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An intermediate phase (labeled I phase) with dithering cycles between the L-mode and H-mode has
been observed and experimentally characterized on Experimental Advanced Superconducting Tokamak
(EAST). A typical characteristics of the I phase is that the Dα signal, edge density fluctuation level and
edge radiation show several kHz periodical oscillation. The analysis shows that the dithering event is at
least 2 cm inside the separatrix and extends into the scrape-off layer (SOL) region. It is found that this
dithering occurs in plasma with double null (DN) or upper single null (USN) configuration and cannot
be observed in plasma with lower single null (LSN) configuration where the ion B × ∇B drift direction
is ‘unfavorable’, i.e. away from the X-point, in this device. The dithering cycle length (�tdither) has no
clear dependence on the heating power. Both stored energy and density increase during the dithering
phase and the increasing rates decrease with �tdither . The evolution of density profiles during the L–I–H
transition is analyzed and presented.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Since the discovery of high confinement mode (H-mode) in AS-
DEX tokamak [1], lots of work has been done to understand the
H-mode physics and significant progresses have been made in ex-
periment [2] and theory [3]. The L–H transition power threshold
for next step fusion device, e.g. ITER, is still uncertain since the
physics involved in this transition process has not yet been fully
understood [2]. It is believed that the confinement improvement
in H-mode is due to suppression or reduction of turbulent trans-
port. There are clear experimental evidences for a fast reduction
in the level of edge turbulence during the L–H transition [4–8].
The earliest theories attributed the turbulence suppression and the
transition to the increase of the radial electric field (Er ) [9–11]
and its associated Er × B drift (mean flow) [12]. More recently,
the predator–prey model [13,14] reveals a complex interaction be-
tween zonal flows (ZFs), turbulence and the mean flow. As dis-
cussed in Ref. [15], the L–H transition threshold power is lowered
by including the evolution of ZFs self-consistently. When the ZFs
are incorporated in a L–H transition model [14], the predator–prey
type competition between turbulence and ZFs will result in a limit
cycle oscillation (LCO) phase where turbulent fluctuation level is
modulated by a low frequency Er oscillation.
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In experiments, dithering cycles with several kHz quasi-periodic
evolution of Dα and edge Te were first observed on ASDEX-
Upgrade (AUG) [16,17]. During the cycles, only a narrow region
of ∼2 cm inside the separatrix was affected and the transport
coefficients in this region were periodically switched between L-
and H-values. An intermediate regime (IM-mode) was found on
DIII-D between the L- and H-modes [18,19]. The IM-mode is char-
acterized by edge periodic instability bursts which clamped the
density but allowed improvement of the thermal confinement re-
sulting in the gradual increase of temperature and no change of
density. Recent observation in AUG showed that an intermediate
phase (I phase) usually occurred when the heating power is close
to the L–H transition power threshold. In the I phase, the Er × B
flow and turbulence level were periodically modulated at a fre-
quency of 2–4 kHz and a limit-cycle behavior between geodesic
acoustic mode (GAM) with a frequency ∼19 kHz and the back-
ground turbulence was observed during the enhanced turbulence
state [20]. An oscillation with a limit-cycle behavior between ZF
with frequency ∼2 kHz and background turbulence preceding L–H
transition was also observed in DIII-D [21]. Similar oscillations also
appear on H-1 heliac [22] and TJ-II stellarator [23]. On EAST toka-
mak, a quasi-periodic Er oscillation with a frequency about 4 kHz
and a modulation in edge turbulence preceding the L–H transition
have been observed at marginal input power [24]. The oscilla-
tion amplitude, typically only of ∼3% in target Dα signal, is much
smaller than those mentioned above. In the new campaign of EAST
in 2012 spring, the previous water cooled graphite first wall was
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Fig. 1. Views of in-vessel with water-cooled graphite wall (upper picture) and with molybdenum wall (lower picture) on EAST.
changed to molybdenum wall and an intermediate phase (labeled
I phase) displaying dithering cycles with a much larger oscillating
amplitude (∼30% in Dα signal) between L- and H-modes has been
observed. In this Letter, we will experimentally characterize this
dithering cycles on EAST tokamak.

This Letter is organized as follows: in Section 2, the observa-
tion and localization of the dithering cycle on EAST tokamak is
presented. The occurrence of the dithering cycle in the operational
window of EAST is described in Section 3. The plasma evolution,
mainly the density evolution, during the dithering phase is char-
acterized in Section 4. Lastly, a discussion and summary on the
results are given in Section 5.

