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ABSTRACT

In the initial phase of ATF operation, the plasma minor radius and the edge
rotational transform were reduced by field errors. This caused an effective change
of the magnetic configuration: it improved the stability properties but worsened the
equilibrium properties. The threshold for the second stability regime was lowered
to By ~ 1.5%. Experimental profile data are compatible with operation in the
second stability regime, and the achieved beta values, By ~ 3%, are well beyond
the theoretically calculated threshold. Magnetic fluctuation measurements showed
the effects of beta self-stabilization. They are in reasonable agreement with the
predictions of the theory and support the evidence that ATF has already operated

in the second stability regime.






1. INTRODUCTION

The Advanced Toroidal Facility (ATF)! is a stellarator designed to have sta-
ble access to the second stability regime.>s3 That is, the magnetic axis shift of
this configuration as a function of beta 1s large enough to offset the destabilizing
effect of the increased pressure gradient.? The second stability regime is defined
in relation to ideal magnetohydrodynamic (MHD) stability, and it is relevant only
to pressure-gradient-driven instabilities. In the second stability regime, resistive
modes can be, and in general are, unslable. That is the case of the resistive in-
terchange instability.’ In ATF, access to the second stability regime is achieved by
a combination of magnetic well and shear. The shear in the plasma edge region
is large enough to stabilize the ideal interchange modes, but it reduces the linear
growth rate of the resistive interchange only slightly. However, this does not im-
ply that resistive pressure-driven instabilities are not affected by operation in the
second stability regime. As beta increases, the magnetic well broadens and reduces
the radial range of the resistive interchange instability. The saturation level of the
resistive interchange is reduced with increasing beta when the plasma is in the sec-
ond stability regime. Therefore, measurements of the fluctuation levels associated
with this instability give an indication of when the second stability regime has been
accessed. Furthermore, since the resistive interchange is a likely candidate to ex-
plain the anomalous transport at the edge of stellarator plasmas, this reduction
of the fluctuation level with beta should cause an improvement in confinement.
The impact on confinement of operation in the second stability regime for ATF is
discussed in detail in Ref. 6.

In the initial phase of ATF operation the plasma utilization volume was less than
expected because of some field errors,” which have since been repaired. These field
errors effectively reduced the plasma minor radius and the rotational transform + at
the plasma edge. For convenience, we refer to this modified ATF configuration as
the ATF-A configuration. The parameters of ATF-A are compared to the expected
ATF parameters in Table I. The combination of reduced rotational transform and
increased aspect ratio produces a considerable increase in the magnetic axis shift as
a function of beta. The increase can be as much as a factor of six over that expected
for the ATF standard configuration. As a consequence, the stabhility properties of
the ATF-A configuration are better than those of the standard configuration, but
its equilibrium properties are poorer. In practice, this is reflected in a reduction

of the beta threshold for the second stability regime to about Gy ~ 1.5% and a
1



Table I. Parameters of

the ATF and ATF-A Configurations

Configuration A4,  +#(ap) +(ap)®/Ap, By for Bo for which
50% shift ~ min ¢(r) =0

ATF 7.2 1.0 0.139 0.08 0.16
ATF-A 11.0 0.5 0.023 0.02 .05

decrease of the equilibrium beta limit. This change of the MIID properties makes
the ATF-A configuration a very interesting one for the study of plasma stability
without the requirement of high power levels.

In the first phase of operation, only a limited number of diagnostics were in-
stalled on ATF. As a consequence, the available experimental data are sparse, and
there is no conclusive experimental evidence of access to the second stability regime.
However, magnetic fluctuation measurements® suggest that this regime was reached.
We investigate the properties of the ATF-A configuration using the available pres-
sure profile data. We also calculate the fluctuation level for the resistive interchange
as a function of beta and compare it with the magnetic fluctuation measurements.
The goal is to answer the question: are the present ATF data compatible with
operation in the second stability regime?

