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A new model for the low-to-high (L-H) confinement transition has been developed based on a new
paradigm for turbulence suppression by velocity shear [G. M. Staebler et al., Phys. Rev. Lett. 110, 055003
(2013)]. The model indicates that the L-H transition can be mediated by a shift in the radial wave number
spectrum of turbulence, as evidenced here, for the first time, by the direct observation of a turbulence radial
wave number spectral shift and turbulence structure tilting prior to the L-H transition at tokamak edge by
direct probing. This new mechanism does not require a pretransition overshoot in the turbulent Reynolds
stress, shunting turbulence energy to zonal flows for turbulence suppression as demonstrated in the

experiment.

DOI: 10.1103/PhysRevLett.116.095002

The mechanism for the low-to-high (L-H) confinement
transition in toroidal magnetic confinement systems is a
long-standing mystery and of great importance for under-
standing the physics basis for fusion energy [1]. There has
been a large body of work in the past few years, focusing on
slow L-H transitions near the power threshold, where a
transitory intermediate oscillatory phase can be identified
[2-11]. A model based on turbulence-driven zonal flows
has been proposed to explain the oscillatory behavior and
transition trigger [12,13]. This model predicts a pretransi-
tion overshoot in the turbulent Reynolds stress with energy
transfer from turbulence to zonal flows, so that zonal flows
are driven to sufficiently high amplitude that turbulence is
suppressed, reducing thermal transport and increasing the
ion pressure gradient at plasma edge. Eventually, the ion
pressure gradient by itself is large enough so that the
equilibrium E x B shear, i.e., mean flow shear, can sup-
press the turbulence and the plasma transitions to an H
mode. Some supporting experimental evidence has been
reported recently [2-9]. However, there are still some
observations that cannot be interpreted in terms of zonal-
flow-based transition theory [10,11]. A question raised by
this body of work is whether normal, single-step, fast L-H
transitions merely compress the oscillatory behavior into a
short time, i.e., just one cycle of the oscillation with the
Reynolds stress overshot behavior or whether the process is
skipped entirely and a different process occurs.

One central issue for the L-H transition is what leads to
the turbulence suppression in such short time scale.
Shunting turbulence energy to zonal flows offers one
possible explanation. Given the diverse experimental
observations, it is, in fact, reasonable to suspect that there
might be multiple mechanisms at play [14]. More recently,
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a different L-H transition mechanism based on a turbulence
radial wave number spectral shift has been proposed
[15—18], where the turbulence suppression at the transition
is due to breaking down of the ballooning symmetry by
velocity shear in a toroidal system, which leads to a shift in
the radial wave number spectrum of turbulence, tilts the
turbulence eddies, and scatters the spectral energy to higher
k| (perpendicular wave number) region where the energy is
damped, since the viscous dissipation scales with k2l [15].
This new mechanism does not need to involve zonal flows
or Reynolds stress.

In this Letter, a new L-H transition model has been
developed based on the new turbulence suppression
mechanism [15], which demonstrates that the fast transition
can occur spontaneously mediated by a shift in the radial
wave number spectrum of turbulence without the assistance
of zonal flows, as evidenced here, for the first time, by the
direct observation of a turbulence radial wave number
spectral shift and turbulence structure tilting prior to and
across the L-H transition at the plasma edge in the EAST
superconducting tokamak using a 3 x 4 probe array. This
new finding may shed light on the recent experimental
observations concerning the L-H transition process [14],
which appear to be inconsistent with the previous model
based on turbulence-driven zonal flows.

The new model consists of two coupled equations:

0d/0t = ]/kyq) + ¥shearky 0P/ Ok,
— (cyk? + ¢, k2)®* + DO*®/0kZ, (1)
a‘vp|/at:Q_()(+)(neo)|vp| (2)

This is a time-dependent one-dimensional (in k, space)
model. All parameters in the model use the typical values at
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the EAST tokamak edge based on realistic experimental
conditions for quantitative comparison with the experi-
ments. The shift in the k, spectrum induced by the velocity
shear is modeled with an analytic nonlinear Bernoulli
differential equation [Eq. (1)], as proposed in Ref. [15].
Here, @ = <|eq?>kykx /T,|*)"/? is the time and magnetic flux-
surface-averaged Fourier amplitude of the electric potential

fluctuations normalized to the local electron temperature
(T, =100 eV) at a fixed poloidal k, = kyp, and radial
k., =k.p, wave number, where p,=c;/Q.,, c,=
\/T,/m; =69 km/s is the sound speed at plasma edge
for deuterium plasmas, . = eB/m;, B =2T, 0 is the
poloidal angle, and r is the minor radius. k, is fixed at 0.1,
which is a typical value at the EAST plasma edge. The time
unit in the model is 7 = a/c, = 6.5 us where a = 0.45 m
is the minor radius of EAST plasma.

