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ABSTRACT

The observed spectrum of magnetohydrodynamic (MHD) fluctuations in
the Impurity Study Experiment (ISX-B) tokamak is clearly dominated by
the n = 1 mode when the q = 1 surface is in the plasma. This fact
agrees well with theoretical predictions based on three-dimensional
(3-D) resistive MHD calculations. They show that the (m = 1; n = 1)
mode 1is the dominant instability. It drives other n = 1 modes through
toroidal coupling and n > 1 modes through nonlinear couplings. These
theoretically predicted mode structures have been compared in detail
with the experimentally measured wave forms {using arrays of soft x-ray
detectors) . The agreement is excellent. More detailed comparisons
between theory and experiment have required careful reconstructions of
the ISX-B equilibria. The equilibria so constructed have permitted a
precise evaluation of the ideal MHD stability properties of ISX-B. The
present results indicate that the high-beta ISX-B equilibria are
marginally stable to finite-n ideal MHD modes. The resistive MHD
calculations also show that at finite beta there are unstable resistive
pressure-driven modes. For low-Bp equilibria these modes saturate at
very low level and their evolution has little effect on the dominant
(m=1; n=1) mode. However, with increasing By, they become more
important. Their n spectrum is concentrated at low mode number and is
broad. Analytic calculations indicate that their saturated kinetic
energy scales like (ssp)5’3n“’3. These scalings have been confirmed by
numerical results. The resistive ballooning modes are good candidates
for the explanation of the confinement detericration at high Bp in
ISX-B. The transport effects induced by them are estimated from the
theory and are found to be mainly thermal electron conduction losses.
An expression for Xeo is derived, and it yields values that agree well
with those from the experiment.



I. INTRODUCTION

Through the Impurity Study Experiment (ISX-B) tokamak with up to
3 MW of beam heating pnwer, about ten times its ohmic heating power, a
totally new regime of tokamak plasmas is being explored. The results
obtained [1-4] raise many questions related to the stability of such
plasmas., These questions can be separated into three areas: (1) ideal
magnetohydrodynamic (MHD) stability, (2) the description and causes of
the observed MHD activity, and (3) the effect of the MHD activity on
the confinement. Since the ISX-B experiment is an ongoing effort,
definitive answers to all questions have not yet been found. However,
a great deal of progress has been made in understanding some of these
problems, and we will present here the current perception of what the
angwers are. In addressing such questions we have had to (1) carefully
model ISX-B diacharges, (2) develop further the theoretical
understanding of the MHD instabilities, and (3) perform detailed
comparisons between the experimental results and the three-dimensional
(3-D) numerical simulations (Fig. 1). We will first describe the basic
experimental and theoretical tools used in such studies.

Mirnov coils and collimated soft x-ray detectors are used for
instability diagnostics. The former yield poloidal field fluctuations
% st 3 to 5 cm into the shadow of limiters, and the latter yield
line-integrated measurements of x-ray emission fluctuations £ along
viewing chords through the plasma. Up to 32 coils in a single poloidal
cross section are used simultaneously for determining the poloidal mode
number m of the poloidal magnetic field fluctuation 8. A few other
coils are available at two other 1locations around the torus for
determining the gross toroidal mode number n. The x-ray studies use
various combinations of detectors in a 32-unit fan array centered on
the outside equatorial plane and in two 24-unit fan arrays mounted on
top (Fig. 1). The lines of sight of all three arrays are in the same
poloidal section.



The frequency response of most of the coils rolls off above 8 kHz
due to the L/R for magnetic diffusion through their protective cases.
A few special loops at the outside of the torus at only one toroidal
location have rolloffs at 2125 kHz. The x-ray detectnrs have
bandwidths of 2125 kHz. Instability signals from all channels are
dominated by frequencies in the 5- to 25-kHz range. Data acquisition
is both oscillographic and digital. The latter system evolved to 88
channels and is usually operated at a digitizing rate of 170.61 kHz for
acquisition during a preselected 48-ms interval of individual tokamak
discharges when attention is focussed on w < 50 kHg or at 512 kHz for a
16-ms interval for higher frequencies.

For the high-beta theoretical studies, we have used a reduced set
of resistive MHD equations [5] valid in the limit of large aspect ratio
(e = a/Ro <{ 1, where a and Ro are the plasma minor and major radii,
respectively) and high beta (8 ~ €). This system of equations, with
some minor variations, has also been used by other groups [6,7] for
aimilar studies.

The reduced set of equations in dimensionless form is
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vhere R is the major radius coordinate divided Yy Ro, B, 1is the
toroidal beta at the magnetic axie, and § is a unit vector in the
toroidal direction. All lengths are normalized to the averaged minor
radius a, the resistivity to n, (its value at the magnetic axie), the
time to the resistive diffusion time " azuo/no, the magnetic field
to Bco (the unperturbed vacuum toroidal field at major radius Ro), the
velocity to a/tr, and the presaure to p, (its value at the magnetic
axis). The functions ¥ and ¢ are the poloidal flux and velocity stream
functions, normalized to acho and acho/rr, reapactively. They are
related to the dimensionless magnetic field and fluid velocity by
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where the subscript i denotes perpendicular to a. The toroidal current
density is J‘/R, normalized to B;o/"oRo' and U is the toroidal
component of the vorticity. The parameter S is the ratio of the two
time scales involved in this problem: S = Tr/Thp' where Thp is the
poloidal  Alfvén time, Ty, " Ro(uopm)l’Z/B;O. A conducting wall
boundary condition is assumed, along with zero pressure, at the plasma
edge. We use a straight magnetic field 1line coordinate system,
(p,e,;), where p is a flux surface label, O € p < 1; [ 1s the
previously defined toroidal angle; and the poloidal angle © coordinate
is determined by requiring that the Jacobian is proportional to RZ.

