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Observation of Large-Amplitude, Narrow-Band Density Fluctuations
in the Interior Region of an Ohmic Tokamak Plasma
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Strong spatial asymmetries in the spectrum and magnitude of low-frequency (cu « cu„) density
fluctuations have recently been measured in the Texas experimental tokamak. Large-amplitude,
narrow-band (as low as b, cu/~ = 0.1) modes have been observed on the inside of the high-field
torus in addition to the typical broad-band (b, cu/cu ——1) microturbulence which is present
throughout the plasma cross section. These narrow-band fluctuations are only detected at the plas-
ma interior, being localized towards the midplane, and are not seen at the edge.

PACS numbers: 52.35.Mw, 52.35.Kt

The characterization of plasma-inhomogeneity-
driven microturbulence is thought to be necessary to
the understanding of transport in present day toroidal
confinement devices. As a result, it is essential to
determine the spatial distribution and spectral proper-
ties of fluctuations throughout the plasma cross
section. Recent collective-Thomson-scattering mea-
surements2 4 have noted substantial deviations from
the standard observations of broad-band (b, co/co ——1)
isotropic turbulences in the plane perpendicular to the
toroidal magnetic field. For example, although density
fluctuations are commonly found to peak at the plasma
periphery, a new tokamak edge phenomenon known as
the MARFE has been observed in Alcator C
(Lipschultz et al. ). This condition, which exhibits a
density threshold for onset, is distinguished from ordi-
nary turbulence by greatly increased radiation, density,
and density fluctuations, and decreased temperature in
a small volume at the inner major-radius edge of the
plasma. In addition, a quasicoherent fluctuation
(Aco/co ——0.1; Slusher et al. ) was recently observed
during the H-mode regime of discharges in the
neutral-beam —heated poloidal divertor tokamak PDX
discharges. The narrow-band fluctuation was noted as
a temporal burst over a narrow region of minor radius
near the separatrix. Finally, previous measurements
on the Texas experimental tokamak TEXT (Brower et
al.4) thoroughly described the (k, ka) spectra of the
broad-band microturbulence and identified a strong
up-down asymmetry in the distribution of poloidal
fluctuations. Such a spatial asymmetry was only ob-
served in the magnitude of the density-fluctuation lev-
el. It should be noted that all the above-mentioned
phenomena are associated with the poor-confinement
edge region of tokamaks.

In this Letter, a new type of density fluctuation lo-
calized in the plasma interior is reported. Along with
the usual broad-band microturbulence, 4 5 large magni-
tude, narrow-band (as low as Aco/to ——0.1) fluctuations
are observed throughout the plateau region of the
discharge which are located toward the inside of the
high-field torus. Vertical spatial scans of the scattering

volume indicate that these fluctuations are localized
towards the equatorial midplane of the torus and are
not observed at the plasma top or bottom edge.
Hence, the existence of the narrow-band fluctuations
manifests itself as a spatial asymmetry between the in-
side and the outside of the torus in both the spectrum
and the amplitude of the density fluctuations. The
internal localization of the narrow-band fluctuations
provides information on turbulence and transport in
the central region of the tokamak plasma where global
confinement is determined.

Collective Thomson scattering6 of electromagnetic
radiation provides a nonperturbing technique for
measuring density fluctuations. On TEXT, a mul-
tichannel far-infrared scattering apparatus permits the
complete S(k~, to) ~ [n (k~, co) ]2 spectrum to be
monitored throughout the duration of a single
tokamak discharge. Frequency-shifted scattered radia-
tion is simultaneously collected at six discrete wave
numbers (0 & k~ & 15 cm '). Detailed information
on the scattering system and the calibration procedures
employed is described by Park et al. 7 The portion of
the far-infrared laser (Pp = 8 mW, A. p

= 2~/kp
=1222 p, m) utilized as the probe beam is weakly
focused along a vertical chord to a waist of = 2 cm
producing a measured wave-number resolution of
b, k„= + cm '. The length of the scattering volume
varies as a function of wave number and ranges from
+ 8 cm (e ' points of the scattered power) at
kt = 12 cm ' to a chord average as k~ 0. Horizon-
tal and vertical translation capabilities of the scattering
volume afford access to virtually the entire plasma
cross section. In this paper, fluctuations from
scattering-volume locations centered along the mid-
plane of the torus at

~

+ r/a ~

~ 0.6 will be contrasted
in addition to positions 20 cm above and below the
midplane along a vertical chord at R —0.2a, as shown
in Fig. 1(a). For these locations kt is composed of
both radial (k„) and poloidal (ka) components.

The measurements were performed on TEXT, a
medium scale Ohmic tokamak of major radius R = 1 m
and limiter radius a =0.27 m. The tokamak parame-
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FIG. 2. Density-fluctuation dispersion at R, R —0.2a,
R —0 4a, and R —0 6a corresponding to open circles,
crosses, solid circles, and triangles, respectively, Only the
narro~-band fluctuation dispersion is plotted for positions
on the inside of the torus.

