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Motivating experimental observation:   
-- L-H power threshold scaling deviates in low 
density region 
-- New region related to I-mode, I-phase, and GAM 
-- No theoretical model to quantitatively predict the 
threshold and to show spatio-temporal evolution 
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fluctuations in the radial electric field Er ’ !u?B appear
directly in the Doppler shift, while the Doppler peak
intensity SD is proportional to the turbulence level at the
probed k? [11]. The measurements reported here were
obtained with an X-mode 50–75 GHz tunable frequency
reflectometer with 20 MHz signal sampling, located below
the tokamak outer midplane [14].

GAMs are most clearly observed at low plasma densities
and high safety factors q [15] due to weaker collisional and
Landau damping [1]. Figure 1(a) shows a GAM existence
diagram in terms of net heating power Pnet versus central
line averaged plasma density !ne for Ohmic and L-mode
heated plasmas. GAMs are not observed in the H mode.
Overlaid are the predicted (dashed line) and experimen-
tally measured (curve) L-H power threshold showing two
branches; see [16] for details. The GAM appears as a
coherent peak in the fD ( ~Er) spectrum, cf. Fig. 5(a) in L
mode. Note the absence of coherent low frequency ZF
activity, either as a peak or broadening of the spectra
around zero frequency. The spectra continues to be flat
down to the lowest spectral resolution investigated (a few
tens of Hz).

From the low density L mode (edge !"
edge # 1) raising

either the heating power or the density causes the turbu-
lence to rise across the whole edge region and to begin
pulsating at around 2–4 kHz (sometimes with a slower
subpulse activity of a few hundred Hz) with an on-off
duty cycle of less than 50%. This intermediate state
(labeled I phase) is not transitory but can be maintained
for the entire discharge. Observations from many dis-
charges confirm that the L to I phase is a sharp transition
with a well-defined threshold, while the full H mode
appears to evolve more softly from the I phase. The
turbulence pulsing extends across the plasma edge into
the open flux surface scrape-off layer (SOL). Figure 2
shows an example close to the power or density threshold
where the discharge dithers between the L and I phases—
illustrated by the divertor tile shunt current (/ SOL flow).

The transition from continuous L-mode turbulence to puls-
ing is shown below in the Doppler reflectometer spectro-
gram Sðf; tÞ from just inside the Er minimum location at a
normalized poloidal flux radius "pol # 0:988. Below are
the corresponding (smoothed) traces of the u? velocity and
fluctuation level SD at the probed k? # 9:8 cm!1.
The u? and SD pulsing are synchronized and display all

the features of a limit-cycle behavior with a fast switching
between an enhanced and a reduced fluctuation state in less
than 1 #s, i.e., on the turbulence time scale. The GAM is
also still present, however, only during the enhanced tur-
bulence state. This is more clearly seen in Fig. 3 which
shows an expanded time trace of (a) the instantaneous Er

(100 ns resolution) plus (b) smoothed Er and turbulence
level SD traces over four pulses. The figure shows a se-
quence of events: (1) The turbulence rises between the
pulses, (2) reaches a critical threshold (marked by the
dashed lines) and triggers an exceedingly large GAM
oscillation (3) together with a turbulence driven mean
flow—indicated by the offset in the oscillation. [The
peak-to-peak GAM flow oscillation amplitude during the
pulse can exceed 100% of the mean flow—stronger than in
the preceding L mode. While earlier observations also
point towards a rTe (drive) threshold for the GAM onset
[15], it is possible that the GAM is also enhanced by the

shot

FIG. 1 (color online). (a) GAM existence plot in terms of Pnet

vs central line average density. (b) Edge radial electric field Er

profiles for L (PECH ¼ 0:35 MW) and I phase (1.1 MW)
shot 24 811, BT ¼ !2:3 T, Ip ¼ 0:8 MA, q95 # 4:5, !ne ¼ 3'
1019 m!3, Teo # 2:4 keV, and favorable lower X point.