2. Observation and localization of the dithering cycles during
L–I–H transition

EAST, a non-circular full superconducting tokamak with a major
radius (R) of 1.75 m and a minor radius (a) of 0.45 m, was de-
signed for steady state divertor operation for a duration of 1000 s.
The device can be operated in multi-configurations including single
null (SN) divertor, double-null (DN) divertor or circular configura-
tion with a limiter. The H-mode was achieved on EAST tokamak
in 2010 [25] and the confinement during ELMy H-mode has been
studied [26]. In 2012 spring campaign, the material for first wall
has been changed from graphite to molybdenum (see Fig. 1). All
the discharges presented in this Letter are from this campaign
and operated with working gas of deuterium, plasma current (I p)
from −300 kA to −500 kA and toroidal magnetic field (Bt at
R = 1.85 m) of −1.9 T. Here, the minus sign of I p and Bt indi-
cate that both quantities are anticlockwise viewed from the top
of the device. Therefore, the ion B × ∇B drift direction is towards
the X-point in the upper single null (USN) configuration, i.e. so-
called ‘favorable’ direction, while this drift direction is away from
the X-point in the lower single null (LSN) configuration, i.e. ‘unfa-
vorable’ direction. The H-mode is achieved by applying the lower
hybrid wave (LHW) and ion cyclotron resonance heating (ICRH) af-
ter wall conditioning by lithium (Li) evaporation after the plasma
breakdown and the real-time injection of fine Li powder into the
plasma edge.

Fig. 2 shows time evolutions of plasma parameters for a typical
EAST discharge 38 213 which is operated in the DN configuration
since the dRsep is close to 0 (Fig. 2(e)). Here, the dRsep is the
radial separation between upper and lower X-points, mapped to
the outer midplane with a standard EFIT equilibrium. Therefore,
dRsep > 0 (< 0) indicates that the upper (lower) X-point is closer
to the plasma and hence dominant. A value of dRsep = 0 signifies
a perfectly balanced DN configuration while a |dRsep| value less

than a poloidal ion gyroradius (ρpi =
√

Ti/mi
eB p/mi

) indicates a near-DN

configuration. The ρpi is estimated to be 0.8–1.2 cm in present ex-
periments on EAST and hence a configuration with dRsep ∼ 0 is
considered to be DN and that with dRsep > 1 cm is USN while
one with dRsep < −1 cm indicates a LSN configuration. The aux-
illiary heating in shot 38 213 is LHW with a power of ∼1 MW.
The plasma enters into H-mode at about 2.28 s. The Dα signal is
initially at a reduced level compared with L-mode before 2.14 s
and then gradually increases. The diamagnetic energy (Wdia) and
core line averaged density (〈ne〉) show gradually increase after
2.28 s. An intermediate phase (labeled as I phase) with Dα show-
ing dithering cycles or oscillation is observed between 2.14 s and
2.28 s in Fig. 2(d). During this I phase, both Wdia and 〈ne〉 show
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Fig. 2. A typical plasma with L–I–H transition displaying characteristics of dithering during I phase on EAST tokamak (a) the total power from LHW and ohmic heating, (b)
diamagnetic energy (Wdia), (c) core line averaged density (〈ne〉), (d) Divertor Dα line and (e) dRsep . The dashed rectangular indicates the I phase.
moderate increase, indicating confinement improvement. Following
the I phase, the plasma stays in ELM free H-mode up to the ap-
pearance of the type-III ELM at about 2.65 s. Fig. 3 shows the mag-
netic equilibrium reconstructed from EFIT and the toroidal view
of a CCD camera measuring the visible light plasma radiation for
three different time which corresponding to the L, I and H phase.
The DN configuration can be clearly seen in these equilibriums.
It can be judged from the EFIT equilibriums and the CCD mea-
surement that the plasma real equilibrium shows no clear change
during the L–I–H transition process. In present EAST experiments,
several L–H and H-L back transitions in one single shot are usually
observed even at the flattop phase of heating power. In this Letter,
we only concentrate on the first L–H transition.

