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Abstract:

The turbulence and flows at the plasma edge during the L-I-H, L-I-L and single-step L-H
transitions have been measured directly using two reciprocating Langmuir probe systems at the outer
midplane with several newly designed probe arrays in the EAST superconducting tokamak. The ExB
velocity, turbulence level and turbulent Reynolds stress at ~1 cm inside the separatrix ramp up in the
last ~20 ms preceding the single-step L-H transition, but remain nearly constant near the separatrix,
indicating an increase in the radial gradients at the plasma edge. The Kkinetic energy transfer rate from
the edge turbulence to the ExB flows is significantly enhanced only in the last ~10 ms and peaks just
prior to the L-H transition. The ExB velocity measured inside the separatrix, which is typically in the
electron diamagnetic drift direction in the L-mode, decays towards the ion diamagnetic drift direction
in response to fluctuation suppression at the onset of the single-step L-H, L-I-L as well as L-I-H
transitions. One important distinction between the L-I1-H and the L-I-L transitions has been observed,
with respect to the evolution of the edge pressure gradient and mean ExB flow during the I-phase.
Both of them ramp up gradually during the L-I-H transition, but change little during the L-I-L
transition, which may indicate that a gradual buildup of the edge pedestal and mean ExB flow during
the I-phase leads to the final transition into the H-mode. In addition, the transition data in EAST
strongly suggest that the divertor pumping capability is an important ingredient in determining the

transition behavior and power threshold.



1. Introduction

The L-H transition dynamics near the power threshold have attracted significant attention recently,
stimulated by the ITER requirement for H-mode operation in the initial phase with only limited
power available [1]. The total auxiliary heating power at the beginning of ITER operation is ~73 MW,
which is only slightly above the predicted threshold power for the H-mode access in ITER, i.e., ~52
MW, in a deuterium plasma at half of the nominal ITER H-mode density [2]. In hydrogen or helium
plasmas, the required threshold power could be even higher [3]. To minimize the uncertainty in the
threshold power prediction for ITER, a deeper physics-based understanding of the microscopic
dynamics behind the macroscopic power threshold is required.

When the input heating power is near the L-H transition threshold power or as it passes through
the threshold with a slow ramping rate, an intermediate oscillatory phase between the L and H phases,
so-called ‘I-phase’, appears prior to the final transition into the H-mode, with ‘dithering cycles’, i.c.,
a periodic oscillation between high and low confinement at the plasma edge, a phenomenon first
noticed in DIII-D [4]. The associated L-H transition is termed ‘L-I-H transition’. It is characterized
by a coherent oscillation in the Da/Ho emissions due to repetitive reduction of turbulence
fluctuations and cross-field transport at the plasma edge. The terms ‘intermediate phase’ and
‘mesophase’ were first used in reference [5], where a model was proposed by Itoh, predicting ‘limit
cycle oscillations’ (LCOs) near the L-H transition boundary. However, there was no clear distinction
between the LCOs and the type 111 ELMs at that time. Experimentally, the type 111 ELMs, which also
occur near the power threshold, can be distinguished from the LCOs by the occurrence of precursor
oscillations. This distinction was first noticed in ASDEX [6], where the I-phase was termed as
‘dithering H-mode’ and the associated L-H transition was referred to as ‘dithering transition’. From
terminological point of view, strictly speaking, the two terms, i.e., ‘I-phase’ and ‘dithering transition’,

are not equivalent. The former refers in particular to a coherent oscillatory phenomenon, which is



identified with a well-defined (perhaps evolving) frequency. The latter is a more general term, which
makes no distinction between the coherent oscillations and the chaotic, repeating (incoherent)
back-and-forth L-H and H-L transitions. The I-phase was further studied in ASDEX Upgrade [7-10]
and JET [11]. An extension of Itoh’s LCO model was used to explain the dynamic behavior [7]. The
temporal behavior at the plasma edge during the I-phase was measured with the high-resolution ECE
in ASDEX Upgrade [9] and heavy ion beam probe (HIBP) in JFT-2M [12], indicating the periodic
buildup and collapse of a weaker edge transport barrier in comparison with that in the H-mode. The
I-phase was also observed in W7-AS stellarator [13,14], H-1 Heliac [15], and recently in TJ-II
stellarator [16-18], suggesting that it is not a unique phenomenon for tokamaks.

Beam emission spectroscopy (BES) measurements in DIII-D during the L-1-H transition showed
that the temporal evolution of edge fluctuation levels appears to lead the poloidal phase velocity,
suggesting a predator-prey-type relationship between the edge turbulence and the self-generated
shear flows [19,20]. Stimulated by the DIII-D’s results, a predator-prey model for the L-I-H
transition was proposed by Kim and Diamond [21], where the oscillatory behavior at the transition is
thought to be induced by a predator-prey interaction between the edge turbulence and the
turbulence-driven zonal flows (ZFs). The final transition into the H-mode is secured by the

ion-pressure-gradient-driven mean ExB flows (MFs), i.e., the so-called ‘diamagnetic flows’ [the

diamagnetic component of the ExB flow, Vpi/(ZieniB)]. Note that, here ‘securing the transition’

means maintaining the H-mode state and preventing back transition, which is different from
‘triggering the transition’. Recently, this model was extended from OD (zero-dimensional) to 1D in
space [22,23], showing that the LCO appears as a nonlinear wave originating from the separatrix,
propagating inwards. It also succeeds in predicting the I-phase and hysteresis at the H-L back
transition [24] and the stimulated L-H transition by the supersonic molecular beam injection (SMBI)
[25,26].

Significant progress has been made over the last three years in understanding the transition
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dynamics, partially due to remarkable improvement in temporal resolution for turbulence and flow
measurements at the plasma edge. Experiments mainly focused on the I-phase, which allows study of
the transition dynamics on an expanded timescale. These efforts started from the experiments in
NSTX [27] and TJ-II [16], using gas puff imaging (GPI) and reflectometer, respectively, followed by
the experiments in ASDEX Upgrade using Doppler reflectometer, indicating that the LCO arises
from the competition between the edge turbulence and the geodesic acoustic modes (GAMS) [28].
However, the GAMs were observed to decrease in amplitude or to be absent in several machines, as
approaching the transition threshold conditions, e.g., DIII-D [29,30] and HL-2A [31]. Evidence for
the low-frequency ZFs playing a role in the LCO dynamics was obtained in EAST using toroidally
separated two reciprocating probes [32]. It was found that periodic turbulence suppression occurs
when the radial electric field (E;) shearing rate transiently exceeds the turbulence decorrelation rate
at the plasma edge. The spatiotemporal structure of the LCO was further studied in TJ-1l [17,18] and
DIII-D [33] using Doppler reflectometer, in NSTX [34] and C-Mod [35] using GPI. Evidence for
triggering the L-H transition by ZFs with a sufficient strong Reynolds stress was obtained in EAST
using a triple-probe array [36]. Furthermore, the LCO was also observed in the H-mode ELM-free
phase at marginal input power in EAST, exhibiting a modulation interaction between the ExB flows
and a high-frequency turbulence (in contrast to the low-frequency turbulence in the L-mode) in the
steep-gradient pedestal region [37,38]. In addition, the turbulence Reynolds work, i.e., the Kinetic
energy transfer rate from the edge turbulence to the sheared flows, has been measured directly during
the I-phase with probe arrays in DIII-D [39] and with a newly developed dual GPI system in EAST
[40], showing significant magnitude at the plasma edge. This provides a strong support of the
predator-prey model for the ZF-driven LCO [21].

More recently, probe measurements in HL-2A [41] showed a new type of LCO (so-called type-J)
in addition to the ZF-driven LCO (so-called type-Y), which was claimed to challenge the

predator-prey model [21]. In the type-J LCO, the edge ExB flow leads the turbulence intensity rather



than lags behind it in the type-Y LCO. It seems to be contradictory to the assumption of
turbulence-driven flows in terms of causality. The type-J LCO was also found in JFT-2M recently
[42] with a careful reanalysis of HIBP data, and the Reynolds stress was found too small to account
for the flow acceleration in the LCO. Furthermore, it was reconfirmed recently that the time
sequences in the DIII-D experiments [43,33] are actually consistent with the type-J rather than the
type-Y LCO. It is currently thought that the type-J LCO may not be interpreted in terms of the ZFs.
In contrast, the MFs are proposed to be the drive for the type-J LCO. However, open questions still
exist on this. The MFs will principally introduce a positive feedback, which is unlikely to constitute a
closed cycle without involving other feedback loops. More recently, it was pointed out that
turbulence and pressure gradient constitute another predator-prey pair in addition to the
ZF-turbulence pair [44]. If this predator-prey pair dominates over the system, one will see the type-J
LCO. A new model has been developed recently by introducing a predator-prey response delay time
into the Kim-Diamond model, which successfully reproduces a smooth transition from the type-Y to
the type-J LCO.

The characteristics of the LCOs in different machines are not the same. The LCOs observed in
NSTX [27], C-Mod [35], JFT-2M [41] and the 2010 experiments in EAST [32] have relatively
smaller amplitude and/or higher frequency relative to the normal LCOs such as those seen in DIII-D
[33] and EAST [40], and typically appear preceding a clearly defined single-step H-mode transition.
Both small-amplitude LCOs and the normal LCOs have been observed in EAST. To further
investigate the dynamics of L-H transition and I-phase in EAST, detailed measurements have been
made slightly inside the separatrix, and in the scrape-off layer (SOL) as well, using several newly
designed multi-tipped probe arrays mounted on the two reciprocating probe systems in EAST,
including the Mach probes and a diamond-coated triple-probe array, which allows measurements up
to 1.5 cm inside the separatrix near the transition conditions. More information at the plasma edge

has been provided simultaneously with these probes, including E,, electron pressure gradient,



turbulence-driven radial particle flux, parallel ion flow velocity, and radial gradient of turbulent
Reynolds stress. Some interesting new observations have been obtained, which may have significant
implications for the dynamics behind the L-H transition and I-phase.

It is difficult to provide radial multiple-point profile measurements with the Langmuir probe inside
the separatrix near the transition conditions. However, it is still the unique diagnostic for some
important physical quantities with high time resolution at the plasma edge. For instance, only probes
or HIBP can provide the direct measurements of the E, and ExB velocity. The flow velocity
measured by Doppler reflectometer, GPI and BES is actually the propagation velocity of plasma
fluctuations, which can be used as an estimation of the ExB velocity only when the fluctuation phase
velocity in the plasma frame is much smaller than the ExB velocity [33].

