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First observation of a new zonal-flow cycle state in the H-mode transport
barrier of the experimental advanced superconducting Tokamak
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A new turbulence-flow cycle state has been discovered after the formation of a transport barrier in
the H-mode plasma edge during a quiescent phase on the EAST superconducting tokamak.
Zonal-flow modulation of high-frequency-broadband (0.05–1MHz) turbulence was observed in the
steep-gradient region leading to intermittent transport events across the edge transport barrier.
Good confinement (H98y,2! 1) has been achieved in this state, even with input heating power near
the L-H transition threshold. A novel model based on predator-prey interaction between turbulence
and zonal flows reproduced this state well.VC 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4769852]

I. INTRODUCTION

Over the last decade, it has been progressively recog-
nized that spontaneously generated zonal flows (ZFs) may
play an important role for turbulence or transport barrier self-
regulation in magnetically confined plasmas1 and planetary
atmospheres.2 Predator-prey cycle states are ubiquitous in ec-
ological and economic systems in which two species or
industrial sectors interact, leading to periodic behavior in the
evolution of their populations. In the region of a strong trans-
port barrier, such as in the edge region of toroidal fusion plas-
mas when a higher confinement regime—so-called “H
mode”—has been achieved, turbulence is usually thought to
be suppressed by a strong shear in the plasma flows. How-
ever, instabilities and turbulence can still arise due to a strong
drive by the steep pressure gradients developed there.3 The
free energy stored in the pressure gradient is then released
and partially transferred into the turbulence—the prey. ZFs—
the predator, fed by the turbulence through the action of the
Reynolds stress,4 will thrive since there are plenty of prey
but, ultimately, outstrip their energy supply and decline. As
the ZFs are low, the turbulence will increase again. In this
way, the dynamics continue in a cycle of growth and decline.
This predator-prey cycle state has been observed recently in
several experiments5–10 prior to the formation of a transport
barrier in the edge region of toroidally magnetized plasmas as
input heating power close to the L-H transition (transition
from low- to high-confinement mode) power threshold. Their
observations are qualitatively consistent with a new predator-
prey model of the L-H transition.11,12 However, existence of
this cycle state after the transition has not been reported pre-
viously. In this paper, we report the discovery of this
turbulence-flow cycle state and the resultant intermittent
transport events across the strong barrier region of the

H-mode plasmas during a quiescent H-phase (without any
MHD activities at the plasma edge such as edge localized
modes or coherent modes). The turbulence appeared in the
edge barrier region is of high frequency and broadband
(0.05–1MHz) in contrast to the low-frequency (<0.2 MHz)
turbulence prevailing before the transition into the H mode.
These new findings may shed some light on the physics
mechanism behind the self-organization dynamics of strong
transport barriers in plasmas and stratified fluids.

II. EXPERIMENTAL RESULTS

The new ZF cycle state was first discovered in the 2010
H-mode campaign of the EAST superconducting tokamak
(R0! 1.9m, a! 0.45m),13 characterized by quasi-periodic
oscillations on the divertor Da signals with amplitude
smaller than that of Type-III edge localized modes (ELMs)
by more than one order of magnitude, as shown in Fig. 1(b)
and the zoom-in plot in Fig. 1(c), where typical Type-III
ELMs appear over 3.59–3.66 s. The H mode was achieved
using lower hybrid current drive (LHCD) with available total
heating power limited to about 1MW, just above the L-H
transition power threshold. The cycle state frequently
appears shortly after the L-H transitions as shown in Fig. 1,
but sometimes it also appears in the inter-ELM phase. The
oscillations appear to originate from the plasma edge steep-
gradient region, usually referred to as the “pedestal.” The
frequency of the oscillations ranges from 0.3 to 3 kHz cen-
tered near 1 kHz, and the amplitude generally decreases with
increasing frequency. The frequency or amplitude does not
show strong dependence on the input heating power, q95 or
any configuration parameters.

In order to study the dynamics of the cycle state, two
reciprocating Langmuir probes located at the outer midplane,
toroidally separated by 89", one in port A and the other in port
E,14 were used to provide direct measurements of radial
electric field (Er), turbulent Reynolds stress, and long-range
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correlation between potential fluctuations15 at the plasma edge
with a 5MHz sampling rate. The low heating power allows
direct probing of turbulence and ZFs inside the separatrix in
the H-mode plasmas using fast-moving graphite probes. A
specially designed probe array was used to measure floating
potentials with two tips (Uf2 and Uf3), separated poloidally by
dp¼ 8mm and a third tip (Uf1) between them, radially stick-
ing out by dr¼ 5–8mm.16 Er was calculated as [Uf1$ (Uf2