The dithering event in I phase is also observed in other diagnos-
tics, as shown in Fig. 4 for shot 40 846 with 〈ne〉 ∼ 2.7 × 1019 m−3.
Poloidal magnetic fluctuation (δbθ ) measured by edge magnetic
probe clearly sees the oscillation. The extreme ultraviolet radia-
tion (XUV) close to the edge can also see this oscillation while it
cannot be observed in more inside channels of XUV (Fig. 4(c)). This
result indicates that the dithering is an edge event. The setups of
XUV and other diagnostics on EAST are shown in Fig. 5. Fig. 4(d)
shows that the LiII line radiation can see the dithering while the
LiI line radiation cannot. This is consistent with the XUV measure-
ment, i.e. the dithering occurring at the edge, since LiII is more
close to the edge due to the lower temperature and density. In ad-
dition, the density fluctuation measured by a 60 GHz reflectometry
at normalized radius (ρ = r/a) of ∼0.94 shows modulation during
the I phase (Fig. 4(e) and (f)). The reflectometry with X-mode po-
larization is installed in the midplane at low field side on EAST
tokamak. The system can be used for the density profile or density
fluctuation measurement but cannot measure the two quantities at
the same time presently [27]. The operating frequency band of this
system for fluctuation measurement is from 50 GHz to 75 GHz and
the frequency of the probing wave can be fixed or changed step by
step. The wave-number of the turbulence measured by the reflec-
tometry is k⊥ ∼ 0–3 cm−1, corresponding to k⊥ρs ∼ 0–0.4. It can
be seen in Fig. 4(e) and (f), the fluctuation spectrum is broad and
the density fluctuation level (δn/n) is high at the L phase. When
Dα decreases during the I phase, the high frequency fluctuation
component is suppressed and the energy converges to zero fre-
quency indicating a lower density fluctuation level [28] while the
fluctuation recovers to the L phase level with the increasing of Dα .
When plasma enters into the H phase at ∼2.728 s, the density
fluctuation amplitude keeps at a low level. It is also observed that
the oscillation in Dα lags about 100–140 μs behind those seen
in above mentioned diagnostic signals. This time lag is consistent
with an estimated plasma loss time due to parallel scape-off layer
flow 0.5q95 R/0.3cs ≈ 120 μs.

The observations from XUV and LiII radiation measurement
have shown that the dithering mainly occurs at the plasma edge.
The localization of the dithering has been further studied using
the fluctuation reflectometry. An experiment has been done by
changing the reflectometry frequency shot by shot in a series of
discharges with similar plasma parameters. The plasma density
before L–H transition in these shots is 〈ne〉 = 2 × 1019 m−3. Six
probing frequencies, i.e. 52 GHz, 56 GHz, 60 GHz, 64 GHz, 68 GHz
and 72 GHz, are selected for the density fluctuation measurement.
Fig. 6 shows the divertor Dα as references and the δn/n mea-
sured by reflectometry with the six frequencies. All these shots
show the I phase with dithering which can be clearly observed in
the Dα signals. However, the detailed behavior of these ditherings,
e.g. the length, are different. This difference is a usual observa-
tion even for the plasmas with the same conditions. Neverthe-
less, the density fluctuation measured by the 52 GHz, 56 GHz
and 60 GHz reflectometry can see the dithering while this os-
cillation is not observed in the density fluctuation measured by
reflectometry with higher frequencies. It is further observed from
Fig. 6(c) that the 60 GHz reflectometry in shot 41 707 can see
the oscillation only in the later dithering phase while the first
three cycles is not clearly observable in the δn/n signal. Fig. 7
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Fig. 3. (a)–(c) EFIT equilibrium reconstruction and (d)–(f) the toroidal view of a CCD camera measuring the visible light plasma radiation for shot 38213 at 2.13 s (L phase),
2.25 s (I phase) and 2.44 s (H phase) respectively.
shows that the outside XUV channels cxuv11d–cxuv16d can see
the dithering while more inside channels cannot observe this os-
cillation. It is also noted that the channel of cxuv11d can see
the oscillation only in the later dithering phase which is simi-
lar to the observation of the 60 GHz reflectometry. This may be
due to that the oscillation affects more inside plasma in the later
phase and this effect has been observed in experiment [21] and
modeling [29]. But we cannot exclude the explanation that the
observation in cxuv11d and 60 GHz reflectometry is due to the
density increase during the dithering (Fig. 8) based on present
data. Due to the fact mentioned above that the reflectometry can-
not measure the density profile and fluctuation at the same time,
a similar discharge, 41 554, with the same density is selected to
study the localization of the dithering. Fig. 8 shows the density
profiles measured by reflectometry at four different time corre-
sponding to the L, early I, later I and H phases respectively and
the cutoffs of the reflectometry with the six probing frequencies
are also indicated in each profile. It is clearly seen that both edge
and core density gradually increase during the I phase which is
consistent with the evolution of 〈ne〉. In the early I phase, the
dithering is observed on 52 GHz and 56 GHz reflectometry which
cover 2.285 m < R < 2.3 m and cannot be seen by the reflectome-
try with frequency larger than 60 GHz which cover R > 2.25 m.
In the later I phase, the dithering is observed on 52, 56 and
60 GHz reflectometry which cover 2.29 m < R < 2.3 m and cannot
be seen by the reflectometry with frequency larger than 64 GHz
which cover R > 2.25 m. Since the signal measured by XUV di-
agnostics is an integral along the view line (Fig. 5), we have
calculated the covered regions for two channels, cxuv11d and
cxuv16d, by mapping the view lines of them to the midplane
using the EFIT equilibrium. The result shows that the cxuv11d
covers the region with R > 2.21 m while cxuv16d covers a re-
gion with R > 2.31 m just outside the separatrix (R = 2.308 m).
By combining the measurement from reflectometry and XUV, we
conclude that the dithering occurs at least 2 cm inside separatrix
and extends into SOL region as the shaded rectangular indicated
in Fig. 8(c) while the upper limit of the radial extension that this
dithering occurs is about 6 cm at the edge. The ‘dithering’ cycles
observed in AUG was also about 2 cm inside the separatrix [17]
and the ‘IM mode’ oscillation observed on DIII-D was principally
near separatrix from ρ = 0.98–1.0 and extended into the SOL [18,
19].