The remainder of this paper is organized as follows. In Sect. 2, the equilib-
rinum properties of the ATF-A configuration are studied; the corresponding ideal
MHD stability properties are discussed in Sect. 3. The local density and magnetic
fluctuation levels of resistive pressure-gradient-driven turbulence are evaluated in
Sect. 4, and their dependence on beta in the second stability regime is discussed
in detail. In Sect. 5, the fluctuation level of low-n saturated resistive interchange
modes is calculated, and predictions for edge poloidal magnetic field fluctuations
are given. Finally, in Sect. 6, the overall stability picture for ATF with field errors

is discussed and the conclusions are stated.



2. EQUILIBRIUM PROPERTIES
OF THE ATF-A CONFIGURATION

To analyze the MHD equilibrium properties of the ATF-A configuration, we use
some of the available experimental information, namely, the vacuum magnetic axis
position and the pressure profile. The initial results from ATF showed that optimal
operation’ was achieved with the vacuum magnetic axis at B = 2.05 m, that is,
5 ¢cm inward in major radius {from the position of the standard ATF configuration.
The existence of this optimal operational position for the vacuum magnetic axis
is probably the combined consequence of the field errors and the plasma stability

" are the presence of a large

properties. The main consequences of the field errors
2/1 magnetic island, with a width of about 6 ¢m, and a high degree of field line
stochasticity outside the + = 0.5 magnetic surface. As a function of the vacuum
magnetic axis position, the average radius of the + = 0.5 surface has a maximum

at about R = 2.05 m (F'ig. 1). The field errors in ATF have been modeled in detail
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by Harris and Lee.® Using their model and calculating the residue at the 0-point
ol the 2/1 magnetic island,!® we can also estimate the width of the 2/1 island as a
function of the vacuum magnetic axis position. The expression of the island width
in terms of the residues is an approximation that is valid only for small widths,
but it gives a more intuitive feeling of the effects of field error. When the width
becomes very large (2 = 2.15 m), it really means that the whole volume is filled
with stochastic field lines. Figure 1 shows that the island width decreases when the
vacuum magnetic axis is shifted inward.” Therefore, because the m = 2 island acts
as an effective limiter, by shifting the axis inward to R =~ 2.05-2.00 m we maximize
the effective plasma size and minimize the effect of field errors. However, as the
vacuum magnetic axis keeps shifting inward in major radius, a magnetic hill builds
up, making the plasma increasingly unstable. For inward shifts of the major radius
of the order of 10 cm or larger (R < 2.00 m), most of the plasma confinement
region should be unstable to ideal interchange modes at very low beta values, and,
therefore, operation should lead to very poor confinement.

The pressure profile that we use is based on the reconstruction of the plasma pa-
rameters from Thomson scattering measurements.!’ All measured pressure profiles
show two main characteristics: the pressure gradient is located at about half the
expected plasma radius, and the profile is very steep. This position of the gra-
dient is compatible with the m = 2 island being the effective limiter. Therefore,
for estimates of ATF-A plasma properties we assume that this is the case. We
take the average plasma radius to be reduced by a factor of 0.655 (position of the
+ = 0.5 surface) and the rotational transform at the edge to be + = 0.5 (Table T).
For detailed MIID studies, we use the full plasma radius, a, = 27 cm, placing a
conducting wall at « = 1.0, and we use the reconstructed profile'! at 3y ~ 2.5%
as the basic profile. Figure 2 shows the basic profile and the ATF-A rotational
transform profile to indicate the positions of the most relevant rational surfaces.

This experimental profile is well described by

1— ta'nh,(lgi_/),:" 1.56)

— p(Q)— N T 1
P 14 tanh(1.56) ’ )

where ¥ is the poloidal flux function normalized to its plasma edge value. In Fig. 2,
this profile is compared to the usual p ~ (1 - 4)? proflile that was regularly used
in previous ATF stability studies.®!? In the present studies, to understand the
systematics with beta, we maintain the pressure profile shape and change the value

of peak beta. For these equilibrium calculations, we assume either zero current in
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2.05 m vacuum magnetic axis is also plotted.

each flux surface or flux conservation. The present ATF experimental data cannot
discriminate between these options, and by doing the calculations both ways we
have a measure of the sensitivity of the results to different assumptions.

