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The kinetic energy transfer between shear flows and the ambient turbulence is investigated in the

Experimental Advanced Superconducting Tokamak during the L-H transition. As the rate of

energy transfer from the turbulence into the shear flow becomes comparable to the energy input

rate into the turbulence, the transition into the H-mode occurs. As the observed behavior exhibits

several predicted features of zonal flows, the results show the key role that zonal flows play in

mediating the transition into H-mode. VC 2012 American Institute of Physics. [http://dx.doi.org/

10.1063/1.4737612]

INTRODUCTION

The transition from low (L-mode) to high confinement

(H-mode) regime in magnetized confined fusion devices

occurs very rapidly at a critical condition, similar, in a sense,

to leaning slightly over the side of a canoe causing only a

small tilt of the craft, but leaning slightly more may roll you

and the craft into the lake. Rapid threshold transitions

between distinctly different stable states then require a trig-

gering event, akin to leaning out too far from the canoe.1

However, the physics that triggers the transition into H-

mode is not understood, and thus predictions of the condi-

tions for the transition into the H-mode regime—which are

critical for the operation of ITER in the burning plasma re-

gime—are based on empirical scalings with a wide range of

uncertainty. Relative to the conditions found in low confine-

ment regimes, H-mode plasmas are characterized by a

reduced turbulence level and strong radial electric field (Er)

shear.2,3 Azimuthally symmetric, bandlike, time-varying,

turbulent generated shear flows called zonal flows (ZFs) also

appear to be associated with the L–H transition.4,5 Therefore,

the interaction between micro and macroscale turbulent fluc-

tuations has developed into one of the most active research

topics in the physics of magnetized plasmas. The main focus

has been placed on the generation of zonal flows and the

reduction of the ambient turbulence via the nonlinear

exchange, or transfer, of energy from the smaller scaled

higher frequency turbulent fluctuations into the large scale,

low frequency ordered zonal flow.6–14

SELF-REGULATION OF TURBULENCE

Theory predicts that the L–H transition can be explained

by an intermediate, quasi-periodic transient stage, where tur-

bulence, zonal flow, mean shear flow, and the pressure gradi-

ent are coupled.15,16 In this model, as the input power

increases the pressure gradient also increases, resulting in

stronger instabilities and fluctuation levels. The turbulence

level grows and begins to nonlinearly drives the zonal flow

until the zonal flow drive can overcome the flow damping. A

finite zonal flow then begins to grow and extract kinetic

energy from the turbulence and thereby acts to suppress the

turbulence amplitude. Zonal flows can trigger the transition

by regulating the turbulence level and associated transport

until the mean shear flow is high enough to suppress the

remaining turbulence and associated transport, causing the

pressure gradient to increase by radial force balance. As a

result, the mean radial electric field shear increases to the

point where it can maintain a state of suppressed turbulence.

In the absence of a turbulent drive, the zonal flow then dies

away. For input powers just below the transition threshold,

self-regulation between turbulence and zonal flows occur as

an oscillatory behavior, characteristic of predator-prey sys-

tems. Recently, these predator-prey oscillations have been

observed in various devices.17–21 For a faster heat power

ramp, a classic L–H transition can occur, characterized by a

single burst of zonal flow energy that extracts the most or all

of the energy from the turbulence. This is followed by the

collapse of the turbulence and onset of a strong radial elec-

tric field shear sustained by the ion pressure gradient.22

Up to now, all experimental investigations of energetic

interaction between zonal flows and the ambient turbulence

studied the temporal relationship between turbulence ampli-

tudes, zonal flow amplitudes, and the evolution of the

sheared background mean radial electric field; the results of

these studies have been qualitatively consistent with the

predator-prey model. However, an essential piece of the

physics—namely, the nonlinear exchange of energy between

the turbulence (the prey) and the zonal flow (the first
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predator) in the presence of a background mean sheared E�
B flow (second predator) has to date never been studied dur-

ing the L–H transition. In this work, we perform the first

such study by inserting a suitably arranged Langmuir probe

array inside the separatrix region of a discharge which under-

goes an L–H transition, and thereby providing the first quan-

titative measurement of the energetics of turbulence-zonal

flow coupling during the L–H transition.