For an axisymmetric, zero-velocity equilibrium, Egs. (1) to (5)
become



Aty = J.

which are the tokamak equilibrium equationa exact to all orders in e.
Therefore, Eq. (2) contains the equilibrium magnetic field curvature
terms to all orders in e.

The implementation of these nonlinear equations as an initial
value problem constitutes one of the time-stepping modules, RST [8], ot
the Oak Ridge Mational Laboratory (ORNL) MHD system of codes. This
system of codes consists of three types of modules: input modules,
time-stepping modules, and output modules. The third type includes
mainly diagno:tic codes. They have been used to improve the
understanding of the instabilities studied. They are excellent tools
for unraveling seome of the characteristics of the basic dynamic
mechanisms. Some output modules are used to calculate quantities, such
as x-ray emissivity profiles and x-ray traces, that can be directly
compared with experimental data (Fig. 1).

For resistive ballooning mode studies we have used two different
types of codes: 1) a one~-dimensional (1-D) shooting code, which assumes
incompressibility but does not assume large aspect ratio and 2) a 1D
initial value code based on the reduced set of resistive MHD equations
in the 1large n 1limit, which can incorporate effects such as parallel
dynamics, weg, viscosity, etc. Both nodules use as input the same
numerical equilibrium as RST.

Section IT briefly "describes the ideal MHD stability studies.
Section III presents the experimental MHD activity observations.
Sections IV and V discuss the n = 1 dominated discharges and discharges
in which n= 1 activity is not present. Finally, the posaible
MHD-induced transport effects are discussed in Sect. VI.



II. IDEAL MHD STABILITY STUDIES

The 1deal MHD stability studies have required a careful
reconstruction of the ISX-B equilibria [9]. These equilibria have been
calculated using the data analysis code ZORNOC [10]. This code
requires as input the plasma geometry parameters (major radius, minor
radius, elongation, and triangularity) which are obtained from the
roloidal magnetic measurements [11]. With this information providing
the boundary conditions, an equilibrium is calculated using the
experimental pressure profile and an assumed current profile. The
pressure profile is obtained from the midplane Thomson scattering and
ion temperature measurements supplemented by neoclassical ion power
balance and beam slowing down equations. The shape of the current
profile is then varied to fit the measured poloidal coil currents, the
magnetic field measurements, and the 1location of the q = 1 surface
suggested by the soft x-ray diagnostic. Several equilibria, with Bp
ranging between 1 and 2, have bteen found which closely match all
experimental data. These equilibria were tested for 1ideal MHD
stability wusing the ERATO crde [12] for low toroidal mode number n and
the MBC code [13] for large n. For 1low n, the complexity of the
numericel calculation precludes <the use of enough grid points to
calculate a converged growth rate. Thus, extrapolation to zero spacing
between grid points is necessary to assess stability. In Fig. 2(a), a
plot of the sguared growth rate is shown versus N'z, where N 1is the
number of grid points. This extrapolation shows marginal stability for
the low n mode, within the accuracy of the present numerical studies.
This has consistently been the result for all ISX-B equilibria studied.

For a few cases, the second most unstable mode has been studied.
These modes were also found marginally stable by the same extrapolation
procedure. This suggests an accumulation point at zero growth rate and
is under further study. The growth rates are independent of the
location of a conducting wall since the unconverged modes are localized
within the q = 1 surface (for n = 1) or close to the q = 1 surface (for
higher n). (The q = 1 surface for ISX-B equilibria is typically at
r/a ~1/3 and thus in a region which is not affected by edge
stabilization.) Al) equilibria were found to be stable in the infinite



n 1limit but close ¢to marginal stability. Raising the preasure
uniformly by ~30% was sufficient to cause destabilization in what was
initially the most stable case.

In conclusion, all the I3X-B equilibria studied at present show
marginal stability to low n ideal MHD modes within the accuracy of the
calculation, The equilibria are stable to high-n modes but close to
marginal. These results modify some results previously presented [14]
that indicated that the high-beta ISX-B equilibria were ideal MHD
unstable. The main reason for the change 1is the more accurately
calculated equilibria in the present atudies. The most pronounced
difference 1is in the toroidal current distribution. As can be seen in
Pig. 2(b), the current distribution has shoulders, which are generally
more pronounced for the smaller values of qy (the safety factor at the
plasma edge) .



ITI. DESCRIPTION OF THE OBSERVED MHD ACTIVITY IN ISX-B

In this section we review the main features of the MHD activity
observed experimentally in ISX-B. We begin by describing the frequency
spectrum of the Mirnev coil signals. Three characteristic observations
follow:

(1) A clear peak at frequencies between 5 and 25 kHz (depending on the
parameters of the discharge) with higher harmonics often present
[Pig. 3(a)]. The peak corresponds to the n = 1 mode and dominates
the spectrum when there is a eignificant plasma volume within the
q = 1 surface, as is usually the case.

(2) A high-frequency tail, resolvable out to 250 kHz. These
fluctuations are present independent of the n = 1 mode [Fig. 3(b)].
The amplitude level increases with beam injection, and the poloidal
correlation lengths are typically on the order of 5 cm.