3. Occurrence of dithering on EAST

Fig. 9(a) summarizes the occurring condition in the parame-
ter space of Ploss and dRsep for about 800 discharges in present
EAST experiment. Here, Ploss = PLHW + PICRH + Pohm − dWdia/dt is
defined as the power loss passing through the separatrix. The den-
sity of these discharges is from 2 × 1019 m−3 to 4 × 1019 m−3.
It can be seen that the discharges with and without dithering
are well separated by dRsep . The dithering occurs at DN or USN
configurations and no observation of dithering is found in LSN
configuration. In the transition configuration between LSN and DN,
both kinds of discharge can exists. It is noted there are still several
discharges without dithering in the DN configuration. Replacing
the Ploss with the normalized power in excess of the threshold
power Pscal , i.e. (Ploss − Pscal)/Pscal , cannot improve the distribution
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Fig. 4. Observation of dithering from different diagnostics in EAST shot 40 846. (a) divertor Dα as a reference, (b) poloidal magnetic fluctuation δbθ measured by two
magnetic probes at high field side (R = 1.29 m, Z = 0.635 m) but with a 180◦ toroidal separation, (c) extreme ultraviolet radiation (XUV) measurement in edge (cxuv15d
with R = 1.85 m and Z = −0.65 m) and core (cxuv8d with R = 1.85 m and Z = −0.27 m), (d) LiI and LiII line radiation, (e) spectrogram of density fluctuation measured by
60 GHz reflectometry at ρ ∼ 0.94 and (f) the density fluctuation level measured by this reflectometry.
Fig. 5. A schematic of the diagnostics on EAST. cxuv1d–cxuv16d are the 16 channels
XUV radiation measurement from core to edge. LiI and LiII are the line radiation
from Li+ and Li2+ . Reflectometry is in the midplane at low field side and used to
measure the density profile and density fluctuation. The marker of ‘+’ indicates the
magnetic axis.

of dithering in the parameter space as shown in Fig. 9(b). Here,
Pscal = 0.8 × P08,scal with P08,scal = 0.049〈ne20〉0.72 B0.8

