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Comprehensive 2D turbulence and eddy flow velocity measurements on DIII-D demonstrate a rapidly
increasing turbulence-driven shear flow that develops ∼100 μs prior to the low-confinement (L mode) to
high-confinement (H mode) transition and appears to trigger it. These changes are localized to a narrow
layer 1–2 cm inside the magnetic boundary. Increasing heating power increases the Reynolds stress, the
energy transfer from turbulence to the poloidal flow, and the edge flow shearing rate that then exceeds the
decorrelation rate, suppressing turbulence and triggering the transition.
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Magnetically confined plasmas undergo an as yet unex-
plained transition from a low-confinement state (L mode)
to a high-confinement state (H mode) as the heating power
across the boundary surface exceeds a specific threshold
[1]. The resulting H-mode state achieves a substantially
higher global energy confinement time and plasma pressure
(β), and is thus envisioned as the operating mode of choice
for future burning plasma experiments and ultimately
fusion reactors [2]. This bifurcation from L to H mode
(L-H transition) is characterized by a rapid suppression of
turbulence at the plasma edge, reduced Dα recycling light
emission, buildup of a sharp edge pressure pedestal,
formation of an Er well, increased E × B shearing rate,
and formation of a particle and energy transport barrier. The
importance of this transport barrier is not limited to
magnetically confined plasmas but has also been widely
recognized in other fluid systems, especially those that are
dominantly 2D in nature, such as geophysical and atmos-
pheric fluid systems, etc. [3,4]. Numerous theoretical
models have been developed to explain the L-H transition
and its dependence on plasma parameters [5]. The math-
ematical concept of bifurcation theory was applied to L-H
transitions to distinguish systems that undergo sharp
transitions or oscillatory limit-cycle transitions [6].
The precise triggering event that causes the transition in

plasmas has been predicted to approximately depend on the
relationship of edge turbulence properties and E × B flow
shear, the so called predator-prey model [7]. In this model,
increasing heat flux across the edge of the plasma results in
stronger turbulence (prey). The growing turbulence will
nonlinearly drive shear flow (predator) through Reynolds
stress. When the drive is larger than the flow damping, a
poloidal flow will grow and extract kinetic energy from the
turbulence and, hence, suppress turbulence and the asso-
ciated turbulent transport. As a result, the mean radial
electric field shear increases to a value that can maintain the
suppression of turbulence and the H mode. Recently, the

limit-cycle-oscillation has been observed with the character-
istics of a predator-prey system during the low-intermediate-
high confinement (L-I-H) transition in various machines
[8–13]. However, the L-H transition more typically occurs
directly without the intermediate phase oscillations.
One recent theory predicted that a directL-H transition can

be triggeredbya single burst of axisymmetric radially sheared
flow (known as zonal flow [14]) energy that extracts most or
all of the energy from the turbulence [15]. Previous experi-
ments demonstrated generation of poloidal shear flow via
Reynolds stress [16] and the apparent role of changing
turbulence mode structure and increased low-frequency
poloidal flows and flow shear in causing the L-H transition
[17]. An experiment on Experimental Advanced Super-
conducting Tokamak (EAST) has demonstrated clear evi-
dence of a zonal flow triggering anL-H transition with probe
measurements [18]. There have been no reports on both
temporally and spatially resolved behavior of turbulence and
flow during a direct L-H transition. In addition, there have
beennoprevious reports onvisualizationof the turbulent eddy
dynamics during this process.
This Letter reports the first comprehensive 2D exper-

imental investigation of the rapidly increasing shear flow
generated from turbulence prior to and triggering the L-H
transition with beam emission spectroscopy (BES) meas-
uring the spatiotemporal density fluctuations and the
derived flows. These measurements reveal the critical role
of turbulence kinetic energy transfer between plasma
turbulence and poloidal velocity flows in triggering the
L-H transition, as well as the detailed time-resolved
evolution of turbulence, turbulence-driven sheared flows,
and inferred Reynolds stress that take place during the
critical time interval leading up to the transition. This time-
resolved process is visualized via 2D imaging of the
turbulence dynamics (see the Supplemental Material [19]).
The experiment was carried out on the DIII-D tokamak

with a lower-single-null plasma shape with the ion∇B drift
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towards the X point (BT ¼ 2 T, Ip ¼ 1 MA), with neutral
beams injected tangentially in the direction of the plasma
current. Long wavelength (k⊥ρi < 1), localized density
fluctuations are measured with BES, which measures
Doppler-shifted Dα emission from collisionally excited
high-energy neutral beam atoms. The light intensity is
related to the local density through the atomic physics of
beam atom excitation [20]. An 8 × 8 2D array of BES
channels, each channel imaging a 0.9 cmðradialÞ×
1.2 cmðpoloidalÞ area is located at the plasma edge
(0.88 < ψ < 1þ), providing fully two-dimensional mea-
surements of the turbulence dynamics [21].
Figure 1(a) illustrates major features of the L-H tran-