(3) At times, highly coherent structures in the tail, generally between
100 and 200 kHz. For at least some of these there is evidence that
they are present for only brief intervals during the discharge.

For the n = 1 dominated discharges, the instability signals are
altered when the ratio of injected beam power to ohmic power exceeds
one. The changes are first marked by the lengthening of the interval
of m =1 activity before the internal disruption and the simultaneous
appearance of a strong poloidal magnetic field fluctuation ¥ at the
same frequency as the m= 1 [Fig. 4(&)]. Thereafter, the visual
appearance of the instability patterns (i.e., of the envelopes of the
oscillatory components £ and ®) varies with plasma parameters.
Generally, further increases in beam power lead first to longer~lived,
even steadily running precursors and then to increasing amplitude
modulation of these signals. Under some conditions the appearance of a
long period sawtooth is retained and in other cases it is not.

These signal patterns are illustrated by the ¥ tfaces shown in
Pig. 5, which gives samples for plasmas with dominant (m = 1;n = 1)
mode activity (qw < 4.5). The ¥ envelopes look like these as well

since once the Pb/POH 2. 1 threshold is exceeded, the B g4pq4 ¢ signals

are locked in frequency and in amplitude. Thé rapid modulation pattern
shown as the fina ! «.:ample in Fig. 5(c) looks quite similar to signals



from "fishbone" activity in the Poloidal Divertor Experiment
(PDX) [15]. Signals like these are rare in ISX-B and no particular
confinement deterioration is associated with them. With regard to the
general nature of oignals from ISX-B, we note that operation with
deliberatuly shaped (elliptical) plasma favors the more continuous X
and 8, and the patterns revert toward those of the classic sawtooth
(or, equivalently, toward patterns typical of lower Pb) as q is
increased.

Despite the variation of signal patterns with plasma parameters,
the basic features of these signals do not vary once the Pb/POH 21
threshold is passed. X and ¥ signals are locked at the same frequency
and coupled in amplitude. The B at the Mirnov coils is strong, often
exceeding B/B = 1%, and is dominated by (m = 2;n = 1) mode symmetry at
low 1y and by mixtures of m at higher qw. The B measurements indicate
that the mode rotation {s reversed from that in ohmically heated
plasmas, presumably the result of toroidal rotation driven by momentum
transfer from the co-injected neutral beams [16]. The large ¥ signals
are from within q ~1 and are due to a large m = 1 mode there.
Rotation of this m = 1 structure is also reversed. Even with a large
(m= 23n = 1) poloidal field signal, there is no large or distinctive 4
from near q = 2 and thus no 1large m = 2 island structure. The X
waveforms do show interesting differences of detail when compared with
the work of others [17] on the classic m= 1, We 1illustrate these
details in the next section.

¥e now turn our attention to the high freguency tail signals. Ve
have not yet obtained experimental mode identifications for these. The
high-frequency tail in H can be adequately observed only on those
Mirnov coils with the higher frequency response. A variety of tests
confirm that this tail is indeed due to magnetic field fluctuations.
It ia unlikely that the source is plasma local to the coils since
comparisons have been made between the signals of the high frequency
coils and those from a Langmuir probe which was 1located at the same
minor radius and poloidal angle as one of the coils and only 5 cm away
toroidally. The high-frequency spectra are similar, but the coherence
between § and 1 is zero. Furthermore, the time histories of B and &
throughout a discharge are totally different.



A8 noted in oconnection with Fig. 3, the high frequency teil in 8
is present with or without a strong (m = 13n = 1) mode. The signal
levels increase markedly with neutral beam injection. The fact that
this 1increase is not due to a shift of the bulk plasma outward (and
thus closer to the high frequency coils) was demonstrated by
experiments directed specifically at this question. The time response
of the amplitude increase is similar to that of B, (Fig. 6). The
signal 1level follows Bp even before injection when Bp increases due to
a density increase produced by strong gas puffing [Fig. 6(a)]. The
general ampli tude lavel of the 'B'/Bp tail increases relatively
systematically with beam power (Bp) in the ISX-B power scan, at fixed
plasma current (Ip), toroidal field, and density (Fig. 7). However,
the systematics of the variation of ﬁ/Bp with Bp when the latter is

controlled by I_ is not so clear (Fig. 8, with the Ip scan at fixed BT'

ng, and P, = f gw). A smaller range of Bp is allowed by this method,
and the tail is augmented by pronounced bands of the .ore coherent
activity, particularly at low Ip-

Since the high frequency coils are presently placed at only oue
toroidal 1location, it has not been possible to address the guestion of
toroidal mode numbers for the high frequencies. We have approached the
question of jo0loidal mode numbers, through calculation of cross power
spectral densities (CPSD). This procedure develons "average" phase
relations for the 16-ms data strings. The results are confused by the
appearance of the more coherent bands. We are in the process of
applying digital filtering codes to identify the time intervals when
these signal components are present.