In order to motivate the data analysis strategy, it is use-

ful to write a schematic set of coupled predator-prey equa-

tions for the zonal flow—drift-wave system. These are

@

@t
�T ¼ ceff �T � h~vr~vhi

@vZF

@r
; (1a)

@

@t
�ZF ¼ h~vr~vhi

@vZF

@r
� l�ZF: (1b)

Here, �T ¼ h~v2i and �ZF ¼ hvZFi2 are the turbulence and

zonal flow energies, respectively, and ceff is a total, effective

growth rate, including gradient drive, mean shearing, and

nonlinear mixing. Thus, ceff ¼ ceff ðrT;rn; hv0Ei; �T ;…Þ and

is measured experimentally by study of fluctuation recovery

rates ceff during the limit cycle regime occurring at the power

threshold. Of course,

P? ¼ h~vr~vhi
@hvZFi
@r

(2)

is the Reynolds work of the fluctuations on the flow.

h~vr~vhi � 6@vZF=@r indicates negative (i.e., zonal flow

growth) or positive (i.e., zonal flow damping) viscosity,

respectively. This Reynolds work term is usually measured

by bicoherence studies.6,8–13,23 However, bispectral analysis

needs long stationary time series, which are generally not

available in high temperature fusion plasmas. Furthermore,

the L–H transition is inherently non-stationary. Therefore, to

estimate the energy transfer between the shear flow and the

turbulence, we use an approach similar to that of Refs. 24

and 25 in which the relevant quantities are computed in the

time-domain using suitably filtered and averaged quantities.

Here, l is the total zonal flow damping rate, including colli-

sional, charge exchange, and nonlinear damping. We do not

present a direct measurement of l in this paper, but this

might be approached by studying the decay rate of the zonal

flow energy in the H-mode, when turbulence damping elimi-

nates the Reynolds work source in the �ZF Eq. (1b).

The obvious criterion for triggering of the L–H transi-

tion is @�T=@t < 0, with a positive phase between h~vr~vhi and

@vZF=@r—i.e., negative viscosity which results in a net

decay of the fluctuation energy. In this case, the zonal flow is

sinking energy from the turbulence faster than the turbulence

grows. This requires

h~vr~vhi @hvZFi
@r

ceff �T
> 1; (3)

which emerges as a natural figure of merit for the collapse of

the turbulence and the onset of transition. In terms of experi-

mentally measurable quantities, Eq. (3) requires that the tur-

bulence-to-zonal flow energy transfer P? exceed the change

in turbulence intensity during a recovery period, i.e.,

P?=ceff h~v2i > 1. This condition then defines a criterion

which the normalized energy transfer must satisfy. Thus, a

suitably arranged experiment can measure the appropriate

quantities to test this model of the L–H transition.

EXPERIMENTAL SETUP

Such an experiment has been carried out on the

Experimental Advanced Superconducting Tokamak (EAST)

(R0 ¼ 1:88 m, a¼ 0.45 m, Bt ¼ 1:4�2 T, Ip ¼ 0:4�0:8 MA),

where the H-mode has been achieved by lower hybrid wave

current drive with the total heating power limited to about

1 MW.26 Floating potential fluctuations interpreted as plasma

potential fluctuations are measured with a Langmuir probe

array11,27 consisting of three tips. Two tips are poloidally sep-

arated by 8 mm, a third tip is placed in the middle of them,

radially sticking out by 5 mm. This configuration allows an

estimate of the Reynolds stress as done in Ref. 20. The probe

array has been inserted �1.5 cm inside the separatrix as esti-

mated by observing a break in the slope of the DC floating

potential profile and also by estimating the separatrix position

from reconstructions of the MHD equilibrium. Data are taken

at a sampling rate of 5 MHz.

EXPERIMENTAL RESULTS

The discharge (shot 36030) shown in red is that of Ref.