t S0.94 be-
ing the L–H transition power threshold based on the ITPA multi-
machine database [30]. The factor 0.8 is taken by considering the
fact that the L–H transition power threshold with molybdenum
wall on EAST is smaller than the scaling P08,scal by a factor of
about 20% [31]. It is noted that the threshold power is also re-
duced by about 25% to 30% on JET when the first walls are changed
from carbon walls to metal walls [32]. As mentioned in Section 2,
the B × ∇B direction in USN is ‘favorable’ while it is ‘unfavorable’
in LSN configuration for the data presented in Fig. 9. The study
has shown that the threshold power in DN is smaller than that
in LSN by a factor about 30% to 40% on EAST [31]. Some evi-
dences also show that the threshold power in USN is smaller than
that LSN and larger than that in DN, but this point needs further
confirmation in future. Fig. 10 shows that the dithering is clearly
observed in Dα preceding the L–H transition in the plasma with
DN configuration. For the plasma in LSN configuration, there ex-
ists irregular fluctuation with much smaller amplitude preceding
the L-H transition. This fluctuation is similar to that observed in
previous EAST experiment [24] and also resembles the so-called
‘L-mode fluctuation’ observed in AUG [17]. It has shown in AUG
that the ‘dithering’ cycles can be observed only in the plasma
with ‘favorable’ direction while the ‘L-mode fluctuation’ was usu-
ally observed in the Dα signal when plasma is in ‘unfavorable’
direction [17].

Fig. 11(a) and (b) show the dependence of the dithering length
(�tdither) on the normalized power in excess of the threshold
power for two different density ranges. The data is scattering and
no clear dependence is observed. Nevertheless, the distribution of
�tdither is broader in the plasma with heating power closer to the
threshold power, e.g. that the �tdither can be from several ms up
to 200 ms when (Ploss − Pscal)/Pscal < 0.5 while the �tdither is less
than 50 ms for most discharges when (Ploss − Pscal)/Pscal > 0.5. It
was shown that the length of the ‘dithering’ cycles in AUG de-
creased with the ramp rate γP of the power in excess of the
L–H transition threshold power [16]. On EAST, the L–H transi-
tion usually occurs at the flattop phase of the heating power
(e.g. Fig. 2). It is difficult to define the ramp rate of the heat-
ing power. Here, we use the energy confinement time τE as an
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Fig. 6. Density fluctuation measurement by reflectometry with 6 different probing frequencies. The upper plots in (a)–(f) show the divertor Dα signals as references and the
lower plots show the δn/n.

Fig. 7. From top to bottom are divertor Dα signal, XUV channels from inner to outer region cxuv10d–cxuv16d and δbθ measured by edge magnetic probe for EAST shot
41 707.
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Fig. 8. EAST shot 41 554: (a) Dα signal, (b) 〈ne〉 and (c) density profiles at four dif-
ferent time (indicated by vertical lines in (a) and (b)) corresponding to L phase,
early I phase, later I phase and H phase respectively. The markers indicate the cut-
offs of the reflectometry. The covered regions for two XUV channels, cxuv11d and
cxuv16d, are from edge to the radial positions indicated by the two long vertical
dash lines respectively. The short and bold dash line indicates the position of sep-
aratrix. The shaded rectangular indicates the occurring region of dithering deduced
from reflectometry and XUV measurement.

indication of the time scale. Fig. 11(c) and (d) show the depen-
dence of �tdither on γP = (Ploss − Pscal)/(PscalτE ). Compared to
Fig. 11(a) and (b), no further improvement on the dependence
can be achieved by doing so. Fig. 12 shows that three neighboring
shots have similar parameters but the dithering lengths are differ-
ent. It is still unclear what parameter controls the dithering length
on EAST.

4. Plasma evolution during dithering

It can be seen in Fig. 12 that the increasing rate of Wdia and
〈ne〉 during the I phase is smaller in the plasma with longer
dithering length. Fig. 13 shows the dependence of dWdia/dt and
d〈ne〉/dt on the �tdither for all the discharges in database. Here, the
dWdia/dt (d〈ne〉/dt) is the increasing rate of Wdia (〈ne〉) and calcu-
lated by the increment of Wdia (〈ne〉) during the I phase divided by
�tdither . It can be seen from the Figure that both increasing rates of
energy and density during the I phase decrease with the increas-
ing of the dithering length. It is further observed in Fig. 12(b) that
the plasma enters in the H-mode once the Wdia arrive at the value
of about 74 kJ for all the three shots while the �tdither are dif-
ferent. Since diamagnetic energy is directed linked to the plasma
pressure, this result may imply that a critical pressure or pressure
gradient are needed to finally lock the specific plasma in H-mode.
This will be investigated in future after the upgrade of the plasma
edge diagnostics on EAST.

