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Waves and Turbulence in a
Tokamak Fusion Plasma

C. M. Surko and R. E. Slusher

The behavior of systems of many par-
ticles can often be dominated by collec-
tive effects. For example, consider the
nearly coherent waves generated on the
surface of a liquid by vibrating its con-
tainer. An example of a more turbulent
state is the surface of a lake excited by a
strong wind, so that the many waves

than approximately 100 million degrees
and that the product of plasma density
and energy containment time be greater
than 1 X 10" cm™3 sec (/-3). Conse-
quently, heating such a plasma with co-
herent waves and understanding the
mechanisms by which energy can be
transported out of the plasma by natural-

Summary. The tokamak is a prototype fusion device in which a toroidal magnetic
field is used to confine a hot plasma. Coherent waves, excited near the plasma edge,
can be used to transport energy into the plasma in order to heat it to the temperatures
required for thermonuclear fusion. In addition, tokamak plasmas are known to exhibit
high levels of turbulent density fluctuations, which can transport particles and energy
out of the plasma. Recently, experiments have been conducted to elucidate the
nature of both the coherent waves and the turbulence. The experiments provide
insight into a broad range of interesting linear and nonlinear plasma phenomena and
into many of the processes that determine such practical things as plasma heating

and confinement.

which are excited interact to produce a
state of nearly random fluctuations. In a
plasma, which is a collection of charged
particles such as positive ions and elec-
trons, collective phenomena are crucial
to a complete description of the system.
This article will treat both coherent
waves and turbulence in the hot, dense
plasmas that are relevant to the goal of
thermonuclear fusion.

Study of the waves and turbulence in
plasmas is of interest from two different
points of view. First, many interesting
linear and nonlinear wave phenomena
are conveniently studied in plasmas.
Second, from a technological point of
view, magnetic confinement of a hot
plasma is a promising approach to con-
trolled thermonuclear fusion (/-3). To
achieve thermonuclear fusion requires
that the plasma temperature be greater
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ly occurring turbulence are both impor-
tant to this goal (/-3).

The tokamak is a prototype fusion
device in which a toroidal magnetic field
configuration is used to contain a hot
plasma. This is shown schematically in
Fig. 1 (/). Plasma containment is provid-
ed by the magnetic field since, if colli-
sions and turbulence are neglected, the
charged particles make only small excur-
sions transverse to the field lines. In a
tokamak, the magnetic field lines are
twisted by a current induced in the plas-
ma. This twisting of the field lines pre-
vents separation of the positive ions and
the electrons and is essential to the plas-
ma equilibrium.

Phenomena involving waves and tur-
bulence are likely to be relevant to virtu-
ally all approaches to controlled thermo-
nuclear fusion (3). However, we will
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limit our discussion of waves and turbu-
lence to tokamaks, since they provide a
relatively long-lived plasma (one with a
lifetime greater than 1 second) in which
to study wave phenomena. In addition,
the data set and the level of understand-
ing of waves and fluctuation phenomena
are probably greater for tokamaks than
for any other prototype fusion device.
We will discuss only fluctuations in plas-
ma density, although fluctuations in oth-
er quantities (such as magnetic field and
temperature) are also important to a
complete description of the plasma (/,
2).

Turbulence in Tokamak Plasmas

Containment of a hot, dense plasma
leads immediately to a profound conse-
quence: the resulting state of the plasma
is not static but is intrinsically time-
dependent (4-13). This is because one
has necessarily introduced gradients in
both temperature and density, and there-
fore there is a free energy of expansion
available to drive fluctuations and insta-
bilities. Indeed, in magnetically confined
plasmas, the parameters of the plasma
such as density, electrical potential, and
magnetic field are not invariant in time
but fluctuate on one or more time scales
characteristic of the collective modes of
oscillation of the plasma (4—13). The
most violent of these fluctuations can
result in abrupt termination of a dis-
charge. Fortunately, research has un-
covered relatively large operating re-
gimes where such violent ‘‘disruptions’’
of the plasma can be avoided (I-3).
There remains, however, a plasma tur-
bulence that is reasonably insensitive to
the specific operating conditions. This
turbulence may have a considerable ef-
fect on transport in tokamak plasmas and
will be discussed in some detail.