FIG. 1. Frequency-spectra comparison. (a) Scattering-
volume geometry for midplane positions R + 0.2a,
R +0.4a, R +0.6a, and vertical locations +20 cm above
and below the midplane at R —0.2a for ki = 11 cm ', shad-
ed region, inaccessible. (b) ki = 5 cm ', R +0.2a; (c)
kz= ll cm ', R +0.2a; and (d) kz= 11 cm ', R +0.4a.

ters for results to be presented herein are I = 300 kA,
n, =3.5x10'3 cm 3, BT——28 kG, T,o ——950 eV, T;c
= 600 eV, Z, rr

= 1.8, and 7z = 12 ms. Data are taken
during the plateau region (I~,BT,n, ) of sawtooth
discharges where rq = t

——0.25a.
The density-fluctuation frequency spectra at ki = 5

and 11 cm', for the scattering volume centered at mid-
plane positions R+0.2a (the outside of the torus),
and R —0.2a (the inside of the torus), are illustrated
in Figs. 1(b) and (c), respectively. In each case, it is
readily apparent that the fluctuations on the inside are
much larger in magnitude and more confined in
bandwidth than the fluctuations on the outside. For
instance, at ki = 5 cm ' on the inside, the peak fre-
quency of the scattered spectra is co„k/2vr ——200 kHz
with b, co/co~„——0.1 (FWHM), whereas on the outside,
co~k/27r

——200 kHz but Ace/co~k ——1. In addition, the
magnitude of the fluctuations near cu~k are significantly
larger on the inside. A similar observation may be ar-
rived at for ki =11 cm ' where b, cu/cu~k ——0.2 on the
inside and Ace/co~„——1 on the outside with the magni-
tude of the fluctuations again being much larger on the
inside of the torus. Further comparison of the fre-
quency spectra for R + 0.2a indicates that although Ar0

is much smaller on the inside, the peak frequency c0~„
is roughly equivalent implying that the phase velocity
(dispersion) for the fluctuations are similar. The mag-
nitude of the fluctuations at the torus-inside and -out-
side positions are seen to be essentially the same for
EL' (( 6)pk and cv )) copk. These observations establish

the existence of a large-magnitude, narrow-band fluc-
tuation on the torus inside which appears in addition to
the broad-band microturbulence and is observed
throughout the plateau region of the discharge where
Mirnov oscillations are quiescent.

Moving the scattering volume further from the plas-
ma center serves to magnify the disparity between
fluctuations at the torus inside and outside. For
scattering-volume positions located at R +0.4a, the
frequency spectra for ki =11 cm ' are shown in Fig.
1(d). Once again the fluctuations on the inside exhibit
a large-magnitude, narrow-band peak in contrast to the
behavior at the outside position for wave numbers up
to 14 cm '. The spectral linewidth Ace for ki
=11 cm t is unchanged from R —0.2a to R —0.4a.
However, the peak frequency of the scattered spectra
is now significantly lower on the inside (copk/2vr
= 2QQ kHz) as compared to the outside (cu~k/2m.
= 380 kHz) making the narrow-band nature of the
fluctuation less prominent (b cu/cu „——0.5) .

As shown in Fig. 2, the measured dispersion rela-
tionships at scattering-volume positions R and
R —0.2a are roughly comparable with u~„=3&&1Q
cm/s. As the scattering volume is translated further
towards the torus inside, an abrupt decrease in the
slope of the measured dispersion occurs with

u~h
——1x10 cm/s at R —0.6a. At this location, the

measured v~h is approximately equivalent to vD„ the
electron diamagnetic drift velocity. The fluctuations
were observed to be propagating in the electron di-
amagnetic drift direction, if stationary ions are as-
sumed. Langmuir-probe measurements' at the plas-
ma edge, taken under reduced current and field condi-
tions, indicate the presence of a radial electric field of
sufficient magnitude to produce an E,x 8 Doppler
shift of order of ~D, . Projection of this potential to the
plasma interior would suggest that the narrow-band
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FIG. 3. %'ave-number —spectra comparison at spatial posi-
tions (a) R +0.2a and (h) R +0.6a with open circles, solid
circles denoting outside and inside of the torus, respectively.
Wave-number spectra for the narrow-band fluctuation,
b S(ki) = Si„(kt) —S,„,(ki), at positions (c) R —0.2a, and
(d) R —0.6a.
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fluctuations may possess a rotation-corrected phase
velocity u»~ vz, . Some in-out asymmetry in t» is
expected as a result of the 1/R dependence of the
fields; however, this cannot account for the factor of 3
difference measured between R +0.6a or the narrow-
band nature of the spectra.

Variations in the magnitude of the fluctuations
between torus-inside and -outside positions are most
clearly identified by comparison of the wave-number
spectra as shown in Figs. 3(a) and 3(b), for positions
R + 0.2a and R + 0.6a, respectively. As the scattering
volume is translated towards the torus inside, the
wave-number spectra become broader with significant
power in the high-k„modes. The wave-number spec-
tra on the outside are generally monotonically decreas-
ing functions of ki. For ki ~ 5 cm ', the narrow-
band mode can possess an S(kj ) more than an order
of magnitude larger than that for the broad-band mi-
croturbulence found on the outside. For all positions,
the power falloff of the wave-number spectra is essen-
tially constant with P ~ k t ~, where P = 4 + 1.

