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Role of Edge Magnetic Shear on the Limiter H-Mode Transition of the JIPP T-IIU Tokamak
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In a circular cross-section plasma bounded by a limiter, the H-mode transition is triggered by a rapid
rampdown in plasma current during auxiliary heating, even in the case when the edge electron tempera-
ture gradually decreases prior to the transition. This result suggests that the transition is governed by
the enhancement of the magnetic shear near the plasma edge, associated with the radial modification of

the edge current-density profile.
PACS numbers: 52.55.Fa, 52.55.Pi

In the divertor configuration of the ASDEX
tokamak,' it was discovered that auxiliary-heated plas-
mas can take two distinctly different confinement re-
gimes: the usual degraded regime, L mode, and the new-
ly observed improved regime, H mode. Later, this
phenomenon was observed in other divertor tokamaks. 2™
In most of the H-mode discharges, the transition seems
to occur when there is an appreciable rise in the edge
electron temperature (7,,) above a certain threshold. ¢
Moreover, a transport barrier with steep V7T, and Vn, is
formed just inside the separatrix, where the global mag-
netic shear §,, =dIng/dlInr, with g the safety factor, in-
creases significantly.” Recent theory predicts that the
increased shear provided by the divertor configuration
may suppress edge turbulence and trigger the H-mode
transition.® It is thought that (i) high edge magnetic
shear, $mp, and (ii) high T., may be important factors in
determining the transition. However, observation of the
transition in limiter-bounded plasmas with circular cross
section®™!! requires a reexamination of the role of §,,; for
the transition. The role of high 7, should also be recon-
sidered, since in DIII-D (Ref. 12) there is only a small
rise in T, across the transition in contrast to a large rise
in the edge electron density, and since new data from
ASDEX (Ref. 13) suggest the importance of the
current-density profile near the edge, rather than 7. A
limiter configuration may be advantageous for studying
the role of the magnetic shear on the transition, because
the shear can be changed simply by modifying the
current-density profile with the same external magnetic
configuration. In this Letter, we demonstrate for the
first time that the rapid rampdown in plasma current
(CRD) can easily trigger the transition, thus suggesting
the importance of s, even in the limiter H mode.

Two sets of aperture-type carbon limiters are mounted
in the JIPP T-IIU tokamak ' (major radius R=91 cm,
minor radius a==23 cm), displaced 180° toroidally from
each other. The limiters, carbon tiles, and torus wall are
conditioned by pulsed helium electron-cyclotron-
resonance (ECR) discharge cleaning'’® for about two

weeks with a 0.1-Hz repetition rate and by numerous
tokamak conditioning discharges. We also use titanium
gettering between shots to suppress the unfavorable den-
sity rise during auxiliary heating. A deuterium plasma
with a hydrogen minority (~10%) is heated by ion-
cyclotron range of frequency (ICRF) power PS2.5
MW and by nearly perpendicular neutral-beam injection
(NI) PniS0.7 MW. The electron-temperature (7,),
the density (n.), and the ion-temperature profiles are
measured by a ten-channel grating polychromator for
electron-cyclotron-emission measurements,'® a  six-
channel HCN-laser interferometer,!” and a 50-channel
charge-exchange recombination spectrometer
(CXRS),'® respectively. The H,,D, emission (I,) is
monitored at four toroidal locations, and at one of these
it is measured over the poloidal cross section by a
twelve-channel photomultiplier array.'® The observed H
mode exhibits characteristics of the divertor H mode,
i.e., a sharp depression in I,, a rapid rise in T,p, an obvi-
ous rise in the central line-averaged electron density
(72), a sudden decrease in the scrapeoff-layer density,
and the appearance of edge localized modes (ELM).%
There is, however, no obvious rise in ion temperature
across the transition, presumably due to the poor time
resolution of the CXRS (=17 ms), compared to the
ELM frequency. The improvement in stored plasma en-
ergy W, is clear, but not significant (~10%-15%).
Figure 1 shows a typical limiter H-mode discharge
(solid curves) triggered by current rampdown, which is
done by the application of a reversed loop voltage. The
heating power is P==1.3 MW, the transition never
occurs at this power level unless CRD is employed
(dashed curves). In the lower traces of Fig. 1 with the
expanded time scale, we compare the time evolution of
T, (at r/a==0.83) in the H mode obtained by CRD and
in the L mode without CRD. As shown by arrows on the
lower traces, T,, in the L mode increases at each
sawtooth event, becoming about 15% higher than the
value of T, at the transition in the H mode. This indi-
cates that the transition is not necessarily determined by
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FIG. 1. Time evolution of the loop voltage (V.), plasma
current (I,), Ha, Do emission observed horizontally (Z.), line-
averaged electron density along a central chord (7), and edge
electron temperature (7o) at r/a==0.83 in a limiter H mode
triggered by CRD, with P4=1.3 MW and B,=2.8 T. The
solid curves in the lower traces with the expanded time scale
denote the H mode, and the dashed curves the L mode, whose
I, is shown by the dashed curve in the top trace.

Tep.