The high frequency tail also exists in the spectra of signals from
the collimated x-ray detectors. These high frequencies are also
present both with and without a strong (m = 1;n = 1) mode (Fig. 9). We
have attempted, without success, to obtain local characterizations of
the plasma by calculating CPSD for detectors whose 1lines of sight
intersect in the plasma. Two difficulties arise. The (m = 1;n = 1)
mode and its barmonically related driven structures usually dominate
the detector signals; because of the long range correlations of these
signal components they also dominate the coherence spectrum, even in
the cases of detector pairs whose lines of sight do not intersect in
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the plasma. When the technique is applied to discharges without the
(m= 13n= 1) mode, the coherence is low and noisy. Much more signal
averaging than was possible in these experiments (effectively, about S50
samples) would be required to show any enhancement of coherence levels
by including a plasma region common to the two lines of sight.
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IV. n = 1 DOMINATED MHD ACTIVITY

Having presented the summary of experimental MHD observations in
ISX-B 1in the previocus section, we will now address the question of
interpretation from the theoretical point of view. We start by
considering in this section tne situation in which the n = 1
instability is dominant. The high-frequency tail is considered in the
next section. As noted in the introduction, the theoretical studies
have been done in the framework of the resistive MHD model. Full
details can be found 1in the literature [2,18]. To understand, in a
systematic way, the change of the instability character with the
parameters of the theory, model equilibria have been considered. With
these equilibria we do not attempt to make a detailed match to ISX-B
equilibria but rather try to understand the general change of features
of the instability when beta increases. In order to separate the beta
effects of the dynamic pressure~driving terms from those of the
beta-induced changes in equilibrium, linear calculations were carried
out in two ways: (1) using linearized versions of the resistive MHD
equations and (2) using the same equations with the dynamic pressure
term in the momentum balance Eq. (2) turned off. In the first method,
pressure-driven and current-driven effects are included, whereas the
second method allows for only current-driven effects. Beta effects
observed using the second method of calculation are caused by the
distortion of the equilibrium geometry, whereas the first method also
includes the dynamic effects of the pressure terms.

As an example we discuss here a flux-conserving equilidbrium
sequence characterized by a pressure profile p= powz and a safety
factor profile q = 0.9[1 + (p/py)*]1/2, with p_ = 0.65. For this
equilibrium sequence, the mosi{ unstable mode at low beta is the n = {
mode, and its linear stability properties with increasing bYeta are
sunmarized in Fig. 10. In this figure we have plotted the n = {1 linear
growth rate as a function of Bp'
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The dashed curve was calculated without dynamical pressure effects
and thue 1llustrates those changes in stability of the current-driven
modes caused by equilibrium effects. The shift of the peak of the
toroidal current relative to the magnetic axis (Fig. 11) decreases the
average current gradient at the q = 1 surface and inoreases the
couplings to other modes, which are stable. Both effects tend to
stabilize the n = 1 mode. The s80lid curve in PFig. 10 inocludes
pressure~-driven dynamjical effects in addition to those effects which
lead to the dashed curve. For low values of Bp' the pressure terms
produce an interchange stabilization of the n = 1 mode similar to that
predicted by Glasser et al. [19], but as Bp increases, the character of
the mode changes, becoming mainly pressure driven with an increasingly
large growth rate.

The effect of beta upon the 1linear n = 1 eigenfunction is
illustrated in Pig. 12, which shows the (m = f;n = 1) Fourier
components of the poloidal flux function ¥, the pressure p, and the
velocity stream function ¢ for different values of 8. Por Bp = 0.19
the y,4 component is dominant and has the typical kink mode structure
obtained 1in the low=beta limit, indicating that the n = 1 eigenmode is
mainly a current-driven mode. At Bp = 1,94 the n= | mode is mainly
pressure driven and its Fourier components are localized near the q = 1
singular surface. This particular equilibrium ie stable to the n = 1
mode when the pressure-driving term is removed from the momentum
balance equation, as indicated by the dashed curve of Fig. 10. For
sp = 1.00, Pig. 12 shows the transition from current- to
pressure-driven dominance.

A large number of Fourier components is necessary to corrvactly
deascribe an eigenmode when the beta effects are included. We have
determined that the coordinate system which we use 1is optimal in
minimiging the number of components. Even s0, about ten poloidal
components are required to calculate the linear growth rates accurately
to within a few percent. In Fig. 13, we show the different poloidal
components of ¥ used in calculating the 1linear n = 1 eigenmode for
8p " 0.19. All modes show a global character like the (1;1) component
in Pig. 12 for this value of Bp* The m = 2 component is the largest of
the driven components, and 1its structure is quite different from a
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linearly unstable (m = 2;jn = 1) tearing mode. This driven m = 2
component peaks near the q = 1 singular surface and has hardly any
structure near the q = 2 surface. This feature of the m = 2 component
carries over into the nonlinear regime, with important observable
consequences. At the highest value of Bp considered (Bp = 2), the
structure of the components is considerably different, as was already
seen for the (m = 1;n = 1) in Fig. 12. All components are highly
localized near the q = 1 surface, the m = 1 component is no longer the
dominant one, and the character of the mode is totally different.

In summary, Bp modifications to the n = 1 linear mode are induced
by distortion of the equilibrium current profile, which changes the
growth rate and couples components having different m values, and by
the transition from current to pressure as the driving term of the
instability.

To compare tuese results with experimental observations we have to
study the nonlinear evolution of such instabilities. We limit the
comparison to low and moderate beam injection powers (moderate values
of Bp). At higher Bp values, the theoretical model has some
limitations in adequately describing the (m=1;n=1) mode. A potential
problem 1is that the ideal internal kink can be unstable at such Bp
values and the accurate description of this mode requires higher order
terms in e. Present calculations with the ERATO code show that for all
ISX-B equilibria studied this mode is close to marginal stability, but
we have not yet attempted to do a detailed nonlinear calculation for
the (m=1;n=1) mode at high Bp- Theoretical considerations aside, the
experimental observations indicate that the spatial structure of the
(m=1;n=1) activity does not change with increasing Bpe

The main results of the nonlinear numerical studies [18] can be
sunmarigzed as follows:

(1) Por the flux~conserving equilibrium sequence considered in this
paper and Bp { 0.5, the nonlinear growth of the m= 1/n = 1
magnetic island slows down with increasing Bp, going from
exponential to linear prior to reconnection (Fig. 14).

