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A complex multistage transition of the edge radial electric field is observed in JT-60U H-mode phase

without edge localized mode. An interesting feature is that the poloidal rotation velocity of the carbon

impurity ions changes in the laterH-phase without a comparable change in the main ion pressure gradient,

indicating a change in the parallel momentum (and particle) balance channel.
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Since the high confinement mode regime (H-mode) was
discovered in the ASDEX tokamak [1], the physics of
transitions from the low confinement mode (L-mode) to
the H-mode (L-H transition) has attracted a great deal of
interest in the both the experimental and theoretical com-
munities [2–5].

Experimentally, the radial electric field Er was observed
in a localized region just inside the separatrix of most
H-mode plasmas where the sheared ExB flow was created
and where the fluctuations decreased. On the theory side,
the suppression of turbulence by ExB velocity shear pro-
posed by Shaing [2] could lead to a spontaneous H-mode
bifurcation through a nonlinear feedback [6]. However the
relationship between the mechanism of formation of the
edge transport barriers and ExB shear is not well under-
stood, since it is related to a nonlinear dynamics in the edge
plasma.

The very high confinement mode regime (VH mode)
first observed on DIII-D is characterized by a ‘‘two-stage’’
transition with a typicalH mode followed much later in the
H mode phase without edge localized mode (ELM-free) by
a second increase in the energy confinement [7]. In the case
of the VH mode on DIII-D, the toroidal rotation played an
important role in the second phase but a similar phenome-
non was observed on joint European torus (JET) with only
rf heating [8].

Recently 32 spatial channel charge exchange recombi-
nation spectroscopy CXRS with fast time-resolution up to
400 Hz has been installed on JT-60U [9]. Since the tran-
sition between the internal transport barriers with different
curvature of ion temperature (or ‘‘multiple levels’’ of
reduced transport) in reversed shear plasmas was discov-
ered in the plasma core region [10,11], similar phenomena
must exist even in the edge transport barriers region.

This Letter provides new information on the phenome-
nology of a complex multistage transition in terms of the

edge radial electric field in the H-mode discharge on JT-
60U. The data presented here fall within the range of
H-mode and VH-mode phenomenology [12]. The slow-
ness of the first L-H transition without any bursts in theD�

signal is also found [13], and a complex multistage tran-
sition in the later ELM-free H phase is sequentially fol-
lowed, which is not observed on DIII-D or JET. A slow
L-H transition had been seen on DIII-D (dubbed the IM
mode [14]), although the IM mode is characterized by
periodic bursts of an instability near the outer plasma edge.
The radial electric field, pressure gradient, and plasma

velocity perpendicular to the magnetic field are gov-
erned by the radial force balance equation: Er ¼
ðZjenjÞ�1rpj � V�;jB� þ V�;jB�. Here, Zj is the ion

charge, nj is the ion density, e is the magnitude of the

electron charge, pj ¼ njTj is the ion pressure with Tj the

ion temperature, V�;j and V�;j are the ion poloidal and

toroidal rotation velocities, respectively, and B� and B� are

the poloidal and toroidal magnetic fields, respectively.
Figure 1 shows a time evolution of the balanced neutral

beam injection (NBI) heating discharge having a two step
transition with PNB ¼ 10 MW (E049219; IP � 1:6 MA,
B� � 3:9 T, q95 � 4:2, �=�� 1:43=0:34 at t� 5:0 sec ).

It is clear that the L-H transition occurs spontaneously at
t� 4:730 sec , indicating an abrupt drop in the D� emis-
sion in addition to an increase in the time differential in the
line-averaged electron density. The plasma exhibits a
‘‘slow’’ transition within a time scale of about �50 ms
as the ion temperature and its gradient buildup associated
with the Er-well formation at around the maximum jrTij
location as shown in Fig. 2.
A ‘‘faster’’ drop in the D� emission within less than a

few millisecond can be seen at t� 5:0525 sec , exhibiting
a rapid change in the Er-well structure toward more nega-
tive by approximately a factor of 2. After a brief improved
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confinement phase, a deeper negative Er-well structure is
back to a shallower one at t� 5:0925 sec . The Er tran-
sition towards more negative occurs again at t�
5:1425 sec , indicating a complex multistage transition
(called ‘‘H-H’’ transition). An interesting feature of this
observation is that the poloidal velocity of the carbon
changes in the later H phase without a comparable change
in the ion pressure profile as shown in Fig. 3.