þUf3)/2]/dr and the Reynolds stress was estimated as
h~vr~vpi ¼ h~Er

~Epi=B2, where Ep¼ (Uf2$Uf3)/dp and the tilde
represents fluctuation components, at a frequency over 10 kHz
with turbulence dominating the spectrum.8

Low-frequency potential and Er fluctuations, with strong
correlation to the oscillations on the divertor Da signals, have
been detected by the probes up to !1.6 cm inside the separa-
trix which is roughly half way to the top of the pedestal. The
pedestal width in these plasmas is !3 cm as measured by re-
flectometry and Thomson scattering. Data beyond 1.6 cm are
unavailable, mainly limited by strong second electron emis-
sion from the probes. Figure 2 shows the cross-power and
cross-phase spectra between floating potentials at two loca-
tions toroidally separated by 89" (black solid curve), poloi-
dally separated by 8mm (blue dotted curve), and radially
separated by 8mm (red dashed curve), respectively, which
indicates that the low-frequency fluctuations in the floating
potentials at different toroidal, poloidal, and radial locations
are strongly correlated with each other, with nearly no phase
differences poloidally and toroidally, but with finite phase dif-
ference radially, thus providing strong evidence for ZFs.15

Furthermore, during the cycle state, the probes detected
a high-frequency-broadband (0.05–1MHz) turbulence in the
plasma edge steep-gradient region. Its peak frequency is usu-
ally higher than 100 kHz with the frequency band being
clearly separated from the fluctuations below 50 kHz, as
shown in the time-frequency spectrum of the floating poten-
tial at !1.6 cm inside the separatrix in Fig. 3(b) and !1 cm
inside the separatrix in Fig. 4(b). The L-H transition at
3.8374 s immediately follows a burst of negative spikes in

the Reynolds stress [Fig. 3(c)] and potential fluctuations
[Fig. 3(b)]. Before the transition, the spectral power of the
edge turbulence is mainly below 0.2MHz, then is strongly
suppressed after the transition and replaced by high-
frequency turbulence. Significant Reynolds stress and its ra-
dial gradient are driven, with magnitude increasing along

FIG. 1. (a) Central-chord-average density and H98(y,2), (b) Da emission near
the inner target of the lower divertor and the plasma diamagnetic energy,
(c) zoom of the Da signal.

FIG. 2. Spectra of (a) cross power, (b) cross phase between floating poten-
tials inside the separatrix at two locations toroidally separated by 89" (black
solid curve), poloidally separated by 8mm (blue dotted curve), and radially
separated by 8mm (red dashed curve), respectively. The spectrum peak
at! 0.6 kHz is associated with the oscillations on the divertor Da signals.

FIG. 3. (a) Da emission near the inner target of the lower divertor, (b) time-
frequency spectrum of a floating potential signal Uf1 at !1.6 cm inside the
separatrix, (c) turbulent Reynolds stress measured by a probe array near the
separatrix (Dr¼$0.8–0 cm, blue dashed curve) and another probe array
deeper inside the plasma (Dr¼$1.6!$0.8 cm, solid red curve). Cross-
correlation coefficient between fluctuation RMS level of Uf1 and (d) radial
gradient of the Reynolds stress, (e) Da emission.
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with the intensity of the high-frequency turbulence, as shown
in Fig. 3(c). In this case, the Reynolds stress measured near
the separatrix (Dr¼$0.8–0 cm) varies around zero while
that measured deeper inside the plasma (Dr¼$1.6
!$0.8 cm) shows strong negative spikes. The transient ra-
dial gradient is up to h~vr~vpi=dr ! 3& 107m=s2 during the
cycle state, where dr is the radial distance between the two
probe arrays. As expected, the radial gradient of Reynolds
stress is in phase with the turbulent fluctuation RMS level as
indicated by the cross-correlation function in Fig. 3(d), since
Reynolds stress is driven by turbulent fluctuations. The di-
vertor Da emission lags the RMS level by 206.6 ls as shown
in Fig. 3(e), consistent with the scrape-off layer (SOL) paral-
lel transport time scale, sk¼Lk/Cs! 200 ls, where Ljj
(!10m) is the SOL parallel connection length and Cs

(!50 km/s) is the sound speed. The peak of cross-correlation
coefficient is !0.4. The weak correlation could be due to
high statistical noise in the probe data.