The remainder of this paper is organized as follows: Section 2 gives a brief introduction of the two
reciprocating probe systems on EAST, which is the main diagnostic for this study. The experimental
setup and a global description of the experiments are also presented. Section 3 presents the probe
measurements of a single-step L-H transition. Section 4 presents the probe measurements of an L-I-L
transition. Section 5 studies the L-I-H transition with a 3x4-tip probe array slightly inside the
separatrix. Section 6 shows the SOL behaviors during the L-1-H transition measured by a 12-tip
probe array in the SOL and a 4-tip probe array right at the separatrix. Section 7 shows the magnetic
perturbations associated with the LCOs and comparisons are made with those associated with type
Il ELMs. Section 8 reports the small-amplitude LCOs [32], which is a special type of LCOs,
appearing prior to the L-H transition or mixed with the normal LCOs. Triggering of the
small-amplitude LCOs by sawteeth is also presented. Discussions and summary are given in section

9.

2. Main diagnostics and experimental setup



The experiments were carried out on the EAST superconducting tokamak [45]. EAST is a
medium-sized tokamak with modern divertor configurations and actively water-cooled plasma facing
components (PFCs), with plasma major radius Ry ~ 1.88 m on the magnetic axis, minor radius a ~
0.44 m. EAST equips with two reciprocating probe systems, located at the outer midplane in two
horizontal ports, A and E, respectively, toroidally separated by 89° [46], as shown in figure 1. The
fast reciprocating motion is driven by an AC servo motor system capable of scanning a radial
distance of 50 cm at a speed of 2 m/s. The probe tips are made of graphite with cylindrical shape,
typical length of ~2 mm and diameter of ~2 mm. The probe data are digitized with 12-bit resolution
at a sampling rate of 5 MHz, which is sufficiently high to resolve the edge turbulence fluctuations
with spectral power mostly below 500 kHz [32].

The L-H transition experiments reported in this paper were conducted with three different kinds of
divertor configurations, i.e., lower single null (LSN), double null (DN) and upper single null (USN).
We define 'normal By’ as being in the clockwise direction viewing from the top with ion BxVB drift
towards lower divertor, while 'reversed By' in the counter-clockwise direction with ion BxVB drift
towards upper divertor. The toroidal magnetic field, By, and the plasma current, I,, in EAST are both
normally operated in the 'reversed’ direction. But there are few shots in the 2012 campaign where B
was operated in the 'normal’ direction. The I, direction has never changed. The data presented in this
paper are all obtained with 'reversed B¢, for which the LSN configuration is unfavorable in terms of
the ion BxVB drift direction, i.e., away from the active X-point. Figure 2 shows the configurations
and some parameters in three typical shots where the probe data are available, i.e., 36030 (with a
single-step transition at 3.52 s as presented in section 3), 39283 (with an L-I-L transition near 5.31 s
as presented in section 4) and 42160 (with an L-I-H transition near 3.994 s as presented in section 5).
The distance between the primary and secondary separatrices at the outer midplane, dRsep, are -1, 0
and 1.5 cm, respectively. I, was operated at 0.6, 0.5 and 0.4 MA with B on the magnetic axis at 1.67,

1.78 and 1.78 T. The edge safety factors, qgs, are 3.366, 3.915 and 4.280. The plasma elongation
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factor k and the upper and lower triangularity, 5, and &, are also listed in figure 2.

The H-mode threshold power on EAST is near 1 MW with the central-line-averaged density, n.

at 1.7-3x10" m™3 [47-50], which does not appear to depend on the detailed heating scheme [49], i.e.,
the H-mode can be achieved at the same absorption power level (~1 MW) with either lower hybrid
current drive (LHCD) alone [47], ion cyclotron resonance frequency (ICRF) heating alone [48], or
combined LHCD and ICRF heating schemes. To access the H-mode at this power level, extensive
lithium (Li) wall coating with 10-30 grams of Li through evaporation was applied daily (conducted
before each-day’s machine operation). The available source power for the LHCD at 2.45 GHz was 2
MW with ~14% transmission line loss and the launched parallel refractive index n; peaking at 2.1.
The ICRF was operated at ~27 MHz with on-axis power deposition via hydrogen minority resonance
in the deuterium plasmas. To achieve the H-mode with the ICRF alone, 1.6 MW of injected power is
required due to the relatively low absorption efficiency [48].

The appearance of the I-phase strongly depends on the diverter configuration. In the 2012
campaign, more than 1000 shots with the L-I-H transition have been obtained in total. Among them,
~80% are obtained in plasmas with DN configuration with the loss power through the plasma
boundary varying in the range of 0.7-1.5 times of the L-H transition threshold power, including
several shots with 'normal By'. The definition for the DN configuration is |dRsp| < 1 cm. The core
radiation power has been subtracted for the loss power calculation.

The LCO behavior in the Da emission signals also varies significantly for different divertor
configurations. The LCOs with DN configuration are mostly regular large-amplitude oscillations,
typically exhibiting a clear and sharp transition from the L-mode to the I-phase, as shown in figure 9
(shot 39283), figure 15 (shot 40844), figure 19 (shot 38813) and figure 24 (shot 38618). The duration
of I-phase with the favorable ion VB direction (normally USN with ‘reversed By') is usually very
short in time, with only a few limit cycles, as shown in figure 13 (shot 42160), and the amplitude of

limit cycles in the divertor Do emissions is smaller than those with DN configuration. The LCOs
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with the unfavorable ion VB direction (normally LSN with 'reversed B;) are more irregular in
frequency and amplitude, and usually appear with increasing amplitude until the final transition into
the ELM-free H-mode or decreasing amplitude at the H-L back transition, as shown in figure 18.
Single-step L-H transitions are more easily obtained with LSN configuration. One example for such
a single-step transition is shown in figure 3 (shot 36030). EAST only has one in-vessel cryopump
which is located near the outer target of the lower divertor with a nominal pumping speed for
deuterium of ~75.6 m®™ [51]. The particle exhaust capability is therefore stronger with LSN
configuration, which may explain the preference for the LSN configuration. The detailed statistical
analysis of the L-1-H transitions and configuration dependence will be reported elsewhere. This
paper focuses on the study of the transition dynamics based mainly on the reciprocating probe

measurements.

3. Single-step L-H transition

With LSN configuration, the single-step L-H transition can be obtained with only 1 MW LHCD

injected power plus ~0.3 MW Ohmic power with A, at 3x10'° m™, as shown in figure 3. The

calculated loss power is very close to the L-H transition threshold power predicted by the
international tokamak scaling [47]. The L-H transition occurs at about 20 ms after the configuration
switched from DN to LSN with dRsp = —1 cm. The L-H transition does not occur with DN
configuration at the same power level and plasma density, which may imply that the threshold power
is lower with LSN configuration (unfavorable ion VB direction with 'reversed B'). This is contrary to
the observation in most other tokamaks, where the lowest power threshold is usually obtained with
the favorable ion VB direction or DN configuration. This interesting observation has been reported in
a recent publication [50].

The L-H transition is characterized by a single-step reduction in the divertor Do emission on the
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timescale of 1 ms, as shown in figure 3(c), then typically followed by a short ELM-free phase of
several tens of ms with increasing plasma density [figure 3(d)] and stored energy (from the
diamagnetic measurement) [figure 3(e)]. Here, the central-line-integrated density is measured by a
far infrared (FIR) laser interferometer with a laser line passing though the plasma center. The
pedestal formation is manifested by a continuous rise in the extreme ultra-violet (XUV) radiations at
the plasma edge (p = 0.95 and 0.9) and a slight reduction near the separatrix (p = 1), as shown in
figure 3 (f). The XUV radiation mostly comes from the bremsstrahlung radiation with low impurity

concentrations, which is proportional to  Z,.n’T,"?, where Ze is the effective charge number of the

ions. Hence, the XUV radiation mainly reflects the density behavior. The ELM-free phase finally
transitions into the type 111 ELMy phase at 3.58 s.

The L-H transition at 3.521 s shown in figure 3 was captured by the reciprocating Langmuir
probes when the probe at port E reached to the radial position with the innermost tip at ~12 mm
inside the separatrix (i.e., Ar = r—rsp, ~ —12 mm) and stayed there for ~100 ms, while at the same time
the probe in port A stayed in the SOL with the innermost tip near the separatrix (i.e., Ar ~0 mm). The
probe radial position was confirmed by shot-by-shot position scan. The separatrix position is
obtained from the EFIT reconstruction of the MHD equilibrium with an error bar of ~5 mm at the
outer midplane.

To minimize the disturbance to the edge plasma and provide reliable measurements inside the
separatrix as deeply as possible, two small probe heads with a diameter of 17 mm, a 3-tip probe array
and diamond-coated graphite probe shell have been used in this experiment, which are mounted on
the two reciprocating probe systems, as shown in figure 4. Measurements of the L-H transition using
big probe heads with a diameter larger than 30 mm deeply inside the separatrix are impracticable due
to a serious disturbance to the edge plasma, which tends to prevent or delay the onset of the L-H
transition. The diamond coating technique was developed recently by an institute in Austria [52]. It

has been demonstrated to be very effective at reducing sputtering and impurity generation from the
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probe surface. In addition, the edge temperature is relatively low near the transition threshold
conditions due to the low heating power in EAST, which allows for measurements much deeper into
the plasma during the transitions with the diamond-coated graphite probes.

The three probe tips were used to measure floating potentials with two tips (®gp and dss),
poloidally separated by dp = 8 mm and a third tip (®s) in the middle of them, radially sticking out
by dr = 8 mm. Such a probe array has been widely used in tokamak experiments to provide the direct
measurements of E,, electrostatic turbulent Reynolds stress, long-range correlation and ZF
identification at the plasma edge [32,36-39,53-55]. The E; is calculated as the radial gradient of the
floating potential instead of the plasma potential, E, = [®n—(Drpt+dDs3)/2]/dr, i.e., neglecting the
contribution from the radial electron temperature (Te) gradient. This may lead to overestimation of
the negative E; at the plasma edge [32,36-39,53-55]. The positive direction for E; is defined as
pointing outwards. The relationship between the plasma potential and floating potential is @, = &5 +
aTe, Where a is a constant, which is taken as 2.5 throughout this paper. The coefficient o is predicted
to be 2.8 in unmagnetized deuterium plasmas according to the standard probe sheath theory [56].
However, in a strongly magnetized plasma, o will be downshifted. There is currently no probe theory
or empirical scaling in strongly magnetized plasmas to follow, so that there is still some uncertainty
in the accuracy of the coefficient o. A more detailed discussion on this problem will be presented in
section 9.