shot

FIG. 2 (color online). (a) Time trace of divertor shunt current,
(b) expanded reflectometer spectrogram Sðf; tÞ—darker colors
for higher intensity, with (c) corresponding u? velocity and
fluctuation level SD, and (d) estimated mean and oscillatory
shearing rates and turbulence decorrelation rate $!1

c across the
L to I phase. BT ¼ !2:3 T, Ip ¼ 1:0 MA, q95 # 4, !ne ¼ 2:8'
1019 m!3, Teo # 3 keV, PECH ¼ 1:0 MW.
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I-phase as a transient phase with limit-cycle 
oscillation(LCO), i.e. L→H transition can be replaced with  
L→I→H transition 
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Fig. 5: (Color online) Time evolution of Er and density
fluctuation level obtained from the spectrogram shown in fig. 4.
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Fig. 6: (Color online) Relation between Er and density fluctu-
ation level. Only two of the cycles shown in fig. 5 are displayed.
The time interval between consecutive points is 12.8µs.

The time evolution of both, Er and density fluc-
tuations, reveals a characteristic predator-prey rela-
tionship: a periodic behaviour with Er (predator)
following the density fluctuation level (prey) with
90◦ phase difference can be clearly seen. Er is observed
to grow and decay at different time rates ((100–150)µs
and (50–80)µs, respectively), while the turbulence grows
and decays in comparable times ((50–70)µs). These time
scales being much faster than the energy confinement
time. The relation between Er and the density fluctuation
level showing a limit-cycle behavior is represented in
fig. 6. For the sake of clarity, only two cycles are displayed.
The turbulence-induced sheared flow is generated causing
a reduction in the turbulent fluctuations (1 in fig. 6), the
subsequent drop in the sheared flow (2 in fig. 6) and the
posterior increase in the turbulence level (3 in fig. 6).
As has been already discussed, the coupling between

fluctuations and flows, described as a predator-prey evolu-
tion, is the basis for some bifurcation theory models
of the L-H transition [10,11]. The experiments reported
in this letter strongly support these models. However,
these results do not necessarily exclude other mechanisms

working together in triggering the transition. In helical
devices, the negative radial electric field imposed by the
Neoclassical ion root condition in the L-mode can act as a
bias for the transition [16,22], either because a substantial
Er-shear already can exist before the transition or because
of the amplification of zonal flows by Er [27]. On the other
hand, as already mentioned, the magnetic topology can
influence the H-mode occurrence through mechanisms as
flow damping by poloidal viscosity [24] or spin-up of flows
by rational surfaces [28–30]. All these mechanisms may
act together to reach the specific conditions at which the
self-regulation between turbulence and flows becomes the
decisive mechanism.
To our knowledge, this is the first time that such

an experimental evidence is reported supporting the
predator-prey relationship of turbulence and flows as the
basis for the L-H transition. During the so-called IM mode
found in DIII-D power scan experiments [21], the relation
between electron temperature fluctuations and sheared
flows seems to follow a predator-prey behavior, however,
as the authors explain, the sheared flow is not directly
observed but inferred from beam emission spectroscopy
data. Two ingredients have been essential in attaining the
results presented in this letter, the possibility of achieving
gradual L-H transitions and the capability of measuring
simultaneously both magnitudes, density fluctuations and
sheared flows, with good spatiotemporal resolution.

