p is a
normalized minor radial variable, S=/(p/t)d¢/dp is the
shear, Vg is the vacuum magnetic well or hill, A, is the
finite-f Shafranov shift produced by the Pfirsch-Schliiter
currents, and D, > O for stability. In sheared torsatron con-
figurations such as ATF, the Mercier criterion in its full
three-dimensional formulation gives the most conservative
(i.e., pessimistic) indication of stability and therefore can be
used to describe the overall ideal MHD plasma proper-
ties.'"'? Equation (1) shows that as 8 and the Shafranov
shift increase, the magnetic well stabilization term increases
in magnitude; this ultimately can lead to S self-stabilization
if the magnetic configuration properties are chosen appro-
priately. The magnetic configuration of the ATF device was
optimized to explore this possibility.”

ATF is an ¢= 2, 12-field-period torsatron with major
radius R, = 2.10 m, average minor radius @ = 0.27 m, mag-
netic field on axis B,<2 T, central rotational transform
1 =~0.3, and edge transform ¢, ~ 1. Radial profiles of + and
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V'’ for a nominal ATF vacuum field configuration are illus-
trated in Fig. 2. There is a magnetic well (¥ <0) in the
central region where the shear in ¢ is low and a magnetic hill
in the high-shear region near the plasma edge. The magnetic
configuration parameters of ATF—aspect ratio, helical field
winding law, and auxiliary poloidal shaping fields—were
chosen so that as 8 increases, the plasma remains stable to
interchange modes, thus realizing the direct access path to
self-stabilization illustrated in Fig. 1. In addition, sufficient
flexibility was provided in the ATF device to test stability
boundaries by changing the relative currents in the helical
and poloidal field coil sets.

For the relatively broad pressure profiles assumed in the
ATF design studies,’ the B self-stabilization effect should
dominate at B, =~ 5%, as illustrated in the stability diagram
in Fig. 3(a). However, electron-beam field mapping during
initial operation of ATF in early 1988 revealed substantial
magnetic islands (6 cm wide at the += 1/2 surface and
smaller at other rational surfaces).'® These islands acted as a
magnetic limiter and effectively reduced the plasma radius
tor, ~0.6a, which increased the effective aspect ratio 4 from
8 to 10 and decreased the effective edge transform to
t,=~0.5. This led to a large increase in the Shafranov shift
(8/axB,A /> at low B) that enhanced the self-stabiliza-
tion effect and afforded the results reported in Sec. III.

11l. STABILITY OF PLASMAS WITH PEAKED PRESSURE
PROFILES

Figure 4(a) shows some of the characteristics of a typi-
cal ATF discharge.%'* Up to 1.4 MW of H° power was in-
jected from co- and/or counteroriented neutral beams into a
H™* target plasma produced with second-harmonic electron
cyclotron heating (ECH) using a0.2 MW, 53 GHz gyrotron
at B, = 0.95 T. The plasma current ranges from near zero
for balanced neutral beam injection (NBI) to a maximum of
4.2 kA for unidirectional NBI, but the general characteris-
tics of the discharge do not depend strongly on beam config-
uration. The volume-average £, defined using the full plas-
maradius@ = 0.27 m, reached (8 ) = 0.5% ataline-average
electron density 7,~2.5X10" m~3, central density
n.=~5% 10" m~3, central electron temperature T,, ~0.6
keV, and ion temperature T, =~0.26 keV at £ = 0.265 sec in

20 T T T -0.9

0 0.25

050 075 00
r/a

FIG. 2. Radial profiles of rotational transform and specific volume ¥ for a
nominal ATF vacuum field configuration. The central portion of the plas-
ma lies in a magnetic well (7" <0), while the outer portion lies on a magnet-
ichill (¥">0).
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FIG. 3. Stability diagrams for ATF plasmas illustrating the effect of pres-
sure-profile shape.

Fig. 4(a). For this case, the central 8 is 8, ~3% [Fig.
4(a)], and the global energy confinement time 7% =~ 5 msec.
Figure 4(b) shows the T, profile; the data are plotted in flux
coordinates for which p is the mean plasma radius normal-
ized to @. Similarly narrow T, profiles were observed in both
ECH and NBI phases and are believed to have been caused
by the islands at +3>1/2.

The outward Shafranov shift was large for relatively low
values of 8: § = 0.11 m=2r,/3for B, = 3%. Such a large
shift lowers the ultimate equilibrium £ limit, but also lowers
the B, at which self-stabilization becomes dominant. This
situation is illustrated in Fig. 3(b), which shows that a more
peaked p(r) compresses the stability diagram to lower val-
ues of 3.