Figure 5 shows the six floating potential signals measured by the two 3-tip probe arrays (one at
port E and the other at port A) and the Do emission from the lower divertor region in the EAST (shot
36030). A 1% order low-pass digital Butterworth filter with the cutoff frequency at 2.5 kHz has been
applied to the floating potential signals to remove high-frequency fluctuations. The zero-phase-shift
forward and reverse digital infinite impulse response (1IR) filtering is used in the analysis throughout
this paper to avoid introducing any phase shift during the filtering. The floating potentials appear to

be positive in the SOL, i.e., ®sa and drza at Ar ~ 8 mm, slightly negative near the separatrix, i.e.,
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dra at Ar ~ 0 mm, and drop sharply to negative value inside the separatrix, i.e., ®gg at Ar ~ —-12 mm,
®re and ds3e at Ar ~ —4 mm. They evolve very slowly before the L-H transition except in the last
~10 ms as highlighted by the gray shadow area in the figure. The floating potential measured by the
innermost tip, i.e., s g, appears to drop much faster towards the negative direction in the last ~10 ms,
while the floating potentials in the SOL remain nearly constant, indicating an increase in the radial
gradient of floating potential at the plasma edge prior to the L-H transition.

Just before the L-H transition, a negative spike appears in ®se. Zooming in on the spike, one can
see that the negative spike is actually composed of a series of intermittent negative spikes with a
duration of t ~ 10 pus for each spike, as shown in figure 6 (a). Here, the original floating potential
signal ®ge (without filtering) is displayed, along with the signal after filtering. Figure 6 (b) shows
the envelope of ®¢¢ fluctuation and the divertor Da emission. The reduction in divertor Da emission
appears to lag behind the fluctuation suppression at the outer midplane by hundreds of us, which is
largely consistent with the time required for SOL parallel transport along the magnetic field lines
from the outer midplane to the divertor target plates. The fluctuation envelope appears to be very
bursty and enhanced in amplitude just prior to the L-H transition. These negative spikes could be
induced by a series of propagating plasma filaments as they pass the probe tips. The poloidal spatial
size of the filaments can be evaluated as TV, ~ 2 cm, where the poloidal phase velocity, Vpn, is ~
—2.2 km/s in the electron diamagnetic drift direction at Ar ~ -4 mm, calculated from the cross
correlation between ®qe and dge. In addition, according to ds = @, — aTe, the appearance of
negative spikes in the floating potential could be due to negative spikes in the plasma potential, @,
or positive spikes in the electron temperature, T, i.e., the filaments are either negatively charged or
hotter than the ambient plasma.

Fluctuation levels are significantly reduced at the L-H transition. At the same time, the floating
potential at all radial locations change towards the positive direction, as shown in figure 5. The

change in the SOL appears to lag behind that inside the separatrix by ~1 ms, on the same time scale
13



for fluctuation suppression, indicating that the transition initiates at a radial location inside the
separatrix. The change in the SOL appears to be a consequence of the fluctuation suppression and
transport reduction across the separatrix. We notice that similar outward radial propagation of the
transition front has been observed recently in the TJ-11 stellarator [18]. In addition, similar positive
change in the floating potential has been observed during the L-I-L transition, as shown in figure 10.
The details will be presented in section 4. After the fluctuation suppression, ®e drops towards the
negative direction, while the floating potentials in other channels do not change very much. This
gives rise to an increasing radial gradient of the floating potential at the plasma edge. The ®se drop
may be partially induced by edge T. rise during the pedestal buildup following the L-H transition,
recalling that @r = @, — aTe. Since there is no direct measurement of Te in shot 36030, we cannot
make a precise evaluation of the contribution from the T, increase. However, with such low heating
power, the edge T, only modestly increases after the transition as shown in another shot in figure 13
(1) Thus, the floating potential change may reflect an increase in the radial electric field as shown in
figure 13 (i).

Another interesting observation in this shot is from the divertor Langmuir probes. A bump in the
divertor ion saturation current signals appears on the inner targets near the strike point just prior to
the L-H transition, acting like a transition precursor. Figures 6 (c) and (d) show the ion saturation
current density measured by probe Linl1-14 on the inner target of the lower divertor and probe
Lout13-18 on the outer target of the lower divertor. The locations of the probes relative to the strike
points are shown in figure 7. The probe Lin14 and Loutl7 are located near the inner and outer strike
points, respectively, consistent with the EFIT reconstruction. Shot 36030 is a LSN discharge with
dRsep = —1 cm. Abump in Lin14 and Lin13 appear just prior to the L-H transition, and a weak bump
can also be seen in Lin12. However, it is unclear whether the bump also appears on the outer targets,
since there are large-amplitude irregular fluctuations in the probe signals, as shown in Fig 6 (d). The

bump may have been obscured by the fluctuations. The divertor probe data is digitized with a
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sampling rate of 5 kHz, which is much lower than the reciprocating probe data. The appearance of
the bump seems to coincide with the enhanced fluctuation level just prior to the L-H transition, as
measured by the midplane reciprocating probes. The bump has been observed in several shots before
the L-H transitions, but not always.

The probe data in shot 36030 have been further analysized to look for a transition trigger
mechanism through calculating the Reynolds work done by the turbulent Reynolds stress on the

shear ExB flows, also known as the kinetic energy transfer from the turbulence into the shear flows

or the shear flow production, P, = RS(@VE/ar) [36,39,40], where Ve = E/B is the perpendicular

ExB flow with the local magnetic field at the outer midplane, B ~ 1.38 T. The Reynolds stress is
estimated as RS = <4v;6vp> = <8Ep8Er>/Bz, where E, = (Dr—Ds3)/dp, dp = 8 mm is the poloidal
separation between tips 2 and 3, & represents fluctuation components with frequency above 5 kHz
where the turbulence dominates the spectrum, <---> denotes low-pass filtering using a 2" order
low-pass digital Butterworth filter with the cutoff frequency at 0.5 kHz. The fluctuation components
are extracted through high-pass filtering using a 2" order high-pass digital Butterworth filter with the
cutoff frequency at 5 kHz. The results are shown in figure 8. The direct measurement of P,
development prior to the L-H transition or during the I-phase is considered as the key for
demonstrating the essential role of the turbulence-driven ZFs in mediating the L-H transition, as
suggested by the Kim-Diamond model [21], and also described in its updated version [22], where the
model has been extended from OD to 1D in space.

Regarding the Reynolds stress estimation, since the protruding tip is located exactly in the middle
of the other two tips, there is no spatial offset between the measured poloidal electric field and the
measured radial electric field, such that this 3-tip probe array does not introduce any phase shift. This
is @ merit of such 3-tip probe structure. Finite T, fluctuations may introduce some uncertainty in the
Reynolds stress estimation with the 3-tip probe array. In principle, the electric field, either poloidal or

radial, should be derived from the plasma potentials (®, = ®r + aTe) rather than the floating
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potentials. However, the T, fluctuation level is typically much smaller than the plasma potential
fluctuation level at the plasma edge [46], therefore neglecting T, fluctuation is valid in most cases.

Here, the ExB velocity shearing rate (radial gradient), oV, /or, is approximately evaluated as the

radial difference between the two radial locations measured by the two probe arrays, i.e., AV./L,,

where L, ~ 12 mm. It clearly increases as the H-mode transition is approached in figure 8 (b) up to
~153 kHz. The autocorrelation time of ®ge floating potential fluctuations prior to the H-mode
transition has also been measured, tac ~ 6 us. Thus, the decorrelation rate of the turbulence is T, * ~
167 kHz. The ExB velocity shearing rate appears to be comparable with the turbulence decorrelation
rate just prior to the transition.

The ExB flows, Vg, measured by the probe array at port E appears to be enhanced in the electron
diamagnetic drift direction (negative in the figure) from ~ -2 km/s to ~ -4 km/s before the L-H
transition, however, without much change near the separatrix as measured by the probe array at port
A, as shown in figure 8 (b), suggesting an enhancement in the radial gradient of Vg prior to the
transition. The increase starts from ~20 ms before the L-H transition when the divertor configuration
is stabilized at LSN, and appears to accelerate in the last 10 ms.

At the same time, the fluctuation level is significantly enhanced inside the separatrix, however,

keeps nearly constant near the separatrix, as shown in figure 8 (c), where the Mean-Square

fluctuation levels of the perpendicular ExB fluctuations, (8v?)=(3v2+8v/), are displayed.

Meanwhile, the turbulent Reynolds stress, RS, [figure 8 (d)] and its radial gradient, dRS/dr, [figure 8
(e)] ramps up with increasing fluctuation level. Here, the Reynolds stress gradient is measured by
two radially displaced probe arrays, which are also toroidally displaced by a long distance, both
located at the outboard midplane, so they are not on the same or neighboring field lines, and the local
turbulence measured at each location is uncorrelated. However, it is still valid to calculate the radial

gradient like this, since implicitly, it is assumed that the derived Reynolds stress is a flux-surface
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guantity. The same ensemble averaged Reynolds stress has been measured with the displaced probes
simultaneously at the same radial location [37,38], which justifies the assumption.

Note that the fluctuation level and the Reynolds stress appear to be temporarily reduced during the
transition but then increase rapidly afterwards. It needs to be clarified that the fluctuations appearing
after the transition are different from those before the transition, as shown in figure 6 (a). Their
frequency is much higher than the fluctuations before the transition. They have a rather broad
frequency band (0.05-1 MHz), peaking at a frequency typically higher than 100 kHz [37,38]. In
contrast, the fluctuations before the transition are low-frequency fluctuations with most spectral
power below 0.2 MHz. The low-frequency fluctuations are strongly suppressed during the transition
and remain suppressed in the H-mode. Shortly after the transition, when the pedestal starts to build
up, the high-frequency fluctuations appear in the steep-gradient pedestal region, leading to the
recovery of the fluctuation level and the Reynolds stress. The high-frequency fluctuations are most
frequently observed in the ELM-free H-mode phase following the transition and sometimes also
observed in the inter-ELM phases with currently available heating power, which is up to 2 times of
the transition threshold power. They are very likely induced by an unidentified microinstability other
than that before the transition. The high-frequency fluctuations have been reported in detail in two
recent papers [37,38].

