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Abstract.

H-modes induced by sawtooth events can be often obseverd in discharges with marginal

auxiliary power injection in EAST. Poloidal flow shear at the very plasma edge, increasing

∼25% up to the threshold value, is observed just before the L-H transition by means of

a fast reciprocating probe array in EAST. This suddenly risen poloidal flow shear, caused

by the increased turbulent driven Reynolds force, is motived by the heat pulse originally

released by a sawtooth crash at the plasma core. Associated with the critical poloidal flow

shear, the local turbulent decorrelation rate increases significantly. The increased turbulent

decorrelation rate compensated by nonlinear energy transfer rate from the turbulence to

the low-frequency shear flows, exceeding the turbulence energy input rate, is sustained for

several hundred microseconds till the turbulence quench happening.
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1. Introduction

The low to high confinement mode transition (L-H transition) was first discovered at

ASDEX in 1982 [1]. Since then a lot of scrape-off layer and divertor conditions have been

considered for the L-H transition threshold power. These ‘hidden conditions’ include ∇B
drift direction [2, 3, 4], Divertor compression [5], divertor magnetic geometry [6, 7, 8, 9], first

wall materials [9, 10, 11], wall conditioning [12, 13], and so on. A condition of large sawtooth

crashes at the plasma core triggering L-H or L-I transitions with reduced threshold power is

also observed in EAST [14] and several other tokamaks [5, 15, 16, 17, 18]. The extremely

fast, ‘ballistic’, sawtooth heat pulses, propagating from the plasma core to large minor

radius within a few hundred microseconds, were reported in tokamaks of ORMAK [19, 20],

TFTR [21, 22], DIII-D [21, 23], JET [24] and ASDEX Upgrade [25]. Sometimes, the

heat pulse released by a sawtooth can stimulate an L-H transition when arriving at the

plasma edge. However, the causal link between the sawtooth-induced heat pulse [21] and a

spontaneous confinement regime transition is not fully understood.

Latest researchs show that there could be a radial electric field (and its shear) threshold

value in the edge radial electric field well for the L-H transitions [26, 11, 27] and the ion

channel of heat flux plays a key role [10, 28] on the confinement regime transitions. These

key quanties are evaluated through a time slice of ∼ 10 ms, which is much longer than

the time scale of an L-H transition (less than 1 ms). This means, while these dedicated

experimental results make a great contribution to understand the plasma density dependent

L-H transition threshold power, they do not point out the ‘trigger’ for the confinement regime

transition. Previous studies show that turbulence-driven zonal-flows can act as the ‘trigger’

for the confinement regime transition [29, 30, 31, 32, 33, 34, 35, 36]. Especially, the rate of

work done by the turbulent Reynolds stress has been considered as a critical term for driving

the shear flow to large values [37, 32, 38, 33, 39], which can eventually result in a rapid

turbulence suppression.

Recently, stationary zonal-flows in the edge Er well are resolved by a high spatial

resolution Doppler backscattering in the JET Ohmic and L-mode discharges [40]. However,

the total estimated transferred power by Reynold stress is several times larger than the

turbulence reduction from the gas puff imaging during the L-H transition in Alcator C-

Mod [38, 33]. And, in some cases, the estimated transfer rate of energy from the turbulence

into the shear flow is much smaller than the turbulence energy effective growth rate before

the plasma entering the H-mode in EAST [41]. Therefore, more detailed investigations of the

relationship between the energy reduce rate and energy growth rate of the local turbulence

during the confinement regime transition are necessary. In this article, the role of turbulence-

driven E×B flow shear on the turbulence collapse at the plasma edge is studied in a typical

L-H transition discharge triggered by sawtooth-induced heat pulse in EAST.

The article is organized as follows. Section 2 gives a brief introduction to the discharges

and key diagnostics used in this article. Section 3 introduces an example of L-H transitions

triggered by a sawtooth event. The Dynamics of sawtooth heat pulse induced L-H transition
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measured by a reciprocating probe array is illustrated in section 4. The discussion and

conclusions are shown in the last section.