Conclusions. – The dynamics of turbulence and
flows has been measured during L-H transitions in the
stellarator TJ-II. When operating close to the L-H
transition power threshold, pronounced oscillations in
both, Er and density fluctuation level, are measured
at the transition. The oscillations are measured right
inside the E×B shear layer (located at ρ≈ 0.83). The
time evolution of both, Er and density fluctuation level,
shows a characteristic predator-prey behavior, with Er
(predator) following the density fluctuation level (prey)
with 90◦ phase delay. These experimental observations
are consistent with L-H transition models based on
turbulence-induced sheared/zonal flows.
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The time evolution of both, Er and density fluc-
tuations, reveals a characteristic predator-prey rela-
tionship: a periodic behaviour with Er (predator)
following the density fluctuation level (prey) with
90◦ phase difference can be clearly seen. Er is observed
to grow and decay at different time rates ((100–150)µs
and (50–80)µs, respectively), while the turbulence grows
and decays in comparable times ((50–70)µs). These time
scales being much faster than the energy confinement
time. The relation between Er and the density fluctuation
level showing a limit-cycle behavior is represented in
fig. 6. For the sake of clarity, only two cycles are displayed.
The turbulence-induced sheared flow is generated causing
a reduction in the turbulent fluctuations (1 in fig. 6), the
subsequent drop in the sheared flow (2 in fig. 6) and the
posterior increase in the turbulence level (3 in fig. 6).
As has been already discussed, the coupling between

fluctuations and flows, described as a predator-prey evolu-
tion, is the basis for some bifurcation theory models
of the L-H transition [10,11]. The experiments reported
in this letter strongly support these models. However,
these results do not necessarily exclude other mechanisms

working together in triggering the transition. In helical
devices, the negative radial electric field imposed by the
Neoclassical ion root condition in the L-mode can act as a
bias for the transition [16,22], either because a substantial
Er-shear already can exist before the transition or because
of the amplification of zonal flows by Er [27]. On the other
hand, as already mentioned, the magnetic topology can
influence the H-mode occurrence through mechanisms as
flow damping by poloidal viscosity [24] or spin-up of flows
by rational surfaces [28–30]. All these mechanisms may
act together to reach the specific conditions at which the
self-regulation between turbulence and flows becomes the
decisive mechanism.
To our knowledge, this is the first time that such

an experimental evidence is reported supporting the
predator-prey relationship of turbulence and flows as the
basis for the L-H transition. During the so-called IM mode
found in DIII-D power scan experiments [21], the relation
between electron temperature fluctuations and sheared
flows seems to follow a predator-prey behavior, however,
as the authors explain, the sheared flow is not directly
observed but inferred from beam emission spectroscopy
data. Two ingredients have been essential in attaining the
results presented in this letter, the possibility of achieving
gradual L-H transitions and the capability of measuring
simultaneously both magnitudes, density fluctuations and
sheared flows, with good spatiotemporal resolution.

Conclusions. – The dynamics of turbulence and
flows has been measured during L-H transitions in the
stellarator TJ-II. When operating close to the L-H
transition power threshold, pronounced oscillations in
both, Er and density fluctuation level, are measured
at the transition. The oscillations are measured right
inside the E×B shear layer (located at ρ≈ 0.83). The
time evolution of both, Er and density fluctuation level,
shows a characteristic predator-prey behavior, with Er
(predator) following the density fluctuation level (prey)
with 90◦ phase delay. These experimental observations
are consistent with L-H transition models based on
turbulence-induced sheared/zonal flows.
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Can a simple model explain these? [E. Kim, PRL 2003] 



Radial structure of I-phase is identified in DIII-D and TJ-II 
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measured at ! ! 0:75 (see blue, open symbols, profile in
Fig. 2).

The amplitude of the Er oscillations is shown in Fig. 3
together with the amplitude of the oscillations in the den-
sity fluctuation level, i.e., rmsð~neÞ. While the Er oscillation
amplitude decreases towards the Er shear position
(! ! 0:82), the rmsð~neÞ oscillation amplitude is maximum
right inside the Er shear position and tends to decrease
towards inner radial positions.

