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Experimental measurements of magnetic fluctuations arising from resistive magneto-
hydrodynamic tearing modes reveal unexpected behavior in Alcator C. After the plasma
current has risen to its steady-state level, no significant magnetohydrodynamic activity

is observed unless the electron density is above a threshold value, 7.

For a given

toroidal field, %, is remarkably repeatable. We find#%, to be proportional to B? and in-

dependent of I, .
PACS numbers:

Resistive magnetohydrodynamic (MHD) theory
predicts a class of instabilities which cause heli-
cal filamentation of the equilibrium plasma cur-
rent resulting in the formation of magnetic island
structures in the flux contours.'”® These tearing
modes have been the subject of intense theoretical
and experimental study in recent years, as a re-
sult of their implications in energy confinement,*
current diffusion,’ and major disruptions.® From
elementary resistive theory, the instability cri-
terion is found to be

A’>0, (1)

where A’ is defined as the relative jump in the
radial derivative of B acrogs the tearing layer
at the resonant surface If B is defined in terms
of a perturbed flux function,

%:V{zﬁ(r)exp[i(m@ -nz/R)} %32, (2)
then
re (3117/31’) Irs +e€ “(azﬁ/a?‘) lrs-e
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where € is the narrow tearing layer width. In
steady state, A’ is found by solving the differen-
tial equation

Y m? -
7o, (y 87) -y
= (m/r)(u R /B, PJ, /87’ =
n—-m/q(r)

(4)

subject to proper boundary conditions. Equation
(4) is for a cylindrical model of the plasma and
is derived by operating with 2 *+ Vv X on the equilib-
rium pressure balance equation 0= IxB- vp,
substituting in Eq. (2), and linearizing. Note that
the stability criterion for tearing modes is shown
to depend solely on the equilibrium current pro-
file, J,(r), the toroidal magnetic field, and

52.25.Gj, 52.35.Py, 52.55.Gb, 52.70.Ds

geometric constants. No explicit dependence on
electron density is predicted and strong depend-
ence on the total plasma current, I,, is expected.

On Alcator C, a novel instrument known as the
m-spectrum analyzer’ is used to study fluctua-
tions of the poloidal magnetic field at the vacuum
wall due to magnetic islands. The device simul-
taneously yields the amplitudes and rotation fre-
quencies of the m=1, 2, 3, 4, and 5 modes in
real time for the entire duration of the discharge.
The time response to changes in mode amplitude
is on the order of ~100 usec. For a typical Al-
cator plasma shot, the initial current-rise phase
lasts 150 msec and is sometimes accompanied by
complicated MHD activity. However, that issue
will not be addressed here; instead this paper
will concentrate on the portion of the discharge
where the current has reached its quasi-steady-
state plateau. This period may last up to 300
msec and electron-cyclotron emission measure-
ments indicate that the temperature profile is
always fitted by a Gaussian to within experiment-
al error, provided the soft x-ray emission is
sawtoothing.? In Alcator C, where Z ¢ (7)
~ const,’ one can assume J(r)~T32(r) and use
this experimental profile in Eq. (4). Solving for
the m =2, n=1 perturbed flux functions, one finds
that A’>0 for the range of limiter ¢ values
achieved so far. Therefore we expect to see m =2
magnetic islands throughout the steady-state por-
tion of the discharge. Given that the limit on the
m-gpectrum analyzer’s sensitivity is ~3 G, the
theory also predicts that the expected signal-to-
noise ratio is >10.

This predicted behavior is not observed ex-
perimentally. Figure 1(a) shows a typical hydro-
gen discharge at 55 kG. The lower traces show
the amplitude of By (= wBgy) for the m =2 and m
=3 modes. Note the absence of any measurable
MHD activity during the current plateau until ¢
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FIG. 1. (a) Plasma discharge illustrating the thresh-
old effect. From top to bottom the traces are plasma
current (125 kA/V), soft x-ray emission (arbitrary
units), line-average density (0.57x 10'4 cm™%/fringe),

m =2 and m = 3 amplitudes (24 G kHz/V). The apparent
noise on the soft x-ray signal is due to the regular saw-
toothing oscillation. (b) Measured frequency of the m

= 2 mode for the discharge shown in (a).