Some of the features of the stability boundaries shown in
Fig. 3(b) were immediately evident during the experiments.
When the vacuum axis shift was adjusted to A, < — 10cm
(plasma pushed inward), the ECH target plasma exhibited
gross relaxation oscillations in electron density that limited
the plasma parameters to such low values that NBI was not
possible. This is consistent with the theoretical picture
shown in Fig. 3: a strong inward shift of the magnetic axis
eliminates the vacuum magnetic well, and the resulting in-
stability limits the plasma pressure to very low values. Opti-

038
(@ () ; oTHOMSON
6,50 o NBLC 43 SCATT
N 2 MW)Bu ¥ (1amw) 06 . ECoEzss
! h Fs =0.265s
o 4k A -2\,\,‘2.104_ |
= YT @
||:°2 | ..-.___"“ 4 = 0.2
B “ N
A—'-jl/ \.\ 0 0 1 i
015 020 025 030 035 0 0204 060810
TIME (s) RADIUS, p

FIG. 4. (a) Time history of an ATF discharge. For the (8) curve, the
smooth trace represents the diamagnetic measurement, and the solid points
come from the profile analysis. (b) Electron temperature profile.
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mum plasma performance was obtained for A, = — 5 cm,
and these plasmas were used in the stability studies described
below. The plasma parameters deteriorated again for
A, >0, probably because the shear decreased and the vacu-
um field islands increased in size.'*

Although the field errors constricted the plasma pres-
sure profile p(p), there was evidence of systematic changes
in p(p) as Bincreased. We define a parameter (8)/7, T, as
a convenient measure of the “broadness” of the profile. Fig-
ure 5(a) shows this parameter as a function of (8 ) for the
discharges analyzed in the fluctuation studies described be-
low. The pressure profiles broaden substantially as (8} in-
creases to ~0.2%. The time histories of the broadness for
individual discharges show a similar dependence on £.

Fluctuation measurements® on ATF were made with a
soft x-ray detector array viewing the central portion of the
plasma (p<0.5) and, for poloidal magnetic fluctuations
(Bgy), Mirnov coils located =~ 30 cm outside the plasma. The
soft x-ray signals show no evidence of instabilities. Spectral
correlation analysis of the B, signals reveals bands of high-
coherence fluctuations (frequency-resolved coherence func-
tion > 0.7 even at the largest coil separations; perfect corre-
lation would yield a coherence of 1.0) in the frequency range
5-60 kHz with amplitudes ~10~> G. The B, data show
predominantly #n = 1 toroidal mode symmetry. 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 2045
kHz. ‘

Figure 6 shows the rms coherent » = 1 component of B,
in the frequency range 5-60 kHz (determined during ECH
and at peak B during NBI), plotted as a function of {8 ) fora
sequence of discharges. The amplitude limit curve of the
data suggests that (B(n = 1)) rises with 8 for (8 )<0.2%,
but then saturates and begins to decrease as (8 ) exceeds
0.3%. Of course, the trajectory of a given discharge in the
(B) vs {B) space of Fig. 6 depends on the evolution of pro-
files, etc., and this is likely to be the cause of the scatter in the

s
3 3 @ Jozo <
. | [-=%
B3 4 AL '.qi.l an H0.15
? - < - " .l" - | s
s al .. ] 012 &
° 13 {010 @
- s . 41009 <
% 2} f}l‘ {008
u AT BEAM AT
g TURN-ON MAX.W,
= a1k o ® " BALANCED INJ,
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e ° ®  CNINJ
é 0 i 1 1 1 1
0.5 T T T T T
g 041 _®
503 T T 7
v 0.2} I/ .
ot .
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FIG. 5. (a) Profile broadening parameter (8)/7,T,, vs () for the dis-
charges shown in Fig. 6, and (b) calculated volume of the region of the
plasma with ¥ <0 (magnetic well).

Harris et al. 1355



APPROX. By (%)

1 2 3
6 T T T
ATBEAM AT
TURN-ON MAX.Wp
51 o m  BAL INJ.
a a A  CO-INJ
P o e CN-INJ
247
= . }\.?
'; -.- . \.\.
c - ~
;@’ 2 = |_ﬂ " -
[ LI
1F A, ]
L] u
lﬁp 1 1 1

0 : L
0 0.1 02 03 04 05 06
® (%)

FIG. 6. Dependence of rms (in the frequency band 5-60 kHz) coherent
n = 1 poloidal magnetic fluctuation amplitude, (B(n=1)), on {B).

data. The time histories of (B ) in individual discharges in
which (B) exceeds 0.3% recapitulate the curve in Fig. 6;
(B ) rises proportionally with {8 } for (8 ) <0.3% and then
decreases as (£ ) exceeds this value.