The MHD equilibrium calculations have heen done with the VMEC!? and
RSTEQ'* codes. VMEC is a fully three-dimensional (3-D) code; its equilibrium
result is used for the evaluation of the Mercier criterion.!®1% RSTEQ is a two-
dimensional (2-D) code based on the stellarator expansion approach;!” the resulting
equilibrium is used for low-n mode stability calculations. The equilibrium results
of the two codes for the ATF configuration are very similar, as documented in the
past. 12,18
In Fig. 3, the shift of the magnetic axis shift as a function of beta has been
plotted for the ATF-A configuration and for the standard ATF configuration with
a 5-cm inward shift in major radius. The latter results are obtained using the
standard profile p ~ (1 — )% The figure shows that the shift for the ATF-A



configuration is larger, as could be expected. This enhanced shift effect for ATF-A
is even more important than indicated by Fig. 3, because the shift plotted in this
figure is normalized to the nominal ATF minor radius, while the effective minor
radius of ATF-A is a factor of 0.655 smaller. With the conventional definition of
the equilibrium beta limit as the beta value for which the magnetic axis shift is
half of the minor radius, 8y ~ 8% for ATF with the 5-cm inward shift and the
p ~ (1 — +)? profile. However, for the ATF-A configuration, the equilibrium beta
limit is only By ~ 2%, once the effective reduction of the minor radius has been
taken into account. These values for the equilibrium beta limit agree roughly with
the scaling of the equilibrium beta limit as +(a,,)?/A, (see Table I). Here A, is the
plasma aspect ratio. It is evident froin these results that the effect of the field
errors on the equilibrium properties of ATF is rather important. The equilibrium
beta limit is reduced by a factor of four. The magnetic axis shift with beta, which
basically scales as 8yA4,/+(a,)?, is increased by the reduction of the minor radius
and edge rotational transform. As a consequence, the magnetic well also deepens
very rapidly with beta, as shown in I'ig. 4; therefore, we can also expect changes in

the stability properties of the configuration.
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The conventional definition of the equilibrium beta limit is useful for comparing
the properties of different configurations, but it is an arbitrary definition. It is not
based on any direct effect on confinement. The present ATF experimental results
show that peak beta values above 3% have been achieved for the profiles considered
in this analysis. At these beta values, the experiment showed no dramatic changes
in confinement. Therefore, the actual beta limit is higher than that assigned by the
conventional definition to ATF-A. This result is clearly encouraging because we can
expect a similar situation for ATF with no field errors. A more relevant definition
of equilibrium beta limit for the case with zero current is the value of beta for which
an axisymmetric separatrix appears inside the plasma. We can see in Fig. 5, where
the average magnetic surfaces for different beta values have been plotted, that for
ATPF-A such a separatrix appears at 3y ~ 5%. This value of beta is higher than any
of the values obtained in ATF to date. Thus, we do not yet have the experimental
information to determine the impact on plasma confinement of generating such a

separatrix or to make a reasonable estimate of the equilibrium beta limit for ATF.
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3. IDEAL MHD STABILITY PROPERTIES
OF THE ATF-A CONFIGURATION

The equilibrium sequences described in Sect. 2 have been analyzed for their
stability properties. To find the stability boundaries to ideal modes, the applica-
tion of the 3-D Mercier criterion has been very useful. The reason is that for a
configuration like ATF, the stability boundaries given by the low-n modes in gen-
eral agree well with the boundaries of the Mercier modes,!® becanse of the high
degree of radial localization of the interchange modes for all n values. Therefore,
we limit our discussion of stability to the Mercier stability criterion. The Mercier

15,16

criterion is expressed by

D, >0 . (2)

The particular normalization for I, is given in Ref. 18.