Tokamak plasmas exhibit anomalous-
ly high levels of particle and energy
transport. In other words, the fluxes of
energy and particles across the magnetic
field are large compared to those expect-
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ed from ‘‘classical’’ coulomb collisions
of the charged plasma particles (I, 2).
This enhanced transport of energy out
of the plasma is deleterious, since it
reduces the energy containment time.
Thus, understanding and controlling this
transport are very important to the goal
of achieving controlled nuclear fusion.
Crude estimates indicate that the tur-
bulent density fluctuations observed in
tokamak plasmas are sufficient to pro-
duce the observed transport (1, 2); how-
ever, the direct connection of this turbu-
lence with the energy transport has not
been established. Consequently, under-
standing the nature of the turbulence and
its contribution to the transport is still a
major goal in this field of research.
Nature of the turbulence. 1t is typical
of tokamak plasmas that density fluctua-
tions are present throughout the life of
the plasma (5-13). The spatial scale (that
is, the typical wavelength) of these fluc-
tuations has been determined in numer-
ous experiments with both microwave
and laser scattering and metal probes
that can be inserted near the plasma edge
to measure density and electrical poten-
tial (5-13). In the scattering experiments,
the wavelength of the fluctuations is
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fluctuations in a plas- 4
ma in the Princeton
Large Torus (PLT)
tokamak, shown from
a well-defined region
and for a single wave-
length of 0.9 cm
[adapted from (I3)].
The dashed curve is a
guide to the eye and
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measured directly by the angle of scat-
tering relative to the direction of the
incident electromagnetic radiation. Such
a scattering process is called Bragg scat-
tering, a term that originally referred to
the scattering of x-rays from the electron
distribution in a crystal. As in the crys-
talline case, scattering experiments in
plasmas measure the spatial distribution
of the electrons. From this kind of ex-
periment in tokamak plasmas, the mean
wavelength, Aucr, of the density fluctua-
tions in the direction perpendicular to
the magnetic field is found to be of the
order of 1 cm (5-10, 13). In terms of the
parameters that characterize the plasma,
it is found that
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where p;, the characteristic radius of
gyration of the plasma ions in the mag-
netic field, is typically a few millimeters.

The wavelength Ague is small com-
pared to the minor diameter of the plas-
ma, which is typically several tens of
centimeters. Consequently, these fluctu-
ations are frequently described as a mi-
croturbulence (5) to distinguish them
from macroscopic magnetohydrodynam-
ic (MHD) oscillations, which have wave-

-Xﬂuct = 2mp;

Vacuum vessel

Fig. 1. A tokamak
plasma. External
coils generate the
principal  confining
magnetic field B, and
a current induced in
the plasma produces a
twist to the magnetic
field lines (not
shown). Turbulence
in the plasma is illus-
trated by dots in the
minor cross sections.
Waves, used to heat
the plasma and drive
currrents, can be ex-
cited by antennas at
the plasma edge.
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would be typical of an
average over several
plasmas. The spec-
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trum is much broader than the range of frequencies of 100 to 130 kHz which would be expect_ed
for “‘linear”’ drift waves. This spectrum illustrates the turbulent nature of the density

fluctuations in tokamaks.
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lengths comparable to the plasma size
(14).

The tokamak plasma is a very aniso-
tropic system with a strong toroidal mag-
netic field and gradients in plasma densi-
ty and temperature perpendicular to the
magnetic field (Fig. 1). Laser and micro-
wave scattering experiments have shown
that the wavelengths associated with the
fluctuations are very similar in both di-
rections perpendicular to the magnetic
field (5-9). With CO, laser scattering
experiments, it has also been shown that
the wavelengths of the fluctuations par-
allel to the toroidal magnetic field are
long compared to the wavelengths of the
fluctuations perpendicular to the field (6,
9, 11). Thus a qualitative picture is that
of a relatively isotropic, two-dimensional
turbulence in the plane perpendicular to
the toroidal magnetic field, with the
characteristic scale size of the turbu-
lence being small compared to the minor
diameter of the plasma (Fig. 1).

By use of scattering and probe tech-
niques, the characteristic frequency of
the fluctuations has been found to be in
the range of a few Kkilohertz to a few
hundred kilohertz. The mean frequency,
7, of the fluctuations is lower than the
characteristic frequency of gyration of
the plasma ions in the magnetic field, f;.
The experiments are (very roughly) con-
sistent with (4-13)

f~ (L) i @

where L, is the length associated with the
gradient in plasma density [L, = n/(dn/
dr), where n is the plasma density and r
is the minor radius of the plasma]. Since
the frequency f is typically tens of
megahertz and p/L, is of order 1/100,
is in the range of hundreds of kilohertz.

It is plausible that the natural spatial
dimension of the turbulence in the direc-
tion perpendicular to the magnetic field
is of the order of the ion gyroradius p;
(Eq. 1), since, at the characteristic fre-
quencies of the turbulence, fluctuations
with these wavelengths are typically the
least stable (2, 15, 16). Also, the frequen-
cy described by Eq. 2 is qualitatively
consistent with the spatial scale of the
fluctuations and the fact that, in an inho-
mogeneous plasma such as that in a
tokamak, there is an associated drift
velocity, vy, of waves traveling in the
direction perpendicular to both the mag-
netic field and the density gradient.
Thus, one can imagine a disturbance of
wavelength 2mp; propagating at a veloci-
ty vg which results in a mean frequency
f (in the laboratory frame) equal to v/
2mp;. This expression for the frequency
turns out to be identical to the right-hand
side of Eq. 2.
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