20. For comparison, also a discharge (shot 36071) at similar

plasma parameters is included in blue in the figures. Figure 1

shows some basic features of the discharge. A representative

limit cycle oscillation in the floating potential is depicted in

Fig. 1(a). Fig. 1(b) shows 2 seconds of data and illustrates

two transitions—the first is a classic L–H transition at

3521.5 ms, which is analyzed here, while the second, docu-

mented by the second probe plunge, is a dithering phase at

4300–4350 ms exhibiting multiple limit cycle orbits and has

been reported in detail in Ref. 20. A zonal flow has been

identified as a coherent mode at 2 kHz, which is driven by

broadband turbulent fluctuations between 30 and 100 kHz.20

The scale separation of the relevant quantities is necessary to

extract their energy transfer by Eq. (2) which through the

time-averaging operation requires the identification of the

turbulent scales and (separately) the zonal flow scale. The

vertical extreme ultraviolet (XUV) emission profiles, propor-

tional to plasma density and electron temperature, are nearly

identical for these two transitions (Fig. 1(d)), indicating that

the time average gradients at the plasma edge are about the

same in the two transitions. Thus, the turbulence recovery

rate as an approximate measure of the effective growth rate

ceff during the dithering phase is appropriate to investigate

the first L–H transition. A histogram of the energy recovery

time, 1=ceff , estimated from 27 limit cycle oscillations in the

dithering phase is shown in Fig. 1(c), along with a smoothed

probability density function (PDF) computed from these data.

From this result, we find that the average turbulent energy re-

covery time is approximately 90ls. The net power input into

the turbulence, which varies in proportion to the turbulent ki-

netic energy during the transition, is then given by ceff ~v
2
?.
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Consistent with the observed frequencies for turbulent

and flow scales, the Reynolds stress during the L–H transi-

tion is calculated from high pass (f > 15 kHz) filtered float-

ing potential fluctuations and the sheared flow from low pass

(f < 2 kHz) filtered floating potential fluctuations, which are

then used to estimate the electric field and E� B drift

motion. This scale separation is consistent with the previ-

ously identified regimes of turbulence and zonal flow in the

EAST device;20 however, we note that the results discussed

below are not sensitive to the precise choice of these fre-

quency bands and thus do not change the conclusions arising

from the analysis. Measurements show that the poloidal ve-

locity at the separatrix is small compared to the values at

1.5 cm inside. We thus take the poloidal velocity at the

separatrix to be zero and calculate @rhvhi � �hvhi=Dr,

with Dr ¼ 1:5 cm be the distance to the separatrix, allow-

ing us to then estimate P? � h~vr~vhihvhi=Dr. It is unlikely

that the probe is any deeper than 1.5 cm inside the last

closed flux surface (LCFS) (otherwise, it would overheat

and inject large quantities of impurities into the plasma).

Therefore, the estimated production values (shown in Figs.

2(d) and 2(e)) likely represent minima; actual production

rates could be higher by as much as a factor of 2-3 deter-

mined mostly by uncertainties in the depth of probe

penetration.

Figure 2 shows the time traces of the Da signal indicat-

ing an L–H transition. Here, we have set t¼ 0 to correspond

to the beginning of the drop in Da for all of the discharges

shown. To guide the eye, the L–H transition is indicated by a

gray box. The relation between the energy in the shear flow

and the turbulence can also be represented by a hodograph as

shown in Fig. 3 similar to that of Ref. 18. In Figures 2 and 3,

we define several key periods in the transition as phase (I),

phase (II), and phase (III). The evolution of the kinetic

energy in the turbulence and low frequency flow across this

transition are shown in Figs. 2(b) and 2(c). The results show

that 3 ms before the L–H transition, the turbulent fluctuation

amplitude (Fig. 2(b)) increases defining phase (I) of the tran-

sition. At about 1 ms before the L–H transition, the kinetic

energy in the low frequency flow (Fig. 2(c)) builds up and

the energy in the higher frequency fluctuations (Fig. 2(b))

drops, defining phase (II) of the transition. The growth of the

flow appears on the fast, turbulent time scales (i.e., 100’s of

ls) providing a strong indication that the flow is turbulence

generated, and therefore a zonal flow. We observe a small

phase lag between flow and turbulent energy (Figs. 2(b) and

2(c)) consistent with the predator (zonal flow) following the

prey (turbulence) in time. Once the shear flow grows to large

enough amplitude, the turbulence induced flow shear then

causes a reduction in the turbulent amplitude and the flow

FIG. 1. (a) A representative limit cycle oscillation in the floating potential, (b) Da and density, (c) PDF of the energy recovery time, and (d) XUV radiation.
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then begins to decay, defining phase (III) in the transition,