Looking at a fixed radial position where the Mercier modes are most unstable
“and varying the value of beta, we can see that the transition to the second stability
regime in ATF-A for Mercier modes happens at very low peak beta values (8 ~
1.3%). This is illustrated in Fig. 6, where D,,, at r = 0.52, is plotted versus peak
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beta. The rather strong beta self-stabilization effects are evident from the sharp
rise of D, with beta for 8y > 1.3%. This effect is not limited to a single radial
point; instead, as can be seen in Fig. 7 for 8y ~ 1.3%, D,,, > 0 over the whole radial
range. Therefore, the plasma has accessed the second stability regime for this beta
value. The Mercier stability results shown in Figs. 6 and 7 are for the zero-current
equilibrium sequence. For flux-conserving equilibria, the magnetic axis shift with
beta is smaller, and so are the beta self-stabilization effects. However, the Mercier
stability boundaries do not change much, as shown in Fig. 8, and the threshold to
the second stability regime increases only to 3y ~ 1.6%. The values of beta achieved
in the experiment (G > 3%) are well above either of these threshold values.

It is interesting to {ind the lowest-n rational surfaces in the Mercier unstable
region. 'They are indicated in Fig. 8 for both flux-conserving and zero-current
equilibria. In both cases, the most relevant surfaces are + = 2/5, ¢« = 3/8, and
+ = 1/3. Therefore, the low-n modes associated with these resonant surfaces are
the most likely to be unstable. For the zero-current case [Fig. 8(a)], the rotational
transform profile changes with increasing beta. First, the transform at the magnetic

axis increases with y; that is why the « = 1/3 surface moves toward the axis until
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vant low-n singular surfaces are also plotted. The pressure profile is given

by Eq. (1), and the vacuum magnetic axis is at R = 2.05 m.

it disappears when +(0) > 1/3. For # > 1.6%, + decreases near the region of
strong pressure gradient; the profile becomes double valued and its minimumn value
decreases with increasing beta. When min «(r) < 1/3, two + = 1/3 surfaces appear
in the plasma. As §y keeps increasing, this minimum value of « goes to zero, and
that brings in an n = 0 separatrix, as discussed in Sect. 2.

The unstable Mercier regions shown in Fig. 8 have two distinct subregious,
one at the plasma core and another localized around the pressure gradient region.
The first one is not very important, in general, and can be eliminated by a slight
flattening of the pressure profile at the core without much affecting the global
confinement. The measurements of pressure profiles in the plasina core are not
accurate enough for us to be sure whether this unstable region is real or not. The
second region is more important because it cannot, in general, be eliminated by

slightly changing the profile without changing the global confinement. For the
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ATF-A configuration, the size of this unstable region is a sensitive function of the
position of the vacuum magnetic axis. Shifting the major radius outward from
R = 2.05 m by a few centimeters totally eliminates this unstable region. An inward
shift greatly increases the size of the unstable region and can totally eliminate the
second stable regime (Fig. 9). For the vacuum magnetic axis position at 2 = 2.05 m,
the ideal unstable region is small, and so are the negative values of 1), in this region.
However, this information is not sufficient to find out how weak the instability 1s in
this region. A limitation of the Mercier criterion is that the value of 1),,, does not give
a direct measure of the strength of the instability. One way.to get some information
is by examining the stability of low-n modes. We have used the FAR code,!® which is
based on the stellarator expansion, to evaluate the stability properties of the n = 1,

2, and 3 modes. The n == 1 mode is clearly stable, but the n = 2 and 3 modes, whose
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dominant components are the (m = 5;n = 2) and (m = 8;n = 3), respectively, are
so close to marginal stability that it has not been possible to obtain a converged
linear growth rate for them. In this case, the ideal instability is weaker than a
typical resistive interchange mode. Another way of estimating the importance of
the unstable region is to evaluate how much the pressure profile must change to be

marginally stable. To do so, we have parameterized the pressure profile as

p(r) = p(r) (pr(r)/p2 (0) + (1 = 9)(& — ) exp { - [(¥ - p)/WA'})  (3)

where py(r) is given by Eq. (1). The parameters 9, ¢, and W, are determined
from the Mercier marginal stability condition. For the ATF-A configuration with
the vacuum magnetic axis at R = 2.05 m, the values ¢ = 3.0 and W, = 0.2 give a
pressure profile that is stable for all §y values. This change of the pressure profile is
very small (Fig. 10) and compatible with experimental errors. In contrast, when the
vacuum magnetic axis is at R = 2.00 m, it is not possible to find a stable pressure
profile close to the experimentally measured profile. Therefore, it is not surprising
that access to the second stability regime has been relatively easy with the vacuum
magnetic axis at B = 2.05 m. In conclusion, for the present ATF results, the
only relevant instabilities in practice are the resistive interchange modes, which are

considered in Sects. 4 and 5.
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4. FLUCTUATION LEVEL IN ATF-A CAUSED BY
RESISTIVE PRESSURE-GRADIENT-DRIVEN TURBULENCE

