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Understanding the trigger dynamics and power threshold of the L-H transition is important for extrapolating present tokamak performance to burning plasma regimes. Zonal Flow
(ZF) generation via the Reynolds stress due to drift wave turbulence has been proposed as
trigger of the L-H transition. We present direct experimental evidence of low frequency ZFs
in the form of limit cycle oscillations (LCO), initiating turbulence reduction preceding the
L-H transition, near the power threshold, in so-called “dithering” H-mode transitions in low to
medium density plasmas (1.8x1019 m–3 ≤ 〈n〉 ≤ 3.5x1019 m–3) [1]. Earlier evidence potentially
consistent with the interaction of turbulence and
time-dependent ZF flows has also been reported
from a number of experiments [2–6]. Here we
examine the detailed spatio-temporal evolution of
the E×B shear layer and turbulence characteristics including the radial correlation of turbulence
and E×B flow. Figure 1(a) shows a contour plot
of the E×B velocity at and inside the last closed
flux surface (LCFS), determined from turbulence
poloidal advection via multichannel microwave
Doppler Backscattering (DBS) [7,8], which
probes simultaneously 12 radial locations using
co-linear launch/receive optics. When the LCO
starts at 1271.7 ms, the E×B velocity periodically
becomes negative at and just inside the last
closed flux surface (LCFS). The negative flow
increases with time and the flow layer expands

Fig. 1. (a) E×B velocity; (b) rms normalized density fluctuation level ñ/n; (c) Dα divertor recycling
light during the transition from L-mode through
the LCO phase to H-mode.

radially. Around 1288 ms, the transition to ELM-free H-mode takes place after a final transient, characterized by a wider, steady flow layer. Figure 1(b) shows that the normalized
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density fluctuation level ñ/n (proportional to the amplitude of the scattered DBS signal) is
periodically reduced during the LCO (the probed poloidal wavenumber is kθρs~0.45 with
Δkθ/kθ~0.3, encompassing the most unstable Ion Temperature Gradient (ITG) and Resistive
Ballooning Mode wavenumber range). Sustained turbulence reduction is observed at the final
H-mode transition [Fig. 1(b)]. We have shown in [1] that the LCO has all the characteristics
of a Zonal Flow predator-prey oscillation [9], characterized by toroidal/poloidal symmetry of
the flow (n=0, m=0), with a finite radial wavenumber (kr~0.7 cm–1 at t=1275 ms) of the flow,
and a 90º phase lag of the ZF with respect to the density fluctuation level ñ/n.
Strong evidence for turbulence suppression by Zonal Flow shear is provided by a comparison of the E×B shearing rate at the LCFS (calculated as the difference of the probed E×B
velocities between two DBS probing locations, divided by the radial distance) and the turbulence decorrelation rate (calculated from the auto-correlation time of the density fluctuation
level as determined by DBS). In the presence of E×B advection, the lab frame turbulence
decorrelation rate is given by ΔωDlab=ΔωD(vE× B/λθ)[ΔωD–2+λθ2/vE× B2]1/2. Taking the poloidal
correlation length as λθ > 4λr (in agreement with experimental results, as explained below)
and using the measured L-mode decorrelation rate in the absence of advection, we find ΔωD–1
< lθ/vE× B, and to good approximation ΔωDlab
~ΔωD. Figure 2 shows that turbulence reduction
coincides with times when the shearing rate
(measured across the LCFS) exceeds the
decorrelation rate. Initial suppression appears to
be triggered by a reduction in the decorrelation
rate relative to the E×B shearing rate. As the
relative errors of both quantities are substantial
(±28% for the shearing rate and ±11–16% for
Fig. 2. (a) Turbulence decorrelation rate ΔωD and
E×B shearing rate ωE× B during the transition from
L-mode to LCO; (b) normalized rms density fluctuation level from DBS.

the decorrelation rate) the result has been confirmed via phase-lock analysis with respect to
the LCO.