(2) Por higher values of Bp, the m = 1/n = 1 magnetic island saturates
and remains at a finite amplitude. This transition from
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reconnection to saturation happens when the mode becomes

dominantly pressure driven.

(3) The (m = 13n = 1) mode drives, through toroidal and nonlinear
coupling, many modes. The driven mode with the largest amplitude
for ¢this equilibrium sequence 1is the (m=2;n= 1) mode. This
mode, as discussed above, is mainly localized near the q = 1
surface. The m = 2/n = 1 magnetic islari induced near q = 2 is
small, and hence only a emall £ signal 4is produceu there.
However, the (m = 23n = 1) mode produces a large poloidal magnetic
field perturbation at the plasma surface.

(4) The broad mode spectrum driven by the (m = 1;n = 1) mode generates
a variety of magnetic islands that in many cases overlap and break
the magnetic surfaces. This complex mode structure is illustrated
in Pig. 15, which shows snapshots of the magnetic field structure
slightly before magnetic field line reconnection, taken at four
different toroidal locations.

(5) As q at the edge is raised, the instability reverts toward the
classical low-beta m = 1 mode. Growth of the m = 1 island speeds
up due to increasing shear at the q~ 1 surface, and the
amplitudes of the driven modes and B at the limiter decrease
because the radius of q = 1 is reduced.

Thase results of the theory and ¢the gross features of the
experimental observations described in the previous section are clearly
in agreement. A comparison at a more detailed level results from
calculating model ¥ waveforms for the theoretically predicted mode
structure. In these studies, we used equilibria which closely model
ISX-B experimental results, as described in Sect. II. The nonlinear
evolution was followed in time. The X along various chords at
different times were calculated as 1line integrals of p2 assuning
toroidal rotation of the mode structure at a constant frequency w. A
comparison of experimental and model waveforms for the side-mounted
array is given in Fig. 16. The latter resulted from co-rotation of the
instability structure shown in Fig. 15. Features of dominant m = 1 are
evident in bdoth displays. There are additional fine-grained details
common to both: (1) The channel nearest the center shows the expected
dominant 2w resulting from the m = 1. Successive peaks at the center
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are not of equal amplitude, a feature that in the model calculation
results from the presence of the driven m = 2 rotating in phase with
the m = 1, (2) The double humps on positive half-cycles at nearby
channels (e.g., 15 and 17) are also not equal, and the order of the
inequality reverses L-tween upper and lower channela. These features
are again the result of the m=1 and m= 2 couplings. If
counter-rotation is assumed in the model, the theoretical traces for
channels 15 and 17 are exchanged and then disagree with the
experimental traces. (3) At channels 10 and 22, the waveforms are
triangular in nature and are again reverse imaged between upper and
lower channels. This iy Just outside q = 1, where the (m=1;n=1)
eigenfunction no longer dominates and so no longer obscures the effects
of coherent superposition of all the other mode components. The
ass.mption of counter-rotation 1leads to similar consequences in the
case of channels 10 and 22. This combination of effecte has been
illustrated in Fig. 17. The modification of the X waveform generated
by a single (m = 1;n= 1) mode [Fig. 17(a)] due to the toroidal
coupling of the (m = 2;n = 1) is shown in Fig. 17(b). The final result
of superimposing the high-n driven modes is shown in Fig. 17(c). The
resulting ; waveforms in Fig. 17(c) model quite closely the
experimental waveforms. Furthermore, when a poloidal rigid rotation is
applied to the calculated mode structure, the predicted x-ray waveforms
are different from the toroidally rotated ones (Fig. 18) and do not
agree with the experimental observations. This fact gives an indirect
confirmation of the assumed dominance of the toroidal rotation 1in
IsXx-B.

As B8 1is increased into tha higher range obtained in ISX-B, the

role of th: n > 1 modes in the overall predicted mode structure becomes
increasingly important. These modes are themselves linearly unstable
and thus are no longer linked to the evolution of the (m = f3n = 1),
At very low resistivity, as in the experiment (S > 109), these n > 1
modes saturate at small amplitude, but their overall 1level is large
enough to potentially influence transport. We shall discuss them in

the next section.
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V. n > 1 RESISTIVE PRESSURE-DRIVEN MODES

The resistive MHD caloulations show that at finite beta, there are
also unstable resistive pressure~driven modes [20], resistive
ballooning modes [21-24], the saturated level of which increases with
Bpr In the framework of the incompressible, resistive (k%v@ < ““ei)
MHD model (for Bp > 1 and below and near the critical beta for ideal
instabilities), it has been found that the fastest growing mode, with a
given toroidal mode number n, has a growth rate