In another shot, the electron temperature, density, and
pressure, pe¼Tene [Fig. 4(d)], near the separatrix were
measured by a triple-probe array following the standard tech-
nique.14 The Er in Fig. 4(c) was measured by the probes at
!0.2 cm (thin red curve) and !1 cm (thick blue curve) inside
the separatrix simultaneously. A slow buildup of the negative

mean Er and edge electron pressure can be seen prior to the
L-H transition at 4.476 s. Shortly after the transition, the
high-frequency turbulence appears and its amplitude grows
with time [Fig. 4(b)], accompanying the increase of edge
plasma pressure [Fig. 4(d)]. To a simple approximation, tur-
bulence can survive in the H-mode pedestal when the insta-
bility linear growth rate or nonlinear decorrelation rate
exceeds the local E3B shearing rate. The decorrelation rate
of the high-frequency turbulence is calculated as the inverse
of the turbulent autocorrelation time, sc

$1! 0.3& 106 s$1. It
is of the same order of the local E3B shearing rate,
xs!DEr/BDr! 0.5& 106 s$1, estimated from the radial gra-
dient of Er using the probe data as shown in Fig. 4(c). A neg-
ative mean Er and an oscillation in the Er with amplitude up
to 30% of the mean Er develop simultaneously [Fig. 4(c)].
The time evolution of the mean Er largely follows that of the
edge electron pressure [Fig. 4(d)]. At 4.491 s, the turbulence
level begins to saturate while the Er oscillation amplitude
grows to a high value. Finally, the high-frequency turbulence
is strongly suppressed at 4.495 s, and at the same time, the
oscillations disappear. This clearly indicates that the pres-
ence of the oscillations or cycle state is strongly correlated
with that of the high-frequency turbulence. The electron
pressure data after 4.491 s are unavailable in this shot since
an arcing on the probes occurred.

Figures 4(e)–4(h) show the expanded time traces. The Er

at !1 cm inside the separatrix [Fig. 4(g)] appears to be well
correlated with the oscillation on the divertor Da signal
[Fig. 4(e)]. The high-frequency turbulence, as shown in the
time-frequency wavelet spectrum in Fig. 4(f), appears to be
periodically suppressed by the Er oscillations. Here, the spec-
trum was calculated as a continuous wavelet transform of the
same floating potential signal as that in Fig. 4(b) using a
complex-Gauss wavelet. By carefully tracking the time series,
one can see that the high-frequency turbulence is suppressed
when the local Er becomes more negative, i.e., stronger Er

shear. Here, jErj lags turbulent fluctuation level by a phase
angle between p/2 and p (anti-correlation). For a predator-
prey oscillation with a duty cycle near one, a p/2 phase lag of
the ZF with respect to the turbulence level is expected.11 How-
ever, in the presence of a strong equilibrium flow shear, the
phase delay between turbulence level and ZF will shift towards
p, as predicted by a theory11 and demonstrated recently by
modeling.12 The theory proposes that the equilibrium flow
shear inhibits the ZF growth due to weakening of the response
of wave spectrum to a seed ZF. This shifting towards p has
indeed been observed recently in DIII-D experiments during
the I-phase as approaching the final H-mode transition.10 In
our case, strong equilibrium flow shear exists in the H-mode
pedestal region, which could explain the observed phase devi-
ation from p/2. It should be pointed out that this physics has
not been taken into account in the predator-prey model which
will be presented in below, so that a !p/2 phase lag of the ZF
amplitude with respect to the turbulence intensity appears in
Fig. 5. In principle, the contradiction to the model can be
resolved if this physics is included. However, for simplicity,
this physics has been omitted in the following model.

The turbulent Reynolds stress [Fig. 4(h)] also predomi-
nantly oscillates at the same frequency. The Reynolds stress

FIG. 4. (a) Da emission near the inner target of the lower divertor, (b) time-
frequency spectrum of a floating potential signal at !1 cm inside the separa-
trix, (c) radial electric field measured at !0.2 cm (thin red curve) and !1 cm
(thick blue curve) inside the separatrix simultaneously, (d) electron pressure
measured by a triple-probe array at !0.2 cm inside the separatrix, (e) zoom
of the Da signal, (f) wavelet time-frequency spectrum of the same floating
potential signal as that in (b), (g) radial electric field, and (h) turbulent Reyn-
olds stress measured at !1 cm inside the separatrix by the probes.
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statistically increases while the high frequency turbulence
is present, although the correlation is weak. The peak
cross-correlation coefficient between the Er and the Da emis-
sion/turbulence envelop/Reynolds stress is 0.80/0.78/0.30,
respectively. Here, the Reynolds stress is estimated based on a
0.5-ms time average of local measurements instead of a flux-
surface average, which may explain the observed low correla-
tion. The oscillations on the divertor Da signal [Fig. 4(e)]
indicate that this high-frequency turbulence may drive trans-
port and the recycling of neutrals near the divertor target. The
latters may therefore be modulated by the ZF-regulated cross-
field transport into the SOL. The energy gain by the ZFs in
one cycle is estimated to be 0:5miðEr=BÞ2ð1þ 2q295Þ ! 1
&10$18J,1 which is of the same order of the energy loss by the
high-frequency turbulence, ejUj þ0:5mið~Ep=BÞ2. Here, jUj is
the reduction in potential-fluctuation envelope. The detailed
wavelet bicoherence analysis shows a strong three-wave cou-
pling between the high-frequency turbulence and the low-
frequency Er oscillations.

