
VOLUME 86, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 21 MAY 2001
Signature of Turbulent Zonal Flows Observed in the DIII-D Tokamak
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The spectrum of turbulent density fluctuations at long poloidal wavelengths in the edge plasma of
the DIII-D tokamak peaks at nonzero radial wave number. The associated electric-potential fluctuations
cause sheared Ẽ 3 B flows primarily in the poloidal direction. These zonal flows have been predicted
by theory and are believed to regulate the overall level of turbulence and anomalous transport. This
study provides the first indirect experimental identification of zonal flows.
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Controlled nuclear fusion relies on the efficient con-
finement of high-temperature plasmas. In tokamaks, the
confinement provided by the magnetic-field topology is
opposed by outward transport, due to Coulomb collisions
and plasma instabilities. While researchers have devised
ways to control destructive, large-scale magnetohydro-
dynamic instabilities, small-scale turbulence is generally
present at a level that is sufficient to cause some degree of
anomalous transport. However, techniques have also been
developed to reduce turbulence and have resulted in the
steady improvement of tokamak confinement [1]. Parallel
advancements in fluctuation measurement techniques [1]
and in the computing power available to numerical simula-
tions [2] have been equally noteworthy and are constantly
providing new insight in the properties of turbulence, one
of the remaining unsolved problems of classical physics.

The process of turbulence decorrelation and suppres-
sion by the sheared E 3 B flow associated with sheared
equilibrium radial electric fields, now well understood
theoretically [3], has been identified experimentally as a
crucial mechanism in a variety of enhanced-confinement
regimes [4]. More recent theoretical and computational
work [2,5–10] has led to the important realization that
fluctuating sheared poloidal Ẽ 3 B flows, known as zonal
flows [11] or radial modes [6], can be driven by microin-
stabilities and in turn act to regulate them through the same
shear stabilization mechanism. In all regimes, therefore,
plasma turbulence is expected to be in a self-organized
state mediated by zonal flows.

Direct experimental observation of zonal flows is ex-
pected to be arduous [12], as it would require extracting
the components of the velocity field or electric potential
with the required long toroidal and poloidal wavelengths.
At present, only indirect signatures can be sought in related
physical quantities. In this Letter, we present the first mea-
surement of the fluctuating plasma density in the relevant
region of the spectrum. The measurement was performed
with a phase-contrast imaging (PCI) diagnostic [13] in the
edge region of the Doublet III-D (DIII-D) tokamak. It is
shown that the measured component is always character-
ized by a finite average radial wavelength of the magnitude
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predicted by theory. This implies the existence of electric-
potential fluctuations giving rise to turbulent, sheared, pri-
marily poloidal Ẽ 3 B flows. The estimated zonal flow
shear is found to be comparable to the dc E 3 B shear
measured in the high-confinement mode (H mode) [4], and
can thus be expected to have a strong regulating effect.

The PCI diagnostic [14] measures the vertical line in-
tegrals of the density fluctuations at eight locations dis-
tributed along a major radius with a uniform adjustable
spacing (typically 0.3 to 0.5 cm) and situated in the outer
plasma edge of DIII-D (0.80 , cn , 1.17, where cn is
the poloidal flux normalized to its value at the last closed
flux surface). The measurement accesses frequencies in the
range 8–1000 kHz with a sensitivity of ñe � 1015 m23.

Owing to the edge location, the line integration spans a
small range of magnetic flux, typically corresponding to a
radial width of 2–4 cm on the midplane [15]. Also, the
integration occurs nearly tangentially to the magnetic flux
surfaces. Thus, wave vectors possessing a significant tan-
gential component will be averaged out [16]. More accu-
rately, the vertical integration restricts the measurement to
purely horizontal wave vectors. The components of a hori-
zontal vector in the poloidal magnetic flux coordinates r
and u, respectively normal and tangent to the local flux
surface, will satisfy the relation jkr j ¿ jkuj, as illustrated
in Fig. 1(a) (ku is exactly zero only on the midplane). In
addition, the toroidal component kf is known to be neg-
ligibly small [17]. Thus, the measured spectrum closely
approximates the radial spectrum S�kr �jku�0,kf�0. Exten-
sive analytical and numerical modeling with realistic tur-
bulence spectra [14,16,18] has confirmed this conclusion.
A numerical calculation of the responsivity of the system in
(kr , ku) space for a typical DIII-D discharge yields the con-
tour plot shown in Fig. 1(b), with the expected anisotropy
jkr j ¿ jkuj.

