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The power spectrum of plasma density fluctuations in the. range of frequencies of drift
waves has been investigated j.n the Princeton Large Torus tokamak. The results suggest
that the observed fluctuations evolve to a strong nonlinear state, and therefore they em-
phasize the need for a complete nonlinear theory of drift waves in tokamaks to assess
their effects on plasma transport.
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The tokamak is the most successful of all the
magnetic confinement schemes. Nevertheless,
this type of configuration is still plagued by anom-
alous heat losses which remain one of its most
critical issues.

It has been known for a long time that the turbu-
lence produced by drift-wave instabilities can ad-
versely affect the transport of plasma. More re-
cently Horton and Estes' have shown that the con-
finement of electrons in several Ohmically heat-
ed tokamaks is consistent with the predictions of
the quasilinear theory of drift waves. Neverthe-
less the role played by these instabilities in the
transport of plasma is not yet completely under-
stood.

In this I etter, new data on the spectrum of
density fluctuations in the range of frequencies
of drift waves are presented. Their implications
are that a complete nonlinear interaction of drift
waves is essential for assessing their effects on
the confinement of plasma in tokamaks.

Drift waves are excited by the free energy
stored in the plasma by macroscopic inhomoge-
neities. According to the linear theory of drift
waves in tokamaks, ' the range of frequencies is
co/to„'( 1, where ~„'= ke cT,/eBL„(with ks the
poloidal wave number and L„=~d inn/dr~ ' the
density scale length). The upper limit, u.) = +~',
is reached by electron drift waves with long wave-
lengths (i.e. , ksp,. «1, with p, the ion Larmor

radius) that propagate along the electron diamag-
netic direction. The ion inertia and the finite ion
Larmor radius come into play when kp, . )1 with
the result of decreasing the value of

~
&o~. As the

ion temperature profile becomes steeper than the
density profile (i.e. , g, =d 1nT, /d inn )rt, = 1-2)
the sign of & is reversed, and we have drift
waves which propagate along the ion diamagnetic
direction. Various experimental observations' '
have indicated that a small-scale turbulence ex-
ists in tokamaks in a range of frequencies around
w ', with wavelengths x ~ p, and amplitude
((n)')"'=(Q/(kL„). One intriguing result has
been the broad frequency spectra of the observed
fluctuations whose spectral width Qadi = (2-4)co '.
If this is a real feature of the microturbulence of
tokamaks it means that the plasma fluctuations in-
duced by drift instabilities evolve very rapidly to
a nonlinear state. Unfortunately the poor spatial
resolution of those measurements could not rule
out the possibility that the observed broadenings
were simply produced by radial variations of
plasma parameters. To clarify this crucial
point, the power spectrum of density fluctuations
in the range of frequencies of drift waves has
been investigated in the Princeton Large Torus
tokamak with scattering of microwaves.

An array of antennas, all located in the same
poloidal plane, was used for launching an electro-
magnetic wave and for collecting the waves scat-
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tered by plasma density fluctuations. The inci-
dent wave had a frequency of 140 GHz, and its
electric field was parallel to the toroidal magnet-
ic field.

The process of incoherent scattering by elec-
tron density fluctuations can be characterized by
the differential cross section'

o = o'(yS(k ~ Q ) )

where o, = (e'/mc')' is the Thomson cross section
and S(k, cv) is the spectral density of electron
fluctuations. The frequency & and the wave vec-
tor R must satisfy energy and momentum conser-
vation, i.e., + =~, —(d, and k=k, —k„where the
subscripts s and i refer to the scattered and in-
cident wave, respectively. Once the spectral
density is known, the mean square density fluctu-
ation is obtained with an integration over the en-
tire (k, ap) space,

((n)'& = (2m) 4f S(k, (u)d'ad(o.

A good spatial resolution was obtained by using
high-gain antennas (~ 38 dB). In general the ra-
dial extent of the scattering region (= 10 cm for
k = 6 cm ') was a decreasing function of k. On
the contrary, the k resolution (~+1 cm ') was
almost independent of the value of k. For most
of the scattering geometries the average wave
vector k was mainly along the poloidal direction.

For detecting the scattered waves, a hetero-
dyne scheme with a frequency resolution of 10
kHz was employed. To avoid the deterioration of
the spatial resolution produced by refractive ef-
fects, we limited our investigation to discharges
with a central density of 2x 10" cm '. The rest
of the plasma parameters were (with standard

notations) a=40 cm, R =134 cm, B,=32 kG, I~
=420 kA, T„=1.5keV, T'p= 0 8keV A 1 and
Z,« —-1. The electron energy confinement time
was = 10 msec. In this range of parameters the
value of v~', the ratio of the effective collision
frequency of trapped electrons to their bounce
frequency, was less than 1 over most of the plas-
ma column and reached a minimum of = 0.1 at
x=12 cm.

