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the linear heating times estimated for the pres-
ent experiment give AT, ~1 eV/p. sec near the
upper hybrid frequency. The enhancement at the
second harmonic is many orders of magnitude
smaller. Since our measurements show (see
Fig. 3) that under these conditions AT, =20 30-

eV/psec, and that very energetic particles are
also produced within a microsecond (U& 500 eV),
it is clear that linear theories do not explain our
results. We believe that similar processes may
occur in a number of experiments where heating
near the upper hybrid or the cyclotron harmonics
have been observed. '" In contrast to recent
heating experiments with frequencies below the
electron cyclotron frequency where mainly heat-
ing of the tail of the distribution function was ob-
served, "in the present case considerable heat-
ing of the main body of electrons was also ob-
served. This is believed to be due to the strong
interaction of the excited Bernstein waves with
thermal electrons. Thus, heating at frequencies
above the electron-cyclotron frequency may be
more favorable for possible applications where

fast heating of thermal electrons is desired.
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Low-frequency oscillations, which can lead into the violent disruptive instability which
sets the q (current) limit of tokamak operation, are investigated with a heavy-ion beam
probe. Direct measurements of the space potential and the perturbation of the electron
density inside the hot tokamak plasma resolve the electric field contribution to the mode
rotation and the spatial structure of the mode.

The two phases of magnetohydrodynamic (MHD)
instability observed in tokamaks" appear con-
jointly; low-frequency, low-amplitude oscilla-
tory modes with helical magnetic field perturba-
tions [8~ ~exp(irn8 —iy)] are observed to grow
leading into the more deleterious "disruptive"
instability characterized by a negative spike on
the plasma loop voltage (v~) and a partial deple-
tion of the energy stored in the plasma (8 and p
are the minor and major azimuthal angles of the
torus, respectively). As m decreases, the in-
tensity of the disruptive instability increases,
until following m = 2, the disruptive instability
dominates the tokamak discharge. In fact, the
m = 2 oscillations are observed to precede the
violent disruptive instabilities at both the low

safety factor q(a) and high-pressure (plasma
density) limits to useful tokamak operation Iq(r)
=xB~(B)/BBO(r), where r and R are the minor
and major toroidal radii, respectively, and a is
the plasma limiter radius]. Apparently, the dis-
ruptive instability occurs when the radial current
distribution j~(r) is such that the q = m singular
magnetic surface location is favorable to the en-
hanced growth of the m-mode oscillation. ' (Run-
away electrons do not appear to cause the insta-
bility. ~) When the q = 2 singular surface is moved
toward the plasma surface by lowering q(a) or by
causing the current channel to shrink by increas-
ing pressure as evidenced by a constriction of
the electron temperature profile, ' the m = 2

mode grows to an amplitude of 8~(d)/B6 (d) - 6% at:
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which the violent instability ensues (d = 16.9 cm
is the magnetic-probe position). [Of course, it
is also possible that the m = 1 mode (Kruskal-
Shafranov resistive kink' '), as yet undetected,
accounts for the violent instability since the q = 1
surface appears to be present simultaneously at
a smaller radius than the q = 2 surface. ]

In order to discern the true relationship of the
disruptive instability to the oscillatory modes,
as well as to evaluate the possible mode contri-
butions to thermal and particle transport, ' it is
necessary to investigate the local properties of
the instabilities inside the plasma, and especial-
ly in the vicinity of the singular surfaces. Con-
sequently, we have extended our instability diag-
nosis to the interior of the plasma with a novel
thallium-ion beam probe. In this Letter, we
present the first measurements of the plasma
potential and the oscillatory-mode perturbation
of the electron density profile inside the hot to-

kamak plasma. These data provide considerable
insight into the mode properties and suggest that
the ion-beam probe technique might indeed lead
to the unambiguous identification of the oscilla-
tory modes and the disruptive instability.