As already stated, the TJ-II Doppler reflectometer allows
measuring simultaneously at two radial positions which
can be independently selected [19]. Therefore, it is pos-
sible to obtain information on the radial propagation char-
acteristics of the cyclic spatiotemporal pattern, extending
previous temporal (0D) characterization to a spatiotempo-
ral (1D) one. An example is shown in Fig. 4. It displays the

time evolution of both density fluctuation level [Fig. 4(a)]
and Er [Fig. 4(b)] measured simultaneously at ! ¼ 0:8 and
! ¼ 0:75. In addition, the time evolution of Er shear
calculated from the data shown in Fig. 4(b) is shown in
Fig. 4(c). The relation between Er shear and density fluc-
tuation level showing a limit-cycle behavior is shown in
Fig. 4(d). Pronounced changes in Er shear appear linked to
the oscillations in rmsð~neÞ. Furthermore, a delay between
the two channels can be seen indicating a radial propaga-
tion from the inner to the outer channel. This outward
propagation is found in all the oscillation patterns
measured at line densities between ð2–2:5Þ % 1019 m&3.
At densities above 3% 1019 m&3, in some particular cases
the propagation direction eventually reverses after a short
time period without oscillations.
The analysis of the delays yields propagation velocities

within the range ! 50–200 m=s with a radial trend as
shown in Fig. 5. In this figure the vertical bars represent
the error in the estimation of the propagation velocity
and the horizontal ones represent the radial separation
between the two channels in each discharge. The radial
propagation velocity decreases as the oscillation pattern
approaches the Er shear position (at ! ! 0:82). The inward
propagation velocities are also included in Fig. 5. Similar
values are obtained although no clear radial dependence
can be inferred. Similarly, as can be seen in Fig. 2, the
extreme values of the Er oscillations are comparable in
both cases, for inward and outward propagating oscillation
patterns. However, the time evolution shows differences
when comparing both cases. As the oscillation pattern
propagates outwards, the increase in the turbulence level
produces an increase in the shearing rate at the inner shear
layer. This can be seen in Fig. 4: at each oscillation cycle,
the increase in the fluctuation level is follow by a decrease
of jErj that results in an increase in the negative Er shear.
Oscillation patterns propagating inwards show different
dynamics. An example is shown in Fig. 6: the increase in
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→One-dimensional model to reproduce I-phase is necessary in that I-
phase radial propagation and pedestal formation should be compared. 



To address these issues, we have developed a 1D model. 
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� Spatio-temporal evolutions of 5-field (density, pressure, 
turbulence intensity, ZF, poloidal flow) equations 

� Zonal flow / Mean flow competition , a’ la 0D 
Kim-Diamond 
� ZF/MF as different players  [E. Kim, PRL ’03] 

� NO MHD activities; NO ELMs 

� No ‘first principle’ simulations have ever 
reproduced or elucidated the L-H 
transition! 



Predator-prey model 

∂t I = (γL −ΔωI −α0Eo −αVEV )I + χN∂x (I∂xI )

∂tE0 = AE0α0 (I / (1+ζ0EV )− I*)

ΕV = (∂xVE×B )
2

Driving term 
Local dissipation 

ZF shearing 
MF shearing Turbulence spreading 

Reynolds stress drive 
MF/ZF competition 

ZF collisional damping 
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1D transport model  
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→Predator-prey model 
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a la’ [Hinton ’90 PFB], [Z.H. Wang, P.D, ‘11 NF] 



Poloidal momentum spin-up 
�  Full-f gyrokinetic simulation predicts that poloidal flow driven by 

turbulence can be another mediator through L-H transition 
especially in low ρ* plasmas.[Dif-Pradalier ’08, PRL] 

�  Coupling radial and parallel momentum force balance equations, we 
obtain 

−
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effects 
Eq. of poloidal rotation 



Radial force balance equation: 
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Diamagnetic drift term  
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here) 

Poloidal flow driven by 
neoclassical and turbulent 
drives 

from global profiles 

•  Pressure curvature (ignored by Hinton et. al., noted by Helander et 
al., Malkov, P.D. ) produces fine scale <VE>’ structure 

•  Poloidal rotation from neoclassical, Reynolds drive 
•  Totally, time-evolving 5-fields (n, p, I, E0, and uθ) are solved 

numerically.  