Additional trend analyses of (B ) show no obvious addi-
tional correlations of the magnetic fluctuations with plasma
current, fast-ion pressure, or fast-ion density.

Theoretical studies®'? of the ideal MHD stability of
ATF plasmas with peaked profiles showed that if the shape
of p(p) is fixed to have the shape measured in the experiment
athigh 8 [Fig. 4(b) ], and a series of equilibria of successive-
ly higher £ is calculated, the plasma passes through a Mer-
cier unstable region in the range (8)=0.019%-0.3%,
whereupon it enters the ideal second stability regime. Equili-
bria from a second series of calculations in which p(p) was
allowed to evolve with 8 along the path indicated in the
experiment [Fig. 5(a)] were found to be Mercier stable,
suggesting that the plasma remains close to marginal stabil-
ity along the path to second stability.

Multiple-helicity resistive turbulence calculations
were carried out to examine the stability of dissipative modes
and in particular resistive interchange modes, which remain
unstable even in the ideal MHD second stability regime. The
results show that the plasma pressure contours become pro-
gressively more disturbed as {(8) increases to ~0.3% and
smooth out at higher £ as the turbulence is reduced by the 5
self-stabilization effect.

The nonlinear calculations show that the B, spectrum
at the plasma edge is dominated by the lowest # modes
(n=1, m=2 and n =1, m = 3). The amplitude of the
n = 1 component of B increases with (8 ) for (8) <0.38%
and decreases as () exceeds this value. These features are
similar to those observed in the experiment, but the experi-
mental values of B /B~ 10~ ¢ inferred at the plasma edge of
the experiment are smaller (by a factor > 10) than those
from the nonlinear calculations, which may imply that other
stabilizing effects (such as w* and other kinetic effects)
should be included in the modeling or that the radial decay
of B outside the plasma is faster than that expected from a
simplified vacuum field solution.

The B self-stabilization results from the radial expan-
sion of the region with magnetic well (V" < 0), coupled with

12,15
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an increase in the magnitude of the favorable V. The calcu-
lated (B) dependence of the volume of the magnetic well
[Fig. 5(b)] is similar to that of the pressure-profile broaden-
ing observed in the experiment. This similarity could be evi-
dence of improved plasma confinement due to stabilization,
but measurements connecting local transport and fluctu-
ations are needed to substantiate this interpretation further.
Analysis of global confinement data for these discharges
shows that the global energy confinement time apparently
increases at high £3, but the close coupling of density and Bin
these NBI-heated plasmas makes it difficult to separate out
B effects.!*

IV. INITIAL RESULTS FOR PLASMAS WITH BROAD
PROFILES

In 1989, the field error in ATF (which was caused by an
asymmetry in the coil current feeds) was removed,'? and the
gettering system was improved. Operation during 1989 has
also been mainly at B, = 1.9 T. While these simultaneous
changes make precise comparison of results difficult, the
changes in plasma behavior that have been observed are
nonetheless striking. Additional details on plasma perfor-
mance in these experiments are available in Ref. 16.

Figure 7 compares sample electron temperature and
density profiles obtained before and after the field error was
repaired. The profiles measured in the absence of the field
error show significant gradients outside the former location
of the + = 1/2 island at p = 0.6; it is clear that the pressure
profile is now significantly broader.

Initial analysis of Mirnov coil data has been carried out
for a broad sample set of the discharges obtained after the
field error repair. Poloidal and toroidal mode spectra for TB,,
were determined with the same coherence techniques that
were used in the initial second stability experiments. Figure
8 compares the mode spectra observed before and after the
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FIG. 7. ATF electron temperature and density profiles (a) before and (b)
after repair of field error.
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FIG. 8. Diagram summarizing mode numbers observed for magnetic fluc-
tuations before repair of the field error [1988—peaked p(r)] and after re-
pair of the field error [ 1989—broad p(r)].