=205 msec. When the line-average density
reaches 2.4x10"/cm?® (~ 4.2 fringes), m =2 and
m =3 modes are detected above the noise level
and their amplitudes then roughly follow the den-
sity as it continues to rise above the threshold
and then fall. The toroidal mode numbers are
not measured but are assumed to ben=1 andn
=2, respectively. The maximum m =2 amplitude
corresponds to a perturbation in By /B4 of 0.3%.
Only these two mode numbers show appreciable
amplitude. This phenomenon is quite repeatable;
virtually every H, shot which is sawtoothing will
have measurable m =2 and 3 magnetic fluctua-
tions during the steady state only if the line-
average density is above n, ~2.4X10"*/cm?®, with
a remarkably small standard deviation in %, of
only +10%. The same behavior is also seen in
deuterium discharges, although the standard de-
viation of 7, is then +20%.

The Alcator C machine is also commonly run
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FIG. 2. Density at which MHD activity starts vs
toroidal field. Both linear and quadratic least-squares
fits are shown. The straight line does not accurately
reflect the trend of the data at low field.

at a toroidal field of 78 kG. Here the observed
MHD behavior is qualitatively the same as that

at 55 kG, except that the threshold density, #,,

is at 4.8X10*/cm3. Again this threshold value

is quite repeatable. This suggests the possibility
of a magnetic field dependence of the density
threshold for MHD activity. The Alcator C toka-
mak is an ideal machine for doing toroidal field
scans and the resulting data are shown in Fig. 2.
The magnetic field was varied by more than a
factor of 3, from 30 to nearly 100 kG. The verti-
cal bars show the standard deviation of 7, at 55
and 78 kG, where there are too many data points
to plot individually. The only selection criteria
for these data are as follows: (a) the shot ex-
hibited sawtoothing soft x-ray emission (the norm
for high-temperature tokamaks), and (b) the
threshold density was reached during the current
plateau. The solid curve is a best-fit quadratic:

n,(10*/cm®)=7.9x107‘B2(kG?). (5)

A straight-line fit cannot be absolutely ruled out;
however, a least-squares fit would intercept the
horizontal axis at 32 kG rather than the origin.
This would mean that at low fields, m =2 and 3
activity should be seen at any density—a predic-
tion which is clearly not reflected in the trend of
the data near 30 kG. Over the entire range of
these data, the value of /B2 at the start of MHD
activity has a standard deviation of only 14%.
The plasma B8, which is proportional to this con-
stant times the temperature, varies from 0.5%
to 0.9% on axis and the poloidal 8 ranges between
0.25 and 0.50. It must be emphasized that the
MHD threshold does not represent a density limit;

659



VoLUME 49, NUMBER 9

PHYSICAL REVIEW LETTERS

30 AucusT 1982

the line-average density often surpasses EC , as
demonstrated in Fig. 1(a).

As stated previously, MHD activity is expected
to be a function of plasma current. In order to
quantify this dependence the limiter ¢ was varied
from 2.5 to 4.5 at 55 kG and the plasma current
was varied from 167 to 550 kA over the entire
range of data represented in Fig. 2. The unex-
pected result is displayed in Fig. 3. No depend-
ence of the threshold effect on plasma current is
detected.

The resolution of this surprising paradox is not
obvious, given the MHD tearing theory presented
here. The simplest hypothesis for explaining the
absence of magnetic islands below 7, is to as-
sume that the modes are indeed present, but just
not rotating. The magnetic pickup loops would
not detect the instabilities in this case. As the
density is raised, some unspecified nonideal
physics might cause the stationary islands to
slowly begin rotating and therefore be observed.
But this hypothesis is not supported by the meas-
ured frequency data. Typically a large rotation
frequency is observed as soon as measurable
MHD activity is detected. [Figure 1(b) shows the
frequency of the m =2 mode for the shot displayed
in Fig. 1(a). The m =2 frequency varied between
7 and 9 kHz while the m =3 was measured at 15—
17 kHz.] No tendency for the mode frequency to
build up from a slow value is observed in most
cases. Given the fact that B, in Fig. 1(a) rises
slowly from noise level to finite amplitude, but
rotation frequency does not, one can conclude
that B, must also grow slowly from the noise
level. Therefore the measurements do not sup-
port the hypothesis that large, stationary mag-
netic islands exist below the threshold density.