Resistive pressure-gradient-driven turbulence theory'® is a convenieni [rame-
work in which to begin analyzing the consequences of operation in the second sta-
bility regime. In Ref. 19, the nonlinear consequences of this instability are analyzed
in detail. Here, we apply the results of this analysis to AT parameters and include
the beta self-stabilization effects. A simple model in cylindrical geometry was used
to study resistive pressure-gradient-driven turbulence. The model is based on the

equations

& _

ot - "’Rovnfﬁ + ROT’JZ H (4)
dU 1 1. ’

’:it‘ — _p—;;v”Jz "}" p7n2 . (VQ X Vp) + [LVHU 3 (5)
dp 2~ dpo

g S VIp Ve (6)

Here 1) is the poloidal flux; ¢ the velocity stream function; p the perturbed pressure;
U the z-component of the vorticity, U = V2 ¢; and J, the current parallel to the
z-axis of the cylinder, J, = V3.

This model can be regarded as the reduced set of MHD equations?” for a stel-
larator configuration. This set of equations can be derived using the stellarator
expansion.!” From this point of view, the V) term can be interpreted as the
toroidally averaged curvature. At zero beta, this term includes only the average
helical curvature, which is directly related to the toroidally varying part of the

vacuum magnetic field B, by

B, ?
0= (7)
0

where the bar indicates a toroidal angle average. In the present calculation, we do
not consider the effect of the geodesic curvature; therefore, §} is a function only
of the average minor radius r. At finite beta, the effect of the magnetic axis shift
must be included in the curvature term, and at lowest order in €, we have

C2A(r) | |B, P2

=000 el 8
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where A(r) is the average shift of each magnetic surface. In this case, it is better
to express the average curvature in terms of the derivative of the specific volume,

V', with respect to the toroidal flux, Byr?,

0
— = ZeBgv" . (9)

r

Here By is the toroidal field sirength, and V" is a function of beta. As beta
increases, the region in which V" < 0 increases in radial extent, reducing the bad
curvature region (Fig. 4).

The model given by Eqgs. (4)-(6) does not include the stabilizing effects of
compressibility or diamagnetic drift, the latter being more important. Therefore,
this model is pessimistic in this sense. However, because of these simplifications,
it can be used to perform detailed nonlinear calculations analytically as well as
numerically. The numerical calculations can be done with enough resolution to
separate relevant spatial scales and allow determination of the mode spectrum.
This model has been a useful testbed for checking the analytical calculations and
has allowed the identification of the basic turbulence saturation mechanism.!®

The electrostatic potential and density fluctuations at saturation are given by

the expressions!®

B\ [Bo ( AR\ [ ~a dpy\]*"
T, [262 (“}1"{) (5;‘((’)5 dr )}

(oSN (magl \(eBn Y\ (10)
TR r? cTepo ’ .

n | Be [ dQ VO —a dp]™ (ram 1\ ¢’ Lq v AT/8
<77;(“03>m [53 (071;5)] [?55'("553;] <@;§) (353;)
(1)
Here, S is the Lundquist number, Ly = |(1/¢)(dg/dr)| ™!, 5 is the resistivity, po
is the equilibrium pressure, m is the rms value of the poloidal mode number, the
peak beta Gy = po(0)/(B2/2u0), a is the plasma minor radius, and ¢ = a/ Ry is

the inverse aspect ratio. The A enhancement factor depends weakly on the physics

parameters and is the solution to the equation

2 Bo dQ _—a_dpy ! r? ! a® g ? 2
A= 37r1n { {262 (a dr) (p(,(()) dr )} (maqu 128 TR 5 o A

(12)




16

For the regime of interest in this paper, A varies only between 3 and 5. The physical
meaning of this enhancement factor is discussed in Refs. 19 and 21.