sition with a time series of neutral beam injection power,
Dα emission, and line-averaged electron density. The L-H
transition occurs at t ∼ 1558 ms and is indicated by the
sudden drop in the Dα signal. In this work, the dynamics of
turbulence and flow are investigated by comparing their
behaviors at two different power levels leading to the
transition: one at lower input power (P < PLH), and the
second just before the transition (P > PLH, where PLH is
the power threshold for the transition). Each time window
used in the analysis is 10 ms. Figure 1(b) shows a radial
profile of the density fluctuation amplitudes as a function of
ψ (normalized poloidal flux) from BES measurements
integrated over 20 to 150 kHz, where broadband turbulence
is observed, averaged over these two time windows. It
shows that the density fluctuation amplitudes increase with
heating power. The poloidal and radial correlation length of
these fluctuations is about 2.5–3.5 cm and 1.5 cm, respec-
tively. These are both larger than the BES system spot size
and allow for the low-wave-number density fluctuation
spectrum to be well resolved.

With the capability of 2D turbulence measurements,
nearly instantaneous poloidal and radial velocity field
measurements ~Vr and ~Vθ can be obtained by applying a
velocimetry technique [22] to the density fluctuation
imaging. The coherence level between ~Vr and ~Vθ is well
above the noise level. This technique has been reported
and tested previously [23]. The density fluctuations were
first frequency filtered over the range 20 to 150 kHz.
With these measured fluctuating radial and poloidal
velocities, the inferred Reynolds stress RS can be calcu-
lated as RS ¼ h ~Vr

~Vθi. The application of this technique
and the derived velocity dynamics have been compared
with the Langmuir probe measurements during the limit-
cycle-oscillation experiments, which provide reasonably
good agreement [13]. This technique has the merit
of obtaining the velocity field at the sampling time for
BES (1 μs) to capture the fast flow dynamics. By
comparison, the turbulence decorrelation time or eddy
lifetime for this low-wave-number turbulence is of order
several microseconds.
A detailed time series of the normalized density fluctua-

tions, inferred Reynolds stress gradient, poloidal velocity,
and shearing rate at an early time at lower input power
(P < PLH) is shown in Fig. 2 in black. The density
fluctuations are frequency filtered from 40 to 60 kHz
where the fluctuation energy peaks, and the turbulent
velocity fields and Reynolds stress are computed as
described above. The poloidal velocity shearing rate is
taken as the gradient of the radially adjacent velocity fields,
i.e., two radially separated BES channels (Δr ≈ 0.9 cm).
These quantities are smoothed over a 50 μs time window.
The light gray (blue) horizontal bar in panel (v) of Fig. 2(a)
is the turbulence decorrelation rate γdecorr, which is 1=τc,

FIG. 1 (color online). (a) Time series of (i) neutral beam injection power, (ii) Dα emission, and (iii) line-averaged electron density.
Gray and light gray (red) shades indicate the two time windows analyzed in the Letter. (b) Radial profile of relative density fluctuation
amplitudes frequency integrated from 20 to 150 kHz; black is for lower heating power (t ¼ 1478–1488 ms) and light gray (red) is for
higher heating power just before the transition (t ¼ 1548–1558 ms).
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measured with BES. τc is determined from multiple
poloidally separated measurements, and is defined as the
inverse of the e-folding time of the decay in peak amplitude
of the time-delay cross correlation function between the
poloidally displaced BES channels [24]; it is measured in
the plasma frame and thus not dependent on the plasma
frame velocity. It is estimated over the 10 ms time window
in which the turbulence amplitude is approximately time
stationary. This decorrelation rate indicates the rate of
energy transfer to the higher wave number region where
viscous dissipation occurs. It is found that the turbulence
decorrelation rate on average exceeds the poloidal flow-
shearing rate at this early time when P < PLH. To compare
to the later time immediately prior to the transition
(P > PLH), the same quantities are over plotted on the
same scale in Fig. 2(a) [shown in gray (red)]. The
turbulence amplitude, Reynolds stress gradient, and shear-
ing rate all increase significantly compared to the early time
(black traces) before the input power is increased. The
shearing rate now becomes comparable to or exceeds the
decorrelation rate as the transition is approached.
Of particular interest is the dynamics immediately before