A small amount of stored energy perturbation was
induced by the oscillations, DW/W< 0.1%, as estimated
using data from Langmuir probes embedded in the divertor
targets, divided by the total thermal energy in the plasma.
The timescale for induced stored energy loss is !1ms which
is nearly two order of magnitude shorter than the energy con-
finement time. As expected, these oscillations do not appear
to significantly affect the H-mode confinement, as indicated
in Fig. 1(a), where the H98y,2 factor is nearly 1. The good
confinement can even be achieved with input heating power
near the L-H transition threshold. Because of the improved
confinement, the plasma density and diamagnetic energy
continue to increase in Fig. 1 until this cycle state is replaced
by a short ELM-free phase, and then followed by the Type-
III ELMs. The presence of the cycle state dramatically
delays the occurrence of the first large ELM, see Fig. 1. Such
a cycle state has been obtained under a rather wide range
of operation conditions: Bt¼ 1.4–2 T, Ip¼ 0.4–0.8 MA,
!ne ¼ 2–6& 1019m$3, elongation j¼ 1.64–1.94, lower trian-
gularity dlow¼ 0.44–0.58, q95¼ 2.7–5.0, collisionality at

pedestal top !*e¼ 0.5–2, double null or single null configu-
ration with favorable and unfavorablerB-drift direction.

Another interesting feature of the cycle state is that there
is an initial growth phase with a duration of !10ms. During
this phase, the oscillation frequency decreases typically from
!3 kHz to !1 kHz, and the amplitude increases with time
until finally saturating, as indicated by the divertor Da signal
at 3.257–3.278 s in Fig. 1(b), 3.840–3.856 s in Fig. 3(a), and
4.480–4.495 s in Fig. 4(a). Moreover, the oscillation was
observed to be accompanied by small-amplitude (~B=Bt

<1& 10$5) axisymmetric magnetic perturbations (toroidally
symmetrical and nearly up-down mirror symmetrical, i.e., m/
n¼ 1/0 in terms of poloidal/toroidal mode number) as
detected by Mirnov coil arrays installed in the vacuum cham-
ber. These magnetic perturbations are likely to be caused by
a small displacement in the plasma equilibrium due to the
loss of stored energy.

III. MODELING

A new phenomenological model has been developed to
better understand this cycle state, incorporating the evolution
of ZFs, pressure gradient and turbulence in two frequency
ranges as a self-consistent zero-dimensional (0D) predator-
prey system. This model consists of four coupled equations,

@tIL ¼ cLQIL $ aLVZFIL $ !LVMFIL; (1)

@tIH ¼ cHQIH $ aHVZFIH; (2)

@tVZF ¼ !LVMFIL þ aLVZFIL þ aHVZFIH $ lVZF; (3)

@tG ¼ jQ$ vLILG$ vHIHG$ s$1G: (4)

Here, Eqs. (1) and (2) describe the evolution of the low- and
high-frequency turbulence intensities, IL and IH, respec-
tively, and Eq. (3) describes the evolution of the ZF shear,
VZF / @r ~VE, by extending the previous predator-prey
model4,11 to accommodate one predator and two prey. The
evolution of the pressure gradient, G, is described by Eq. (4),
where G is enhanced by the power flux, Q, across the plasma
boundary, but reduced by the neoclassical transport on the
timescale of s and turbulent transport driven by both low-
and high-frequency turbulence, as represented by vLILG and
vHIHG, with vL and vH being thermal transport coefficients
in Eq. (4). In the model, we simply assume a flux drive for
both turbulence components, and so the first terms on the
right-hand side of Eqs. (1) and (2) are proportional to Q.

