
VOLUME 36, NUMBER 3 PHYSICAL RKVIKW LKTTKRS 19 JANUARY 1976

Simultaneous Measurements of the Plasma Current Profile and Instabilities in a Tokamak
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(Received 12 June 1975)

In a small-scale tokamak, magnetohydrodynamic instabilities of small wave numbers,
including the ~=1 Inode with positive voltage spikes, were observed. They were identi-
fied as kink modes and resistive tearing modes, by a direct measurement of the plasma
current profile. Relations between the fluctuations and the current profile show a qual-
itative agreement with the theory of kink and resistive tearing modes.

The disruptive instability is one of the main
concerns of the tokamak discharge in the next
generation, and at least two factors are experi-
mentally reported'" to be responsible for this
instability; one is the presence of helical mag-
netohydrodynamic (MHD) instabilities (represent-
ing kink and resistive tearing modes), and the
other is the current-density excess near the cen-
ter of the plasma. In either case the macroscop-
ic properties of tokamak plasma depend strongly
on the radial profile of the plasma current, in-
formation on which in turn has been very poor.

The objective of the present paper is to de-
scribe experimentally obtained relations between
the plasma current profile and m = 1, 2, and 3
helical MHD instabilites, and to report some be-
havior of the toroidal plasma when go (safety fac-
tor on the magnetic axis) reaches unity. The re-
sults are compared with the theory of kink modes"
and resistive tearing modes. "

Low-frequency oscillations (f s 100 kHz) of the
poloidal magnetic field, similar to those in other
tokamaks, '" have been observed in a small-scale
tokamak (MINIMAK). This device, which admits
the insertion of various probes, has major radius
R = 22.8 cm, minor radius (radius of the conduct-
ing shell) b = 8.3 cm, and limiter radius a = 6.0
cm. Operational conditions of the present experi-
ments are summarized in Table I, together with
the typical plasma parameters. Further details
about the apparatus will be reported elsewhere. '

The observed magnetic oscillations are inter-
preted as MHD modes. By- means of the usual
phase-correlation method, "using six magnetic
probes placed outside the plasma, modes with
m = 1, 2, and 3 (all with n = 1) have been identi-
fied. Here the mode structure is assumed to be
exp[i(me+np+ &ut)], which characterizes a helical
perturbation. The major and the minor azimuths
are denoted by cp and 0, respectively.

Each mode is found to rotate in the direction
of the ion diamagnetic drift. This is reasonable,

TABLE I. Experimental conditions. Plasma param-
eters (n, to o') measured at a particular discharge.

Quantity Symbol Value

Toroidal magnetic field
Initial Ohmic loop voltage
Filling pressure
Plasma current
Discharge duration
Electron density
Electron temperature
Plasma space potential
Energy confinement time
Ionization degree

B,
Vp

Pf
Ip
t~
ne
/jl

e

V~

7+

0.7™-1.4 kG
30 and 60 V
(3-9) x10 4 Torr
4.3-5.2 kA
0.8-1.5 msec
(5+2) x10&8 m 3

6+1 eV
16+2 V
7+2 @sec
(30 + 10) "/0

because the plasma space potential V, = 16+ 2 V
(measured by a Langmuir probe) will give the
E ~ B rotation of the plasma column in this direc-
tion. Oscillation frequencies of the rn =1, 2, and
3 modes all fit well in a single relation f /n; = 2.9
x 10'/B, (f in Hz and B, in kG) for all values of
the toroidal field.

Figure 1(a) provides the most general mode
diagram, called the "t-q, plot, " which shows the
unstable region of each helical MHD mode (speci-
fied by m) in MINIMAK. Here t represents time
after the plasma initiation, and q, = aB,/RB,
(B, = I,,I~/2ma) is the safety factor at the limiter.
The discharge follows a certain trajectory on the
t q, plane, -as drawn in Fig. 1(a) by various
curves, as the total plasma current changes in
time. Each of the trajectories is presented as
a statistical average over 20 shots or more under
a fixed condition, and black rectangles represent
the statistical errors. These data have well-
determined experimental mode boundaries, which
are shown in Fig. 1(a) by thick solid curves.

