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Isolation of the Improved Core Confinement from High Recycling and
Radiative Boundary in Reversed Magnetic Shear Plasmas of JT-60U
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S. Konoshima, A. Sakasai, H. Takenaga, and M. Shimada

Japan Atomic Energy Research Institute, Naka Fusion Research Establishment, Naka-machi, Naka-gun, Ibaraki-ken, 311-01,
(Received 19 September 1996)

Isolation of the core with improved confinement (inside the internal transport barrier) from high
recycling and strongly radiative boundary plasmas was demonstrated for the first time in the reversed
shear plasmas of the JT-60U tokamak. The internal transport barrier remained intact, while edge
radiation and recycling was enhanced with neon and hydrogen gas puffing. The internal transport
barrier reduced the particle transport by a factor 10–15, while shrinking in the time scale of resistive
diffusion towards the center. [S0031-9007(97)02412-5]
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One of the most difficult requirements in the fusion
reactor is to achieve high temperature in the core plasm
and low temperature in the boundary plasma at the sa
time. Low recycling of neutral particles in the edge
facilitates confinement improvement [1,2], but it cause
low density and high temperature plasma in the divert
and high heat flux density to the divertor targets [3].

The improved core plasma confinement inside the i
ternal transport barrier, recently produced in revers
magnetic shear discharges, shows plasma performance
tractive for fusion reactors [4–6]. In reversed magnet
shear plasmas, it is possible to operate withL-mode pro-
files outside the transport barriers.L-mode edge confine-
ment is compatible with high particle recycling condition
in the scrape-off layer (SOL) and divertor plasma, whic
can effectively promote the radiative divertor plasma
Here the radiative divertor is the idea of dissipating a larg
fraction of heat flux by radiative cooling of the dense an
cold divertor plasma [7]. Thus if it is possible to isolate
the internal transport barrier from high recycling SOL an
radiative divertor plasmas, the reversed shear plasma
comes a promising scheme for a fusion reactor. Rece
radiative divertor experiments in JT-60U have address
this issue, as described in this Letter.

In JT-60U, significant reduction in thermal diffusivities
of both ions and electrons has been observed at
internal transport barrier (ITB) in the reversed magnet
shear plasmas [6]. The internal transport barrier, which
characterized by the steep gradient of the ion temperat
Ti , electron temperatureTe, and electron densityne,
typically appears atrya ,0.4 0.65 in the negative
magnetic shear region. The ratio ofTi to Te inside
the ITB can be lower than 1.5, when a deuterium o
hydrogen gas puff is applied during the start-up phase
the discharges.

Neon and hydrogen gas injection were applied to
series of the reversed shear plasmas after the format
of the transport barrier. It has been demonstrated in t
limiter discharges [8] and then in the divertor experimen
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[9,10] that a small amount of neon injection enhanced th
total radiation loss up to 80%–95% of the input powe
without degrading confinement in the main plasmas
The discharges were hydrogen plasmas with the plasm
current IP  1.2 MA, toroidal field BT  3.4 T, and
the neutral beam powerPNBI  13.5 MW of hydrogen
beams. The major radius, minor radius, and ellipticity o
the plasmas wereR  3.4 m, a  0.88 m, andk  1.47,
respectively.

The preheating beam power and the plasma config
ration were programmed to be identical and the densit
feedback was employed so that the line-averaged dens
of the central chordsrya  0.16d ne traced the prepro-
grammed value during theIP ramp-up phase in this series
of discharges. Combination of a pulsed neon puff and
hydrogen puff with density feedback control to the opti-
mum ne resulted in sustainment of the internal transpor
barrier for as long as one second, along with a strongl
radiative divertor, as shown in Fig. 1(a). In this dis-
charge, the internal transport barrier started to develop
t  5.1 s with main beam heating ofPNBI  13.5 MW.
A neon puff was applied att  5.5 s. Line intensity of
Ne X shows that the neon content reached a saturatio
level at t  6.0 s and was sustained for the rest of the
discharge. An additional hydrogen puff was applied a
t  6.5 s by the density feedback system to ramp upne

to 3.3 3 1019 m23 at t  6.8 s and then to sustain the
density until the end of the beam heating.

The increase in radiation loss dominantly originated
around theX-point at 20 cm above the divertor plates.
Pdiv

rad reached 7.6 MW during the radiative divertor phase
a factor of 5 increase from 1.4 MW att  5.5 s, while
Pmain

rad increased only from 0.4 to 1 MW. HerePdiv
rad and

Pmain
rad are radiation loss from the divertor andX-point and

the radiation loss from the main plasma, respectively. Th
small increase inPmain

rad is a feature much different from the
neon puff experiment in ELMy H-mode plasmas, in which
a large fraction of radiation loss, typically 30% of beam
power, originates from the main plasma [10,11]. This
© 1997 The American Physical Society 1267
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FIG. 1. Time traces of the plasma parameters in shot 25368
typical reversed magnetic shear plasma with radiative diver
by neon and hydrogen gas puffing. Neon puff rate is multiplie
by a factor of 5. (b) Heat flux density profiles measured b
an infrared camera before and during the radiative phase
shot 25368.

small increase in the main plasma radiation is consiste
with the small increase inZeff sdZeff , 0.3d over the
main plasma. The spectroscopic measurement has sh
that the dominant impurities were carbon and oxygen
t  5.5 s. A large fraction of these intrinsic impurities
was replaced by neon in the radiative divertor phase. T
content of neon was 1.8% of the electron density att 
7.0 s, while oxygen and carbon were reduced from 1.7
to 0.1% and from 3.4% to 1.0%, respectively.