To elucidate the spatial structure of the turbulence we
examine the spatial correlation function of the PCI signals.
This complex Hermitian function, constructed by taking
the equal-time correlation coefficient as the real part and
its Hilbert transform as the imaginary part, is almost in-
variably wavelike with a finite spatial period, and decays
© 2001 The American Physical Society 4835



VOLUME 86, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 21 MAY 2001
k
r

k
k

θ

(a)

−10 −5 0 5 10
0

0.5

1

1.5

2

k
r
 (cm−1)

k θ (
cm

−1
)

(b)

FIG. 1. (a) Decomposition of a horizontal vector into its radial
and poloidal components, respectively normal and tangential to
the flux surface; each measurement consists of an integration
along a vertical line such as that shown in the figure; (b) respon-
sivity of the PCI system as a function of kr and ku (darker areas
denote larger values); note the different scales for the two axes.

spatially over a finite decay length [14], as shown in Fig. 2.
This is true in Ohmic, low-confinement (L mode), and
high-confinement (H mode) regimes, in a wide range of
plasma parameters, and both inside and outside the last
closed flux surface (LCFS). The real part is generally
larger than the imaginary part, revealing the coexistence
of counterpropagating modes, which are statistically un-
correlated, as evidenced by the lack of peaks and nodes in
the signal amplitude.

The wave-number spectrum is obtained by Fourier trans-
forming the spatial correlation function and dividing the
result by the instrumental transfer function. Spatial anti-
aliasing filtering is effected at the hardware level. Several
methods for sparse Fourier transforms have been compared
and have yielded similar results, ensuring the robustness of
the calculated spectra [14]. The spectrum derived from the
data of Fig. 2 is shown in Fig. 3. The spectrum is always
double-peaked, with the two peaks at approximately sym-
metric positive and negative values. Although predomi-
nantly inward propagation was initially reported [18], a
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FIG. 2. Spatial correlation function of PCI signals: real part
(circles), imaginary part (triangles), and envelope (solid curve).
The 95% confidence level is 0.02. The plot refers to the re-
gion between the LCFS and 3 cm inside, for an Ohmic plasma
(toroidal magnetic field 2.1 T, plasma current 1.9 MA, line-
averaged density 3 3 1019 m23, Ohmic power 3.5 MW).
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broader statistical investigation has shown that there can
be imbalance in either the inward or outward direction de-
pending on the discharge.

The value of jkr j at the peaks, k0r fi 0, which consti-
tutes the key feature of these spectra, can vary between 2
and 7 cm21 and is well above the instrumental cutoff (1�e
point at 0.65 cm21). The spectra fall sharply to zero for
jkr j , k0r . The frequency spectrum is monotonically de-
creasing and k0r increases with frequency.

We have carried out specific simulations to test the
interpretation of the observed maxima as nonzero-kr peaks
in the S�kr�jku�0 spectrum [14,18]. In particular, we have
attempted to reproduce the measured spectra by postulat-
ing a turbulence spectrum peaking at kr � 0 and ku fi 0,
as generally found by other measurements [17,19,20].
Because of the strongly anisotropic responsivity of PCI
[cf. Fig. 1(b)], this is possible only by assuming at once a
large ratio (.3) of poloidal to radial correlation lengths,
a broad S�ku� spectrum with finite energy at ku � 0, and
varying degrees of up-down spatial asymmetry to explain
the variation in directionality. However, even under these
conditions we could not generate peaks at kr fi 0 at all
the radial locations covered by the measurement; also, in
up-down asymmetric configurations (single-null diverted
plasmas), the calculated locations of the positive and nega-
tive peaks are not symmetric. By contrast, the proposed
interpretation is consistent with all observations.

Electric-potential fluctuations with ku � 0 and kr fi 0
have been predicted by theory [10,11,21] to be nonlinearly
generated by drift waves in an inverse cascade to long
poloidal scale lengths. Lacking a radial component, these
zonal flows do not cause cross-field transport. Their im-
portance lies in their ability to limit the radial size of the
drift-wave eddies through the shear decorrelation mecha-
nism [3] and hence, effectively, to regulate turbulent trans-
port. After zonal flows were properly included in gyrofluid
[5,6,8] and gyrokinetic [2,7,8] simulations, it was found
that the predicted transport rates decreased by up to a fac-
tor of 10. While this work has focused mainly on the ion
temperature gradient (ITG) mode as the instability drive,
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FIG. 3. Radial wave-number spectrum for the case of Fig. 2.
The shaded area represents the confidence interval. The spec-
trum is normalized to an integral of unity and is plotted up to
the Nyquist spatial frequency. The blank region near k � 0 is
below the instrumental cutoff.



VOLUME 86, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 21 MAY 2001
which is expected to be dominant in the plasma core, there
are also indications [9,12,22] that similar effects should
be active in the plasma edge, where resistive ballooning
physics may dominate.

These small-scale fluctuating zonal flows are believed to
be a general feature of toroidal turbulence [5] and to regu-
late its saturated state over and above any other turbulence
drive or suppression mechanisms that may arise in the
plasma. In particular, turbulent zonal flows do not appear
to play a specific role in the formation of the edge trans-
port barrier that characterizes the H mode. The L-H tran-
sition is a macroscopic state transition, caused by sheared
equilibrium dc electric fields. Since the amplitude of the
radial modes is a function of the amplitude of the insta-
bility drive, the suppression of turbulence that occurs at
the transition should cause a corresponding suppression of
the nonlinearly generated turbulent flows [6]. Therefore,
while the equilibrium sheared flows are larger in H mode,
the amplitude of the turbulent zonal flows is expected to
be reduced at the L-H transition. This is indeed consistent
with our measurements, as we observe a reduction in the
turbulence amplitude, as well as a broadening of the S�kr �
spectrum, in going from L to H mode [15].