2. Discharge and diagnostic setup

To investigate the L-H transitions stimulated by a sawtooth-induced heat pulse, a series of

discharges with low-power and zero torque RF (radio frequency)-dominent heating (∼ 1 MW

lower hybrid wave alone or combing with ∼ 1 MW ion cyclotron resonance frequency), which

is similar to the condition of the first phase of ITER plasmas [42], has been perform in the

EAST tokamak. EAST is a medium-size superconducting tokamak run since 2006 with major

and minor radii (R0 and a) of 1.88 and 0.44 m, respectively. These discharges are run with a

plasma current Ip = 400− 600 kA, core line-averaged density ne = 2− 4× 1019 m19, toroidal

magenetic field BT = 1.8− 2.0 T, safty factor q95 of 3-5 and biased double null configuration

(dRsep = −1.5 − 1.5 cm). Two typical sawtooth-induced L-H transition discharges #36030

and #42160 are presented in the following sections.

A multi-channel photodiodes system applied for studying fast dynamics of broadband

plasma radiation was installed on EAST [43]. Linear arrays of silicon photon diodes

encapsulated by pinhole cameras are utilized for absolute power measurement in the absolute

extreme ultra violet (AXUV) spectral range. The lines of sight of the two pinhole cameras,

each with 16 channels crossing the whole poloidal cross-section of the plasma, with spatial

and temporal resolutions of ∼4.5 cm and 10 µs, are shown in figure 1 (a). The sensitive area

of each photodiode channel is 2 × 5 mm2 with a spacing of 0.12 mm between two channels.

The fast AXUV diode system measures the plasma radiation between 1 eV and 6 keV [43],

i.e., the spectral sensitivity covers a wide range of photon energies from the visible part of the

spectrum up to the soft X-ray. In this paper channels just across the plasma edge, like d15

(blue line of sight) and u15 (cyan line of sight), are mostly used to identify an L-H transition.

A langmuir reciprocating probe diagnostic [44] located in the outer midplane is applied

to measure some edge quantities during sawtooth-induced L-H transitions. Two kinds of

probe heads are alone used in our dataset as shown in figures 1(b) and (c). The three-pins

probe is used in discharge #36030 (see figure 2), while the two-dimensional probe array is

applied in discharge #42160 (see figure 3). The diagram of the three-pins probe head with

a diameter of 17 mm is shown in figure 1(b). The cylindrical graphite tips 1, 2 and 3 have a

diameter of 2 mm as well as a length of 2 mm. Floating potentials are measured by tips 2 and

3 (φf2 and φf3) poloidally separated by 8 mm and the third tip 1 (φf1) in the middle of them.

Tip 1, sticking out 8 mm of tips 2 and 3 in the radial direction, is located at r−a = −12 mm

in this discharge #36030. The sampling rate of the diagnostic is up to 5 MHz with the data

in a 12-bit digital resolution.

For better understanding the physics of L-H transition triggered by sawtooth-induced

heat pulses, evolution of edge plasma parameters were measured by means of a two-

dimensional reciprocating probe array with a temporal resolution of 1 µs as shown in

figure 1(c). The probe tips are poloidally spaced by dz = 6 mm and radially spaced by
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Figure 1: (a) The lines of sight of the AXUV diagnostic. (b) The diagram of the three-pins

probe head applied to #36030. (c) Layout of 3× 4 (poloidal × radial) probe array with tips

poloidally spaced by dz = 6 mm and radially spaced by dr = 2.5 mm applied to #42160.

Chordal view of channels d15 and u15 of the AXUV diagnostic are indicated in blue and

cyan, respectively.

dr = 2.5 mm. All tips are 2 mm in length and 2 mm in diameter. Quantities φf1 − φf8

and φ+1/φ+2 are the floating potential and positively biased potential, respectively. Tips

Is1 and Is2 measure the ion saturated current. Each 3-tips at the first (Is1, φf1, φ+1)

and third (Is2, φf2, φ+2) layers form a triple probe, i.e., can provide electron density and

temperature spontaneously. The innermost tips of the probe array are inserted into the

plasma at r − a = −5 mm in discharge #42160.

3. L-H transition triggered by sawtooth heat pulse

Figure 2 shows an L-H transition heated by ∼1.0 MW lower hybrid wave (LHW) of #36030.