 
Numerical simulation results:  
Slow Power Ramp Indicates L→I→H Evolution. 
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c.f. DIII-D, [Schmitz et al.], 1D Model 

turbulence 

ZF 

MF 

time 

r/a 



Cycle is propagating nonlinear wave in edge layer 

Period of cycle increases approaching transition. 

•  Turbulence intensity peaks 
just prior to transition. 

•  Mean shear (i.e. profiles) 
also oscillates in I-phase. 

ZF 

Turbulence intensity 

Mean flow shear 



Mean shear location comparisons indicate inward 
propagation, and observed in experiments. 

•  Inward propagation 
~80 [m/s] 
•  Similar to exp. 

[Estrada],[Schmitz]  

Turbulence 
ZF shearing 
MF shearing 

r/a=0.975 

r/a=0.950 

r/a=0.925 

measured at ! ! 0:75 (see blue, open symbols, profile in
Fig. 2).

The amplitude of the Er oscillations is shown in Fig. 3
together with the amplitude of the oscillations in the den-
sity fluctuation level, i.e., rmsð~neÞ. While the Er oscillation
amplitude decreases towards the Er shear position
(! ! 0:82), the rmsð~neÞ oscillation amplitude is maximum
right inside the Er shear position and tends to decrease
towards inner radial positions.

As already stated, the TJ-II Doppler reflectometer allows
measuring simultaneously at two radial positions which
can be independently selected [19]. Therefore, it is pos-
sible to obtain information on the radial propagation char-
acteristics of the cyclic spatiotemporal pattern, extending
previous temporal (0D) characterization to a spatiotempo-
ral (1D) one. An example is shown in Fig. 4. It displays the

time evolution of both density fluctuation level [Fig. 4(a)]
and Er [Fig. 4(b)] measured simultaneously at ! ¼ 0:8 and
! ¼ 0:75. In addition, the time evolution of Er shear
calculated from the data shown in Fig. 4(b) is shown in
Fig. 4(c). The relation between Er shear and density fluc-
tuation level showing a limit-cycle behavior is shown in
Fig. 4(d). Pronounced changes in Er shear appear linked to
the oscillations in rmsð~neÞ. Furthermore, a delay between
the two channels can be seen indicating a radial propaga-
tion from the inner to the outer channel. This outward
propagation is found in all the oscillation patterns
measured at line densities between ð2–2:5Þ % 1019 m&3.
At densities above 3% 1019 m&3, in some particular cases
the propagation direction eventually reverses after a short
time period without oscillations.
The analysis of the delays yields propagation velocities

within the range ! 50–200 m=s with a radial trend as
shown in Fig. 5. In this figure the vertical bars represent
the error in the estimation of the propagation velocity
and the horizontal ones represent the radial separation
between the two channels in each discharge. The radial
propagation velocity decreases as the oscillation pattern
approaches the Er shear position (at ! ! 0:82). The inward
propagation velocities are also included in Fig. 5. Similar
values are obtained although no clear radial dependence
can be inferred. Similarly, as can be seen in Fig. 2, the
extreme values of the Er oscillations are comparable in
both cases, for inward and outward propagating oscillation
patterns. However, the time evolution shows differences
when comparing both cases. As the oscillation pattern
propagates outwards, the increase in the turbulence level
produces an increase in the shearing rate at the inner shear
layer. This can be seen in Fig. 4: at each oscillation cycle,
the increase in the fluctuation level is follow by a decrease
of jErj that results in an increase in the negative Er shear.
Oscillation patterns propagating inwards show different
dynamics. An example is shown in Fig. 6: the increase in
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Phase delay between turbulence and zonal 
flow increases from  π/2 to π during I-phase 

14 

1D model DIII-D [Schmitz, ‘11 APS] ~π/2  
phase delay 

~π 
phase delay 

The phase lag relation is shown in DIII-D 
experiments! 