the transition (∼100 μs): a rapid increase in the turbulence
amplitude, Reynolds stress gradient, and poloidal flow are
simultaneously observed as shown in Fig. 2(b), which
zooms in on the last 2 ms across the L-H transition. The
line thickness indicates the systematic error bar estimated
from a standard deviation of the mean over eight poloidal
channel measurements. Immediately before the transition,
the Reynolds stress gradient, poloidal flow, and shear all

sharply increase. After this final burst, the plasma enters H
mode, and turbulence is suppressed. This last rapid increase
of the flow drive from the inferred Reynolds stress gradient
[Fig. 3(a)] and the poloidal flow shearing rate [Fig. 3(b)] is
highly localized to the region 1–2 cm inside the separatrix
as determined by magnetic equilibrium reconstruction via
EFIT. No such evolution of these turbulence quantities is
observed further inside the plasma or outside on the open
field line (scrape-off layer) region. These observations
suggest that the burst of the sheared flow is generated
by the burst of turbulence that then triggers the L-H
transition.
Further evidence of the turbulence driven shear flow

comes from the investigation of the nonlinear energy

FIG. 2 (color online). (a) Time series of (i) Dα emission, (ii) relative density fluctuation amplitude, (iii) Reynolds stress gradient, (iv)
poloidal velocity, and (v) poloidal velocity shearing rate. Black is for early time about 80 ms before the L-H transition when heating
power is lower (P<PLH) (t ¼ 1478–1488 ms) and gray (red) is for the time 10 ms before and across the transition
(t¼1548.5–1558.5ms) and higher power (P > PLH). This is at radial position ψ ∼ 0.98. (b) Zoom in of the last 2 ms time window
of the data. The line thickness is the systematic error bar.

(a)t-tLH= -2ms 

t-tLH= -30µs 

t-tLH= +100µs

(b) t-tLH= -2ms 

t-tLH= -30µs 

t-tLH= +100µs

FIG. 3 (color online). Radial profile of (a) Reynolds stress
gradient and (b) poloidal velocity shearing rate. Black is at a time
about 2 ms before the transition, light gray (red) is at the time just
before the transition and dark gray (blue) is at the time after the
transition. The L-H transition is at 1558 ms.
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transfer. This process should take place at the same time
and spatial position where the bursts of turbulence and
shear flow are observed. In the predator-prey model [7], we
can write the evolution for both zonal flow and turbulence
as in Ref. [18],

∂ ~V2⊥
∂t ¼ γeff ~V

2⊥ − h ~Vr
~Vθi

∂VZF

∂r ;

∂V2
ZF

∂t ¼ h ~Vr
~Vθi

∂VZF

∂r − μV2
ZF: (1)

Here, γeff is the total effective growth rate of turbulence, μ is
the total zonal flow damping rate, including collisional,
charge exchange, and nonlinear damping, ~V2⊥ ¼ ~V2

r þ ~V2
θ

is the perpendicular turbulence kinetic energy, VZF is the
zonal flow velocity, and P⊥ ¼ h ~Vr

~Vθið∂VZF=∂rÞ is the
Reynolds power generated by the fluctuations on the flow
per unit mass. Energy input into the turbulence from the
gradients of ne, Te, etc., is balanced by transfer to both
smaller scales where the turbulence is dissipated by
viscosity as well as to larger scales that drive the poloidal
zonal flow. P⊥ can be calculated in the time domain using
suitably filtered and averaged quantities from the BES
measurements [25,26]. This term acts like an energy source
for the shear flow. It is a transfer channel between the
turbulent energy and the flow energy with different signs in
Eq. (1), appearing as a sink in the first equation, and a
source in the second equation. Therefore, the generation
process of zonal flows directly includes a suppression
mechanism of the turbulence by extracting energy from the
turbulence, and so when ðh ~Vr

~Vθið∂VZF=∂rÞ=γeff ~V2⊥Þ > 1,
ð∂ ~V2⊥=∂tÞ < 0 and turbulence is suppressed.
Figure 4 shows the time series of the rate of energy

transfer P⊥= ~V2⊥ in the same time window as Fig. 2(b) at
three different radial locations. The black line is near the
gradient of the pedestal region, and the light gray (red) and
dark gray (blue) lines are further inside the plasma. It is
found that immediately before the L-H transition at
1558 ms, the energy transfer between turbulence and shear