Figure 8 (f) shows the calculated shear flow production, P, which appears to be significantly

enhanced only in the last 10 ms and peaks just prior to the L-H transition. The normalized shear flow
production, i.e., P, / <8vi>, provides a measure of the effective rate of kinetic energy transfer from
the turbulence into the shear flows. It exceeds 1x10% in the last few ms before the L-H transition.

The rate is of the same order of the typical collisional damping rate of the poloidal flows, ~1x10%™,

at the plasma edge [32,37,57]. In addition, we have estimated the time rate for the poloidal flow

acceleration at the L-H transition, (1+2q5)a, (VZ)/(3v%)~1x10"s™, where the poloidal flow
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inertia is enhanced by a factor, (1+ 2q§5) ~30 [40], due to the well-known toroidal effect [5]. The

collisionality at the plasma edge is in the plateau regime. The energy transfer rate from the
turbulence to the poloidal flows is comparable with the time rate for the poloidal flow acceleration
and also the time rate for the poloidal flow collisional damping, suggesting that the turbulence
driving force is strong enough to account for the observed flow acceleration prior to the L-H
transition. These results appear to be consistent with the picture that the turbulence-driven ZFs may
play a role in mediating the L-H transition. Similar process of turbulence driving flows at the L-H

transition has been recently observed in the DIII-D tokamak [58].

4. L-I-L transition

When the input heating power is very close to the L-H transition threshold power, the L-I-L
transition is typically observed, i.e., a transition from L-mode via an I-phase, then back to L-mode.
The L-1-H transitions are sometimes also observed when the power is considerably above, but still
within a factor of 1.5 of the threshold in EAST. However, the L-I-L transitions are only seen when
the power was very marginal to the threshold. Furthermore, the duty cycle of the LCOs during the
I-phase is different between the L-I-L transition and the L-I-H transition. The duty cycle is defined as
the period for the transient enhancement of the edge fluctuations, 7., divided by the period for the
transient suppression (i.e., quiescent period) of the edge fluctuations, ty. For a sin wave, the duty
cycle, T /ty = 1. It is observed in EAST that statistically the LCOs in the L-I-L transition have higher
duty cycle than those in the L-I-H transition. For the L-I-L transition, the duty cycle is typically > 1,
however, for the L-I-H transition, the duty cycle is typically < 1 and usually progressively decreases
as approaching the H-mode due to the extension of the quiescent periods as shown in figure 15.

Figure 9 shows a typical example for the L-I-L transition at marginal power, which is obtained in

plasma with DN configuration as shown in figure 2. The I-phases appear intermittently with a few
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limit cycles, characterized by a series of dips in the divertor Da. emissions due to suppression of the
edge turbulence. The increase of the LHCD power leads to the final transition into the H-mode at
5.48 s with a single limit cycle at the transition. The two spikes in the H-mode are type 111 ELMs.
The reduction of LHCD power after the L-H transition is due to the degradation of the wave
coupling with reduced plasma density in front of the launcher. The central-line-averaged density and
the plasma-stored energy (from the diamagnetic measurement) do not change very much across the
L-I-L transitions, in contrast to those after the L-H transition. The plasma stored energy and XUV
radiations at the plasma edge ramp up during the ELM-free phase after the L-H transition until the
appearance of the type Ill ELMs. Positive spikes are observed in the XUV radiation signal at the
radial location of the H-mode pedestal top, i.e., p = 0.92, associated with the transient suppression
period of the I-phase, negative spikes are observed at the pedestal foot, i.e., p = 1.02, and both
positive and negative spikes are observed coexist in the edge steep gradient region, i.e., p = 0.97, as
shown in figure 9 (e). This behavior is different from that associated with the ELMSs. For the ELMs,
usually negative spikes appear at the pedestal top and positive spikes appear at the pedestal foot,
behaving like sawteeth, as a natural result of the pedestal collapse, as shown in figure 3 (f) and figure
9 (e). Recalling that the XUV radiation signals mainly reflect the density behavior, the spikes in the
XUV signals may therefore suggest the periodic buildup of a weak density pedestal at the plasma
edge during the quiescent period of the LCOs.

The first two limit cycles near 5.31 s were captured by the reciprocating Langmuir probe when the
probe stayed at a radial position with the innermost tip at ~6 mm inside the separatrix (Ar ~ -6 mm)
and another tip at Ar ~ -3 mm, i.e., the two tips are separated radially by dr = 3 mm, measuring the
floating potential ®¢ and dg,, respectively. Their low-frequency components with the cutoff
frequency at 2 kHz are shown in figure 10 (b). The ExB flow velocity, Ve = E,/B, is shown in figure
10 (c), where the radial electric field is calculated as E, = (®s—®s,)/dr, neglecting the contribution

from the radial T. gradient. Figure 10 (d) shows the fluctuation envelopes, |6®s + i*Hilbert(dds)|,
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where the Hilbert transform is used to compute the analytic signal. 6®y is the fluctuation components
(> 10 kHz) of the floating potential, which is extracted through zero-phase-shift forward and reverse
digital IIR filtering, using a 2™ order high-pass digital Butterworth filter with the cutoff frequency at
10 kHz.

The fluctuation envelopes are significantly reduced at the L-I transition. The absolute fluctuation
level measured by the inner tip is higher than the outer tip in the L-mode, and the reduction is more
significant at the transition. We do not see significant change in either the fluctuation levels or the
floating potentials prior to the fluctuation suppression. Hence, we do not know what triggers the
fluctuation suppression at this point, based on the available probe data in figure 10. One speculation
is that the fluctuation levels and floating potentials may change at deeper radial locations, like those
shown in figure 5, however, here the probes are not deep enough into the edge plasma, such that they
did not detect the change.

The floating potentials change towards the positive direction at the L-1 transition. Similar change
also occurs at the single-step L-H transition, as shown in figure 5. The calculated Vg (in the electron
diamagnetic drift direction) is reduced at the plasma edge. The change occurs nearly at the same time
of the fluctuation suppression, typically accomplished within 1 ms.

To examine the causality between the fluctuation suppression and the Ve change, the trajectory of
the system in the phase space of Ve vs. fluctuation envelope is shown in figure 11. The fluctuation
envelope of the inner tip during the first limit cycle in figure 10 is plotted as a function of Vg, which
shows a limit cycle rotating in the counterclockwise direction. It indicates that the fluctuation
suppression and recovery slightly leads the Ve change, which may suggests that the change in Ve and
floating potentials is a consequence of the fluctuation change. This causality is consistent with the
picture of turbulence-driven flow, in which the turbulence suppression leads to the loss of driving
force for the flows, and in turn, the flows decay in response to the turbulence suppression. This

relationship between fluctuation intensity and ExB velocity is consistent with the so-called type-Y
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LCOs, in which the turbulence intensity leads the ExB flow, observed recently in DIII-D [39] during
the L-1-H transition and in HL-2A [41,59] during the L-I-L transition or at the beginning of the L-I-H
transition.

During the L-I-L transition, the global confinement may still in L-mode, as there is no significant
increase in either the stored energy [figure 9 (d)] or the global confinement time, however, the local
radial pressure gradient near the separatrix is significantly steepened after fluctuation suppression,
according to our GPI measurements [40]. The steepened local gradient may lead to the recovery of

turbulence level, and then the growing turbulence reinitiates the flow drive.

5. L-I-H transition slightly inside the separatrix

A 3x4 probe array has been used to study the dynamics of the L-1-H transition with 3 tips spaced
by dp = 6 mm along the poloidal direction and 4 layers of tips spaced by dr = 2.5 mm in the radial
direction, facing the plasma current in the toroidal direction, as shown in figure 12. Each tip is 2 mm
in length and 2 mm in diameter. Both the probe head and the tips are made of graphite. The
arrangement of the tips in this experiment is shown in figure 12. The 3 tips in the first and third
layers are operated as triple-probes to provide the time-dependent measurements of electron density,
electron temperature and plasma potential, at two radial locations separated radially by L, = 2dr =5
mm. The other tips are used to measure floating potentials. The electron temperature is calculated as
Te = (@ — ®)/In2, where @, is the potential measured by the positively biased tip. The plasma
potential is ®, = ®f + aTe. The electron density is estimated as ne = 15/(0.5eAcrCs), where Cs =
(2To/m)*? is the sound speed, A is the effective collecting area of the tip, I is the ion saturation
current and e = 1.602x10" C. Here, we assume that the ion temperature is equal to the electron
temperature, T, = T, in calculating the sound speed, as there is no measurement of T;. The electron

pressure can be evaluated as pe = NeTe.
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The L-I-H transitions have been captured in several shots by the probe array in this experiment.
The observations are generally similar, so that only one shot, No. 42160, is presented here. The
results are shown in figure 13. It is a typical shot for the L-I-H transition with USN configuration

(favorable ion VB direction with 'reversed By'), as shown in figure 2, at marginal power with n,=

2.3x10™ m™3. The total source power, i.e., with P co = 1.5 MW, Picre = 0.9 MW, Popmic = 0.2 MW
(Io = 0.4 MA), is considerably higher than the threshold power (~1 MW) with DN configuration
under the same conditions. The L-H transition is induced by a slight increase of the LHCD power
from 1.4 to 1.5 MW.

In this shot, the probe array captured an L-1-H transition when it stopped at a radial location with
the innermost layer of tips at ~5 mm inside the separatrix. The duration of I-phase with USN
configuration is usually very short in time, with only a few limit cycles, as shown in figure 13 (a).
The amplitude of limit cycles in the divertor Do emissions is smaller than those with DN
configuration. The duty cycle is typically t. /Ty < 1, with Ty increasing progressively as approaching
the H-mode. In addition, during the I-phase the cycle-averaged Da level gradually decreases with
time, which may suggest a progressive enhancement in particle confinement towards the H-mode.

Experimentally, the type Il ELMs, which also occur close to the power threshold, can be
distinguished from the LCOs by the occurrence of the precursor oscillations, as discovered in the
early experiments on ASDEX [6]. Figure 13 (b) and (c) show the raw signal of the ion saturation
current from the innermost tip, ls;, and its time-dependent power spectrum. A precursor oscillation at
~100 kHz can be seen preceding the last two spikes in the divertor Do emission signal. They are
therefore type 111 ELMs. The four spikes in front of them are limit cycles, since there is no detectable
precursor oscillation. It is frequently seen during the L-1-H transition, especially during a slow power
ramp-up [19,20], a gradual change from the LCOs that appear right following the L-I transition
without detectable precursor oscillation to the type 111 ELMs before the ELM-free phase where clear

precursor activity is seen. Furthermore, the LCOs usually appear immediately following the L-I
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transition, however, the first type 11l ELM typically appears either after a short ELM-free phase
during which the pedestal builds up as shown in figures 3 and 9, or changes smoothly from the LCOs
as seen in this case.