The total radiation loss increased from 16% to 69%
the absorbed beam power. Heat flux to the divertor, me
sured by an infrared camera, vanished at the strike po
of the separatrix as shown in Fig. 1(b), and this detach
state was sustained during the radiative divertor pha
The total heat load integrated over the divertor target d
creased to 20% of the total input power. The sum of r
diation power loss and heat flux to the divertor account
for ,85% 90% of the absorbed power before and durin
the radiative divertor phase. Langmuir probe measu
ment has shown that the particle flux also vanished at
separatrix hit points.

The profiles of electron density, temperature, and io
temperature of the main plasma beforest  5.5 sd and
during st  7.0 sd the radiative divertor phase are show
in Figs. 2(a), 2(b), and 2(c). Ion temperature was ro
1268
, a
tor
d
y
in

nt

own
at

he

%

of
a-
int
ed
se.
e-
a-
ed
g
re-
the

n

n
u-

FIG. 2. The following profiles are taken at the time o
beforest  5.5 sd and duringst  7.0 sd the radiative divertor
phase. (a) Electron temperature profiles measured by Thom
scattering. (b) Electron density profiles measured by Thom
scattering. (c) Ion temperature profiles measured fromC51

with the CXRS system. Ion temperature at three channels
the center was measured from Ne91 with another CXRS system
at t  7.0 s, as is marked by open square symbols. (d) Profi
of particle source by neutral beams calculated by theTOPICS
code. (e) Profiles ofGout j =nej.

tinely measured fromC51 by the charge exchange recom
bination spectroscopy (CXRS) system. Ion temperat
at the three channels in the center was measured f
Ne91 by another CXRS system att  7.0 s, sinceC51

intensity was too low. While the radial position move
inward from 0.4 # rya # 0.5 to 0.2 # rya # 0.3, the
steep gradient inne, Te, andTi profiles survived even in
the radiative divertor phases.

The electron temperature was unchanged atrya $ 0.7,
while the electron density increased by a factor of
This observation is partly explained by the fact that t
effective heating power in the plasma volume ofrya $

0.7 was increased after the formation of the radiati
divertor plasma. It is estimated tha the deposited be
power increased from 2.3 to 3.4 MW, while the radiatio
loss increased from 0.2 to 0.5 MW in this volume.
should be noted that the density profile was significan
changed just inside the separatrix. The electron den
on the separatrix increased from3 3 1018 m23 before
the gas puff to1.6 3 1019 m23 during the gas puff as
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shown in Fig. 2(b). Therefore recycling neutral particle
were mostly shielded by the SOL plasma and the cha
exchange loss was negligible.

Improvement of particle transport at the intern
transport barrier was preserved in the radiative diver
phase. This was confirmed by the reduction of th
parameterGoutyj=nej at the transport barrier. HereGout
and j=nej are the particle outflux density and the plasm
density gradient, respectively. The radial profiles
Goutyj=nej before and during the radiative divertor a
shown in Fig. 2(e). Gout is given by the particle balance
equation Gout 

R
sSNBI 2 ≠ney≠tddVPyAP . Here AP

is the surface area of the flux surface. We assum
the plasma density increased only inside the transp
barrier before the gas puffing in order to estimate≠ney≠t
at t  5.5 s. This assumption is justified becaus
the line-averaged density at the chord ofrya  0.84
didn’t increase with time before the neon gas puff. Th
particle source by neutral beamsSNBI, shown in Fig. 2(d),
was calculated by theTOPICS code [12], incorporating
the measuredne, Te, and Ti profiles andZeff  3 at
t  5.5 s andt  7 s. As the plasma density increase
in the region ofrya . 0.5, the neutral beam deposition
became broader att  7.0 s. As is shown in Fig. 2(e),
Goutyj=nej , 0.04 m2ys at the internal transport barrie
s0.4 # rya # 0.5d and Goutyj=nej , 0.3 m2ys outside
the barrier before the gas puff att  5.5 s. In the radi-
ative divertor phase at t  7.0 s, Goutyj=nej ,
0.03 m2ys at the internal transport barriers0.2 #

rya # 0.3d andGoutyj=nej , 0.3 0.45 m2ys outside the
barrier were obtained. Thus particle transport remain
reduced by a factor of 10–15 after the formation of th
radiative divertor plasma.