flow increases rapidly at the same time as the increase of
shear flow (seen in Fig. 2) and is localized to the same
pedestal region where the turbulence and shear flow rapidly
develop (Fig. 3). P⊥= ~V2⊥ is generally positive near the
pedestal gradient region, which suggests that at this
location the energy is on average transferred from turbu-
lence to the shear flow. A comparison of P⊥= ~V2⊥ with the
plasma frame turbulent decorrelation rate γdecorr [shown in
panel (v) of Fig. 2(a) as the light gray (blue) bar] [13] finds
that these quantities are comparable before the final
increase of energy transfer, ∼2–3 × 105 s−1, suggesting
energy is equally transferred into two scales. We can
estimate the effective turbulence recovery rate γeff ≈
γdecorr þ P⊥= ~V2⊥ ≈ 4–6 × 105 s−1 given that the L-mode
state is time stationary during the time window on the order
of 1 ms. Immediately prior to the L-H transition, the energy
transfer rate increases by 2–3 times and exceeds the net
energy input rate into the turbulence γeff − γdecorr. As a result,
turbulence is quenched and the system is driven intoH mode.
This turbulence suppression process can be directly

visualized with density fluctuation images from BES
(see the Supplemental Material [19]). Shown in Fig. 5 is
a sequence of turbulence images taken at the time just
before the L-H transition with a time difference of 2 μs
between each frame. The solid black line represents the
separatrix. The images are generated by frequency filtering
the density fluctuation data from 20 to 150 kHz and
performing a spline fit to the spatial data. Light gray
(red) [dark gray (blue)] represents positive (negative)
density perturbation amplitudes. The arrows on the images
indicate the instantaneous velocity field derived via veloc-
imetry. Turbulent eddies propagate downwards just inside

FIG. 4 (color online). Time series of normalized energy produc-
tion into the flow, P⊥=h ~V2⊥i ¼ h ~Vr

~Vθið∂VZF=∂rÞ=h ~V2⊥i. Black is
at ψ ∼ 0.98, light gray (red) is at ψ ∼ 0.96, and dark gray (blue) is
at ψ ∼ 0.93. The line thickness is the systematic error bar.
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FIG. 5 (color online). A set of 2D density fluctuation images
from BES at consecutive times with Δt ¼ 2 μs. The solid black
line represents the separatrix. The calculated inferred velocity
field is superimposed as black arrows; light gray (dark gray) [red
(blue)] refers to positive (negative) density fluctuations, with
whitish (green) the equilibrium density.
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the separatrix, which is in the electron diamagnetic direc-
tion in the laboratory frame, while they propagate upwards
(ion diamagnetic direction) further inside. In addition, as
the turbulent eddies move downward just inside the
separatrix, they become tilted by the sheared flow, after
which they are suppressed, indicated by the reduction of the
amplitudes of the turbulent eddies at the shear layer region.
This occurs when and where the increase in nonlinear
kinetic energy transfer from turbulence to the flow is
observed. It is consistent with observations of fluctuation
depletion and eddy splitting seen in the Controlled Shear
Decorrelation Experiment (CSDX) using fast visible im-
aging diagnostics [27]. It will be interesting to investigate
the statistical properties of the turbulent eddies across the
L-H transition [28] with these measurements. A full
specific paper regarding this is in process and will be
reported in the future. We also note that an ultrafast charge
exchange recombination spectroscopy (UF-CHERS) sys-
tem [29] is under development, which will provide fast ion
temperature profile measurements in future experiments.
In conclusion, the measured spatiotemporal behavior of

the turbulence and flows prior to the transition indicate that
a transient increase in poloidally sheared flow and turbulent
stress plays the critical role in triggering the L-H transition.
The experimental data demonstrate that the increased heat
flux leads to increased turbulent drive for the shear flow at
the edge of the plasma through nonlinear energy transfer
prior to the L-H transition. When the rate of energy transfer
into the shear flow exceeds the power input into the
turbulence, the turbulence amplitude collapses. The turbu-
lent transport then drops, resulting in an increase in the
edge pressure gradient. The radial electric field then grows
just inside the separatrix, sustaining turbulence suppres-
sion, as the system is driven into H mode. These obser-
vations reported here for one plasma have been obtained in
multiple discharges under similar plasma conditions, as
well as at a lower toroidal field (the toroidal field depend-
ence of the L-H transition dynamics will be addressed in a
subsequent publication). These results provide critical new
information demonstrating the L-H dynamics and build on
a substantial body of evidence that turbulence-driven zonal
flows play an important role in triggering the L-H transition
[8–13,16–18,30]. This Letter reports the first 2D evidence
of the fast turbulence and flow response arising from
energy transfer in a conventional fast L-H transition.
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