Representative discharge conditions for which
we have employed the heavy-ion beam probe are
illustrated in Fig. 1. B~, chosen commensurate
with the beam accelerator potential (100 keV), is
relatively low, but valid tokamak-type discharges
are maintained. For both discharge currents,
I~=21 and 10 kA, typical ST temperature profiles
are observed and the minimum energy contain-
ment times [(energy stored)/(power input)] are
1.6 and 1.4 msec, respectively. In both cases,
m = 3 modes rotating in the electron diamagnetic
drift direction are monitored with magnetic
probes.

The singly ionized thallium primary ion beam
(I') is injected at the top of the plasma column
[several orbits are shown in Fig. 2(a)] and is
ionized along its path according to

dI+ = I—'n, (&x,u, )dt =dI2'.
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An electrostatic analyzer, split-plate detector
system' collects the doubly ionized secondary
ion beam (I~+) originating over a small length
(-3 mm) of the primary beam in the vicinity of
the detector line [Fig. 2(a)]. The secondary
beam's intensity and energy, relative to those
of the primary beam, and displacement in y are
all monitored simultaneously. By sweeping the
primary beam, these parameters are obtained
as a function of position along the detector line
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FIG. 1. Hydrogen discharge conditions investigated
with the heavy-ion beam. f& & =14 kG; limiter radius
+, 10 cm; Bj is adjusted to place the center of the plas-
ma on the detector line, Fig. B(a).] Laser temperature
profiles are given for t = 25 msec and I& = 21 and 10 kA,
The electron density profiles are identical with &~ (0)
= 1.6 & 10 cm, and ~ = 8 oscillatory modes are moni-
tored for both values of I&.
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FIG. 2. Thallium-ion beam-probe measurements of
the space potential. (a) Primary beam trajectories for
different times during the sweep. (b) Space potential as
a function of time during the sweep for the discharges
of Fig. 1. The y coordinate of the detector line is
marked on the time axis.
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over a relatively short period of time during a
single discharge pulse. Therefore, the heavy-
ion beam probe can measure, in principle, the
radial profiles of electron density n, (r), plasma
space potential Vz, (r), and the current density

j~(r), as well as perturbations of these quanti-
ties by instabilities.

The first measurements of the space potential
inside a tokamak plasma are presented in Fig.
2(b) for the discharge conditions of Fig. l. These
measurements apply to the detector line of Fig.
2(a) [which was located by first relating the pri-
mary beam position, detected with a probe, to
the sweep voltage and then noting the peak in sec-
ondary beam intensity for a low-temperature,
low-density, small-radius (a=6 cm) plasma which

was centered with respect to vertical position
magnetic loops]. These space-potential profiles
peak negatively at the center of the plasma col-
umn to sizable fractions of the peak electron tem-
peratures (Fig. 1).

We may immediately use these new data to eval-
uate the contribution of the radial electric field
to the oscillatory-mode frequency. We employ
the oscillation model of Ref. 1, which assumes
that the oscillations are produced by helical cur-
rent filaments, centered on the rational q= nz

magnetic surface, which rotate with the electrons
at this singular surface. (This model is appro-
priately valid for the tearing- and drift-mode
equilibria. ) For this model the mode frequency
(d is equal to the sum of the electron diamagnetic
drift frequency e*= (m/B~x„n,)&(n, T,)/&r and

the electric-field-driven rotation frequency co~
= mE„/B~x„:

The co~ term is much smaller than v* for I~ =21
kA but ~~ is comparable to ~* for 1~ = 10 kA.
Thus, the range in &u/~* tabulated in Ref. 1 [0.5
& v/x* &2.2] can be explained, in part if not en-
tirely, as due to the variation of the space-po-
tential profile (E„)with discharge conditions.

In the ST tokamak, the diamagnetic drift usual-
ly predominates, giving on the average ru/&u*- l.
However, the antielectron diamagnetic drift of
the modes observed in the T-3 tokamak would
have necessitated a positive E„which outweighed
the strong pressure gradient in the vicinity of th'-.

mode surface (Vp is relatively weak only near
the center of the plasma column'0).

For the J~ =21-kA discharge of Fig. 1, a small
perturbation was observed on the secondary beam
intensity, which can be attributed to the electron
density perturbation of the m = 3 mode [(oV, ) of
Eq. (1) is insensitive to T, for T, &80 eV]. This
perturbation peaked in the vicinity of r = 9 cm
which is approximately the location of the q = 3
surface (Table I).