The plasma was run with current Ip = 600 kA, core line-averaged density n̄e = 2.9×1019 m−3,

toroidal field BT = 1.88 T, safety factor q95 = 3.37 and biased double null configuration

(dRsep = −1.0 cm, the main active X-point is located in the lower divertor). Three sawtooth
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Figure 2: Typical sawtooth-induced L-H transition in EAST. (a) Edge AXUV signal of

channel d15 and soft X-ray radiation across the plasma core, (b) Radial electric field at

r−a = −8 mm, turbulence level in the frequency range of 50−60 kHz at r−a = −12 mm (c)

and -4 mm (d), turbulence level in the frequency range of 100−110 kHz at r−a = −12 mm (e)

and -4 mm (f) and turbulence level in the frequency range of 150−160 kHz at r−a = −12 mm

(g) and -4 mm (h) evaluated from a three-pins Langmuir probe measurements of #36030. The

blue and red vertical dashed lines indicate the plasma entering the phase of small amplitude

oscillations and H-mode, respectively.

crashes, resolved by a soft X-ray radiation across the plasma core (inside of q = 1), are shown

in figure 2(a). Small amplitude oscillations (SAOs) [45] at frequency of ∼3.5 kHz starting

at 3.453 s, indicated by the blue vertical dashed lines, triggered by the first sawtooth crash,

is revealed by the AXUV signal of channel d15 across the plasma edge (see figure 1(a)).

Turbulence and flows interaction regulating the oscillations of SAOs has been reported

in EAST recently [30, 45]. Here, no spectral filtration is applied to the detector of the

AXUV diagnostic. The L-H transition, following the third sawtooth crash, occurs at 3.5214 s

indicated by the red vertical dashed lines.

Shown in figure 2(b) is the radial electric field Er at r − a = −8 mm evaluated as the
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radial floating potential gradient (see figure 1(b)) instead of plasma potential gradient:

Er = (φf1 − φf2+f3/2)/∆r, (1)

φf2+f3 = φf2 + φf3. (2)

Here, we neglect the contribution from the gradient of the electron temperature to Er. The

inner and outer tips separately locate at the bottom and outboard edge of (bottom and outer

part of) Er well, which is reconstructed by the floating potential measurement of the inner tip

during inserting into the edge plasma. The turbulence level Φenv.
f1 and Φenv.

f2+f3, the enveloped

Hilbert transform of φ̃f1 and φ̃f2+f3 frequency filtered from 50 to 60 kHz, 100 to 110 kHz and

from 150 to 160 kHz, separately at r − a = −12 and −4 mm, are shown in figures 2(c)-(h).

The turbulence level is evaluated as,

Φenv.
f1 =

√
Hilbert2(φ̃f1) + (φ̃f1)2, φ̃f1 = φ50−60,100−110,150−160 kHz

f1 (3)

Φenv.
f2+f3 =

√
Hilbert2(φ̃f2+f3) + (φ̃f2+f3)2, φ̃f2+f3 = φ50−60,100−110,150−160 kHz

f2+f3 . (4)

Here, band-pass filters within 50-60 kHz, 100-110 kHz and 150-160 kHz are applied to

the input signals. About 6 ms after the second sawtooth crash, obviously larger peaks of

turbulence level Φenv.
f1 are observed as shown in figures 1(c), (e), (g). Both turbulence levels

Φenv.
f1 and Φenv.

f2+f3 in different frequency ranges are suppressed at the L-H transition as shown

in figures 1(c)-(h). Same conclusion for turbulence levels is found in other narrow frequency

ranges (every 10 kHz) within 20-250 kHz (not shown here). Nevertheless, no clear decrease

of Er at r − a = −8 mm is observed when the plasma approaching the H-mode.

4. Dynamics analysis at L-H transition

Figure 3 shows another sawtooth-induced L-H transition heated by LHW and ion cyclotron

resonance frequency (ICRF) at respective source power of ∼1.5 and ∼0.9 MW of #42160.