We study which of the two possible effects, (a) the de-
creased plasma current, or (b) the radial modification of
the current-density (j,) profile through the skin effect, is
dominantly responsible for the H-mode transition by
CRD. The dependence of the heating power P+ Pnj on
the plasma current I, at the transition is shown in Fig. 2.
This was obtained by varying the ICRF power from
P=0.5 to =25 MW for fixed i, [=(5-6)x10"
cm 7], B, (=2.8-2.9 T), and Pn; (=0 or =0.7 MW).
The solid symbols in Fig. 2 indicate the data obtained
with CRD, and the open symbols the data obtained
without CRD (i.e., the constant-I, case). The threshold
Py, is defined as the minimum power required for the
transition. For the H modes with CRD in the range of
1,2 170 kA, a step-by-step scan of the heating power,
which would determine Py, definitely, was not per-
formed. Therefore, the broken curve shown in Fig. 2
may be higher than the value of Py, for this range of I,.
Nevertheless, it is lower by 30%-50% than the curve for
the case without CRD. We conclude that the transition
is determined not by the effect of decreased I,, but by
the modification of the edge j, profile. Note that |/, |
for CRD in this experiment is too small to lead to appre-
ciable edge heating by a strongly reversed skin current.

To clarify the role of CRD on the H-mode transition,
it is necessary to determine the location of the transport
barrier formed near the plasma edge.” The barrier is
characterized as the region with steep Vn, and VT,. The
chord-averaged electron densities (77,) measured by the
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FIG. 2. Dependence of the total heating power on the plas-
ma current at the moment of the H-mode transition. Circles,
rf alone; squares, rf +NI. Solid symbols, with CRD; open sym-
bols, without CRD.

six-channel HCN-laser interferometer suddenly rise or
decrease just after the transition, depending on the loca-
tion of the measuring chord. Figure 3 shows the radial
variation of the relative change in the density An,/n, for
each measuring chord, in several H-mode discharges
with CRD. From this figure, the location of the trans-
port barrier may be determined as the position of
AR, /n, =0. However, the position defined by An./n, =0
gives only a lower bound on the location of the barrier,
because 7, is the value of the density averaged along the
measuring chord. This lower bound is r/a==0.70-0.80.
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FIG. 3. Radial variation of the relative change in the
chord-averaged density 72, across the transition, in the A modes
with CRD, where the applied loop voltage is in the range of
—8.1 to —4.5 V and Ps=1.1-1.3 MW. The data at
r/a=1.2-1.3 are obtained by Langmuir probes. The shaded
strip at r/a =0.8-0.9 shows the location of the transport bar-
rier determined from the Abel-inverted signals of interferome-
ter. The relative change in 7. across the transition is shown by
the solid circles.
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The true location of the barrier has been determined by
Abel inversion of the chord-integrated signals and is es-
timated to be 7/a=0.80-0.90 (shaded strip in Fig. 3).
Figure 3 also shows the relative change in the electron
temperature across the transition, which is estimated as
the increment of T, just prior to the first ELM of the H
phase compared to the value of T, just before the last
sawtooth event in the L phase, divided by the latter value
of T,. The region with steep VT, roughly coincides with
the location of the barrier determined by the density
measurements. We conclude that the transport barrier is
formed near the plasma edge, but inside the limiter ra-
dius.

Figure 4 shows another typical H mode with CRD,
where T, still does not govern the transition. For this H
mode in a relatively high-density regime, T, reaches a
maximum (indicated by the arrow) and decreases gradu-
ally until the transition. It is obvious that the transition
is initiated without any sawtooth event and without any
rise in T, prior to the transition. This result suggests
that the transition is governed by the CRD-induced
modification of the j, profile, instead of by T.,. Note
that high 7,, is necessary to well localize the CRD-
induced skin effect near the edge, of which skin effect
readily triggers the transition.

We estimate the magnetic shear by solving the mag-
netic diffusion equation with experimentally obtained
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FIG. 4. H mode triggered by CRD without any sawtooth
event and without any T, rise prior to the transition, where
the shaded strip shows the heating pulse of P=1.3 MW plus
Pni=0.6 MW. An arrow on T, trace indicates its maximum
in the L phase. S$,s is the shear calculated at »/a =0.8 for
three Z.x values, assuming the uniform profile: for experimen-
tally obtained Z.q (solid curve), and for the assumed Z.g=1.5
(dashed curve) and Z.r=3.0 (dotted curve). 7T.(a) =50 eV
and n.(a) =3x10'2 cm ~* are assumed at the limiter position.