consistent with recent observations in TJ-II.18 The delay

between the reduction in the turbulent amplitude and the

drop of the Da (Figs. 2(a) and 2(b)) most likely corresponds

to a combination of the time needed for cross-field transport

and parallel flow from the midplane region to the divertor

region where the Da emissions are observed. The kinetic

energy transfer P? from the turbulence into the shear flow

continues to increase while the turbulence amplitude is

decreasing (Fig. 2(d)) during phase (III), while the L–H tran-

sition is approached as shown in Fig. 2(d)). This confirmed

the earlier conjecture above that the low frequency flow is

actually driven by a transfer of energy from the turbulence.

About 1 ms before the L–H transition occurs, the kinetic

energy transfer P? peaks. To evaluate whether this energy

transfer is sufficient to reduce the turbulence level signifi-

cantly the transfer rate must be compared to the energy input

rate into the turbulence as discussed above. Using experi-

mental data, we find the ratio of the production, P?, normal-

ized by ceff h~v2
?i in Figure 2(e). This ratio indicates the power

transfer rate into the shear flow normalized by the power

transfer into the turbulence from the combined effects of the

free energy source and the background Er shearing during

periods of weak flow. As the Da signal starts to drop (the tra-

ditional measure of the start of the L–H transition), the turbu-

lence has already reached its minimum. Commensurate with

the drop in Da signal, the flow production rate surpasses the

turbulence recovery rate and the turbulence energy collapses

to nearly zero. After the peak of the normalized production

rate, the production P? remains small and the low. But the

low frequency flow begins to recover (Fig. 2(c)), suggesting

that after the transition the flow is sustained by non-turbulent

processes. The growth of the radial electric field and associ-

ated flow shear after the drop in Da light has already been

shown to be associated with the growth of the ion pressure

gradient.28 No ion temperature profiles are available here, but

the observation here is consistent with this earlier result. Fur-

thermore, in an analysis of similar data obtained just outside

of the separatrix (shown in green in Fig. 2), no such transient

behavior is observed. This indicates that these observations

are isolated to the region inside the LCFS, and that on open

field lines the turbulence amplitude simply collapses after the

H-mode transition, as has been reported earlier.3

COMPARISON WITH PRESENT PREDATOR-PREY
MODEL

The one-space, one-time multiple shearing predator-

prey model22 is used for comparison with the experimental

results reported here from EAST. A fast ramp of the heating

power is used to model the regular L–H transition. Under

these conditions, no limit-cycle oscillation is observed.

Instead, a single burst of zonal flow energy and turbulence

collapse is observed, followed by a classic L–H transition. A

typical time trace around the L–H transition is shown in Fig.

4. Here, Fig. 4(a) depicts the evolution of the amplitudes of

the turbulence I, the zonal flow E2
0, and the mean flow. The

modest decrease of turbulence I in the early part of the model

evolution is triggered by a rapid growth of the mean flow, or

a decorrelation of turbulence drive by mean flow shearing.

The coupling between the zonal flow and the turbulence is

FIG. 2. Da (a), turbulent (b), and flow (c) fluctuation amplitude during L–H
transition. Energy transfer between turbulence and shear flow (d) and nor-

malized to turbulent fluctuation amplitude and energy recovery time (e).

Data from 1.0–1.5 cm inside LCFS denoted by blue and red curves. Data

taken 1 cm outside of LCFS in the SOL region denoted by green curve.

FIG. 3. Hodograph of turbulent and flow energies during L-H transition.
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given by a0IE2
0, where a0 is the coupling parameter between

them. As seen in Fig. 4(b), the coupling increases toward the

L–H transition. A small increase of zonal flow and a decrease

of turbulence lead to a large peak in the production rate, nor-

malized to the net energy input rate (Fig. 4(c)). This peak is

a trigger of a rapid quench of turbulence, i.e., the L–H transi-

tion. Comparing the experimentally observed normalized

energy production P?=ceff ~v
2
? to the results in Figure 4(c), we

observe a very similar peaking in the normalized energy pro-

duction rate in both experiment and model.