In order to enhance the density perturbation
and to maintain a relatively constant oscillation
(magnetic perturbation) amplitude during the
sweep of the primary beam, we stepped the dis-
charge current 10 msec prior to the start of the
sweep. The resulting Tl" intensity profile is
given in Fig. 3. An annulus of density perturba-
tion is clearly resolved. As the secondary beam
sweeps up off of the exit duct it enters the lower
region of density perturbation, passes through
the central practically quiescent core, then
through the upper region of density perturbation,
and finally on out of the plasma column. (Modu-

Table I gives ~~, calculated for the potential
profiles [Fig. 2(b)], and v*, calculated from the
Thomson scattering measurements of T, and

n, , for the radii r, at which Eq. (2) is satisfied.
[We find that rs agrees reasonably well with r~~,
the q = 3 surface location assuming J~(r) ~ T,"'.]
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TABLE I. &„andV„(n~T~)contributions to mode fre-
quency for the conditions of Figs. 1 and 2, [Current,
radii, and radian frequencies have units of kA, cm,
and 10 sec ~, respectively. ]
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FIG. 3. Secondary beam intensity versus y of the de-
tector line showing the density perturbation by an ~=2
oscillation. A relatively uniform Be is observed over
the sweep. (The other discharge conditions are as for
Fig. 2.) The q=2 surface positions for j+(r) cc T~
are indicated for the constant-current discharges of
Fig. 2.
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lation of the primary beam as it passes through
the annulus accounts for the very small secon-
dary beam oscillations in the core. )

The oscillatory appearance of the density per-
turbation is caused by the slow sweep of the beam
(-4 msec) relative to the period (7 -0.09 msec)
of the m = 2 oscillation (plasma rotation). Ex-
panded recordings reveal that the density oscilla-
tions have the proper phase relative to the mag-
netic probe signal; the density perturbations on

opposite sides of the plasma are in phase. (For
different conditions, m = 3 modes give the ex-
pected phase reversal. ) Also, the measured den-

sity perturbation exhibits essentially no radial
shear. This observation combined with the rota-
tion results suggests a refined oscillation model
for which the density perturbation rotates in a
rigid rotor fashion along with the localized heli. -
cal current filaments.

The maximum density perturbation in Fig. 3

is -+
Q%%uo (compatible with the modulation of the

average n, measured with a 4-mm microwave in-
terferometer) and occurs at r-6 cm, well inside
the limited radius a = 10 cm. This radius falls
in the vicinity of the q =2 singular magnetic-sur-
face locations for the temperature profiles of

Fig. l fassuming j~(r) ~ T, ~2]. [The skin time is
much shorter than the 10 msec allowed in Fig. 3

for the temperature (current) profile to relax
back to its usual shape. '2j Surprisingly, there
is no phase reversal of the density perturbation
at the supposed q = 2 surface location as pre-
dicted by the linear resistive MHD theory. ""
Perhaps the q =-2 surface is maintained at a
larger radius by the m=2 mode itself. (When

the current is raised to 14.3 at the start of the

discharge, only the m =8 mode is observed. )

There is a hint of a phase reversal in Fig. 3 for
r & 8 cm (y &7 cm). However, it may result that
the eigenmode which peaks at the singular sur-
face is preferred in these plasmas. " Clearly,
we must await the perfection of the direct mea-
surement ofj ~(r) in order to resolve the exact
phase relationship.

The mode of I"ig. 3 is found not to be a surface
mode and is therefore of the resistive type (the
en=2 flute mode is shear stabilized" ). There-
fore, the most likely cause of the oscillation is
a form of the tearing mode, ' However, further
experimental study and theoretical analyses of
more appropriate rotaring plasma models are
needed to make a more definitive designation.

If it should result that the m = 2 mode does

cause the violent disruptive instability, it would

then be desirable to stabilize this oscillatory
mode with feedback or dynamic stabilization.
Since the mode location is well inside the plasma,
dynamic stabilization appears to be preferable
(e.g. , supplementary heating in the outer region
of the plasma column).
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