Equation (1) describes the nonlinear evolution of the
amplitude of the electric potential fluctuations. The second
term on the right-hand side describes the shift in the radial
wave number spectrum induced by the shear in fluctuation
phase velocity v, (mainly in the poloidal direction) in the lab
frame, the so-called “Doppler shift” [19]. In the geometric
space, it reflects the tilting of the global envelope structure
of the toroidal eigenmodes by velocity shear [20]. ¥¢ear
is the velocity shearing rate defined by Ygear =
(r/q)9(qvpn/r)/Or [19], where g is the safety factor, and
vpn 18 composed of E x B drift velocity vg,p and phase
velocity in the plasma frame vp,. vgyp i related to the ion
pressure gradient and ion perpendicular fluid velocity
through the radial force balance equation, vg.z = Vp;/
eBn; + v;|. vg,p can be generated spontaneously at the
tokamak edge through several mechanisms, such as a
steepening of the ion pressure gradient, ion orbit loss, plasma
rotation, or turbulence-driven momentum transport via
turbulent Reynolds stress [12]. Even though there is no
change in vg,p, some changes in vy, due to some mod-
ifications in the turbulence modes can also lead to v, change.

Yk, 1s the linear growth rate of the most unstable mode at
ky, = 0.1. It depends on the ballooning angle of the most
unstable mode, Yk, = Y0 cos(@pmax) [20], where yo =

y|Vp|'/? is the normalized maximum linear growth rate
for pressure-driven ballooning-type instabilities without
velocity shear. The growth rate y,/7 = cs(Z/RLI,,)l/2 ~
0.7 MHz is close to the spectral bandwidth of the L-mode
edge turbulence on EAST. Here, y = a(2/pR)'/?> = 4,R =
1.9 m is the major radius of EAST, p is the plasma pressure,
Vp is the edge pressure gradient, and L, = p/|Vp| =
(a/y)*2/R is the gradient length, which is typically
~lcm in  the EAST vpedestal. Oyma = [0+
A6* arctan(8)](1 + 16*)~! is the approximate solution to
the difference  equation  9[cos(6y) — &/|sin(6y)|]/
06y = 0 [20], where 4 = 0.0938 gives the best fit to the
solution, & = ygear/2870 is the normalized velocity shear
parameter, and § = rdq/qdr =2 is the magnetic shear

parameter at the plasma edge. With increasing velocity
shear, the ballooning angle 6., shifts away from the
outboard midplane (6 = 0) towards @ = +x/2, leading to a
reduced maximum linear growth rate located at the poloidal
angle 6~ 6y, and the tilting of the global envelope
structure of the toroidal eigenmodes with the tilt angle for
the most unstable mode roughly at 0.« [20]. If Yghear 18
dominated by E x B shear, it can be tied to the ion pressure
gradient according to the radial force balance equation,
Yshear = @|Vp|, where a = 0.837. With this coefficient,
Yshear/T ~ 0.2 MHz in L mode and ~0.5 MHz in H mode,
which are typical values at the EAST plasma edge.

The third term is a quadratic nonlinear term, which
represents the effect of nonlinear mode coupling and
viscous dissipation, leading to turbulence damping.
Since the actual nonlinear mode coupling term in the
gyrokinetic equation is a convolution over the k, space
[15], we add a diffusion term, i.e., the fourth term with
D = 0.001, to recover the mode coupling between adjacent
k.. The coefficient ¢, determines the strength of dissipation
and, thus, the time scale for turbulence suppression at the
L-H transition. Here, ¢, = 1000 to allow turbulence
suppression within 0.5 ms. The anisotropy ratio is fixed
at ¢,/c, = 0.56, which gives the best fits to the spectra
from GYRO code simulations [15]. The spectral shift term
(second term) is actually an advection term in k, space. It
shifts the spectral energy towards higher k,, which enhan-
ces the dissipation through the third term, since the viscous
dissipation scales with k2.

