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The absolute rate of nonlinear energy transfer among broadband turbulence, low-frequency zonal flows
(ZFs) and geodesic acoustic modes (GAMs) was measured for the first time in fusion-grade plasmas using
two independent methods across a range of heating powers. The results show that turbulent kinetic energy
from intermediate frequencies (20–80 kHz) was transferred into ZFs and GAMs, as well as into
fluctuations at higher frequencies (> 80 kHz). As the heating power was increased, the energy transfer
from turbulence into GAMs and the GAM amplitudes increased, peaked and then decreased, while the
energy transfer into the ZFs and the ZFs themselves increased monotonically with heating power. Thus
there exists a competition between ZFs and GAMs for the transfer of turbulent energy, and the transfer
into ZFs becomes dominant as the heating power is increased. The poloidal-radial Reynolds stress and the
mean radial electric field profiles were also measured at different heating powers and found to be
consistent with the energy transfer measurement. The results suggest that ZFs play an important role in the
low-to-high (L-H) plasma confinement transition.
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Zonal flows are widely observed in nature, such as the
Jovian belts and zones, the terrestrial atmospheric jet stream,
in the differential rotation of the sun, and in the laboratory in
low temperature linear plasma devices, rotating neutral fluids and tokamak fusion devices. They coexist with and are
nonlinearly excited by small-scaled turbulent fluctuations
[1–3] and are thought to play a key role in determining the
rate of turbulent mixing in confined plasmas and other
systems. The question of how large-scale zonal flows selforganize from a background of small-scale fluctuations is
thus a fundamental issue in both magnetic fusion and astrophysics research. Moreover, because zonal flows are a
general phenomenon, a deeper understanding of the zonal
flow-turbulence system, and of the competition and spatial
structure selection process occurring between low-frequency
zonal flows (ZFs) and geodesic acoustic modes (GAMs),
naturally leads to a deeper understanding of selforganization processes in many systems of scientific interest.
In fusion plasmas the importance of spontaneously generated large-scale sheared flows such as ZFs and GAMs has
long been recognized since they can regulate the turbulent
transport via a multiscale fluctuations interaction process
[4,5]. Substantial experimental evidences have led to a
general acceptance of the roles that ZFs and GAMs play
in regulating core plasma transport [1,6–8]. Furthermore,
0031-9007=12=108(24)=245001(5)

recent work in several tokamak devices [9–14] suggests that
time-varying sheared zonal flows may play an important
role in the low-to-high (L-H) confinement transition. As a
result, the physics of turbulence-ZF interactions in strongly
heated L-mode plasmas which are approaching the H-mode
transition threshold is of particular importance.
In this Letter, we report the first systematic experimental
study of the turbulent Reynolds stress and nonlinear energy
transfer rate at the plasma boundary as the heating power
approaches the L-H transition threshold. In particular, we
provide the first experimentally measured frequencyresolved energy transfer rates between turbulence and zonal
flows in fusion plasmas using a newly developed multifield
cross-bispectral method [15]. Although bispectral analysis
has been used to evaluate the nonlinear coupling strength
before [16,17], the previously reported quantities are normalized bispectra, i.e., the bicoherence, which can only tell
that turbulence and zonal flows are phase-correlated
[18,19], leaving the critical questions of energy transfer
rate and direction unanswered. In addition, in earlier work
on tokamak devices the energy transfer was measured using
a single field turbulence model [20], which is problematic in
the edge of tokamak plasmas since the density and potential
are significantly decorrelated and thus exhibit different
dynamics. In those cases where multifield approaches
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