Shrinkage of the internal transport barrier was al
observed in the soft x-ray intensity profiles, as show
in Figs. 3(a) and 3(b). Figure 3(b) is a contour plot o
soft x-ray intensity in shot 25368. The internal transpo
barrier is located where contour lines are concentrated
Fig. 3(b), since the plasma pressure gradient is large
the barrier. The radial extent of the internal transpo
barrier is indicated as shaded lines. Before the radiat
divertor phase, the barrier shrank toward the center w
repetitive mini collapses aftert  5.8 s. During the
radiative divertor phase, the barrier shrank in the tim
scale of the resistive diffusion without mini collapses un
a major collapse att  7.6 s. The resistive diffusion
time inside the internal transport barrier, defined byt 
m0sr2

by2, is 2.4 sec forZeff  3, Te  3 keV, and the
radius of barrierrb  0.25 m. This value is compatible
with the shrinkage of the barrier during the radiativ
divertor phase.

It seems that the neon injection did not directly chan
the time scale of the barrier collapse. Since increases
Zeff and Pmain

rad during the radiative divertor phase wer
small, the conductivity of the plasmassd was reduced
mainly by reduction ofTe associated with increase in
ne by hydrogen gas puffing. Excessive hydrogen g
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FIG. 3. (a) Radial extent of the internal transport barrier (ITB
is schematically shown with soft x-ray chords. (b) Contou
plot reconstructed from the soft x-ray intensity profiles in sho
25368. Shaded lines indicate that he internal transport barr
shrank with time.

puffing during the radiative divertor phase resulted in
faster decay ofTe at the center and the subsequent majo
collapse of the barrier. The major collapse might b
a consequence of the current profile relaxation. In th
most recent radiative divertor experiment with deuterium
beams, it was measured that reversal of central she
became very shallows and the safety factor in the zon
was close to 2 before the major barrier collapse.

While the internal transport barrier is compatible with
high particle recycling conditions, reduced recycling leve
was required during the start-up phase of the discharg
to suppress current penetration, allowing deeply revers
magnetic shear, which was required for the barrier fo
mation. The recycling level was controlled by wall con
ditioning before the discharges. Figure 4(a) shows tim
traces ofTes0.43d and FmainyneVp in a series of the re-
versed shear discharges. HereTes0.43d is electron tem-
perature just inside the transport barriersrya  0.43d
from electron-cyclotron emission (ECE) measuremen
The recycling level around the main plasmaFmain, mea-
sured by aHa detector array [13], is normalized by the
total number of electrons in the main plasmaneVp. Vp

is the volume of the main plasma. Shots 25364 an
25368 are distinguished from the other discharges by i
creases inTes0.43d and reductions inFmainyneVp due
1269
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FIG. 4. (a) Time traces of electron temperature atrya 
0.43, just inside the transport barrier, andFmainyneVp. Shot
25366, in which a recycling level was 20% higher than sh
25364 and 25368, did not develop a transport barrier.
Safety factor profiles measured by MSE diagnostics in sh
25368 and 25366 beforest  4.9 sd and duringst  5.5 sd the
main beam heating.

to the development of the internal transport barriers
ter t  5.1 s. These traces also indicate thatFmain was
lower in shots 25364 and 25368 than the other dischar
sincene was controlled to the same value by the dens
feedback beforet  4.9 s. Shot 25366 showed slightl
lower Tes0.43d during theIP ramp-up phase andFmain

larger by 20% than shots 25364 and 25368.
Profiles of safety factorq at the end of theIP ramp-

up st  4.9 sd and during the main beam heatingst 
1270
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5.5 sd are compared between shots 25366 and 253
in Fig. 4(b). Theseq profiles were obtained by MHD
equilibrium analysis using the MSE (motional Stark
effect) diagnostics and the value of internal inductance
the plasma [14]. The reversal of the magnetic shear w
preserved with the development of the internal transpo
barrier in shot 25368. In shot 25366 with shallowe
reversal of the magnetic shear att  4.9 s, the transport
barrier didn’t develop and theq profile became monotonic
at t  5.5 s. In contrast to such a sensitivity to the
recycling level during the start-up phase, the intern
transport barrier, once established, was sustained w
recycling level increased by a factor of 3 around the ma
plasma and increased by a factor of 5 in the diverto
during the radiative divertor phase in shot 25368.

In the experiment described here, it was demonstrat
that the improved core plasma confinement in the revers
shear plasmas was compatible with the high recycling a
radiative boundary plasma for the first time in JT-60U
While the internal transport barrier moved inward in th
time scale of resistive diffusion, the improvement of th
particle confinement, characterized by a factor of 10–1
reduction in Goutyj=nej at the barrier, was maintained
even during the radiative divertor phase. This robustne
of the internal transport barrier against high recycling an
radiative conditions in the boundary plasmas will mak
reversed shear plasmas attractive for a fusion reactor.
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