Time evolution of diamagnetic shearing. 
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Diamagnetic shearing ωE×B,dia =
∂
∂r

1
eBn
#

$
%

&

'
(
∂p
∂r

c.f. DIII-D [Schmitz] 

→Diamagnetic shear oscillates with growing amplitude in I-phase, 
then increases abruptly at L-H transition. 

1D model: 



Energy channel → Rate of coupling to ZF 
comparable to drive at the transition threshold. 
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•  Peak of ZF shearing contribution increasing  
•  Consistent with EAST results[Manz, Xu et al., submitted] 

•  ZF triggers MF; ZF can be a heat ‘reservoir’ w/o increasing turbulence. 
•  Thus, ZF shearing dominant in prior to L→H transition. 

1D Model: 



Profile comparison in L, I, H 
�  Pressure and temperature profile 

T(r ) pressure Density  temperature 

è Pedestal formation clearly recovered. 



Fast ramp up indicates no LCO, but L→H 
transition occurs. 

a) turbulence 

b) ZF 

c) log(MF) 



Implications for Steady State Experiments  
(KSTAR, EAST, JT-60 SA, ITER)  
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�  neutral CX can damp zonal flows (c.f. Y. Xu, et al., in preparation)  
　- high edge nneutral unfavorable to transition  
　→ long established experimental lore concerning Qthresh ,  
　　‘dirty machines,’ re-cycling,...  

�  But: 
- in SST, with long pulse H-mode,  
can expect:  → eventual wall saturation 

  → subsequent increase in re-cycling  
  → increase in CX damping of ZF 

 If/When discharge drops out of H-mode, will recovery be possible???  

γZF ~ νii+νCX 



Increase γZF and µneo increases L→H power 
threshold. 
→ neutral CX increases power threshold! 
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Back transitions --- More than hysteresis! 
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�  Back transitions now both an interesting and a pragmatically critical topic 
for ITER  

�  Back transition issues: → hysteresis  
   → rate of βp decay (D. McDonald, ’12) 
   → observation of so-called ‘small,Type III ELMs’ 
     during βp decay at back transition  
   → beneficial, as allows ‘soft landing’  
 i.e.  
     vs  

 
→ hypothesize that ‘small Type III ELMs’ are really L.C.O. in back transition  
→ Key Question: Does back-transition occur via H→I→L?  

YES! See [Schmitz ’11 APS] 



Case with slow power ramp up and down 

Slow power ramp up Slow power ramp down 

L.C.O. nucleates 
at pedestal 
shoulder. 



Case with slow ramp up and fast ramp down 
Slow power ramp up Fast power ramp down 

Little 
sign of 
I-phase 



Hysteresis is here! 
Scan of χneo indicate relation to  
‘strength of the hysteresis’ 
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Area of hysteresis loop 

Ahyst~Nuα	


 	



α∼1 

Heat power ramp 

Core pressure ~ <grad p> 

Nu ~ χ turb,L→H

χneo
[S.S. Kim and H. Jhang] 



Summary of this study 
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�  One dimensional extension of the Kim-Diamond model is introduced, 
including Pressure/Density profile, 0D K-D model components (turbulence, 
ZF, MF) , Radial force balance, i.e. mean flow equilibrium. Poloidal rotation 
spin-up  

�  L-I-H-transitions with power ramp up are shown. Observed properties are 
consistent with those observed in DIII-D, TJ-II, and EAST. 

�  Damping of ZF increases the L→H power threshold 
�  ZF shearing contribution decreases the L→H power threshold. 
�  Neutral CX hinders plasmas from H-mode transition, by shrinking ZF shearing 

contribution and increasing power threshold. 
�  I-phase on back transition possible but not certain. 

�  Hysteresis: Ahyst ~ Nuα	



There are REAL clues, both from experiments and  
the model study, to indicate the connection between L→H 
transition and ZF. 

To-go message: 