The plasma was run with Ip = 0.4 MA, n̄e ∼ 2.3 × 1019 m−3, BT = 1.80 T, q95 = 4.28 and

a biased double null configuration (dRsep = 1.5 cm, the main active X-point located in the

upper divertor) with ion ∇B drift upward. Shown in figures 3(a)-(d) are the edge AXUV

signal of channel u15 (see figure 1(a)) and core electron cyclotron emission (ECE) inside of

q = 1, edge electron densities ne1 and ne2 at r−a ∼ −5.0 and 0.0 mm, electron temperatures

Te1 and Te2 at r − a ∼ −5.0 and 0.0 mm, and electron pressure gradient ∇Pe and negative

poloidal flow shear −∂ < vθ > /∂r at r − a ∼ −2.5 mm measured by the probe array (see

figure 1(c)). The estimation of ne1 and ne2, Te1 and Te2, ∇Pe and −∂ < vθ > /∂r can be

seen in reference [45]. Before the L-H transition the average of edge electron density and

temperature remain the same for ∼20 ms, while the mean of electron pressure gradient at

r−a = −2.5 mm keeps the same over 50 ms. Two sawtooth events at 3.9621 and 3.9921 s are

well revealed by the core ECE measurement in figure 3(a). 2.6 ms after the second sawtooth

crash the plasma enters the H-mode indicated by the red vertical dashed line at 3.9947 s.

To investigate the role of sawtooth events on the L-H transition, two sawteeth in the time

slice of 3.959-3.969 (first sawtooth event in figure 3) and 3.989-3.999 s (second sawtooth event
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Figure 3: Time trace of (a) edge AXUV signal of channel u15 and core ECE emission inside of

q = 1, (b) electron density ne1 and ne2 at r−a ∼ −5.0 and 0.0 mm, (c) electron temperature

Te1 and Te2 at r−a ∼ −5.0 and 0.0 mm and (d) ∇Pe and −∂ < vθ > /∂r at r−a ∼ −2.5 mm

of #42160. The L-H transition is indicated by the red vertical dashed line at 3.9947 s.

in figure 3) are shown in figure 4. The turbulent level of electron density (Φenv.
ne

) frequency-

filtered from 50 to 60 kHz and 100 to 110 kHz is evaluated as shown in figures 4(b) and (e).

Φenv.
ne

is calculated as,

Φenv.
ne

=
√

Hilbert2(ñe1) + (ñe1)2 (5)

ñe1 = n50−60,100−110 kHz
e1 . (6)

Here, band-pass filters covering the frequency rang of 50-60 and 100-110 kHz are applied

to ne1. After the plasma entering the H-mode, a clear drop of Φenv.
ne

in figure 4(e) can be

observed.

About 0.4 ms after the second sawtooth crash, the plasma enters the SAOs-phase at

3.9925 s indicated by the black vertical dashed line. Radial electric field at r−a = −2.5 mm in

figure 4(f) is simply evaluated as the radial floating potential gradient, Er = (φf1−φf2)/(2dr).

The evaluated Er, located at the outboard edge of Er-well reconstructed by the floating

potential measurement of φf1, are fairly comparable to ∇Pe/nee (here, ne = (ne1 + ne2)/2)

before the plasma entering the H-mode. The Doppler backscatering (DBS) diagnostic

(recently developed) measurements show that the edge poloidal rotion is very small (several

0.1 km/s) in L-mode plasmas (without NBI heating) on EAST. We can infer that the v×B
term has a little effect on the value of the electric field according to the radial force balance
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Figure 4: Time dependence of (a)/(d) edge AXUV signal of channel u15 and core ECE

emission inside of q = 1, (b)/(e) turbulent level of electron density fluctuation Φenv.
ne

frequency-filtered 50-60 kHz and 100-110 kHz at r − a ∼ −5.0 mm and (c)/(f) ∇Pe/nee

and −∂ < vθ > /∂r at r − a ∼ −2.5 mm in the time slice of 3.959-3.969/3.989-3.999 s. The

green vertical dashed line in (a)-(c) indicates a clear drop of edge AXUV signal. The green

curve in (f) is Er at r − a ∼ −2.5 mm. The black vertical dashed line in (d)-(f) represents

the plasma entering the SAOs phase at 3.9925 s.

equation, i.e., Er ≈ ∇Pi/nie. Thus, it is reasonable to assume ∇Pe/nee ≈ ∇Pi/nie, which is

the neoclassical contribution to the radial electric field, at r − a = −2.5 mm before the L-H

transition. However, in accordance with the observation in figure 2(b), no clear drop of Er

or ∇Pe/nee is discovered before the L-H transition.