Equation (2) describes cross-field thermal transport at
plasma edge. Q is the heat flux from the plasma core, which
is proportional to input heating power. y,., = 5 x 107*is the
neoclassical ~thermal conductivity. y = (co/2kymax )X
f f;cc“ax kytbzdkx is the turbulence-driven thermal conductivity
with ¢y = 1. ¥ > yn, needs to be satisfied in L-mode
plasmas. k, .« = 3 defines the k, range for the modeling.
Most of the spectral power is contained in this range. The k,
space is digitized into 3000 grids in this modeling.

Equations (1) and (2) are coupled through the dependence
of ¢, and ¥ gheqr ON the edge pressure gradient |V p |. The zero-
spectral-flux boundary condition in the k, space has been
used, i.e., [y = Ygpearky® + DO/ Ok, = 0, to ensure that
no spectral energy flows into or out of the turbulence system
through the left or right boundaries. The only way for energy
coming into the system is through the linear growth term,
i.e., the first term of Eq. (1), and going out through the
nonlinear mode coupling and viscous dissipation term, i.e.,
the third term of Eq. (1). The initial conditions for the
modeling are |Vp|=1 and ® = ®c,k3/(c k3 + c k7).
The initial spectrum is symmetric with respect to the sign
of k, with spectral peak ®; = 35%.

Figure 1 shows the modeling results with time evolution
for 25 000 time units, corresponding to 162.5 ms in total.
The L-H transition occurs at 84 ms, which is controlled by
the input heating power Q. The modeling starts with low
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FIG. 1. Time evolution of (a) turbulence amplitude at k, = 0,
(b) edge pressure gradient and shearing rate of phase velocity,
(c) heat flux from the plasma core, (d) spectral-averaged k,,
(e) ballooning angle in degrees for the maximum growth rate
mode, and (f) turbulent Reynolds stress.

power, Q = 0.001. The system reaches an L-mode sta-
tionary state after 10 ms, which is still far below the
transition power threshold. At r = 20 ms, the input heating
power is doubled. At this power level, the plasma still stays
in the L mode but evolves slowly towards the transition
point. The edge pressure gradient |V p|, turbulence ampli-
tude ® at k, = 0, and ballooning angle of the most unstable
mode 6, ., nearly saturate. However, during this time, the
k, spectrum is still continuously evolving towards negative
direction as approaching the transition point, as indicated
by the time evolution of the spectral-averaged radial wave
number (k,) = [ ®k.dk,/ [ ®2dk, in Fig. 1(d).
The physics direction of negative k, is radially outward,
which is the same as that in the experiments. The &, spectra
at several time points [marked in Fig. 1(a) by the dashed
vertical lines with corresponding colors, as well as the inset
in Fig. 2(a)] are shown in Fig. 2(a). The spectral change
appears to mainly occur on the positive k, side where the
spectral energy is progressively exhausted, since the
spectral energy is advected towards the left, and there is
no replenishment from the right end.

Near the transition point, the spectral shift is significantly
accelerated, as shown in Figs. 1(d) and 2(b). At the same
time, the turbulence amplitude ® is quenched within a few
hundreds of us. The quick suppression is mainly due to the
nonlinear mode coupling and viscous dissipation through
the third term of Eq. (1). Since the velocity shearing rate
Yshear 18 tied to the edge pressure gradient |Vp|, its time

FIG. 2. The k, spectra at several time points with corresponding
colors as indicated in the insets, (a) in the L mode near the power
threshold, (b) within 1 ms across the L-H transition.

evolution follows |V p|, as shown in Fig. 1(b). They evolve
on a much slower time scale (tens of ms) with respect to the
turbulence suppression or spectral shift, as normally seen in
the experiments. Therefore, it appears that the fast L-H
transition process occurs spontaneously in the modeling,
activated at a critical point of the spectral energy depletion
on the positive k, side, and does not need to be triggered or
preceded by a sudden increase in the mean flow shear.
The turbulent Reynolds stress is defined following the

quasilinear formula, Re = f Kemax ky<1>2dkx [15]. As shown

7kx max

in Fig. 1(f), it does not exhibit a pretransition overshot, but,
instead, slightly decreases as approaching the transition
point and then quickly suppressed when the turbulence is
quenched. After the transition, |Vp| builds up on a slow
time scale, 7/yn o ~ 13 ms, and finally saturates in a
stationary H mode with |Vp| = Q/xyeo = 4, solely deter-
mined by the neoclassical transport.