In this model, the kinetic energy is conserved during the
energy-exchange processes between turbulence and ZFs.
The ZFs draw free energy from both low- and high-
frequency turbulences by the shear induced Reynolds stress.4

The second and third terms on the right-hand side of Eq. (1)
represent the shear suppression of low-frequency turbulence
by ZF shear and mean E3B flow shear, VMF / @rhVEi,
respectively. Here, we have used the approximation to the
ion radial force balance equation, VMF ¼ G2, following the
expression in reference.11 The mean-flow shear is generated
by the neoclassical transport mechanisms, thus solely
depending on the pressure gradient, G. The high-frequency

FIG. 5. Time evolution of (a) turbulence-driven transport (vLILþ IHvH,
black solid curve) and power flux (Q, blue dashed curve), (b) intensities of
low-frequency turbulence (IL, black dashed curve) and high-frequency tur-
bulence (IH, red solid curve), (c) zonal-flow shear (VZF, black solid curve),
and pressure gradient (G, blue dashed curve). The shadow bar at 10ms indi-
cates the moment of the L-H transition.
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turbulence has a much higher decorrelation rate than the
low-frequency turbulence, which might imply a smaller spa-
tial scale, since the poloidal size of turbulence eddies is
roughly proportional to the decorrelation time, Lp ! VEsc,
by assuming that turbulence propagation is dominated by the
E3B drift. Considering disparate spatial scales of the
mean-flow shear and the high-frequency turbulence, we
assume that the high-frequency turbulence is not sensitive to
the mean-flow shear. As a result, a mean-flow-shear term is
absent in Eq. (2). Furthermore, the ZFs are subjected to a
strong frictional damping as described by the last term in
Eq. (3).

This system of equations is solved numerically. To illus-
trate how the plasma evolves into a cycle state from the L
mode (Low-confinement mode), Fig. 5 shows the time evolu-
tion of turbulence-driven transport (vLILþ IHvH), power flux
(Q), intensities of low-frequency turbulence (IL) and high-
frequency turbulence (IH), ZF shear (VZF), and pressure gra-
dient (G), obtained from the model assuming constant values
for the other coefficients. The shadow bar at 10ms indicates
the moment of the L-H transition. The system is driven by
Q, which is the source of free energy and the control parame-
ter. It increases from 1MW at a slow ramping rate of
0.6MW/s, as shown in Fig. 5(a). Before the L-H transition,
significant transport and finite ZFs are driven by the low-
frequency turbulence. When approaching the transition, as
the power flux increases, the pressure gradient steepens
slowly, resulting in an increase in the mean-flow shear,
Reynolds stress, and energy transfer into ZFs, thereby sup-
pressing the turbulence level and associated transport. After
the transition, the pressure gradient builds up due to
improved confinement, thus allowing a further growth of the
mean-flow shear, which then sustains a state of suppressed
low-frequency turbulence and locks in the H mode. In the
absence of a turbulent drive, the ZFs begin to die away. As
the ZF shear is reduced, the high-frequency turbulence
becomes unstable. It grows up shortly after the transition,
transferring energy into the ZFs, thus stopping the decay of
the ZFs. However, when the ZFs grow up to a high level the
high-frequency turbulence is suppressed. Moreover, as the
turbulent drive is reduced, the ZFs start to decay again. This
process repeats so that the ZFs and the high-frequency turbu-
lence compete with each other, leading to a predator-prey
cycle state, as shown in Fig. 5. A small-amplitude oscillation
also appears in the turbulence-driven transport [Fig. 5(a)], as
the transport driven by the high-frequency turbulence is
modulated by the cycles. The L-H transition and oscillation
behavior appear to be similar to those on the divertor Da sig-
nal in Fig. 1(b). The preliminary modeling results success-
fully reproduced the key features of this cycle state. Further
study on the effect of the various model coefficients on the
characteristic frequency will be addressed in future
publications.

IV. SUMMARY

In summary, a new turbulence-ZFs cycle state has been
discovered in the H-mode edge barrier region of magneti-
cally confined toroidal fusion plasmas. Detailed measure-

ments from two toroidally separated fast-moving Langmuir
probes demonstrated that oscillatory ZFs exist in the steep-
gradient region and a predator-prey interaction between the
ZFs and a high-frequency-broadband (0.05–1MHz) turbu-
lence results in intermittent transport events across the edge
transport barrier. The growth, saturation, and disappearance
of the ZFs are strongly correlated with those of the high-
frequency turbulence, thus strongly suggesting a causal link
between them. A new self-consistent 0-D predator-prey
model, incorporating the evolution of ZFs, pressure gradient
and turbulence at two different frequency ranges, was devel-
oped and successfully reproduced the key features of this
newly observed cycle state. This demonstrates that
turbulence-ZFs interactions also exist in a strong barrier
region, well after the formation of a transport barrier, and act
to generate this predator-prey cycle state.
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