DISCUSSION

Obtaining these type of probe data—which provide the

key physics data needed to test the role of turbulence-zonal

flow coupling in the L–H transition—are technically chal-

lenging and thus at present data from only a few discharges

are available. Taken in isolation, such observations would

not be sufficient to make a firm claim that the role of the

zonal flow as a trigger mechanism for the L–H transition has

been conclusively demonstrated. However, the results

reported here cannot be viewed in isolation, but rather must

be seen as building on the substantial body of evidence that

turbulence-driven zonal flows or geodesic acoustic modes

play an important role in triggering the L–H transition. For

example, the observed transient shear flow just prior to the

L–H transition certainly exhibits several features that are

consistent with it being a zonal flow. In particular, it shows a

strong bicoherence and Reynolds stress modulation indicat-

ing the nonlinear drive by the turbulence, features a toroidal

mode number of zero, and exhibits the characteristic

predator-prey oscillations.20 These features have been

observed not only in EAST (Ref. 20) but have been observed

in other devices.17,18,21 The limit-cycle behavior between the

radial electric field and the turbulent amplitude just prior to

the L–H transition has been shown also in TJ-II.18 Afterward,

ASDEX-U17 and DIII-D21 have investigated these limit-

cycles in detail documenting the existence of an intermediate

phase between L and H mode, called I phase. Both devices

report strong oscillations in the shearing rates in this regime

showing the importance of time-varying shear flows during

the limit-cycles. Where ASDEX-U reported geodesic acous-

tic modes responsible for the limit-cycle behavior,17 the

work on DIII-D points to low frequency zonal flows.21 How-

ever, both emphasize the importance of turbulent generated

shear flows. Finally, we note that studies of the transition to

a state of improved Ohmic confinement in HT-729 show a

transient increase in the turbulent Reynolds stress and the

sheared poloidal E� B flow just before the confinement

transition, consistent with the development of a turbulence-

driven zonal flow just prior to the development of the

improved confinement regime. Work in DIII-D during a nor-

mal L–H transition in an auxiliary heated discharge showed a

few ms long transient increase between the broadband turbu-

lence and a low-frequency potential fluctuation just inside the

LCFS.23 The new evidence reported here builds on these ear-

lier results by investigating the physics of the trigger mecha-

nism directly, by estimating the suppression strength due to

the generation of these shear flows and compares the genera-

tion rate of the shear flows to the energy input rate from the

free energy source. Our estimation (even though rough, but

novel) shows that the zonal flow is strong enough to suppress

the turbulence over a time sufficient that the transition into the

H-mode occurs. A comparison with the predator-prey model

is then able to reproduce these essential features. Talking

together all these observations in different devices with

different diagnostics and the good agreement with present

modeling (see Comparison with present predator-prey model

section) provide evidence that the basic physical mechanism

triggering the L–H transition is reasonably well captured by

the Kim-Diamond model.16 However, we explicitly point out

that other routes to the L–H transition may also exist.

SUMMARY AND CONCLUSION

In summary, the energies of as well as the energy trans-

fer between low frequency shear flows and the ambient

turbulence has been estimated during the L–H transition

for the first time. In an L–H transition that does not exhibit

an I-phase (as in Refs. 17 and 21), a transient increase in the

zonal flow and turbulent stress are observed showing the im-

portant role of zonal flows in the L–H transition. When the

rate of energy transfer from the turbulence into the zonal

flow becomes comparable to the power input into the turbu-

lent kinetic energy, then the turbulence amplitude collapses.

The turbulent transport then drops, resulting in a decrease in

the fueling of the open field line region. As a result, the Da

signal in the divertor drops. Based on earlier results, it can

FIG. 4. Predator-prey model with fast power ramp up. Evolution of the tur-

bulent, ZF, and mean flow (MF) amplitudes (a), the zero frequency ZF

shearing (b), and normalized energy transfer (c). Model is described in detail

in Ref. 22.
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then be expected that the edge pressure gradients build up,

resulting in the formation of a growing radial electric field

just inside the LCFS which then sustains the turbulence sup-

pression via the E� B shearing mechanism. As a result, the

system is driven into the H-mode. The results reported here

thus indicate that the strong turbulent suppression associated

with this energy transfer from the turbulence into the zonal

flow acts to trigger the L–H transition.
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