The response function of the PCI diagnostic [cf.
Fig. 1(b)] is such that it should be sensitive to the radial
modes but not to the larger finite-ku instability drive. By
contrast, measurements by other diagnostics integrate over
a broad ku range and should find a maximum at kr � 0.
This is indeed the case for the majority of tokamak turbu-
lence spectra reported in the literature [17,19,20]. There
is therefore no contradiction between those measurements
and the present ones.

The observed experimental features can be interpreted
as a clear signature of zonal flows if the form of the kr

spectrum is similar for density and potential fluctuations.
This is certainly true if the electron response is adiabatic,
as is assumed in the simulations, i.e., if ñe�ne � e�f̃ 2

�f̃�m�0,n�0��Te [5], where e is the electron charge, Te is
the electron temperature, and m and n are the poloidal and
toroidal mode numbers, respectively. This also implies
that ñe is affected only by the sidebands of the dominant
m � 0, n � 0 component (azimuthally and poloidally
uniform) of the modes [5,6]. Part of our data set lies in
a region of low collisionality (the neoclassical plateau
regime [23], with normalized electron collisionality n�e as
low as 1.5), in which the adiabatic approximation is theo-
retically expected [24] and experimentally known [19] to
hold. The observations that the S�kr �jku�0 spectrum of ñe

peaks at finite jkr j and has vanishing energy for jkr j ! 0
are absolutely universal and show no dependence on colli-
sionality (in the range 1.5 # n�e # 20). This universality
is thus the primary basis for establishing a link between
the PCI measurements and the existence of zonal flows.
Additionally, simultaneous measurements of the wave-
number spectra of ñe and f̃ have shown them to be equal
in shape [25], even in more collisional regimes, where the
parallel dynamics of the electrons become important and
an additional nonadiabatic response must be considered.
(Indeed, experimental evidence also shows that in this
regime ef̃rms�Te can be up to a factor of 3 higher than
ñe,rms�ne [19].)

We are not aware at present of any numerical calcula-
tions of the magnitude of the sidebands (to lowest order,
the ballooning m � 61 components), even though they
are qualitatively seen in the simulation results; therefore,
we can state only the inequality ef̃rms�Te . ñe,rms�ne,
which, as discussed above, would be further enhanced by
nonadiabatic effects. Combining PCI estimates of ñe with
density and temperature measurements by Thomson scat-
tering [14], we can establish an approximate lower bound
f̃rms . 10 V in Ohmic and L mode plasmas. We then ob-
tain for the zonal-flow shear dyE3B�dr � ck2

0rf̃rms�B .

2 3 105 s21. This lower bound is within an order of mag-
nitude of the value of the macroscopic dc shear measured
in H mode [4]. The closeness of the two values is in
agreement with gyrokinetic simulations [12]. This is not
inconsistent with the dramatic transport suppression that
accompanies the L-H transition, since ordered sheared
flows are intrinsically more effective than turbulent sheared
flows in suppressing turbulence [12].

Predictions for the value of k0rrs (where rs is the ion
sound gyroradius) vary from 0.1 [12] to 0.6 [6]. In our
data set, this parameter varies between 0.2 and 0.4. Also,
recently reported gyrokinetic and gyrofluid zonal-flow fre-
quency spectra have 1�e spectral half-widths at kr � k0r

of, respectively, Df � 4 3 1024fci [12], where fci is
the ion cyclotron frequency, and Df � 1022yti�Ln [26],
where yti is the ion thermal velocity and Ln is the den-
sity gradient scale length [27]. In a set of L mode plasmas
we obtained values of 6 and 7–13 kHz, respectively, for
these half-widths, to be compared with experimental val-
ues in the range 8–15 kHz [14]. In addition, gyrofluid
simulations show that the frequency width is an increasing
function of kr [26], in agreement with our results. How-
ever, such quantitative comparisons may be premature, as
numerical work has focused primarily on the plasma core
region and on the ITG drive.

Nonlinear effects have been predicted to cause a bursting
behavior in the zonal flows over a time scale 1.5etii [28],
where e is the inverse aspect ratio r�R and tii is the ion-ion
collision time. This time scale is typically in the order of
50 150 ms. The probability distribution function of the
PCI signals is nearly invariably Gaussian for time scales
up to 50 ms, whereas an increasingly leptokurtic character
(kurtosis . 3) is apparent for intervals exceeding 50 ms,
with an asymptotic kurtosis K � 5.5 [14]. While the latter
can be indicative of intermittent behavior, this occurs over
a time scale at least 2 orders of magnitude larger than that
predicted by this theory.

In conclusion, the first study of turbulence in the long-
poloidal-wavelength region of the spectrum in the outer
edge of DIII-D has led to the first observation of the char-
acteristic spectral signature of zonal flows. These flows
have been predicted by theory and are believed to be the
4837
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chief regulating mechanism for turbulent transport in toka-
maks. The results presented here are consistent with most
theoretical predictions. However, further numerical simu-
lations specific to edge conditions are required for a more
quantitative comparison.
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