The narrow-band fluctuations on the torus inside are
observed in addition to the broad-band microtur-
bulence as seen earlier from the frequency spectra. By
subtraction of the wide-band fluctuation level, the
wave-number dependence of the narrow-band tur-
bulence may also be estimated. This is achieved by
means of a plot of the difference in the spectral density
functions, AS(ki) = S;„(ki)—S,„,(kt ), as shown in
Figs. 3(c) and 3(d) for spatial positions R —0.2a and

R —0.6a, respectively. Here it is observed that the
narrow-band fluctuation exists over a more limited
range of ki ( i.e. , Ak/k„= 0.35) than the broad-band
turbulence (i.e. , Ak/ki = 1) with a spectra width
greater than twice the measured wave-number resolu-
tion of Ak„= + cm ' (corrections to the measured
spectrum are less than 10'/0 when the stated instru-
ment resolution is deconvolved). The peak in the
narrow-band fluctuation wave-number spectra shifts to
higher k„as the scattering volume is positioned fur-
ther towards the torus inside, changing from 5.5 cm
at R —0.2a to 7.5 cm ' at R —0.6a with the width
also increasing asymmetrically at larger values of k„.

The estimated fractional fluctuation level n/n„ob-
tained by performance of the appropriate integration
over frequency and wave number, is more than twice
as large on the inside of the high-field torus with a
lower limit of = 1% at R —0.6a. Similar features for
the narrow-band fluctuations are observed in
discharges with different plasma currents and toroidal
fields. No density threshold or associated perturba-
tions to plasma parameters (n„T„P„d) have been ob-
served. However, it is conceivable that the narrow-
band fluctuations coupled with the previously reported
up-down asymmetry for poloidal fluctuations~ may be
some type of precursor to the MARFE2 condition.

By a scan of the scattering volume vertically from
the torus midplane positions, the up-down spatial lo-
calization of the narrow-band fluctuations may be as-
certained. Along a vertical chord at R —0.2a for
ki =11 cm ', the narrow-band fluctuation is not ob-
served when the scattering-volume center is situated
either 20 cm above or below the midplane as shown in
Fig. 1(a). Translation of the scattering volume to ei-
ther the plasma top or bottom serves to eliminate ob-
servation of the narrow-band feature which is distinct-
ly seen at the midplane for the same wave vector in
Fig. 1(c). Performing a vertical scan at R —0.4a pro-
duces a similar effect except that one must move the
scattering volume further away from the midplane
(i.e., towards the edge) before the narrow-band fluc-
tuation is no longer observed. These results clearly in-
dicate that the narrow-band modes are internal fluctua-
tions and are not observed at the plasma edge. A
change in the (k„,ka) composition of kt as a conse-
quence of the vertical scan may potentially account for
this observation since on the midplane, ki is made up
largely of k, while at the edge, kt is comprised more
of kz. However, the narrow-band fluctuation is ob-
served over a sufficient region of the plasma along the
vertical chord to make this argument unlikely.

The spatially varying toroidal field (BT~ 1/R) is a
potential source for the observed asymmetry between
fluctuations on the torus inside and outside. Theories
which address these particular regions of the plasma
include the toroidicity-induced drift wavet' '2 and
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MHD-ballooning models. The observation of a mono-
tonically decreasing S(k~) at the outside is consistent
with the theories of the toroidicity-induced and
MHD-ballooning modes. However, the magneto-
hydrodynamic-ballooning instability, which is pressure
driven and peaked at 0= 0, does not appear to be a
suitable candidate as the large-amplitude, narrow-band
fluctuations are observed on the torus inside (0= m. )
at large wave vectors during periods of quiescent
MHD activity in a low-P tokamak. Calculations of the
nonlinear interactions of the toroidicity-induced
modes'2 (resulting from VBT and curvature drifts)
show that the instability peaks away from 0 = 0 at
8= +m/2. The narrow-band fluctuations also peak
away from 8=0 but appear localized at 0=7r, the
torus inside, where Similon and Diamond'2 state that
toroidicity-induced drift modes are not as strongly ex-
cited. Present toroidicity-induced drift-mode theories
do not definitively address toroidal effects on the fluc-
tuation spectral linewidth. Hence, it appears that nei-
ther of the above-mentioned theories satisfactorily
describes the experimental observations.

In summary, large-magnitude, narrow-bandwidth
fluctuations are observed in the plasma interior on the
inside of the high-field torus. These fluctuations are
narrow band in both their frequency and wave-number
spectra when compared to the typical broad-band mi-
croturbulence. Correlation between experimental ob-
servations and theory is inconclusive indicating the
need for additional effort in order to provide an accu-
rate identification.
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