The evolution of density profiles during the I phase has been
studied using the reflectometry system (Fig. 5). In fact, there are
two types of dithering observed on EAST. Fig. 14(a)–(e) show the
first type dithering where the Wdia , 〈ne〉, nped

e and maximum ∇ne

(max(∇ne)) don’t change in the early dithering phase and begin to
increase in the later dithering phase. Here, the nped

e and max(∇ne)

are calculated as follows: the density profiles (e.g. Fig. 14(f)) mea-
sured by the reflectometry is fitted by the modified hyperbolic
tangent (MTANH) function [33]. The density pedestal height nped

e

Fig. 9. The occurring condition of dithering on EAST parameter space of (a) Ploss and
dRsep and (b) (Ploss–Pscal)/Pscal and dRsep .

Fig. 10. An example to show the difference of Dα signal during L–H transition be-
tween the DN and LSN configurations. (a) Dα in shot 42 373 with DN, (b) Dα in
shot 42 377 with LSN and (c) dRsep in the two shots. The dashed vertical lines in
(a) and (b) indicate the time of L–H transition for each shot.
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Fig. 11. The dependence of dithering length (�tdither ) on (Ploss − Pscal)/Pscal in (a) and (b) and on γP = (Ploss − Pscal)/(PscalτE ) in (c) and (d).
Fig. 12. Three shots with similar parameters have different dithering length. (a) Dα ,
(b) Wdia , (c) 〈ne〉 and (d) total heating power Ptot .

can be directly calculated using the fitting parameters and the
max(∇ne) is the maximum density gradient of the fitting pro-
file. The quantity of nped

e is used to indicate how the edge density
evolves during the I phase. The boundary of the early and later
dithering phase for this shot 41 386 is at about 4.112 s which has
been indicated by a vertical dash line in these figures. Fig. 14(f)
shows that the density profiles in early dithering phases are sim-
ilar to that in L phase while the density and density gradient in
later dithering phase gradually increase. As discussed in Section 2,
the decreasing phase of Dα nearly corresponds the density fluc-
tuation suppression phase except that there is short time delay of
about 100–140 μs. Taking the Dα signal as reference, it can be
seen in Fig. 14(a) that the time Dα stays in the L phase value is
larger than that of Dα decreasing, i.e. the time that edge plasma
with L mode turbulence level larger than that plasma with tur-
bulence suppression, in the early dithering phase. On the other
hand, the time edge plasma stays in the turbulence suppression
phase is larger than that plasma with L mode turbulence level in
the later dithering phase. This may explain why the plasma en-
ergy and density show increase in the later dithering phase and
no changes of the two quantities in the early dithering phase. The
density profile when plasma evolves into type-III ELMy H mode is
also shown in Fig. 14(f) for comparison. The pedestal top cannot
be seen by the present reflectometry system due to the limita-
tion of the probing frequency [27]. The pedestal height should be
at least 2.7 × 1019 m−3, much larger than that during the I phase
which is less than 2 × 1019 m−3. This is the first difference be-
tween the dithering and the type-III ELM, both of which show
bursts in Dα signal. A high frequency coherent mode is usually
observed before type-III ELM. The mode frequency was born about
150 kHz and gradually decreases up to the ELM. For dithering, the
high frequency turbulence is usually suppressed and no coherent
mode is observed before the oscillating burst as shown in Fig. 4(e).
This is second difference between dithering and type-III ELM on
EAST.

Fig. 15(a)–(e) show the second type dithering in shot 41 385.
The Wdia , 〈ne〉, nped

e and max(∇ne) begin to increase when plasma
evolve into the I phase with dithering at about 3.398 s as indicated
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Fig. 13. The dependence of (a) the increasing rate of Wdia , dWdia/dt and (b) the
increasing rate of 〈ne〉, d〈ne〉/dt on the dithering length during the I phase.

by a vertical dash line in these figures. Fig. 15(f) shows that the
edge density and density gradient continuously increase during the
dithering phase. This is due to that the plasma stays in the tur-
bulence suppression phase longer than in the L-mode turbulence
level especially for the later several cycles shown in Fig. 15(a).