The fluctuation levels are strongly suppressed in the whole frequency domain during the quiescent
period in each limit cycle, leading to an exponential decay typically of hundreds of us in the divertor
D, emissions and SOL electron density, ne,, [figure 13 (e)], electron temperature, Te,, [figure 13 (k)].
However, meanwhile the electron temperature, T.;, measured at ~4 mm inside the separatrix [figure
13 (j)] increase during the quiescent period. It indicates a steepening of the local Te gradient near the
separatrix. The T, gradient is then flattened by the transient enhancement of turbulent fluctuations, as
indicated by the negative spikes in Te; and positive spikes in Te,. The electron density, ne;, measured
at ~4 mm inside the separatrix [figure 13 (d)] does not behave like Te;. It decreases during the
quiescent period, which indicates that only a T, barrier rather than a n. barrier forms near the
separatrix or the ne barrier may be located at an even deeper position.

Broadband fluctuations (mainly in 0-200 kHz, broader than those in the L-mode) are observed
during the transient enhancement period in each limit cycle as seen in figure 13 (c), indicating that
the recovery of fluctuation level in the I-phase is due to the transient enhancement in turbulence
rather than driven by a coherent MHD mode, like ELMs. The timescale for the fluctuation growth at
the transient enhancement is typically within 100 us, which is as short as the timescale for the
fluctuation suppression at the L-1 or L-H transitions. Significant outward particle flux, T' =
<dVi10Ne1>, is driven by the transient enhancement of turbulent fluctuations as shown in figure 13 (f),
which transiently even exceeds the L-mode flux level. Here, the radial advection velocity fluctuation
is estimated as dv1 = SEp1/B= (3P — 3Py3)/(dpB). The fluctuations appear to transport particles and
heat into the SOL, leading to the positive spikes in the SOL electron density, ne;, and electron
temperature, Tey, and the periodic flattening of the local electron pressure gradient at the plasma edge

as shown in figure 13 (h). Here, the electron pressure gradient is estimated as —0pe/or = (Pe1—Pe2)/L
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The mean value of the electron pressure gradient increases progressively from one limit cycle to
another, suggesting a continuous buildup of the pedestal during the I-phase, then saturates when the
transition into the type 111 ELMs occurs.

Figure 13 (g) shows the floating potentials, ®¢;, measured at ~5 mm inside the separatrix and, ®s,,
near the separatrix. ®s drops significantly towards the negative direction during the I-phase, while
ds, is only slightly reduced, which gives rise to an increasing radial gradient of the floating potential
at the plasma edge.

Figure 13 (i) shows the ExB flow velocity, Ve = E/B, the electron diamagnetic drift velocity, Via
= (oOpe/or)/(eBneZes), and the poloidal phase velocity of fluctuations in the laboratory frame estimated
from the cross correlation between the floating potentials (®¢3, ®f, and dys) based on the time-delay
estimation (TDE) technique [60,61], Vtpe. Here, note that the contribution from the radial Te
gradient has been taken into account in calculating the radial electric field, E; = (®p1—Dp)/L,. The
local magnetic field at the outer midplane is B ~ 1.46 T and Ze ~ 2. In the L-mode before the
transition, the three velocities, Vg, Vgia and Vpg, are all in the electron diamagnetic drift direction,
i.e., negative in the figure, and very close to each other, indicating that the fluctuations may have a
very small phase velocity in the plasma frame in comparison to the ExB velocity. At the first L-I
transition, Ve changes towards the ion diamagnetic drift direction, consistent with the observation at
the single-step L-H transition [figure 8 (b)] and the L-I-L transition [figure 10 (c)], although the
contribution from the radial T, gradient is neglected in the previous Vg calculation. The transient
enhancement of turbulent fluctuations drives Ve in the electron diamagnetic drift direction, as seen in
figure 13 (i). This observation is consistent with the GPI measurements inside the separatrix in EAST
[40]. The poloidal velocity from the GPI diagnostic is the phase velocity of fluctuations, estimated
based on a modified TDE technique.

During the I-phase, the mean value of Ve drops continuously towards the negative direction,

which is mainly due to the significant drop in the floating potential, ®¢;. It does not follow the time
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evolution of the electron diamagnetic drift velocity, Vgi.. The deviation of Ve from Vi, may suggest
that there are significant perpendicular flows or the ion pressure gradient evolves significantly
differently from the electron pressure gradient.

Figure 13 (I) shows the turbulent Reynolds stresses at two radial locations, calculated as RS; =
<(8D—8Ds4) (8D1s—Dr3)>/(2dpdrB?) and RS; = <(8Dp—8Ds7)(8Dis—5Dss)>/(2dpdrB?). Transient
enhancement in the turbulent Reynolds stress with significant amplitude, i.e., ~1x10°m?/s®, which is
comparable to the L-mode level, has been observed during the I-phase. The turbulent Reynolds stress
at the inner location, RS;, appears to be much higher than that at the outer location, RS, indicating a
significant radial gradient. Here, the radial distance between RS; and RS; is L, = 2dr = 5 mm.
Negative Reynolds stress is observed in the L-mode and the I-phase, i.e., in the first four cycles.
However, positive Reynolds stress is observed for the last two spikes, which is thought to be
associated with the type 111 ELMs. Here, the negative Reynolds stress corresponds to kinetic energy
transfer from the turbulence into the ExB flows, hence driving the flows; while the positive
Reynolds stress corresponds to kinetic energy transfer from the flows back to the turbulence, thus
damping the flows, i.e., acting as ‘turbulent viscosity’. The transition from the LCOs to the type Il
ELMs occurs approximately when Ve crosses Vgia, as shown in figure 13 (i).

In addition, a small-amplitude limit cycle appears prior to the L-I transition at 3.9945 s, as shown
for instance in figure 13 (b), where one can see that the fluctuation level is transiently suppressed,
however the suppression is not as strong as that during the normal LCOs. An associated small dip
can also be seen in the divertor Do emission. Bursts in the particle flux are seen just before and after
the transient suppression period. Such small-amplitude LCOs with a single or a few cycles are
frequently seen prior to the I-phase or single-step L-H transition near the power threshold [32],
acting like a transition precursor. They share similar features of the normal LCOs, as confirmed by

the GPI measurements in EAST [40]. More details will be presented in section 8.
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6. L-I-H transition in the SOL

More information about the L-I-H transition in the SOL was obtained with a 12-tip probe array.
Figure 14 shows the arrangement of the tips. Each tip is 2 mm in length and 2 mm in diameter. It is
composed of two layers of 4-tip probe array and Mach probes, radially separated by dr = 3 mm, to
provide the time-dependent measurements of electron density, electron temperature, plasma potential
and parallel ion flow velocities simultaneously. The tips are arranged like this to avoid shading each
other in the direction along the magnetic field lines. Taking the first layer as an example, the electron
temperature and the plasma potential are calculated as Te1 = (P+1 — D)/In2 and Dy = D + Ty,
respectively, where the average, @ = (Pg + Dr)/2, is approximately the floating potential at the
midpoint of ®f and ®5,. The two floating potentials are poloidally separated by dp = 7 mm. The
electron density is estimated as ne; = ls1/(0.5eAsCs1). The Mach probes are used to measure parallel
ion flow velocities with the upstream and downstream tips aligned with the local magnetic field lines.
The parallel Mach numbers are estimated from the ratio of the upstream and downstream ion
saturation currents, M = 0.4In(lyp/lgown) [56,57]. The parallel ion flow velocity is then estimated as
V| = M,Cs. The probe head is too big to be inserted across the separatrix due to serious disturbance to
the edge plasma, which tends to prevent or delay the onset of the L-H transition. Therefore, transition
data from this probe array is only available in the SOL up to the separatrix location.

Several shots with the L-I-H transitions have been captured by the probe. The phenomena are
similar, so only one shot, No. 40844, is presented here. It is a typical shot with the L-I-H transition
with DN configuration, heated by 1.2 MW LHCD, 0.5 MW ICRF and ~0.2 MW Ohmic power with

l, = 0.4 MAand = 2.4x10" m™ at the transition. In this shot, the probe reached a radial position

with the innermost tips at ~3 mm outside the separatrix and stayed there for ~100 ms, during which
the probe captured an L-I-H transition. The tips on the second layer are at ~6 mm outside the

separatrix.
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During the I-phase at the L-I-H transition, i.e., 2.603-2.632 s, the central-line-averaged density and
the plasma-stored energy ramp up as shown in figure 15, suggesting that the global particle and
energy confinements are improved. Meanwhile, the radial gradient in the XUV radiations at the
plasma edge gradually increases, indicating that the edge pedestal is building up. In contrast, there is
no clear change in the central-line-averaged density, the plasma-stored energy or the XUV radial
gradient during the L-I-L transitions, as shown in figures 15 and 9. This is an important distinction
between the L-I-H and the L-I-L transitions, which may suggest that a gradual buildup of the edge
pressure gradient during the I-phase leads to the final transition into the H-mode; otherwise, the
plasma returns to the L-mode. In addition, the oscillations associated with the LCOs are seen in the
Lill line emission but very weak in the Lil line emission, as shown in figure 15 (e), suggesting that
the oscillations are rather weak in the far SOL, since the Lil line emission is predominantly from the
low-Te region (T < 20 eV), while the Lill line emission is mainly from the vicinity of the separatrix
where T is relatively higher. The Lil and Lill line emissions were measured by a monochromator
viewing the high-field-side plasma edge near the inner midplane [62].

The I-phase at the L-1-H transition starts with two isolated limit cycles near 2.603 s, as indicated in
the divertor D, emission signal [figure 16 (a)], followed by a series of limit cycles with increasing
duration of the quiescent period, ty, and decreasing duty cycle (evolves from ¢ /ty ~ 1 to 1 /1y << 1)
as approaching the H-mode. A transition into an ELM-free H-mode phase occurred at 2.632 s. The
quiescent period Ty, i.e. the time intervals between two adjacent pulses tinterval, are shown in figure 16
(h). It generally increases with time. The ion-ion collision time, j;, calculated with the SOL local
parameters, also increases as approaching the H-mode. However, it is more than 10 times smaller

than the time interval, tinena. The plasma edge near the separatrix is typically in the plateau regime,

where the flow damping rate is controlled by the transit frequency o, =Vy;/desR,  and

Y damp zwtsm [63], where e=a/R,. This timescale is also shorter than the time interval between

adjacent pulses. Thus, the above timescale estimation suggests that the LCO frequency may not be
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determined by the flow damping rate.