Three possibilities remain for explaining the
MHD density-threshold effect: (1) The instability
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FIG. 3. #/B? at start of MHD activity vs plasma cur-
rent. No systematic dependence on I, is observed.
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is not a tearing mode, (2) there is a subtle, un-
measurable dependence of the current profile on
the line-average density, and (3) other nonideal
terms must be added to the resistive MHD model.
The possibility that a pressure-driven instability
is being observed, rather than a resistive tearing
mode, is most unlikely because of the relatively
low B values obtained with only Ohmic heating.
Ballooning modes are not expected at the peak,
on-axis B’ of 0.5% to 0.9% typical in Alcator C.

The hypothesis that a subtle coupling between
density and current profile is responsible for the
n, dependence and threshold phenomenon of tear-
ing modes in Alcator C cannot be disproved. How-
ever, extensive measurements of both the tem-
perature and Z ;¢ profiles show no variation with
density®® (during sawtoothing discharges). There-
fore, we have absolutely no supporting evidence
that the current profile is affected by density, at
least within the resolution of the diagnostics.
This does not preclude the possibility that the
MHD threshold may be due to an unmeasurably
small-scale flattening of the current profile near
the resonant surface. However, this explanation
is almost certainly implausible given the repro-
ducibility of the effect, the small standard devia-
tion in7z,, and the clear, simple dependence on
toroidal field.

The theoretical effects of nonideal physics ap-
pearing in the literature on tearing modes have
been examined individually to determine their
role in Alcator C plasmas. These include diamag-
netic terms,' collisionality corrections,™ finite
B effects,' toroidicity,'® etc. In every case it is
found that either the nonideal terms modify the
growth rate but do not change the stability cri-
terion (finite gyroradius effects, for example),
or they alter the stability criterion, but not in a
way which agrees with the experimental measure-
ments. Therefore none of the published modifica-
tions to resistive MHD theory can fully account
for the observed behavior in Alcator C when ex-
amined on an individual basis. To study the com-
bined effects of all of these nonideal terms, one
would probably have to run large resistive MHD
codes, and this work has not been carried out.

It is unclear whether this type of coupling be-
tween density and MHD is only a quirk of the
Alcator C device or whether it occurs (or could
occur) in other tokamaks as well. No other ma-
chine has reported such MHD behavior, although
it is noted that the threshold density is relatively
high for any given B field and this may explain
the absence of such observations in other experi-
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ments. For example, during Ohmically heated
discharges in the PLT tokamak, the density is in
the range (0.2—0.6)x10/cm?® and no m =2 activity
is detected on sawtoothing discharges.'* Perhaps
a higher density is needed to trigger the tearing
mode instability.

The threshold effect plays an important role
for major disruptions in Alcator C—it divides
these events into two distinct classes. For dis-
ruptions which occur at densities well above 7, ,
m=2 and m =3 modes are seen to grow to large
amplitudes prior to the disruption. This behavior
certainly could agree with the present theories
of disruptions; namely, the growth and overlap
of large magnetic islands causing ergotic field
lines and rapid loss of confinement."”® However,
on disruptions below 7z, , no measurable magnetic
perturbations are detected prior to the current
termination. A careful examination often shows
density and soft x-ray anomalies during the mil-
lisecond prior to the disruption, but no oscillatory
behavior is seen on the Mirnov loops. We pres-
ently have no explanation for the cause of disrup-
tions below 7, , since MHD activity apparently
does not play a role here.

In conclusion, a density threshold for MHD ac-
tivity in Alcator C has been observed. The thresh-
old value is remarkably repeatable and increases
with toroidal field, but is independent of plasma
current. This behavior contradicts the predic-
tions of elementary resistive MHD theory.
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