Direct evidence for the turbulence radial wave number
spectral shift and turbulence structure tilting prior to and
across the L-H transition has newly been obtained at plasma
edge in EAST using a 3 x 4 probe array. The probe array has
four layers of tips spaced radially by Ar = 2.5 mm with three
tips spaced poloidally by 6 mm for each layer [9,10], mounted
on areciprocating probe system at the outboard midplane. The
tips in the first and third layers are operated as triple probes
providing the measurements of 7',, n,, and plasma potential
¢, = @5+ 2.5T,. The other tips are used to measure floating
potentials ¢ . The data were sampled at 1 MHz.

An typical fast L-H transition with favorable ion VB
drift direction [9] was captured by the probe array with the
first layer of tips located at ~5 mm inside the separatrix and
the third layer located approximately at the separatrix. The

095002-3



PRL 116, 095002 (2016)

PHYSICAL REVIEW LETTERS

week ending
4 MARCH 2016

electron temperatures are 7,;,~80 eV and T,~50 eV.
The electron densities are n,~1.1 x 10" m™3 and
n,,~0.7 x 10" m=3 in L mode just before the transition
with subscripts 1 and 2 denoting the first and third layer of
tips, respectively. Figure 3(a) shows the turbulence k,
spectrum obtained from the two radially spaced floating
potentials based on the standard two-point cross-correlation
technique [21]. Here, the spectrum is estimated from
fluctuations in 40-100 kHz, where most of the turbulence
spectral power is located. The two-point cross-correlation
technique is valid when the radial distance between the two
points (Ar = 2.5 mm) is less than the radial correlation
length of turbulence, which exceeds 5 mm in this
experiment.

The transition is indicated by a sharp drop in the divertor
Da emission level [Fig. 3(b)] and turbulence spectral

EAST shot 42160 L- H

k (rad/cm)

r

Da (a.u.)

]

V_ (kms)

-Re (km%/s?)

3.95 3.96 3.97 3.98
time (s)

FIG. 3. Time evolution of (a) radial wave number spectrum
displayed in log scale, spectral-averaged radial wave number (k,.)
as indicated by black curve, (b) divertor Da emission, (c) E. x B
velocity Vg, p at two radial locations, diamagnetic drift velocity
V4o and poloidal phase velocity of fluctuations Vg, with
negative velocity standing for the electron diamagnetic direction,
(d) turbulent Reynolds stress at ~5 mm inside the separatrix for
Re; and approximately on the separatrix for Re,.

amplitude at 3.994 s. As shown in Fig. 3(a), the k, spectrum
appears to progressively shift towards the negative direction
in the last tens of ms before the transition. Here, negative k,
means pointing radially outwards. The change in the spectral
shape is mainly manifested by a depletion of the spectral
power on the positive k, side, consistent with the modeling
results [Fig. 2(a)]. Note that a nonzero (k,) extracted from
the two-point cross-correlation technique, does not neces-
sarily mean that the modes propagate radially. It could be a
projection of the poloidal propagation due to the tilting of
turbulence structures. The sign of (k,) depends on the
direction of turbulence eddy tilting, which is controlled
by the direction of velocity shear and fluctuation poloidal
propagation. In experiments, (k,) points radially outwards
in most cases at the outboard midplane, slightly inside the
separatrix, because there is usually a negative E, well, and
fluctuations propagate poloidally in the electron diamag-
netic direction in the lab frame.

Figure 3(c) shows diamagnetic drift velocity Vg, =
Ap,/|ArZ.eB(n, + n.)] and poloidal phase velocity
of fluctuations Vg, in the lab frame measured by the probe
array. Here, Vg, is calculated based on the time-delay
estimation technique [22], Z.; = 2 is the effective charge
number, and p, = n,T,. Vg, is very close to Vg, and
keeps nearly constant as approaching the transition, indi-
cating that the edge pressure gradient and poloidal phase
velocity does not vary much before the transition, con-
sistent with the modeling results as shown in Fig. 1(b).