Detection of the nz =1 mode is noteworthy; it
appears around q, = 1.5 with a large amplitude.
The total plasma current stops increasing as
soon as it starts, and positive spikes (= 20 V)
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FIG. 2. Radial profile of the plasma current, with &

representing the minor radius.
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FTG. &. Mode diagram of helical MHD instabilities in
MINIMAK device. (a) Experimental results. (b) Un-
stable regions expected from the theory using the mea-
sured current profile.

are observed in the Ohmic loop voltage. This
mode seems to be enhanced by a larger amount
of impurities, because it starts around q, =1.8
in an operation soon after the vacuum vessel
opening.

In the early stage of discharge, this mode dia-
gram shows good agreement with the Shafranov
theory' (kink theory for a uniform plasma cur-
rent), whose predictions are shown in Fig. 1(a)
by horizontal arrows. However, the unstable
region of each mode is seen to shift toward a
grater value of q, as the discharge goes on. This
tendency is rather common to tokamaks, but in
the present case it is important that discharges
under rather different conditions all fit in a sin-
gle diagram. Two alternative explanations are
possible for this behavior: One is to assume the

gradual shrinking of the current channel; the
other is to invoke the gradual change in the plas-
ma current profile, which will bring about some
changes in the mode diagram.

For this purpose, a direct measurement" of
the current profile in MINIMAK has been con-
ducted by inserting a thin magnetic probe into
the plasma. This probe can move in the radial
direction (- 8.0 & x & 8.0 cm), and the time varia-
tion Of the poloidal field was measured at thirty
different radial positions (different positions cor-
responding to different shots, but the condition
is the same and the reproducibility is very good).
In Fig. 1(a) trajectory e corresponds to this ex-
periment. Assuming the toroidal MHD equilib-
rium, the plasma current profile has been de-
rived from the observed poloidal field structure.
The result is shown in Fig. 2 for several stages
of discharge. An almost flat distribution is real-
ized in the early stage of discharge, which ex-
plains the agreement of the diagram in this stage
with the kink theory for a uniform current. Also
it is seen that the current concentration actually
takes place gradually in time, but that the shrink-
ing does not, except for the very end (t ~ 0.7
msec) of the discharge. Therefore, the shift in
the mode diagram is attributed mainly to the
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FIG. 3. Helation bete een observed mode number and

positions of the singular surfaces.

time evolution of the plasma current distribution.
From the observed poloidal field structure, the

positions of the singular surfaces corresponding
to q=1, 2, and 3 have been derived as functions
of time. These are shown in Fig. 3 by solid
curves r„r„and r„respectively. The mode
number of the fluctuation, simultaneously de-
termined, is shown on the right-hand side. Clear-
ly each mode is detectable as a magnetic oscil-
lation outside the plasma, not only when the rele-
vant singular surface falls on the vacuum region,
but also when it is well within the plasma. This
is the crucial evidence for the presence of a re-
sistive tearing mode as a weak extension of the
pure kink mode. This is reasonably expected in
MINIMAK, because the growth rates of the kink
and resistive tearing modes are expected' to be
yI„„k-—10' sec ' and y, , —- 0.3yI„.„&, respectively.

This situation is clearest in Fig. 3 for the m =1
mode: It starts as soon as q, reaches unity, and
lasts almost until the q= 1 singular surface disap-
pears. This result is consistent with the predic-
tion of Ref. 7. The safety factor near the central
portion of the plasma (dotted line in Fig. 3) eve-
rywhere remains unity during the presence of the
m = 1 mode, but was never found to drop small-
er. Therefore, a flute-type instability" and/or
the m =1 internal kink mode"' may be coexistent,
localized within this area, which will enhance
the outward plasma transport.

Assuming that the time evolution of the current

profile does not depend on B, critically, and

consequently employing Fig. 2 as representative
of all discharges in MINfMAK, the time variation
of the stability diagram of helical MHD modes
can be predicted theoretically. First, it is known"
that the more peaked current profile gives the
narrower kink-unstable regions in tokamak.
Practically, the numerical calculation of Ref. 6
was applied to the observed evolution of the cur-
rent profile (Fig. 2), and the kink-unstable re-
gion in MINIMAK was predicted as shown in Fig.
1(b), again a t q, plo-t, for m=1, 2, and 3, by
hatched areas. Second, for the same current
evolution, the unstable region of resistive tear-
ing mode is readily determined if it is assumed
that the tearing mode always becomes unstable
during the presence of the relevant singular sur-
face within the plasma. The result is represent-
ed in Fig. 1(b) by dotted areas. These analyses
are essentially based upon the assumption of a
sharp plasma boundary. However, within the
error of the current profile measurement, it can-
not be concluded whether or not a small fraction
of plasma current flows through the limiter up
to the chamber wall. If this is the case, the anal-
ysis of Ref. 7 should be employed instead, which
has proved to give almost the same result. Mode
boundaries in Fig. 1(a) are here reproduced for
comparison.