2 2
nn 8
y @ ( gg>1/3 ( o4 2/31_;_11
n S epr P

where L = [(-dp/dp)/p(0)]~! 18 & characteris<ic scale length for the
pressure profile. The basic theory of these instabilities from an
analytic point of view 418 discuseed by P. H. Diamond [20]. Their
properties are similar to the resistive interchanges [25,26}. However,
the resistive ballooning modes are driven by geodesic curvature, not
averaged curvature. They extend greatly along magnetic field lines, as
can be seen by 1looking at the 1linear eigenfunction (Fig. 19),
calculated by solving the resistive ballooning mode equation [n + ®
1imit of Eqs. (1) to (3)]:

dp
2 a 3¢ _1PBoq39Peq a(qy + &) , 2.2 -0
Ay [1 + @Tneq/yS)_a ay] [e p dp 3z 1%y%al ¢

(8)

with

2 . .
a-= -“’;z (ePPs2y2 + 2gPB3y + gB9)
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The term 3(qy + 4)/3Z ocontains the equilibrium magnetic field
curvature term that, as mentioned in the introduction, is exact to all
orders in €. We express this term as

3qy .J_qﬂ_say_az)
3Z pR 9p dp " 3y

where X = X(p,8), Z = Z(p,0) is the inverse equilibrium solution of the
Grad-Shafranov equation. In the numerical calculations, we use a
numerical solution of the equilibrium equation. However, it is useful
to have a model equilibrium as a guide for analytic calculations. We
take as a model the equilibrium described in the appendix of Ref. [27].
For this case

X = eao(p) + p cos 0+ eay(p)cos 26

Z = psin 0 + eay(p)ain 20

which gives

2z p
dag - 232
+ gj=p *{ —= = pjcos 2y + Sy | —= - p)sin 2y
dp [+

The averaged curvature term is given by dao/dp and for q > 1 18

d "
iqx-a{e da°+coey+Sysiny
Fy

negative. Therefore, these resistive pressure driven modes cannot be
driven by the averaged curvature; rather, they must be driven by the
geodesic curvature [20]. The characteristic width along the magnetic
field lines is obtained by solving Eq. (8) for large y:

wn = [(gpp>qbs2n27n1;;/(923)]‘llk (9)
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The linear analytic results agree well with the numecical calculations.
In real epace, the different TFourier components of the 1linear
eigenfunction, when calculated using the full 3-D MHD code, are
strongly local! ~# at the singular surfaces (Fig. 20), and the radial
width A, which ._u be calculated using the reciprocity of y (vallooning
space) and position space, is given by A « (nqéwn/p)'l.

The numerica'’ calculations of the linear growth rate using the 3-D
MHD equations agree with the prediciions of the ballooning equation
(8), oven for very low values of n (PFig. 21). PFinite aspect ratio
corrections do not modify this result. Therefore, the 1large n
equations contain, within the limitations of the model, all the physics
of these modes and are a useful tool for analytical calculations.

Using the nonlinear resistive MHD equation in the ballocning
representation, a calculation of the renormslized response haa been
performed [20]. This <calculation shows that the dominant nonlinear
effect is due to the pressure convective nonlinearity, which reduces
the turbulent pressure response of p due to §, the electrostatic
perturbation. This causes a reduction of the interchange destabilizing
term without changing the basic structure of the eigenfunction. A
physical interpretation is that the resistive ballooning modes saturate
wvhen the pressure fluctuation mixes dp/dp over the radial extent A of
each poloidal subharuonic; thus, P = A dp/dp. Since the pressure is
mainly convected, we have D = [inq$(dp/dp)]/(pyn). Therefore, the
kinetic energy of these modes at saturation is

B (22 $|2> x Ay, )2

n. \"#/3/8 5/3
S € Lp

It is apparent from this result that the saturated level of these modes
increases with Bp. We have numerically studied, with the 3-D code RST,
the nonlinear evolution of many modes. We have used up to 81 Pourier
components with values of n up to 11. Por these studies we chose a
sequence of flux-conserving equilibria for which the q profile does not
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include the ¢ » 1 and q = 2 surfaces. Thus, the (m = 1;n = 1) mode and
its driven activity do not interfere with the nonlinear evolution of
resistive ballooning modes. The equilibria are also required to be
ideal MHD stable. We have observed the saturation of the total kinetic
energy of these modes (Fig. 22) and confirmed the scaling with Bp and §
of their saturated level. It is important to notice that S has to be
greater than or equal to 10° to compare the numerical calculations with
the predicted saturatiun level given by Eq. (10). If S is smaller
(1.e., 1if the resistivity is very large), the character of th« modes
changes and they become localized along the field 1lines (Fig. 19).
Their 1linear growth rate 1is large and weakly dependent on the
resistivity. The instability is in this case similar to the fast
resistive interchange of Coppi et al. [26]. These modes have a larger
nonlinear saturation level than that given by Eq. (10). We can also
estimate the level of magnetic fluctuations at saturation by using the

saturated value of § given by Eq. (10) and using the linear relation

~ 1/3 7/6

Bp . (Neq Bo 2 1 (11)
B, \S = Y i

P p

which indicates that the magnetic fluctuations within the plasma
increase with Bp. This increase of magnetic fluctuation in the plasma
would probably show up experimentally as an increase on the signal at
the Mirnov coils with sp.

The 3-D numerical calculations also give the n spectrum for these
modes (Fig. 23). The spectrum shows a slow falloff with n. This is
contrasted in Fig. 23 with the n sapectrum when the n = 1 mode
dominates. Though the association must be regarded as conjecture at
this time, the slow falloff of the n spectrum may be related to the
high-frequency tail observed in the experiment. The notion here 1is
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that the higher mode numbers are Doppler shifted to higher frequencies,
80 the glow falloff in n leads to a slow falloff 1in the experimental
spactra,.