Figure 3(c) also shows the E, x B velocities at two
radial locations spaced radially by Ar=2.5 mm,
VEXB] = —<A¢f1/Ar + 25AT6/2A")/B, and VEXBZ =
—(Adps/Ar+2.5AT,/2Ar)/B. The radial difference
(Vexpr — Vexpi) can be used as an indicator of the
E x B velocity shear. The k, spectrum shift appears to
be correlated with the time evolution of (Vg — Vxg1)s
e.g., there appears to be a clear shift event in the k,
spectrum between 3.96 and 3.97 s [Fig. 3(a)]. Before this
shift event (Vgy.py — VExp1) slowly increases. After this
shift event, it slightly decreases, at the same time the
spectral shift slows down until the final L-H transition.

Across the transition, the spectral shift is significantly
accelerated, as indicated by the inclined spectral transition
front marked by the purple dashed line in Fig. 4(a), which is
the zoom-in plot of Fig. 3(a) near the transition point. The k,
spectrum moves completely to the negative k, side; mean-
while, the turbulence level is significantly reduced within a
few hundreds of us, just like those predicted by the model in
Fig. 2(b). There is no significant change in (Vgyz0 — VExal)
prior to the transition, as shown in Fig. 3(c). Both Vg, and
VEexpo jump up towards the positive direction at the same
time of turbulence suppression [9]. However, V¢, g, appears
to increase more, suggesting a prompt increase of velocity
shear at the transition. The fast spectral shift across the
transition appears to be a consequence of the progressive
accumulation of spectral shift developed in the last tens of
ms before the transition, until a critical point.
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FIG. 4. (a) Time history of k, spectrum near the L-H transition.

(b)—(d) Power spectra in k,-ky space at three time points:
t = 3.95 s (40 ms before the transition), t = 3.97 s (20 ms before
the transition), = 3.994 s (just prior to the transition).

Figure 3(d) shows the turbulent Reynolds stress measured
at two radial locations spaced radially by 2Ar =5 mm,
indicating the presence of significant radial gradient at
plasma edge in L mode. However, its amplitude does not
change much with time before the transition, and there
appears to be no pretransition overshoot in either the
turbulent Reynolds stress or its radial gradient. On the
contrary, the turbulent Reynolds stress quickly decreases
across the transition, mainly due to the reduction of
turbulence levels, again in agreement with the modeling
results shown in Fig. 1(f). In addition, the power spectra of
V exp are quite flat in the low frequency range (0.1-40 kHz)
prior to the transition, and no clear evidence for the existence
of zonal flows can be identified from the power spectra.

Figure 4 shows the turbulence power spectra in k,.-kq space
at three time points: (a) t =3.95s (40 ms before the
transition), (b) r =3.97 s (20 ms before the transition),
and (c) t = 3.994 s (just prior to the transition), indicating
that the tilting angle of the turbulence structures increases as
approaching the transition point in addition to the spectral shift
towards negative k,. The spectra concentrate mostly in the
negative ky space, since the turbulence propagates poloidally
in the electron diamagnetic direction in the lab frame.

In summary, this Letter demonstrates, for the first time, that
the normal, single-step, fast L-H transition in toroidal
plasmas can be mediated by a shift in the radial wave number
spectrum of turbulence induced by mean flow shear without
involving zonal flows, although zonal flows may still play a
role in the limit-cycle oscillations during slow L-H transition
near the transition power threshold. According to this new
turbulence suppression mechanism, i.e., scattering turbulence
energy to higher k| region instead of inverse cascading to
zonal flows [15], a bifurcation driven solely by the mean flow
shear is possible. Furthermore, the bifurcation is not

necessarily triggered or preceded by a sudden increase in
the mean flow shear. The increase of mean flow shear
typically occurs right after the transition as a consequence
of the turbulence suppression. These new findings may help
elucidate discrepancies between the recent experimental
observations and the previous zonal-flow theories on the
L-H transition, concerning the causality between the electric
field and turbulence [10] and the presence of zonal flows at
the transition [11].
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