Figure 16 (f) and (g) show the raw signal of ion saturation current, Is;, and its time-frequency
power spectrum, respectively. Broadband fluctuations (mainly in 0-200 kHz) are seen during the
transient enhancement in each limit cycle. The Is; decays exponentially following each transient
enhancement. The decay is on the same timescale of the SOL parallel particle transport, 7 = Lj/V) ~
500 ps, where L ~10 m is the SOL parallel connection length and V = MCs ~ 20 km/s is the SOL
parallel ion flow velocity [figure 16 (i)].

Positive spikes in n. and T are seen in the SOL with increasing amplitudes as approaching the
H-mode, as shown in figure 16 (b) and (c). The pulse amplitude appears to be smaller at a radial
position away from the separatrix, which gives a radial gradient in n. and T.. The transient
enhancement in the SOL n. and T, is induced by the enhanced cross-field turbulent transport of
particles and heat, as confirmed by the direct measurement of the turbulence-driven radial particle
flux with the 4-tip probe array. Significant outward particle flux, I' = <dv,16ne1>, is observed, driven
by the transient enhancement of turbulent fluctuations, as indicated by the positive spikes in figure
16 (j). Here, the radial advection velocity fluctuation is estimated as ovy1 = SEpn/B = (8Pn —
dDs,)/(dpB).

The ExB flows, Ve = E/B, and diamagnetic flows, Vga = (—0pe/or)/(eBneZes), in the ion
diamagnetic direction, are enhanced during the transient enhancement of turbulent fluctuations as
shown in figure 16 (d) and (e). The spikes appear to be correlated with each other and comparable in
amplitude, however, the ExB flows cannot be balanced by the ion diamagnetic flows in the radial
force balance, since they are both in the ion diamagnetic direction. Here, note that the contribution
from the radial T, gradient has been taken into account in the radial electric field calculation, E; =
(Pp1—Dp2)/dr. The electron pressure gradient is estimated as ope/Or = (Pez—Pe1)/dr. The positive
excursions of the ExB flows in figure 16 (d) during the observed intermittent turbulent bursts are

predominantly due to the increased radial T, gradient, i.e., essentially the increased sheath potential.
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The contribution from the radial gradient of the floating potential is relatively small. Usually, the
sheath boundary condition in the SOL introduces a strong momentum sink to the momentum balance
equation, which damps the turbulence driven flows, so that the plasma potential is largely tied down
to the sheath potential [64].

Furthermore, significant parallel flows in the co-current direction, up to 50 km/s, are observed
during the transient enhancement of turbulent fluctuations, and the parallel flow velocity measured
by the Mach probe, V), is found to be strongly correlated with the Pfirsch-Schltier (P-S) flow
velocity at the outer midplane, Vps, as shown in figure 16 (i). It may suggest that the parallel flow at
the outer midplane is dominated by the P-S flow. Here, the P-S flow velocity is calculated as Vps =
2r[E; — (opelor)/(ene))/(RoBp) [57], where By is the strength of the local poloidal magnetic field. E,
and (—ope/or) have comparable contributions to the transient enhancement in the P-S flows during the
I-phase.

Another 4-tip probe array was mounted on the other reciprocating probe system, reached right at
the separatrix. Figure 17 shows one channel of floating potential signal and its time-frequency power
spectrum. As one can see, a precursor oscillation at a frequency of ~150 kHz only appears preceding
the last two spikes, which characterizes the type Il ELMs. The quiescent periods, ty, prior to the last
two spikes appear to be longer than those in the preceding LCOs. There is a gradual change from the
LCOs to the type Il ELMs. The precursor oscillation appears to chirp down in frequency right
before the ELM crash, which is mainly due to the Doppler shift introduced by the rotation breaking
effect [65]. In addition, the precursor oscillation can only be seen by the probe tips inside or near the
separatrix, and cannot be detected by the probe tips in the SOL, as shown in figure 16 (g), suggesting
that the precursor oscillations are present mainly in the closed field line region. The behaviors of
electron density and temperature measured by the 4-tip probe array at the separatrix are similar to
those measured by the 12-tip probe array in the SOL, i.e., exhibiting positive spikes.

In addition, the previous study on ASDEX Upgrade concluded that no LCO occur with the
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unfavorable ion VB direction, either at the L-H forward transition or the H-L back transition [9].
However, the EAST experiments show that the I-phase can be observed both at the L-H transition
and at the H-L transition with the unfavorable ion VB direction, but much less frequently than those
with DN configuration, typically with much shorter I-phase duration. Figure 18 shows a typical
example for the H-L back transition via a short I-phase with the unfavorable ion VB direction, i.e.,
LSN configuration with dRs, = —1.5 ¢cm in this case. The first two spikes in the divertor Da
emission signal are type 11 ELMs, since precursor oscillations can be seen in the power spectrum of
magnetic fluctuations measured by the fast Mirnov coils located on the low-field side as shown in
figure 18. The H-L back transition revisits the path at the forward transition with a gradual change
from the type 11l ELMs to the LCOs. The pedestal pressure gradient is progressively reduced during
the I-phase as indicated by a gradual decrease in the radial gradient of the XUV radiations in figure
18 (c). The amplitude of LCOs and the quiescent period, Ty, also gradually decrease. 1-phases with

similar behaviors also appear at the H-L back transition with the favorable ion VB direction.

7. Magnetic perturbations

Significant magnetic perturbations associated with the LCOs during the I-phase have been
detected by the Mirnov coils located on the chamber wall. The magnetic signal shown in figure 19 (b)
is measured by the No. 7 Mirnov probe, which is located at the top, behind the upper divertor dome.
The coil is oriented to measure the poloidal magnetic perturbations, 8By, with the effective area of
0.17 m% The distributions of the Mirnov coils are shown in figure 20. The RMS amplitude of the
magnetic perturbations measured at this location is [8Bp| ~ 1 G (corresponding to [dBy/dt| ~ 1 T/s),
which is about |3B,|/B, ~ 0.06% of the background poloidal magnetic field at the outer midplane.
Shot 38813 is a typical discharge at marginal power with DN configuration, heated by 0.9 MW

LHCD, 0.9 MW ICRF and ~0.3 MW Ohmic power with I, = 0.4 MA.
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Figure 19 shows an H-L back transition at 8.339 s, followed by a single limit cycle at 8.344 s and
two L-I-L transitions, with a final L-I-H transition starting at 8.435 s. The isolated spike at 8.260 s is
a type Il ELM. As can be seen in figure 19 (b), the amplitude of the magnetic perturbations
associated with the LCOs is comparable to those of the type 11l ELMs. The I-phase at the H-L back
transition has been studied previously on ASDEX Upgrade [9], showing similar behavior to the
I-phase at the L-H forward transition or L-I-L transition. They exhibit similar oscillation frequency,
i.e.,, ~1 kHz in this shot as shown in figure 19 (c). For the H-L back transition, the oscillation
frequency increases as approaching the L-mode. For the L-I-H transition, the oscillation frequency is
significantly reduced as approaching the transition into the ELM-free H-mode, which is mainly due
to an extension in the duration of the quiescent period, ty. For the L-I-L transitions, the oscillation
frequency slightly decreases with time during the I-phase. The amplitude of the magnetic
perturbations generally increases with decreasing oscillation frequencies.

Figure 20 shows the magnetic perturbations (dBy/dt) at the beginning of the L-1-H transition, i.e.,
in the time window t, = 8.435-8.442 s, measured by two poloidal arrays of Mirnov coils, toroidally
separated by 180°, i.e., one near port C (CMPT) and the other neat port K (KMPT). The magnetic
perturbations have been normalized to their Root-Mean-Square (RMS) values. The divertor Do
emission signal is also displayed, at the top of the plot. Comparing the magnetic perturbations
between the two arrays, one can see that the magnetic perturbations are nearly in phase for all
poloidal positions, suggesting that the magnetic perturbations are axisymmetric in the toroidal
direction, i.e., the toroidal mode number is n = 0. It is further confirmed by the measurements from a
toroidally distributed Mirnov probe array, which is composed of 16 probes. In the poloidal direction,
they appear to be dominated by an m = 1 component, with nearly up-down anti-phase. However,
there is a smooth phase transition from above to below the midplane. Similar m/n = 1/0 magnetic
perturbations have also been observed recently during the I-phase in the HL-2A tokamak [41].

The magnetic perturbations associated with the type 111 ELMs are typically stronger than those for
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the LCOs and exhibit similar spatial structures, i.e., n = 0 and poloidally dominated by an m =1
component, as shown in figure 21, in the time window t; = 8.258-8.262 s. However, they appear to
have much stronger skewness relative to those for the LCOs, nearly in phase on the low-field side.

Figure 21 also shows the magnetic perturbations just before the H-L back transition, i.e., in the
time window t; = 8.335-8.339 s, and at the beginning of the L-I-L transition, i.e., in the time window
t3 = 8.396-8.400 s. There is not much difference in comparison with those during the L-I-H transition.
In addition, one may notice that there are two small-amplitude limit cycles at the beginning of the
L-1-L transition in the time window ts, acting like a precursor to the L-I transition. The magnetic
perturbations associated with these two small-amplitude limit cycles also exhibit similar magnetic
structure, albeit much smaller in amplitude.

One possible generation mechanism for such magnetic structure is the periodic buildup and
collapse of the edge transport barrier during the I-phase due to a modulation in the turbulence level
and cross-field transport at the plasma edge, which may lead to current perturbations in response to

the pressure gradient perturbations to maintain the MHD radial force balance, Vp=jxB [41]. The

m = 1 magnetic component could be associated with the Pfirsch-Schltter (P-S) current.

8. Small-amplitude LCOs

In EAST, there is another type of LCOs with much smaller amplitude and/or higher frequency (up
to 4 kHz), compared with the normal LCOs, which appears in the Do emission signals preceding a
clearly defined single-step H-mode transition, acting like a transition precursor, or mixed with
normal LCOs. We call them ‘small-amplitude LCOs’. Observation of the small-amplitude LCOs in
EAST has been reported recently [32], showing that it appears hundreds of ms before the L-H
transitions or after the H-L back transitions when the input heating power is marginal to the transition
threshold. Similar small-amplitude LCOs have been observed previously in NSTX [27] and C-Mod
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[35] with GPI diagnostic, in JFT-2M with HIBP [42] and recently in ASDEX Upgrade with a
scanning probe near the lower X-point [66]. The small-amplitude LCOs are usually less regular in
frequency and amplitude than the normal LCOs, but exhibit similar features of turbulence-flow
interactions at the plasma edge [32].