The radial turbulence correlation length λr has been determined from five DBS channels
probing a radial range of ≈1 cm (with a channel spacing Δr ≈ 0.25 cm). During time periods
when the turbulence level is reduced in the LCO, the correlation length is also reduced by
about 30%, as shown in Fig. 3(a,b). During the final H-mode transition, λr is further reduced
by 40% compared to the LCO time periods with turbulence reduction. The DBS diagnostic
cannot presently provide a measurement of poloidal turbulence correlation length. However,
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highly anisotropic eddies with lθ » lr have been observed via Beam Emission Spectroscopy (BES, sensitive to kθ ≤ 3 cm–1) with lθ increasing from 5 cm in
L-mode to 7 cm in H-mode. Both the observed reduction in radial correlation length and the increasing
anisotropy and increasing poloidal correlation length
support the physical picture of shear stabilization
[10,11], via ZF shear in the LCO during the reduced-ñ
time periods and, and via equilibrium E×B shear in
H-mode.
The limit cycle between ñ/n and vE× B is shown in
Fig. 4(a) (green symbols correspond to L-mode; red
Fig. 3. Auto-correlation and radial crosscorrelation coefficients between a reference
channel and 2–3 radially displaced probing
radii, and derived radial correlation length of
density fluctuations during the LCO (a,b) and
during ELM-free H-mode (c).

symbols to H-mode; purple/magenta symbols (1 cm
and 2.5 cm inside LCFS) represent the LCO
(measured at 1278±1.5 ms). The front of the ZF is
observed to propagate radially inward from the LCFS,

initially with a velocity vr ~ ΔR/Δτ ~ 120 m/s, as deduced from the radial cross correlation of
the turbulence amplitude [Fig. 4(b)]. This observation may indicate that the ZF is driven near
the LCFS where fluctuation levels are highest. Just before the H-mode transition (t=1285 ms),
the radial phase velocity increases to ~410 m/s near the
time of the final H-mode transition [Fig. 4(c)]. Phase fronts
are therefore more aligned radially at the later time, while
the LCO frequency decreases. The transition to ELM-free
H-mode (characterized by sustained turbulence/transport
reduction) is likely secured by the increase in equilibrium
flow shear due to the increasing ion pressure gradient after
the initial turbulence reduction, as discussed in detail in [1].
The reduced radial propagation delay of the E×B flow as
shown in Fig. 4(c)] coincides with increasing influence of
the equilibrium electric field shear (as discussed in [1]) and
may indicate a reduced relative influence of the Reynolds
stress radial gradient [12,5] in flow generation near the
Fig. 4. (a) Limit cycle between normalized density fluctuation amplitude and E×B velocity; (b,c) vE× B autocorrelation coefficient (blue) at
radius R1 and radial cross-correlation coefficient (red) during the LCO
and just before the H-mode transition.
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final H-mode transition. Both of these features,
as well as the diminishing LCO frequency, are
consistent with the two predator/one prey model
of the L-H transition [12], with Zonal Flow E×B
shear initiating transient turbulence suppression
and equilibrium shear locking in the H-mode
transition.
Limit cycle oscillations were also recently
observed in the H-L back-transition (Fig. 5),
showing complementary behavior to the forward
transition (increasing LCO/ZF frequency and
decreasing vE× B amplitude but similar predatorprey characteristics (vE× B lags ñ by 90º), and a
hysteresis in the required onset neutral beam
heating power at the H-LCO transition and the
LCO-L transition. Back-transition LCOs are po- Fig. 5. (a) Dα lower divertor signal; (b) density

fluctuation level; (c) limit cycle (ZF) oscillation

tentially important for controlled rampdown of frequency; (d) magnitude of oscillating E×B velocity (all measured 0.5 cm inside the LCFS); (e)
βθ in ITER, as they may assist in achieving a neutral beam power during a sequence of H-LCO,
“soft landing” of the discharge without vertical LCO-L, L-LCO, and LCO-H transitions.

displacement events. It should be noted that the H-LCO back-transition shown in Fig. 5 is
initiated by a type-I ELM event (visible in the Dα data) which may transiently reduce the
equilibrium pressure gradient and related E×B shear. Further research is in progress to
identify under what conditions back-transition LCOs can be initiated without an ELM trigger.
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