Negative polodial flow shear −∂ < vθ > /∂r in the two time slices are respectively shown

in figures 4(c) and (f). After some Φenv.
ne

peaks, ∂ < vθ > /∂r increases up to 5× 106/s from

4.0 − 4.5 × 106/s as shown in panels 4(c) and (f). However, only at 3.9944 s, just before

the L-H transition, the increased ∂ < vθ > /∂r remains for ∼300 µs (others are less than

100 µs). This suggests that the L-H transition ensues when ∂ < vθ > /∂r reaches to its

threshold value [29, 26, 35] and is sustained for an enough long time interval. Otherwise, the

plasma will remain in L-mode. One case indicated by the green vertical dashed line is shown

in figures 4(a)-(c).

For better understanding the dynamics of the L-H transition, flow energy transfer

analysis in the time slice of 3.989-3.9965 s are shown in figures 5. ∇Pe and −∂ < vθ > /∂r

at r − a ∼ −2.5 mm as well as Φenv.
ne

frequency-filtered 50-60 kHz and 100-110 kHz at

r − a ∼ −5.0 mm in figures 5(a) and (b) are adopted from figures 3(d) and 4(e). The green
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Figure 5: Time dependence of (a) ∇Pe and −∂ < vθ > /∂r at r − a ∼ −2.5 mm, (b) Φenv.
ne

frequency-filtered 50-60 kHz and 100-110 kHz at r− a ∼ −5.0 mm, (c) poloidal acceleration

∂ < vθ > /∂t and Reynolds force with a factor of 1/(1 + 2q2
95) at r − a ∼ −2.5 mm and (d)

energy transfer rate P+∂rT̃
K̃

into the m,n = 0 shear flow, plasma-frame turbulent decorrelation

rate γpl
decorr and their summation values at r− a ∼ −2.5 mm. Cross correlations of (e) −∇Pe

and ∂ < vθ > /∂r with Φenv.
ne

(50-60 kHz), (f) −∇Pe and ∂ < vθ > /∂r with Φenv.
ne

(100-

110 kHz) and (g) ∂ < RS > /∂r with ∂ < vθ > /∂t and low-pass filtered ne2 with ne1 in the

time slice of 3.9925-3.9947 s. The green vertical dashed lines in panels (a)-(d) indicate some

peaks of Φenv.
ne

.

vertical dashed lines indicate some Φenv.
ne

peaks in figure 5(b). After each Φenv.
ne

peak in the

SAOs-phase, associating with each SAOs oscillation, ∇Pe deepens and −∂ < vθ > /∂r drops

at r − a ∼ −2.5 mm as shown in figure 5(a). An obvious drop of Φenv.
ne

is observed as the

plasma approaching the H-mode. However, no regular change (either increase or decrease)

of ne and Te as well as their gradients is observed (not shown here).
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One component of the poloidal acceleration driven by the Reynolds force ∂ < RS >

/∂r/(1+2q2
95) [46, 47] at r−a ∼ −2.5 mm is shown in figure 5(c). The temporal evolution of

∂ < RS > /∂r/(1+2q2
95), in accordance with Φenv.

ne
, is comparable to the poloidal acceleration

∂ < vθ > /∂t at r − a ∼ −2.5 mm during the SAOs. The estimation of ∂ < vθ > /∂t and

Reynolds stress gradient ∂ < RS > /∂r is shown below,

∂ < vθ > /∂t = ∂ < φf2 − φf1 > /∂t/(2drBT) (7)

∂ < RS > /∂r = [< (φ̃f2 − φ̃f4)(φ̃f5 − φ̃f4) > − < (φ̃f4 − φ̃f1)(φ̃f5 − φ̃f4) >]/[dz(drBT)2] (8)

φ̃f1 = φ30−250 kHz
f1 , φ̃f2 = φ30−250 kHz

f2 , φ̃f4 = φ30−250 kHz
f4 , φ̃f5 = φ30−250 kHz

f5 . (9)

Here, a band-pass filter covering the frequency range from 30 to 250 kHz is applied to floating

potential φf1, φf2, φf4 and φf5, since the contribution to the Reynolds stress is mainly from

the turbulence in the frequency range of 30-250 kHz. And a low-pass filter (< 10 kHz) is

utilized to evaluate the Reynolds stress < RS >. There is almost no time delay between

∂ < vθ > /∂t and ∂ < RS > /∂r in the time slice of 3.9925-3.9947 s evaluated by the

normalized cross-correlation function [48] as shown in figure 5(g).