The edge Er well at the initial H phase (just after a L-H
transition of t� 4:73–5:05 sec ) is maintained by the both
diamgnetic rpi=ðZieniÞ and poloidal velocity �V�B�

terms for the carbon impurity ions (Zj ¼ 6) with an almost

similar magnitude of up to �20 kV=m. It is noted that the
poloidal velocity for the carbon impurity ions is in the
electron diamagnetic direction, and the toroidal rotation
goes towards counter direction to the plasma current.
Although both poloidal and toroidal velocity terms con-
tribute to the negative Er formation, the contribution of the
toroidal velocity term is less than a half of the poloidal
velocity term. Because the NBI torque is balanced in this

discharge, the change of the toroidal velocity term associ-
ated with the increase in the diamagnetic term is consid-
ered to be a ‘‘spontaneous‘‘ toroidal rotation.
The change in the Er well toward more negative (up to

�80 kV=m) can be seen in the later H phase at t�
5:05 sec , which is associated with the dominant poloidal
velocity term for the carbon impurity ions without a com-
parable change in both the diamagnetic and toroidal veloc-
ity terms. This indicates a change in the parallel (poloidal)
momentum balance channel. After a brief backward H-H
transition (t� 5:0915–5:1425 sec ), the polodial velocity
term changes solely at t� 5:1425 sec (2nd H-H transi-
tion), again, in the latest H-phase until the first large ELM
onset at t� 5:2225 sec .
This interpretation is complicated by Fig. 4 that shows

the electron density gradient changes slightly in concert
with the Er (or ExB shear) change. Hence, the main ion
density gradient (not measured) must also change, since we
could see a slight change in the measured carbon ion
density. Because of this change in electron density gra-
dient, it is hard to rule out a change in the particle transport
contributing to the deepening of the Er well. This would
most likely be both a momentum and particle transport
change.

FIG. 2 (color online). Plot of (a) ion temperature and (b) radial
electric field versus normalized radius for t ¼ 4:6 [(black)
crosses], 4.8 [(sky-blue) squares], 4.95 [(green) triangles], 5.07
[(red) circles], 5.12 [(blue) diamonds], and 5.16 s [(pink) as-
terisks].

FIG. 1 (color online). Temporal evolution of (a) line-averaged
electron density and D� emission, (b) ion temperature Ti, (c) ion
temperature gradient �rTi, and (d) radial electric field Er for
�3:4 cm [(red) circles], �3:9 cm [(orange) triangles], �4:5 cm
[(green) squares], and �5:1 cm [(blue) diamonds] inside the
separatrix. The times of the L-H and H-H transitions are
indicated by vertical lines.
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There are three stages in the laterH-mode phase in terms
of the Er transition, where the density or temperature
gradient gradually change in time as shown in Fig. 4. It
is noted that there is no simple relation to the change in
ExB shear. After a L-H transition, both density and tem-
perature (and hence, pressure) gradient increase as the ExB
shear increases up to �1 MHz. However, only the density
gradient increases without a comparable change in the
temperature gradient at the first H-H transition, even as
the ExB shear increases by a factor of 2 (up to �2 MHz).
At the following backward H-H transition, it is interesting
that the density gradient decreases and temperature gra-
dient increases, while the pressure gradient is kept almost

constant. In this backward transition, the density fluctua-
tion at the plasma edge region is enhanced, which is
consistent with an enhanced particle transport according
to the decrease in the ExB shear. This observation suggests
that the particle transport (�jdne=drj) may be directly
related with the ExB shear even in the later H phase, while
a stronger ExB shear (above �1 MHz in this experimental
case) seems not to be directly related to an improvement in
the energy transport (�jdTi=drj). The mechanism, which
leads to the occurrence of a complex multistage transition,
is not well understood yet; although the plasma instability
(such as observed density fluctuations having broadband
spectrum in the frequency range of 100–400 kHz) driven

FIG. 3 (color online). Contributions of (a) poloidal (�V�B�)
and (b) toroidal (�V�B�) velocity terms to the Er in the radial

force balance equation plotted as a function of diamagnetic term
½rpi=ðZieniÞ� for the measured carbon impurity ions at�3:4 cm
inside the separatrix. These data are smoothed by every 15 ms
from t� 4:536 25 sec to t� 5:226 25 sec . Radial profiles of
the calculated pressure of main ion with assumption that the
edge deuterium ion density ni � the edge electron density ne
[the pressure gradient term can be estimated as rðniTiÞ �
rðneTiÞ] and electric field at t� 5:07 sec and 5.12 sec are
also plotted.

FIG. 4 (color online). (a) Electron density and (b) ion
temperature gradients at �3:9 cm inside the separatrix
plotted as a function of ExB shear [defined by !ExB ¼
ðr=qÞdðfq=rgfE=BgÞ=dr]. Power spectrum of electron density
fluctuation measured by reflectometer (cut-off density ncut-offe �
1:4� 1019 m�3) at t� 5:07 sec and 5.12 sec are plotted in (a).
Radial profiles of electron density, ne measured by Li-beam
probe (LiBP), ion density, nc6þ, and ion temperature, Ti, for
carbon impurity ions measured by CXRS are also plotted in (b).
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by the free energy of the radial shear in the parallel
(poloidal) velocity may play an important role [15].
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