The LCOs appearing in the 2010 EAST experimental campaign were mostly small-amplitude
LCOs and the L-H transitions are mostly single-step L-H transitions even the input power was very
marginal to the transition threshold, as reported in reference [32]. However, the normal LCOs prevail
in the 2012 EAST experimental campaign [40]. The main difference is that the strike points on the
divertor targets were placed a few centimeters away from the pumping slots in the 2012 campaign
compared with the 2010 campaign in order to avoid damaging the water-cooling pipes behind the
slots, which significantly reduced the divertor pumping capability. An investigation on EAST shows
that the divertor pumping capability is dramatically reduced when the strike points moves 2 cm away
from the pumping slots [50]. Another difference is that the wall material in the low-heat-load area,
including the high-field-side wall and baffle area (except the divertor targets), was replaced from
graphite to molybdenum in the 2012 campaign. However, extensive lithium wall coating with a
cumulated amount of over 1 kg [47-50] was applied on EAST, which significantly reduced the
exposure of the molybdenum wall to the plasma. Therefore, the difference in the wall material is
unlikely the main reason for different transition behavior. In addition, in the 2012 campaign most
single-step L-H transitions were obtained with LSN configuration, which strongly suggest that the
divertor pumping capability is an important ingredient in determining the transition behavior, since
EAST only had one in-vessel cryopump which is located at the lower divertor [51].

Figure 22 shows a typical example for the small-amplitude LCOs with LSN configuration with

dRsep = —1.5cm, heated by ~1 MW LHCD and ~0.4 MW Ohmic power, and with 1, = 0.62 MA and

m, = 2.3x10™ m~ at the transition. In this shot, there are three short ELM-free H-mode periods with

single-step L-H and H-L back transitions. The H-mode periods are very short in time, since the
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heating power is very close to the transition threshold. A slight rise in the radiation power during the
ELM-free phase leads to insufficient loss power across the plasma boundary, hence triggering the
H-L back transition. Prior to each L-H transition, the small-amplitude LCOs at a frequency of ~2
kHz appear in the divertor Do emissions with a rather small-amplitude, i.e., RMS/MEAN only ~ 3%,
as shown in the zoom-in plot in figure 22. The magnetic perturbations associated with this
small-amplitude LCOs are very weak, with |3B,| ~ 0.1 G only, which are barely detectable in a few
channels of Mirnov signals on the high field side.

It is sometimes observed that the small-amplitude LCOs are triggered by sawtooth heat pulses, as
shown in figure 23. The amplitude of the small-amplitude LCOs appears to be periodically enhanced
by the sawtooth heat pulses, which are indicated by the positive pulses in the soft-X ray signal at the
plasma edge. Finally, a single-step L-H transition occurs at ~4 ms after a sawtooth heat pulse. During
this period, the amplitude of the small-amplitude LCOs continuously increases. The 4-ms time delay
is generally consistent with the timescale for the edge temperature gradient to build up, which can be
estimated as tr = L%y, where the cross-field thermal transport coefficient at the plasma edge is . ~
1 m%s in the L-mode just before the L-H transition and the temperature radial gradient length is L ~
6 cm.

The small-amplitude LCOs are observed to coexist with the normal LCOs in some cases. Figure
24 shows an example that the small-amplitude LCOs appear between two series of normal I-phase.
The frequency of the small-amplitude LCOs (~4 kHz) is considerably higher than that of the normal
LCOs (~1 kHz). The amplitude of magnetic perturbations associated with the small-amplitude LCOs
is also smaller. In addition, a sharp transition from the L-mode to the I-phase is seen in this case,

which is very typical with DN configuration.

9. Discussions and summary
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The dynamics of the L-I-H, L-I-L and single-step L-H transitions have been studied systematically

mainly based on the reciprocating probe measurements on EAST. The key findings are summarized

as follows.

1.

The appearance and behavior of the L-I-H transition show a clear dependence on the diverter
configurations and pumping capability. Most L-1-H transitions with normal LCOs were obtained
with DN configuration. Most single-step L-H transitions were obtained with LSN configuration,
which is normally unfavorable in terms of the ion VB direction on EAST. This may suggest that
the divertor pumping capability is an important ingredient in determining the transition behavior
and power threshold, since EAST only had one in-vessel cryogenic pump located near the outer
target of the lower divertor with a nominal pumping speed for deuterium of ~75.6 m®™ in the
2012 campaign, which provide the main pumping. The divertor leg geometry in the lower
divertor does not differ very much between the LSN and DN or USN configurations, as shown
in figure 2. However, with DN or USN configurations, more particles are shunted to the upper
divertor compared with the LSN configuration. Since there is no cryopump at the upper divertor,
these particles cannot be effectively pumped out. Therefore, the LSN has better pumping
efficiency and particle control than DN or USN configurations.

In addition to the normal LCOs, small-amplitude LCOs are observed in EAST, usually preceding
a clearly defined single-step H-mode transition or sometimes coexist with the normal LCOs,
exhibiting similar features of turbulence-flow interactions at the plasma edge [32]. Triggering of
the small-amplitude LCOs by sawtooth heat pulses has been observed in some cases [figure 23].
The LCOs observed in the 2010 campaign were predominantly small-amplitude LCOs and the
L-H transitions are mostly single-step L-H transitions even with input power being very
marginal to the transition threshold. However, the normal LCOs prevail in the 2012 campaign
[40]. The main difference is that the strike points on the divertor targets were placed a few

centimeters away from the pumping slots in the 2012 campaign, compared with the 2010
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campaign, in order to avoid damaging the water-cooling pipes behind the slots. This significantly
reduced the divertor pumping capability. Similar divertor configuration effects are also observed
in DIII-D. The L-I-H transitions are more easily obtained in the low triangularity configuration,
with the strike points relatively away from the pumping slots [33,43]. Furthermore, in recent
Alcator C-Mod experiments, the slot divertor configuration is associated with a lower power
threshold than the vertical target configuration [67]. The outer strike point is closer to the
pumping slot with the slot divertor configuration, which gives a better divertor pumping. These
observations imply that weaker divertor pumping and hence a strong particle source or neutral
friction [68] at the plasma edge may facilitate the access to the I-phase.

The ExB velocity (in the electron diamagnetic drift direction), turbulence level and turbulent
Reynolds stress at ~1 cm inside the separatrix are observed to ramp up in the last ~20 ms prior to
the single-step L-H transition, however, remain nearly constant near the separatrix, indicating an

increase in the radial gradients at the plasma edge. The Kkinetic energy transfer rate from the edge

turbulence to the ExB flows, PL/<8vi>, is significantly enhanced only in the last ~10 ms and

peaks just prior to the L-H transition. The enhanced fluctuations in the last ~2 ms are composed
of a series of intermittent spikes, which are very likely induced by a series of propagating
filaments. At the L-H transition, the change in the SOL appears to lag behind that inside the
separatrix by ~1 ms, on the same time scale for fluctuation suppression, indicating that the
transition initiates at a radial location inside the separatrix. The change in the SOL appears to be
a consequence of the fluctuation suppression and transport reduction across the separatrix.

The ExB velocity measured inside the separatrix decays from typically the electron diamagnetic
drift direction in the L-mode towards the ion diamagnetic drift direction in response to
fluctuation suppression at the onset of the single-step L-H [figure 8 (b)], L-I-L [figure 10 (c)] as
well as the L-I-H transitions [figure 13 (i)]. This may indicate that the turbulence-driven ExB

flow is in the electron diamagnetic drift direction inside the separatrix. Furthermore, the change
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in the ExB velocity appears to slightly lag behind the fluctuation suppression as indicated by the
phase-space trajectory [figure 11], which is consistent with the picture of turbulence-driven flow,
in which the turbulence suppression leads to the loss of driving force for the flows, and in turn,
the flows decay in response to the turbulence suppression. In addition, during the I-phase the
transient enhancement in the fluctuation level leads to an increase in the ExB velocity towards
the electron diamagnetic drift direction [figure 13 (i)], which is consistent with the observations
with the GPI diagnostic in EAST [40]. The velocity measured by the GPI diagnostic is the
poloidal phase velocity of fluctuations in the laboratory frame, while the velocity measured by
the probes is the ExB velocity. They are close to each other only in case when the fluctuation
phase velocity in the plasma frame is much smaller than the ExB velocity.

One important distinction between the L-1-H and the L-I-L transitions has been observed, with
respect to the time evolution of the edge pressure gradient and mean ExB flow during the
I-phase. Both of them ramp up at the L-1-H transition, as measured directly by the probes inside
the separatrix [figure 13], which is further evidenced by a gradual buildup of the radial gradient
in the XUV radiations at the plasma edge, and a gradual increase in the central-line-averaged
density and the plasma-stored energy [figure 15], suggesting that the global particle and energy
confinements are improved. In contrast, there is no clear change during the L-I-L transitions
[figures 15 and 9]. This may indicate that a gradual buildup of the edge pressure gradient and
mean ExB flow during the I-phase leads to the final transition into the H-mode, otherwise, the
plasma may return to the L-mode. However, an open question still exists on this. Why the
turbulence still recovers late in the I-phase when the mean flow shear has been significantly
enhanced? In principle, a strong mean flow shear will stop the recovery if the turbulence drive
does not increase accordingly.

As frequently seen during the L-1-H transition which ends up with an ELM-free phase, a gradual

change from the LCOs to the type Il ELMs appears. The former does not exhibit detectable

37



precursor oscillations, while the latter is proceeded by clear precursor activities [figures 13 and
17]. However, the quiescent periods, ty, prior to the type Il ELMs appear to be longer than
those in the LCOs. The H-L back transition revisits the path at the forward transition with a
gradual change from the type Il ELMSs, which show precursor oscillations, to the LCOs [figure
21]. Meanwhile, the pedestal gradient is progressively reduced during the I-phase as evidenced
by a gradual decrease in the radial gradient of the XUV radiations [figure 21 (c)]. In addition, the
EAST experiments show that the I-phase can be observed both at the forward transition and at
the back transition for both unfavorable and favorable ion VB directions, but much less
frequently than those with DN configuration, typically with much shorter I-phase duration. In
contrast, the previous investigations on ASDEX Upgrade concluded that no LCO occurs for the
unfavorable ion VB direction either at the forward transition or back transition [9].