In Fig. 1(b), a qualitatively good agreement is
seen between experiment and theory. Thus, the
observed fluctuations can be understood as the
mixture of kink modes (q, & m region) and resis-
tive tearing modes (q. & m region). This inter-
pretation is furthermore supported by another
observation, that the ratio B,/B, (B, is the fluc-
tuation amplitude of the poloidal field) of each
mode always reaches its maximum in the q, & m

region.
The results discussed here will apply as well

to larger tokamaks, since expected features of
them (higher temperature, different diffusion
mechanism, and so on) have rather minor effects
on the present subjects. Especially, support has
been given to the conventional interpretation that
the magnetic oscillations in larger tokamaks be-
low a rather high q value (q, ~ 4) are of tearing
type.
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Observation of Two-Dimensional Plasmons and Electron-Ripplon Scattering
in a Sheet of Electrons on Liquid Helium

C. C. Grimes and Gregory Adams
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The two-dimensional plasmon dispersion relation ~&' ——2~Me'k/m has been verified in the
classical one-component plasma formed by a sheet of electrons in image-potential —induced
surface states on liquid helium. For temperatures below 0.68 K the plasmon damping indi-
cates that the electron mobility is limited by electron-ripplon scattering.

We report an experimental study of plasmon
propagation and damping in the two-dimensional
(2D) classical plasma formed by a sheet of elec-
trons in image-potential-induced surface states
outside liquid helium. To our knowledge, this
is the first time its peculiar dispersion relation
has been verified. Furthermore, from the plas-
mon damping, we deduce the electron mobility
and find —for the first time -strong evidence that
at low temperatures the electrons are predomi-
nantly scattered by capillary waves (ripplons).

The prediction by Cole and Cohen' and by Shi-
kin' that electrons can be bound in surface states
outside certain bulk dielectrics such as He and
Ne stimulated experimental searches for such
states. Although the evidence for bound states
in some early experiments" was questioned, '
cyclotron resonance' showed that the electron
motion on liquid helium is 2D and the electrons
have the free-electron mass, while millimeter-
wave spectroscopy' has firmly established that
electrons are bound to a helium surface with an
energy of 8 K. Consequently, at 1 K and below
the electrons are predominantly in the ground
state within the image-potential well and are 1.o-
calized within = 100 A of the helium surface, but
they remain free to move parallel to the surface.
Sommer and Tanner' found that from 0.9 to 2.0 K
the electron mobility p, was limited by scattering
from atoms in the He vapor, and p, had reached
2x10' cm'/V sec at 0.9 K. In these experiments
the surface-state electrons behaved like a highly

mobile, classical, one-component, 2D plasma of
variable density.

The 2D plasmon dispersion relation was first
derived by Ritchie' and by Ferrell' who were
treating characteristic energy loss of electrons
in metal foils. Subsequently Stern" and Chaplik"
have discussed plasmons in the 2D Fermi gas
found in metal-oxide-semiconductor devices
while Fetter" and Platzman and Tzoar" have
considered the classical 2D electron gas which
is of interest to us. The dispersion relation ap-
plicable to our experiment is obtained in the
small-k llnllt (kD/(dp« 1) Rlld wltll slllRll damping
(~~T» 1): &u~'=2II¹'km, '(1+i/&u~l. ), where v is
the electron thermal velocity and 7 is a phenom-
enological r elaxation time.

We study the plasmon dispersion and damping
by exciting standing-wave resonances in the sur-
face-state electron plasma contained within a
rectangle parallelepiped cell approximately 1.9
x 1.2x0.18 cm' in size. The cell is assembled
from metal plates electrically isolated from one
another so that potentials can be applied to them.
The bottom plate consists of three sections, with
the center section forming a 50-0 strip line. The
strip line is connected at one end through a co-
axial line to a broad-band swept-frequency spec-
trometer' and has the other end terminated in a
matched load.

The experimental procedure consists of con-
densing enough helium in the apparatus to par-
tially fill the cell with liquid, applying appropri-