The cross correlations of the negative pressure gradient −∇Pe and poloidal flow shear

∂ < vθ > /∂r with edge turbulence level Φenv.
ne

frequerncy-filetered 50-60 and 100-110 kHz

in the SAOs-phase (3.9925-3.9947 s) are shown in figures 5(e) and (f), respectively. Here,

the reference signals are Φenv.
ne

. Both Φenv.
ne

(50-60 kHz) and Φenv.
ne

(100-110 kHz) are reversely

correlated with −∇Pe and ∂ < vθ > /∂r, i.e., Φenv.
ne

preceding −∇Pe and ∂ < vθ > /∂r

around π in phase. Note here, we should take the propagating time of the heat flux from

r−a = −5 to −2.5 mm into account. Figure 5(g) shows that the delay time between low-pass

filtered ne2 at r − a = −5 mm and ne1 (reference signal) at r − a = 0 mm is 7 µs. Since

each oscillation of SAOs has an averaged period of 304 µs, we can infer that the propagating

time of the heat flux from r − a = −5 to −2.5 mm can be neglected comparing to the

averaged period of SAOs. Therefore, at r − a = −2.5 mm, the turbulent fluctuation of

electron density precedes −∇Pe and ∂ < vθ > /∂r about π in phase, which is consistent with

the Kim-Diamond model of turbulence and zonal-flows interaction [29, 49] where the limit

cycle oscillation (LCO) phase delay between the turbulence and zonal-flow shear increase

from ∼ π
2

to ∼ π as the plasma approaching the H-mode.

In recent experimental investigations [38, 33, 35], a criterion for the onset of fast

turbulence suppression due to its nonlinear transfer of kinetic energy into the sheared E×B
flow is expressed as,

RT ≡
P + ∂rT̃

(γin − γpl
decorr)K̃

> 1, (10)

where the notations are given as

P =< ṽrṽθ >
∂ < vθ >

∂r
, (11)

T̃ =< ṽrṽ
2
θ >, (12)

K̃ =
1

2
< ṽ2

r + ṽ2
θ >, (13)
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γin = γin(∇n,∇T,< vθ >
′), (14)

γpl
decorr =

√
γ2

decorr|lab − (< vθ > /Lcorr
θ )2. (15)

Here, P is the nonlinear turbulent production of shear flow, T̃ is the radial turbulent intensity

flux, K̃ is the kinetic energy on the fluctuation, γin and γpl
decorr denote the turbulence growth

rate driven by the underlying instability and the effective rate of turbulent decorrelation

due to high-frequency dissipation effects, respectively. And, Lcorr
θ is the poloidal turbulence

correlation length of turbulence.

Nonlinear kinetic energy transfer rate P+∂rT̃
K̃

from turbulence into the m,n = 0 E × B
shear flow and plasma-frame turbulent decorrelation rate γpl

decorr as well as their summation

values (P+∂rT̃
K̃

+ γpl
decorr) at r − a = −2.5 mm are shown in figure 5(e). Here, we apply

ṽr = v30−250 kHz
r1 and ṽθ = (φ30−250 kHz

f4 − φ30−250 kHz
f1 )/(drBT) to the estimation of P+∂rT̃

K̃
.

The turbulence decorrelation rate in the laboratory frame is calculated as γdecorr|lab = 1
τcc

,

where the cross-correlation time τcc is evaluated by the method of cross-correlation between

φ50−250 kHz
f4 with φ50−250 kHz

f5 . Here, we apply a band-pass filter covering the frequency

range from 50 to 250 kHz to floating potential φf4 and φf5 when evaluating the turbulence

decorrelation time, because the turbulence in the frequency range of 50-250 kHz well meets

the condition of high-frequency dissiption in this discharge. Local wavenumber and frequency

spectral density Sl(k, f) in the time slice of 3.960-3.994 s can be calculated from probe pairs

φf4 and φf5 using the two-point correlation technique [50, 51]. Then the poloidal turbulence

correlation length of turbulence in the frequency range of 50-250 kHz can be evaluated

(Lcorr
θ = 3.25 cm). Since the L-mode state between the two sawtooth events is temporal

stationary, we can estimate the turbulence energy input rate at r − a = −2.5 mm in the

stationary L-mode (3.982-3.992 s) as,

γin|L = γpl
decorr|L +

P + ∂rT̃

K̃
|L ≈ 0.9− 1.9× 10−6 s−1. (16)