data such as the I, and the T, and n, profiles, adjusting
the Zg profile so that the calculated loop voltage and
the location of the ¢ =1 surface agree well with the mea-
sured ones. Fairly good agreement with the experimen-
tal data is obtained for a uniform profile with Z.g=2 in
this experiment. The time behavior of §,,, depends
weakly on the Z g value in the range of 1.5 SZ.5<3.0,
which is inferred from measurements of the visible
bremsstrahlung, because the j, profile during CRD is
determined predominantly by inductive effects rather
than by resistive effects. Note that the time behavior of
the internal inductance /; calculated for 1.55Z.4<3
agrees well with the value for /; obtained from B,+1/;/2
(from Shafranov shift) and B, (from diamagnetic mea-
surements). The calculated shear near the edge is appre-
ciably increased by CRD from the value in the usual j,
profile. When the shear at r/a =0.8, where the trans-
port barrier is located, increases above a certain
minimum value §,,==1.8-2.0, the transition readily
occurs (Fig. 4). The minimum of §,, (estimated at
r/a=0.8) required for the transition decreases as the
heating power is increased. This result is interpreted to
indicate that the high-shear region with §,,=1.8-2.0
slightly moves towards the limiter away from r/a =0.8,
rather than indicating that the required shear is reduced
at any edge position. On the other hand, rapid current
rampup, which increases the Ohmic input near the edge,
easily quenches the H mode obtained at very high heat-
ing powers (P+Pni=2.6 MW). This result is inter-
preted to indicate that the shear edge §,.; is appreciably
reduced by a current rampup.

We now consider whether the H mode without CRD,
obtained with high heating power, is governed by the
same mechanism as discussed above, i.e., shear. The
plasma current [, tends to increase when strong electron
heating occurs or when an appreciable amount of
bootstrap current is generated in the plasma volume by
high-power heating on a time scale shorter than the
resistive diffusion time of the plasma. Then, a reversed
toroidal electric field may be induced near the plasma
edge due to conservation of poloidal magnetic flux. This
electric field may detach the current channel from the
limiter, keeping I, constant. Thus, the j, profile may
have pedestal or steep Vj, at the profile edge where the
magnetic shear rapidly increases up to ~2. This j,
profile would not be produced by the shrinkage due to
enhanced edge recycling. This modification of the edge
Jo profile may stabilize localized tearing modes whose
resonant surfaces are located in the detached region
(0.8<r/a <1.0 in this experiment), because dj,/dr=0
and the shear is high (§,,=2) there.2! In this H mode
where g(a) =4, we observe that coherent magnetic fluc-
tuations (m/n =3/1) excited near the edge during the L
phase are dramatically suppressed just prior to the tran-
sition. Similar behavior of the coherent magnetic fluc-
tuations is observed also in the divertor H mode. '3

In this Letter, we have elucidated the fact that the
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limiter H-mode transition is readily triggered by the
enhancement of global magnetic shear near the edge.
The enhanced shear may suppress edge turbulence, as
has been discussed theoretically.® In the limiter
configuration, the enhancement of §,,; is considered to be
relatively small, because the maximum achievable value
Smp 18 ~2. This may lead to a relatively small improve-
ment in the energy confinement. In a divertor
configuration, the region of very high shear may be easi-
ly destroyed by edge turbulence during the L phase. Un-
der the circumstances, enhancement of the edge shear by
the modification of the j, profile becomes important even
in this configuration. If the edge turbulence is
suppressed by the above mechanism, a region of very
high shear near the separatrix may be restored. There-
fore, a large enhancement of §,,, may be expected, which
could lead to significantly improved confinement. On the
other hand, recently developed theories,?2"2* discussing
the role of radial electric (E,) field on plasma transport,
would predict that a poloidal gyroradius increased by
CRD would further obtain the H mode. However, they
would not explain that the H mode is obtained much
easier by CRD than by low I, without CRD (Fig. 2).
We need a direct measurement of the E, field to draw
the definite conclusion. As discussed above, we speculate
that modification of the j, profile near the edge governs
the H-mode transition also in divertor configuration as
well as in limiter configuration. How the interior mag-
netic shear affects the confinement is still an open ques-
tion.
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FIG. 1. Time evolution of the loop voltage (V.), plasma
current (f,), Hq D, emission observed horizontally (/.), line-
averaged electron density along a central chord (%), and edge
electron temperature (Ti) at r/a==0.83 in a limiter H mode
triggered by CRD, with Py=1.3 MW and B,=2.8 T. The
solid curves in the lower traces with the expanded time scale
denote the H mode, and the dashed curves the L mode, whose
I, is shown by the dashed curve in the top trace.



FIG. 3. Radial variation of the relative change in the
chord-averaged density 7, across the transition, in the A modes
with CRD, where the applied loop voltage is in the range of
—81 to —45 V and Py=1.1-1.3 MW. The data at
r/a==1.2-1.3 are obtained by Langmuir probes. The shaded
strip at r/a=0.8-0.9 shows the location of the transport bar-
rier determined from the Abel-inverted signals of interferome-
ter. The relative change in T, across the transition is shown by
the solid circles.
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FIG. 4. H mode triggered by CRD without any sawtooth
event and without any T, rise prior to the transition, where
the shaded strip shows the heating pulse of Pr=1.3 MW plus
Pni=0.6 MW. An arrow on T trace indicates its maximum
in the L phase. §.» is the shear calculated at r/a=0.8 for
three Z.r values, assuming the uniform profile: for experimen-
tally obtained Z.x (solid curve), and for the assumed Z.s=1.5
(dashed curve) and Z.r=3.0 (dotted curve). T.(a)=50 eV
and n.(a) =3x10'* cm ~? are assumed at the limiter position.