Electron density, temperature, parallel flows in the co-current direction, ExB flows and
diamagnetic flows in the ion diamagnetic direction are observed to be enhanced in the SOL
during the transient enhancement of turbulent fluctuations in the I-phase. The parallel flow
velocity measured by the Mach probe is strongly correlated with the Pfirsch-Schlter (P-S) flow
velocity at the outer midplane [figure 16]. In general, the behaviors in the SOL appear to be a
consequence of a periodic modulation in the turbulent fluctuations and cross-field transport at
the plasma edge.

Significant magnetic perturbations, [8Bp| ~ 1 G, associated with the LCOs, have been detected by
the Mirnov coils located on the chamber wall. The amplitude of the magnetic perturbations
generally increases with decreasing oscillation frequencies. The magnetic perturbations exhibit
m/n = 1/0 spatial structure, i.e., axisymmetric in the toroidal direction with nearly up-down
anti-phase in the poloidal direction. The magnetic perturbations at the L-1-H, L-1-L and H-I-L
transitions are similar in terms of the structure characteristics. The magnetic perturbations

associated with the type 11l ELMs are typically stronger than those for the LCOs and exhibit
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similar spatial structures. However, they appear to have much stronger skewness relative to
those for the LCOs, nearly in phase on the low-field side.

9. We do not see GAM in most cases near the transition threshold conditions on EAST. The GAMs
were observed to decrease in amplitude or to be absent in DIII-D [29,30] and HL-2A [31,41,59],
as the transition is approached. However, GAMs was observed previously in ASDEX Upgrade
during the I-phase and recently in C-Mod during the I-mode and the L-mode to I-mode transition
using a newly implemented GPI diagnostics [69]. In C-mod, the GAM was observed to interact

with a weakly coherent mode, which seems to be the pumping wave of the GAMs.

Regarding the phase relationship between the ExB flow and the turbulence intensity during the
I-phase, the type-Y LCO, i.e., the former slightly lags behind the latter, was observed at the L-1-L
transition, which is consistent the observation in the HL-2A tokamak [41,59]. However, at the L-I-H
transition, the poloidal ExB flow was observed to be enhanced in the electron diamagnetic drift
direction almost at the same time of the transient enhancement in the turbulence intensity, as shown
in figure 13 (i). Similar flow change was also observed with the GPI diagnostic in EAST [40]. It
should be pointed out that the phase in the ExB velocity measured by the Langmuir probe array
strongly depends on how much T, correction has been taken into account in the ®, and E; calculation.
The Te has a significant contribution to the plasma potential, ®, = @ + aTe, Where o is taken as 2.5
throughout this paper. The two terms, ®¢ and o Te, are usually comparable in magnitude at the plasma
edge. The coefficient o is predicted to be 2.8 in unmagnetized deuterium plasmas according to the
standard probe sheath theory [56]. However, in a strongly magnetized plasma, o will be downshifted.
There is currently no probe theory or empirical scaling in strongly magnetized plasmas to follow, so
that there is still some uncertainty in the accuracy of the coefficient a.. A very small T, correction (o
< 1) could change the type-Y LCO to the type-J LCO. Nevertheless, a variation of a in the range of

2-2.8 will not qualitatively change the phase relationship reported in this paper. On the other hand,
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the probe data available for this analysis is still very limited due to the limited machine time and the
accessibility of the probe diagnostic. Further experiments are required to accumulate more probe data
in various divertor configurations. In addition, comparison with other edge flow and fluctuation
diagnostics is requires, such as Doppler back scattering and lithium beam probe, which will be

available in the next experimental campaign on EAST.
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Figure 1. EAST tokamak and two reciprocating probe systems, toroidally separated by 89°.

45



Shot 36030@3.52s Shot 39283@5.31s Shot 42160@4.00s

dRyp, = —1cm dR,e, =0 Ccm dRgep = 1.5cm
k=1.752 Kk =1.823 k =1.597

o, =0.349 o, =0.537 d,=0.441

9, =0.504 0,=0.533 d,=0.270

R =1.877 m Ro=1.875m Ry=1.872m
a=0441m a=0435m a=0445m

l, =0.6 MA l,=0.5 MA l,=0.4 MA
B.=167T B,=178T B,=178T

Jos = 3.366 Jgs = 3.915 Qgs = 4.280

Figure 2. Plasma configurations and parameters in three typical shots where the probe data are

available.
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Figure 3. The time history of (a) LHCD input power and plasma current, (b) distance between the
primary and secondary separatrix at the outer midplane, (c) divertor Do emission, (d)
central-line-integrated density and central-line-averaged density, (e) plasma stored energy from the

diamagnetic measurement, (f) XUV radiations at the plasma edge, p = 0.9 black, 0.95 red and 1 blue.
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Figure 4. Layout of the diamond-coated 3-tip probe array.
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Figure 5. Floating potentials measured by two 3-tip probe arrays, one at port E and the other at port

A, and divertor Do emission.
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Figure 6. The time history of (a) floating potential measured by the innermost tip, i.e., ®sg, and its
filtered signal, (b) envelope of ®¢ e fluctuation and divertor Do emission, (c) ion saturation current
density measured by probe Lin11-14 on the inner target of the lower divertor and (d) measured by

probe Lout13-18 on the outer target of the lower divertor.
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Figure 7. Distribution of the divertor Langmuir probes on the target plates.
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Figure 8. The time history of (a) divertor Da. emission, (b) ExB velocities, back and red curves
standing for that measured at port E and A, respectively, (c) Mean-Square fluctuation levels of the
perpendicular ExB flows, (d) turbulent Reynolds stress, (€) the radial gradient of turbulent Reynolds

stress, () shear flow production, (g) normalized shear flow production.
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Figure 9. The time history of (a) LHCD, ICRF input power and plasma current, (b) divertor Da
emission, (c) central-line-averaged density, (d) plasma stored energy from the diamagnetic

measurement, (e) XUV radiations at the plasma edge, p = 0.92 black, 0.97 red and 1.02 blue.
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Figure 10. The time history of (a) divertor Do emission, (b) floating potentials, ® at Ar ~ -6 mm

and @y, at Ar ~ -3 mm, (c) ExB flow velocity, (d) fluctuation envelopes of the floating potentials.
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Figure 11. The trajectory of the system in the phase space of ExB flow velocity vs. fluctuation
envelope of the inner tip during the first limit cycle.
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Figure 12. Layout of the 3x4 probe array.
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Figure 13. The time history of (a) divertor Do emission, (b) ion saturation current from the innermost
tip, (c) its power spectrum, (d) electron density at Ar ~ -5 mm, (e) electron density at Ar ~ 0 mm, (f)
fluctuation-driven particle flux at Ar ~ -5 mm, (g) floating potentials, ®¢; at Ar ~ -5 mm and @, at
Ar ~ 0 mm, (h) electron pressure gradient, (i) ExB flow velocity (blue), electron diamagnetic drift
velocity (black) and poloidal phase velocity of fluctuations (red), (j) electron temperature at Ar ~ -5
mm, (K) electron temperature at Ar ~ 0 mm, (I) turbulent Reynolds stresses, RS; at Ar ~ -5 mm (red)

and RS; at Ar ~ 0 mm (blue).
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Figure 14. Layout of the 12-tip probe array.
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Figure 15. The time history of (a) divertor Do emission, (b) central-line-averaged density, (c) plasma
stored energy from the diamagnetic measurement, (d) XUV radiations at the plasma edge, p = 0.95

blue, 1.00 red and 1.05 black, (e) Lil (red) and Lill (black) line emissions from the plasma edge near
the inner midplane.
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Figure 16. The time history of (a) divertor Do emission, (b) electron densities measured at Ar ~ 3

mm (black) and Ar ~ 6 mm (purple), (c) electron temperatures measured at Ar ~ 3 mm (black) and Ar

~ 6 mm (blue), (d) ExB flow velocity, (e) ion diamagnetic drift velocity, (f) ion saturation current at

Ar ~ 3 mm, (g) its power spectrum, (h) ten times of the ion-ion collision time (red) and time intervals

between two adjacent pulses (blue), (i) parallel ion flow velocity (black) and Pfirsch-Schltier flow

velocity (pink), (j) fluctuation-driven particle flux.
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Figure 17. The time history of (a) power spectrum of the floating potential at the separatrix, (b)

floating potential, (c) divertor Do emission.
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Figure 18. The time history of (a) power spectrum of magnetic fluctuation measured by the No. 8

fast Mirnov coils located on the low-field side, (b) divertor Do emission, (¢) XUV radiations at the

plasma edge, p = 0.92 red, 0.97 blue and 1.02 black. The right plot shows the plasma configuration at

4.26 s and the distribution of the fast Mirnov coils.
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Figure 19. The time history of (a) divertor Da emission, (b) magnetic signal measured by the No. 7

Mirnov probe, (c) oscillation frequency based on Fourier analysis.

63



~J07—s = 2P

Z(m)

SRRy 0 0 ORI

e | ¥ TS WP R SR Y
= ODCo~Itn

15 2 25 8.436 8.438 8.44 8.442
R({m) time (s)

EAST shot :38813 KMPT

Z(m)

2 25 8.436 8.438 8.4 8.442
R({m) time (s)

Figure 20. The distribution of two poloidal arrays of Mirnov coils toroidally separated by 180°,

ie.,

one near port C (CMPT) and the other neat port K (KMPT). The time history of magnetic

perturbations (dB,/dt) at the beginning of the L-I-H transition, i.e., in the time window t; =

8.435-8.442 s, measured by the Mirnov coils. The red curves show the divertor Do emission.
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Figure 21. The time history of magnetic perturbations (dBy/dt) measured by the Mirnov coils in two
poloidal arrays toroidally separated by 180°, associated with the type Il ELMs, i.e., in the time
window t; = 8.258-8.262 s, just before the H-L back transition, i.e., in the time window t, =

8.335-8.339 s, and at the beginning of the L-I-L transition, i.e., in the time window t; = 8.396-8.400 s.

The red curves show the divertor Do, emission.
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Figure 22. The time history of (a) divertor Do emission and (b) its zoom-in plot.
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Figure 23. The time history of (a) soft-X ray at the plasma edge, (b) divertor Do emission.
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Figure 24. The time history of (a) divertor Da. emission, (b) magnetic signal measured by the No. 7

Mirnov probe, (c) oscillation frequency based on Fourier analysis.
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