The errorband for the turbulence energy input rate is calculated from the standard deviation

in the time slice of 3.982-3.992 s. Just before the L-H transition γpl
decorr sharply goes up,

corresponding to ∂ < vθ > /∂r increasing from ∼ 4 up to ∼ 5×106/s, indicated by two green

vertical dashed lines labelled as 1© and 2©. The increased γpl
decorr compensated by P+∂rT̃

K̃
over

the turbulence energy input rate γin|L, i.e., γpl
decorr+

P+∂rT̃
K̃

> γin|L, is sustained for ∼ 500 µs till

the plasma enters the H-mode. This suggests that both γpl
decorr and P+∂rT̃

K̃
play an important

role on the rapid turbulence suppression at the marginal power injection. Although there are

some cases with turbulence energy loss rate (γpl
decorr + P+∂rT̃

K̃
) up to its threshold value (γin|L)

for ∼ 100 µs, no L-H transition is observed. Therefore, we can infer that at the critical shear

rate of poloidal flow the turbulence quench ensues when the turbulence energy loss rate is

up to its threshold value and sustained for an enough long time interval. Otherwise, the

turbulence will recover.
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5. Discussion and Conclusions

In this paper the causal link between the sawtooth-induced heat pulses at the plasma edge and

a spontaneous L-H transition is proposed. Just before the L-H transition, as the sawtooth-

induced heat pulse propagates outward the very plasma edge is left with a steeper pressure

gradient and a larger poloidal flow shear (up to the threshold value). Associated with the

critical poloidal flow shear, the turbulent decorrelation rate γpl
decorr sharply goes up. The ramp-

up γpl
decorr compensated by nonlinear energy transfer rate P+∂rT̃

K̃
from the turbulence to the

E×B shear flow is over the turbulence energy input rate γin and sustained for several 100 µs.

As a consequence, the turbulence quench happens. As soon as the plasma enters the H-mode

the pressure gradient will steepen up, which increases the neoclassical contribution. We also

find that the turbulence level recovers when the turbulence reduction rate (P+∂rT̃
K̃

+ γpl
decorr)

reaches to its threshold value while is not sustained for an enough long time interval.

As mentioned in the ‘Introduction’ section, in DIII-D and Alcator C-Mod tokamaks, the

total estimated transferred power from different edge diagnostic measurements is observed to

be several times larger than the turbulence reduction during L-H transitions [37, 32, 38, 33].

In these estimations the turbulence effective growth rate γeff = γin − γpl
decorr is assumed to be

a constant value. However, in this article, γpl
decorr is found to increase significantly just before

the confinement regime transition as the poloidal flow shear is up to its threshold value.

Thus, we assume γin keeping the same before the L-H transition. And, just before the L-H

transition, the total estimated turbulence loss rate and the turbulence energy input rate are

found to be similar at the very plasma edge in EAST.

Many conditions have impact on L-H transition threshold power as presented in the

‘Introduction’ section. Since some conditions need to be changed for achieving an L-H

transition discharge without sawteeth, we can not make a conclusion that the threshold

power would be higher in non-sawtoothing discharges, although large sawtooth lowering the

threshold power is observed. Nevertheless, the stimulated heat pulses released by sawteeth or

(1,1) fishbone mode bursts in neutral beam injection discharges could be a potential technique

for stimulating an underpowered plasma into H-mode.

There is no edge ion temperature and pressure profile measurements, therefore, we

assume electron pressure gradient equal to ion pressure gradient at the plasma edge before

the L-H transition in this paper. The poloidal flow shear at the very plasma edge increasing

∼ 25% with the contribution of Reynolds force just before the L-H transition suggests that

the ion pressure profile creates ∼ 75% of the poloidal flow shear, i.e., playing a major role on

the formation of Er shear. The causal link between the sawtooth-induced heat pulses at the

plasma edge and a spontaneous L-H transition proposed in this article is consistent with the

Kim-Diamond model of turbulence and zonal-flows interaction [29, 49]. However, the impact

of the sawtooth-induced ion heat pulses, which propagate slower than the electron sawtooth

heat pulses [21], on the creation of increased Er shear just before the L-H transition is unclear.

Distinguishing the roles of the electron and ion sawtooth heat pulses on the confinement

regime transition will be a subject of the future investigations.
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