The reduced set of MHD equations does not contain 21l the physics
necessary to fully understand the theory of the instablilities we
consider here. Such effects as compressibility [22] and we are known
to be stabilizing for the resistive ballooning modes.
P, H. Diamond [20] gives a detailed treatment of we effecta.

We can relax the incompresaibility condition by including the
parallel dynamics terms in the ballooning equation. This introduces a
atabilizing effect on the resistive ballooning modes. The ion sound
effects undercut the destabilizing pressure and the 1linear dispersion

ralation becomes
Y3+ wfy = 3 (12)

where Yy, 1is the linear growth rate for the incompressible limit given
before and wg = v./(qR) is the sound frequency. From Eq. (12) 1t s
clear that the growth rate weakens and its power dependence on the
resistivity changes from 1/3 to a value between 1/3 and 1. This
stabilizing effect is negligible for modes such that

3/4

s1/2¢p, (
ny 2 -2(2%] 1
Bé/“q7’2 [p 0 (13)

which, for high-sp
calculations using the resistive ballooning equations with parallel

discharges in ISX-B, 4implies n 2 5. HNumerical

dynamics terms included agree with these estimates (Fig. 24). The
reason that the effects of the parallel dynamics are limited to very
low n values in high-Bp ISX-B plasmas is as follows: (1) the electron
temperature of the outer half of the plasma is lov (Te ¢ 200 eV) and
]r(z) the high-ﬂp discharges have been achieved by operating at low
’@lﬂ,g!! current (high q*). To see this better we give in Table I the
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values of Wgy Uwgy Y 8nd wn for four typical ISX-B discharges at
two-thirds of the minor radius (center of the confinement region).
Thesa instabilities could explain the high-frequency fluctuations
observed in the experiment. The presence of the fluctuations when the
n=1 18 absent supports this interpretation. Moreover, we can
calculate the Ep autocorrelation function as a function of radisl,
poloidal, and toroidal separation (Fig. 25) at the plasma boundary when
the modes are saturated, and the typical poloidal correlation length
turns out to be on the order of 5 cm, which 1is in agreement with
measured poloidal coherence length for tEe high-frequency tail in Ep.
The evidence cited earliar for increasing B with increasing Bp lends
further support, although a detailed quantitative comparison cannot be
made because we have not yet calculated the frequency spectrum for
these modes. The problem is further complicated by the highly sheared
toroidal rotation velocity in ISX-B, which depends on the power input.
In the case of the Ip scan, at fixed power, there is possibly no
significant change of toroidal rotation, which simplifies the problen.
However, the presence of the n = 1 mode at high current distorts the
low-frequency part of the spectrum, and the high-frequency tail 1is
deformed at 1low current by the appearance of the coherent structures
discussed in the previous section. These make 1t impossible to detect
a change of the saturated level by the factor of about 3 expected from
Eq. (11). However, the high-frequency structures observed at 1low
current which have 1long correlation lengths could be associated with
the lower-n modes being destabilized when q increases [see Eq. (13)].
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VI. EFPPECT OF THE MHD ACTIVITY ON CONFINEMENT IN ISX-B

A deterioration in confinement is observed in ISX-B discharges
[1,4.28] with high neutral injection power at high Bp. The present
experimental results alone do not permit us to identify whether the
cause of the confinement deterioration is due to the heating method
(g = 73/25;2/3) or 1s intrinsic to high-g, plasmas (7g « I1/%822) or
both. A possible cause of this deterioration, linked to high Bp, is
the MHD activity.

The role of the (m = 1;n = 1) mode (and the other activity which
it drives) in the energy confinement has been studied experimentally by
toroidal magnetic field and plasma current scans [2,3.28]. In the case
of Bp scans, for instance, at fixed plasma current and density, raising
qw reduces the intensity of the (m = 1;n = 1) and driven modes and
presunably any associated 1losaes. Such scans at Py = 0.6 MW and
P, ~ 2.0 MW lead to no change in confinement time (Pig. 26). It 1is
then concluded that the (m = 13n = 1) mode and its driven activity are
not the sole cause of the pronounced degradation of confinement
obgerved in ISX-B. However, the resistive ballooning modes provide a
possible explanation.

This is not to say that the (m = f;n = 1) mode and its driven
activity do not play any role in the deterioration of transport at high
beta. We claim that they are not the dominant causes for such
deterioration. As q¢ increases in the toroidal field scan, the region
of the plasma affected by the (m = 1;n= 1) mode and 1its driven
activity decreases; at the same time the region affected by the
resistive ballooning modes increases. Probably the net result is that
one effect balances the other. Due to the complex magnetic structure
generated by the (m = 1;n = 1) mode (regions with good surfaces,
islands, and stochastic magnetic field line regions, see Pig. 15), it
is very difficult to make an analytic estimate of its induced transport
effects. However, for the resistive ballooning modes such an estimate
can be achieved. Using the analytic model for the saturation of the
resistive ballooning modes [Eq. (10)], an estimation can be made of the
induced losses [20,27]. It is found that convective losses are
negligible and the dominant loss channel is the electron conduction.
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We can calculate the magnetic field 1lino diffusion coefficient Dy by
conatructing the renormalized theory for a zero-frequency electron
drift kinetic equation with magnetic nonlinearity appropriate for
toroidal systems. We use the calculated saturation level for th-
fluctuations and estimate the electron conductivity xo ¥ vpoDy. This
lands to