5. Discussion and summary

A comparison between the characteristics of dithering observed
on EAST and similar oscillations preceding the L–H transition in
other devices is performed. Firstly, the dithering on EAST mainly
occurs at least about 2 cm just inside the separatrix and extends
into SOL. This is similar to the ‘dithering’ cycles in AUG [17] and
the ‘IM mode’ in DIII-D [19] but different from the so-called ‘L–H
cycles’ observed on H-1 Heliac [22] where the perturbation can
affect the whole plasma. This has been attributed to the global
nature of the fluctuations in H-1 [22]. Actually, the edge density
fluctuation is periodically suppressed during the dithering phase
on EAST while no suppression of turbulence is observed more in-
side the plasma as shown in Fig. 6. This periodical suppression
of the edge fluctuation level in the I phase is also observed in
the simulation [29]. Secondly, the dithering cannot be observed in
plasma with LSN configuration, i.e. ‘unfavorable’ B × ∇B direction,
on EAST. The ‘dithering’ cycles on AUG also cannot be seen in the
plasma with ‘unfavorable’ direction [17]. In addition, the small ir-
Fig. 14. Evolution of (a) Dα signal, (b) Wdia , (c) 〈ne〉, (d) nped
e and (e) maximum

ne gradient, max(∇ne) for EAST shot 41 386. The vertical dashed line separates the
early dithering and later dithering phase. (f) shows the density profiles measured
by reflectometry during the L–I–H transition. The profile in type-III ELMy H-mode
phase is also shown for comparison.

regular fluctuation preceding the L–H transition observed in the
LSN configuration on EAST (Fig. 10(b)) resembles the ‘L-mode fluc-
tuation’ seen on AUG when the Bt was reversed and the B × ∇B
drift was in the ‘unfavorable’ direction. Lastly, the density profiles
gradually evolves during the whole dithering phase or later dither-
ing phase depending on the type of dithering one EAST. This is
different from the ‘IM mode’ on DIII-D where the density pro-
files nearly show no change during the ‘IM mode’ phase while the
temperature profiles slowly evolve due to the gradual increase of
heating power [19]. The first type of dithering on EAST where the
energy and density show no change in the early dithering phase
and gradually increase in the later dithering phase (Fig. 14) is sim-
ilar to the ‘dithering’ cycles on AUG [17]. We conclude from the
comparison that the characteristics of dithering on EAST is most
similar to the ‘dithering’ cycles observed on AUG. However, the
differences between them are evident. Firstly, the length of the
‘dithering’ cycles increases with the decreasing of the power ramp
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Fig. 15. Evolution of (a) Dα signal, (b) Wdia , (c) 〈ne〉, (d) nped
e and (e) maximum ne

gradient, max(∇ne) for EAST shot 41 385. The vertical dashed line indicates the time
at which the plasma enters into the I phase and both energy and density begin to
increase. (f) shows the density profiles measured by reflectometry during the L–I–H
transition.

rate on AUG while the length of dithering has no clear dependence
on the heating power on EAST. Secondly, the ‘dithering’ cycles on
AUG was usually observed in plasma with marginal input power
and the ‘L-mode fluctuation’ appeared in the plasma with high
heating power. On EAST, the dithering can be still observed even
the factor of the heating power in excess of the threshold power
is larger than 100% as shown in Fig. 9(b). The origin of the differ-
ence may come from the different heating methods. Presently, the
H-mode is achieved mainly using LHW or LHW + ICRH while it
is difficult to trigger L–H transition using ICRH solely on EAST. The
ICRH heating system will be upgraded and a new neutral beam
injection system will be installed in next EAST campaign. It is de-
served to study the effects of different heating methods on the
dithering characteristics in the future.
In summary, dithering cycles preceding the L–H transition has
been observed and experimentally characterized on EAST tokamak.
The dithering occurs in plasma with DN and USN configuration and
cannot be observed in LSN configuration where the ion B × ∇B
drift directions is away from the X-point, i.e. ‘unfavorable’ direc-
tion. The dithering affects the plasma at least 2 cm inside the sep-
aratrix and extends into the SOL. The dithering length (�tdither) has
no clear dependence on the heating power. Generally, the plasma
stored energy and density gradually increase during the dithering
phase and the increasing rates of them decreases with the in-
creasing of �tdither . There are two types of dithering. In the first
type, the energy, density and density gradient shows no change in
the early dithering phase but slowly increase in the later dither-
ing phase. In the second type, these quantities begin to increase
once the plasma evolves into the I phase with dithering. The con-
finement improvement in the later dithering phase of first type
dithering or in the second type dithering has been attributed to
that the edge plasma stays in turbulence suppression phase longer
than in L-mode turbulence level phase.
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