The renormalization theory developed for the resistive pressure-gradient-driven
turbulence is based on the electrostatic approximation to the model defined by
Eqs. (4)-(6). The magnetic fluctuation can be inferred from the linearized Ohm’s
law and the calculated saturation level of the electrostatic potential, Kq. (10). How-
ever, one must be careful to treat the magnelic scale length accurately, as discussed

in Ref. 22. The resulting fluctuation level for the magnetic fluctuations is given by

B @_)(e dpy\]"/°
) )

, ~1/3 5/3
. <_¢_5) (2" (qf) AT/ (13)
TR ma r

In the expressions for the fluctuation level, Eqs. (10), (11), and (13), the beta

effects are included in two ways. They appear explicitly as the driving term of the

B,
By

instability, Bo(dpo/dr), and indirectly in the curvature as the term dQ/dr, reducing
the region of bad curvature as the axis shift increases. When the second effect, beta
self-stabilization, overcomes the drive of the instability, the system is in the second
stability regime. This explains why local measurements of the potential, density, or
magnetic fluctuations serve as both a good monitor of the plasina properties and a
way to experimentally determine the access to the second stability regime.

To calculate the fluctuation levels from Egs. (10), (11}, and (13), we need to
know the electron temperature 7, the ion temperature T;, and the density ny. To
simplify the calculations, we take all profiles to be the same and to be given by
Eq. (1). From the ATF data, we have extracted a scenario for the variation of
T.(0), 73(0), and no(0) with Gy (see Fig. 11). In this way we can give a qualitative
picture of the change of fluctuation level with 8y, which does not pretend to be
accurate but only to illustrate the dominaunt trends. Detailed modeling, based on
complete data sets, would be required for a more quantitative comparison of theory
and experiment. Using the scenario of Fig. 11, we can calculate the fluctuation
levels. In particular, using Eq. (13), we plot in Fig. 12 the magnetic fluctuation
level as a function of » for different values of 8y. As beta increases, the magnetic well
broadens, and the instability at the inner flux surfaces is suppressed as the position
of V" = 0 moves outward. At an inside fixed radial position, such as r/a = 0.6, we

see the fluctuation level first go up with beta, then saturate at about gy ~ 1%, and
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finally be stabilized for 8y 2 3% (Fig. 13). For radial positions outside the main
pressure gradient, such as r/a = 0.7, beta self-stabilization is not present (there is
practically no beta there for the profile considered here). The situation is the same
for density and potential fluctuations (Fig. 14). Notice that these fluctuations do
not automatically die off when crossing to the second stability regime, but they
do show the effects of beta self-stabilization. The maximum magnetic fluctuation

levels are at radial posilions 0.5 < r/a < 0.7; this region encloses the marginally
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stable Mercier criterion. Therefore, resistive low-n modes with resonant surfaces in
this radial range are the most likely cause of the experimentally observed magnetic
fluctuations. Within experimental uncertainties, the fluctuation level does not seem
to be very sensitive to profile effects. In Fig. 15, the radial magnetic field fluctuation
level at By = 1.0% is plotted for the two profiles of Fig. 10. The changes in the

fluctuation level are rather small.
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5. LOW-n RESISTIVE INTERCHANGE INSTABILITY
IN ATF-A

The linear stability properties of the resistive interchange modes have been
studied with the FAR stability code,”® which has been adapted to stellarator

14

configurations'* using the stellarator expansion approach. The stability of the

n = 1, 2, and 3 modes has been investigated. The n = 1 growth rates are very

This mode is strongly stabilized for Gy > 0.8%, as expected from inspection of
Fig. 8. The n = 2 and 3 modes show clearly unstable features. For zero-current
equilibria and 0.2% < By < 1.2%, the dominant component of the n = 2 mode is
(m = 5;n = 2), as could be expected from the marginal ideal stability properties of
this mode. For 8y > 1.5%, the (m = 6;n = 2) component becomes dominant; this
corresponds to the [y values for which ¢ = 2/5 is in the second stability regime.
For the By range studied, the linear growth rate as a function of 8, first increases
and then levels off for 3y 2 0.5% [Fig. 16(a)]. However, the linear eigenfunction
changes in such a way that the poloidal magnetic field fluctuation at the plasma
edge, Bg(a), normalized to the maximum value of this fluctuating field component,
decreases sharply for Gy > 1.0% [Fig. 16(b)]. This change is caused by the change

of the dominant component from m = 5 to m = 6.

component is the (m = 8;n = 3). The growth rate is higher than in the n = 2 case,
but the normalized Eg(a) value is smaller.