8

) 3/2
™., 3 1 _os_.t)
xe -2 (vTea)q2<c é Lp

Theoretical predictions based on the present model compare
favorably with the results of the ISX-B beta-scaling experiments [27].
The points of agreement between the experiment and the theory are
(1) electron heat conduction is the dominant loss channel at the high
values of Bp obtained in the experiment with high-power neutral beam
injection, and (2) the theoretical predictions of the electron thermal
diffusivity (XEH) agree well over a large range of parameter variations
with the values and shape of the experimental thermal diffusivity

5
X Ppe * Pou = Pey - Prad - EmereAp
X (p) = nA_[oT
e’p e
a dp

based on the power balance considerations as discussed in Ref. [29].
The radial dependence of xﬁx is conveniently described by a
three-plasma-region model: (1) a ceatral core region [p < p(q = 1)]
dominated by the m = 1/n = 1 mode and its driven modes [2]; (2) a
confinement region outside the core, where a large pressure gradient is
sustained; and (3) a plasma edge region (p 2 0.8), dominated by atomic
physics effects and/or recycling of plasma particles. As long as the
central core region is not too large (which is the case for ISX-B
plasmas with qy > 2.5) and the plasma is clean, heat conduction in the
confinement region determines the confinement. Indeed, we observe that

1/x§x in the confinement region correlates well with TRe? the electron
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energy confinement time, which in turn correlates with global energy
confinement time. Since the global confinement time for high-power
injection plasmas in ISX-B scales differently from that in ohmic
discharges [3]. it is not surprising that standard ohmic heating models
of xer 811 of which fit ohmic discharges reasonably well, do not come
close ¢to xgx in beam-heated, high-Bp discharges in either magnitude or
scaling. On the other hand, the present theoretical model xg“ fite
closely the magnitude and shape of XEx over large parameter ranges.
Figure 27 illustrates this agreement by directly comparing xgx and xgu
for scans of plasma ourrent (at Py = 2 M¥) and toroidal field (at
Py = 0.7 MV) [3]. In this figure, three Xe velues are given for the
confinement region of each discharge, i.e., p = 0.50, 0.67, and 0.75;
ig" agrees well with xEx over nearly two decades. Comparison of xe'a
in a larger ISX-B database indicates that the values from the
theoretical model are much smaller than most experimental values at low
Bp (Bp < 0.9). This is expected since the ballooning modes are reduced
at low Bp, and competing processes could easily dominate confinement.

The electron thermal diffusivity has also YbYeen measured by
applying the heat pulse propagation method [30] to sawtoothing
discharges. For the ISX-B beam-power scan data, the reculting values
[31] are 1ike those from the power balance analysis previously
described. They increase substantially as Pb(ep) increases from 0.3 to
2.0 MW (from Bp * 0.75 to 1.5). These results support the conclusion
that the progressive degradation of confinement with increasing Pb(Bp)
is largely due to increasing electron thermal conduction.

The theoretically predicted XEH has been used in transport
simalation of ISX-B discharges. With a constant multiplier equal to 2,
the electron temperature profiles measured experimentally have been
reproduced by these simulations. Details are given in Ref. (4].
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VII. CONCLUSIONS

In this paper we have reviewed the MHD studies focused on the
I3X~B tokamak that were performed over a two-year period. The studies
have involved parallel efforts between experimental analysis of MHD
activity, 3=D numerical simalation of ideal and resistive
instabilities, and analytic modeling. The main resulte we have
obtained are:

(1) The high-beta ISX-B equilibria are marginally stable to finite-n
ideal MHD modes. The equilibria are stable to high n modes but
close to marginal. These studies have required a careful
reconstruction of the equilibria.

(2) The observed spectrum of MHD fluctuations in the ISX-B tokamak is
clearly dominated by the n = 1 mode when the q = 1 surface 1s in
the plaema. This fact agrees well with theoretical predictions
based on 3-D resistive MHD calculations, valid for B below the
threshold of the ideal internal kink mode. They show that the
(n=1;n=1) mode is the dominant instability. It drives other
n = 1 modes through toroidal coupling and n > | modes through
nonlinear couplings. These theorntically predicted mode structures
have been compared in detail witﬁfthe experimentally measured wave
forms (using arrays of soft x~ray detectors). The agreement is
excellent.

(3) The resistive MHD calculations also shéw that at finite beta there
are ungtable resistive pressure-driven modes. For low-sp
equilibria these modes saturate at very 1low 1levels and their
evolution has 1little effect on the dominant (m = 1;n = 1) mode.
However, with increasing Bp they become more important. Their n
spectrum is concentrated at low mode numbers and is broad, and
analytic calculations indicate that their saturated kinetic energy
scales 1like (esp)s’an“’3- These scalings have been confirmed by
numerical results. These instabilities could be an explanation for
the high-frequency fluctuations observed in the experiment.
Further work is required ia testing this hypothesis.

(4) The transport effects induced by the resistive ballooning modes
have been estimated frowm the theory and found to be mainly thermal
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electron conduction losses. An expression for x, has been derived,
and it yields values that agree well with those from the
experiment.
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TABLE I

Te
Py Ip Bp (p=0.67) v, Y e wg
(Mw)  (xa) (ev) (n=2/3) (10*n2/3.571) (103n-s"1) (10%s71)
2.0 83 1.70 86 14 5.0 5.7 2.7
2.0 192 1.05 253 44 2.7 7 9.1
1.0 184 1.05 309 55 2.0 10 9.9
0.6 0.85 103 38 4.3 6 3.3
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