field error repair. Before the repair, the B, spectra showed
two distinct modes—(m =2, n=1)and (m=3,n=1)—
that were clearly separated in frequency, as shown in the plot
in the upper left corner of Fig. 8. Data taken after the field
error repair'’ show modes of different m and n overlapping
in frequency, with both m and » increasing with frequency.
For the bulk of the data, n/m % 1, indicating that the modes
resonate at or even slightly outside the nominal plasma
boundary at + = 1; this observation is consistent with the
general broadening of the pressure profile: the shift of Vp to
larger minor radii would presumably drive modes that are
resonant at higher +. Since the modes are not now clearly
separated in frequency, the amplitudes are plotted as a func-
tion of toroidal mode number in the plot on the upper right
of Fig. 8. The amplitudes are in general larger than before the
field error repair; this is also a consequence of the shift in the
resonances to radii of higher , which are closer to the Mir-
nov coils. Note that no attempt has been made to correct for
the vacuum field decay of B, outside the plasma. In a simple
cylindrical approximation, B,(r)<r~ "*V: thus, for
m ~ n, the amplitudes of the high-» (n>3) modes now ob-
served are comparable to or greater than those of the low-n
modes.

A microwave reflectometer system has been used to
make initial measurements of edge density fluctuations in
these plasmas.'® While exact determination of n/n using this
method is difficult and requires careful modeling, qualitative
features of the fluctuation spectrum can be discerned readi-
ly.

Figure 9 illustrates data from a representative discharge
obtained after the field error repair. After NBI is turned on
at t=0.1 sec, the plasma stored energy rises quickly and
then remains constant until .~ 0.25 sec, when the gas fueling
is significantly reduced. During this time, the density fluctu-
ations at #/a = 0.9 as measured with the reflectometer have
a broadband spectrum that has a maximum at low frequen-
cies =~ 10 kHz. The chordal electron density (n,/), which is
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FIG. 9. Correlation of change in edge density fluctuation power spectra
S(w) with improvement in global energy confinement. The time traces
show the chordal electron density (#,/) and the stored energy ( W.,) deter-
mined from poloidal magnetic field measurements. The fluctuation spectra
were measured at 7/a~0.9 using microwave reflectometry at 33 GHz (cut-
offdensity = 1.3510'* cm ~*). The spectra were averaged over 12.5 msec
intervals centered at the times indicated. The NBI power (balanced injec-
tion) was 1.4 MW.

low-pass filtered at 10 kHz, also shows fluctuations.

At t=0.25 sec, the plasma behavior changes dramati-
cally. The stored energy W,, increases by a factor of 2 or
more; the NBI power remains approximately constant until
1=0.45 sec, so the increase in W, corresponds to an increase
in 7%. Thomson scattering measurements indicate that 7T
increases by only ~20%; thus, the increase in stored energy
appears to be primarily due to a broadening of the pressure
profile. The # spectrum measured with the reflectometer
changes to a narrow-band spectrum with a strong peak be-
tween 20 and 40 kHz. The decrease in low-frequency fluctu-
ations is also seen in the #,/ signal. The narrow-band com-
ponent of i is coherent with B, as measured by the Mirnov
coils, and analysis of the Mirnov coil data shows that the
coherent B, components have toroidal mode numbers 7> 3.
Analysis of reflectometer data from discharges at B, = 0.95
and 1.9 T and at various densities indicates that the signature
change in the 7 spectrum occurs at (8) = 0.1%-0.2%.

Explanation of this transition in plasma behavior will
require significant further experimentation and analysis, but
it is possible to speculate about the physical mechanisms that
may be involved. The sharp change in edge fluctuation be-
havior reflects a change in the stability of the plasma and/or
in the turbulence characteristics. Stabilization could be ei-
ther a cause or an effect of the broadening of the pressure
profile. The change in the frequency spectrum may also be
evidence of a change in the structure of the radial electric
field, since fluctuations in stellarators and tokamaks are
Doppler shifted by the EXB drift. Other experiments sug-
gest that radial electric fields and poloidal flow are impor-
tant in stellarators'® and in the L-H transition in toka-
maks.?°
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V. CONCLUSIONS

Access to the second stability regime has been achieved
in ATF using peaked pressure profiles. The experimental
values (up to 3% ) are well above the theoretically predicted
transition to second stability at 8, ~1.3%. The measured
magnetic fluctuations show evidence of £ self-stabilization
and are consistent with theoretical predictions for resistive
interchange modes. The pressure profile broadens with in-
creasing B and the plasma appears to remain near ideal
MHD marginal stability along the path to second stability.

Initial operation with broad pressure profiles shows in-
stabilities shifting toward the plasma edge, and a transition
to improved confinement that is signaled by a marked
change in edge fluctuation characteristics.
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