The resistive interchange character of these modes is well established by the
linear growth rate scaling with S, which shows the characteristic §1/3 power de-
pendence. In all cases, the toroidal coupling is destabilizing, and the growth rate is
larger than the predictions from cylindrical geometry, Eqs. (4)-(6). Although the
toroidal coupling plays a very important role for these instabilities, the Bo spectrum
at the plasma edge is clearly peaked at the dominant mode (Fig. 17).

For a first estimate of low-n fluctuation levels, we have used the model given
by Egs. (4)-(6) and implemented in the nonlinear initial value code KITE.2* We
are trying not to model in detail the experimental fluctuation measurements, but
instead to show the basic traits of the theoretical predictions. To do a detailed
modeling, diamagnetic and toroidal effects have to be included. From the linear
results it is clear that the most relevant helicities are 3/1, 5/2, and 8/3. Let us

counsider the case of the 5/2 helicity. Modes from (m == 5;n == 2) to (m = 95;n = 38)
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have been included in the calculation, with radial grids of Ar = 107®. The nonlinear
evolution leads to a saturation of the instability with the spectrum dominated by
the lowest-n mode. Although quasilinear effects are included, the saturation level is
very close, within a factor of two, to the prediction of the analytic model of Sect. 4
based on the turbulent saturation of the modes. The saturation level as a function
of beta shows a sharp increase, followed by saturation and a strong reduction of the
fluctuation level. In Fig. 18, we have plotted the value of EQ((L)/B() at saturation
for the 5/2 helicity. The error bars reflect the spread during the time evolution of
this level of fluctuations. The high values of E’g(a)/Bo for 0.4% < By < 0.9% are
due to the closeness to the ideal instability threshold. As we have already said, in
this beta scan we have kept the same pressure profile, while in the experiment the
pressure profile is somewhat narrower in the low-beta range.

Finally, when multiple helicity and toroidal effects are included, the saturation
level of f?(a,)/Bo does not change much, but the mode spectrum changes in a sig-
nificant way. Although the (m = 5;n = 2) mode was the most unstable one linearly,
the B(a)/B, spectrum is dominated by the (m = 2;n = 1) component (Fig. 19),
which was linearly stable when the toroidal effects were turned off. These results
agree with experimental fluctuation measurements, which also indicate that the

spectrum is dominated by an (m = 2;n = 1) component.
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A more detailed modeling of the fluctuation is required. The w* effects should

be included for a more systematic comparison of theory and experiment.
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6. DISCUSSION AND CONCLUSIONS

The purpose of this analysis is to paint a broad picture of how the MHD predic-
tions for ATF change when the effect of field errors is taken into account. Neither
the analysis nor the available data are complete. However, when both are put to-
gether, they do not show contradiction and give a very hopeful view of the potential
performance of ATF'. It is clear that we need more detailed data on profiles to make
a detailed evaluation of the plasma stability properties. It is also very imporiant to
have density or potential fluctuation measurements inside the plasma. The mag-
netic fluctuation measurement, although very interesting, cannot give a full picture
of the self-stabilization effect. On the theory side, we must develop a more complete
model of the fluctuations by including diamagnetic and electric field effects.

Nevertheless, with the present information, we draw the following conclusions.

1. The answer to the question formulated in the introduction is probably: yes, the
present data are compatible with ATF operation in the second stability regime,
but it is not possible to prove it in a conclusive way.

2. Using a reduced plasma radius in ATF, although it reduces the boundaries of
operation of the device (Fig. 20), can be a useful way of studying access to the

second stability regime without adding substantial heating power.
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