Shown in Fig. 1 is the radial dependence of co~',
for ke = 10 cm ', calculated by using the electron
temperature and density profiles as determined
by Thomson scattering measurements. Notice
that(o ' is almost constant in the regions &10
cm.

The power spectrum SQ, , ) of density fluctua-
'tions observed at three radial locations is shown
in Fig. 2. These data clearly illustrate three im-
portant features of the microturbulence of toka-
maks: (1) The spectra are shifted toward one
side of the frequency axis; (2) the spectral width
at half intensity has several times (2-4) the val-
ue of co„', (3) the spectral width of fluctuations at
the boundary of the plasma column (where the
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FIG. 2. Frequency spectra of density fluctuations:
(a) r =5 cm, 0=5 cm; (b) x=16 cm, 4 =7 cm; (c) x
=30 cm, 4=6 cm '.
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FIG. 3. Values of S(k) =(2~) ' J „8(k,u)der.

plasma collisionality increases) is larger than
that of fluctuations in the centra, l region.

The observed spectral shifts change sign when
the direction of k or that of the toroidal magnetic
field is reversed. They indicate that either the
observed fluctuations tend to propagate along the
electron diamagnetic direction or that the plasma
column rotates because of a radial electric field
produced by a negative plasma potential.

Shown in Fig. 3 are the values of S(k) = (2n) '
&& f S(k, ~)dco. In the range of k of Fig. 3, S(k)
decreases monotonically in the central region of
the plasma column, while it has a maximum at
k = 10 cm ' in the outer region. The position of
this maximum corresponds to the condition kp,
= 0.5, which is in agreement with previous obser-
vations in adiabatic toroidal compressor' and
TFR' and more recently in the WT tokamak. ' Be-
cause of the large central temperatures, the spa-

tial resolution was not sufficient to determine if
S(k) also exhibited the same behavior in the cen-
tral region of the plasma column.

As mentioned earlier, the total density fluctua-
tion is obtained by integrating S(k, m) over the en-
tire (k, w) space. Because of the limited region
of k space which was investigated, only a rough
estimate of ((n)') can be given here B.y assum-
ing that the observed turbulence is isotropic in
the plane perpendicular to B and that its range of
parallel wave numbers

I
k ill

= I&' Bl/'I BI is small-
er than the instrumental k resolution, we esti-
mate that the value of ((n)) "/(n) is 4x Io ' at
y=5 cm, 6& 10 at y=15 cm, and 2&& 10 at
y =30 cm.

In conclusion, the results presented in this Let-
ter indicate that the previously observed frequen-
cy spectra' ' are not the result of instrumental
effects, but they are a real feature of the micro-
turbulence caused by drift instabilities in toka-
maks. The broad spectra suggest that the ob-
served fluctuations evolve to a strong nonlinear
state, and therefore they emphasize the need for
evaluating their effects on plasma transport in
tokamak s.

The author wishes to thank D. Hwang and
J. Strachan for operating the Princeton Large
Torus device, A. Semet for his help in micro-
wave calibrations, and C. Daughney for the Thom-
son scattering measurements. Finally, he would
like to express his gratitude to J. Hosea for the
constant support.

This work was supported by the U. S. Depart-
ment of Energy under Contract No. DE-AC02-76-
CH03073,

S. Horton and R. D. Estes, Nucl. Fusion 19, 203
(1979).

B. Coppi and G. Rewoldt, in Advances in Plaspyga

Physics, edited by A. Simon and W. B. Thompson (Wi-
ley, New York, 1976), Vol. 6, p. 421.

E. Mazzucato, Phys. Rev. Lett. 36, 792 (1976).
C. M. Surko and R. E. Slusher, Phys. Rev. Lett. 37,

1747 (1976).
TFR Group, .in Pvoceedini s of Plasma Physics and

Controlled Nuclear Iusion Reseay'ch (International
Atomic Energy Agency, Vienna, 1977), Vol. 1, p. 35.

M. N. Rosenbluth and N. Rostoker, Phys. Fluids 5,
776 (1962).

T. Saito et al. , J. Phys. Soc. Jpn. 50, 4039 (1982).

1830


