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Internal Transport Barrier for Electrons in JT-60U Reversed Shear Discharges
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A new type of internal transport barrier (ITB) has been observed in JT-60U reversed shear discharges.
It accompanies clear electron temperature and density pedestals and significant reduction of effective
thermal diffusivities of electrons and iong¥" and x¢); x< sharply drops by a factor of 20 within
5 cm while ¢ is smaller than the conventional neoclassical value by a factor of 4 or more. The
ratio of ion temperature to electron temperature was less than 1.5 inside the ITB. The ITB lies in the
negative shear region and extended beyond 60% of the plasma minor radius. High density plasmas
with high confinement have been obtained with the formation of ITB. [S0031-9007(97)02736-1]

PACS numbers: 52.55.Fa, 52.25.Fi

A reversed shear configuration, which has negativehe reduction ofy, with on-axis heating,y, decreases
magnetic shear in the inner region and positive magneticontinuously toward the axis and the effect of negative
shear in the outer region, has been proposed as anagnetic shear ory, profile is not clear. This Letter
advanced tokamak operation [1-3]. The magnetic sheatescribes observation of a new type of internal transport
is defined as(r/q)dq/dr, whereq is the safety factor barrier in the negative magnetic shear region with clear
andr is the volume-averaged minor radius. The reversednternal T, and electron densityn,) pedestals and with
shear configuration has a possibility of economical steadysignificant reduction of, across the transport barrier.
state tokamak reactor with hig3, good confinement, The plasma configuration for JT-60U reversed shear
and a large bootstrap current fraction. Hepe,is the discharges is shown in Fig. 1. Typically, the toroidal field
ratio of plasma pressure to magnetic field pressure. lat the plasma centéBr) was 3.43 T, the plasma current
experiments, reversed shear configurations were formed,) was 1.2 MA, and the effective surface safety factor
by pellet injection [4], initial current ramp with neutral (g.s [15]) was 6.6—7.1q at 95% of surface poloidal flux,
beam (NB) heating [5—7], off-axis lower hybrid current gos, was about 5.4). The profile was measured with mo-
drive (LHCD) [8], off-axis electron cyclotron heating tional Stark effect (MSE) diagnostics. During the period
(ECH) [9], and so on, and confinement improvement orf the experiments, the MSE system [16] had five
formation of transport barrier in the negative shear region
was observed. Furthermore, internal transport barriers
were observed for the ion temperature in JT-60U high
B, plasmas [10] g, is the ratio of plasma pressure to
poloidal magnetic field pressure), which had monotapic
profiles [11].

In previous beam heating experiments [5,7,10], the
reduction of the ion thermal diffusivityy;) or peaking of
ion temperaturdT;) profile is reported but the reduction
of electron thermal diffusivity(y,) is not clear. In JET
pellet enhanced performance mode, the reductiory of
is not known since the electron and ion power balances
or y; and y, are not separated [12]. Clear reduction
of x. in the negative shear region is reported in LHCD
or ECH experiments [8,9]. However, it should be noted
that the reduction ofy, in these experiments is caused
mainly by off-axis power deposition of lower hybrid or

electron cyclotron waves rath_er than thg spatial change cHIG. 1. Plasma configuration for reversed shear experiments.
electron temperaturér,) gradient. The inward electron crosses and a plus symbol denote MSE points and the magnetic
heat flux (negativey,) was observed in DIII-D off-axis axis, respectively. The thick curve denotes the flux surface at
ECH experiments [13], which is considered to be duethe outer edge of ITB for the profiles of Fig. 3. Trajectories
to the profile resilience. This profile resilience effect©f neutral beams are also shown for perpendicdlaj and

o . ; tangential(//) injectors. The plasma major radius is 3.37 m,
may have some contribution to the reduction yf in the plasma (horizontal) minor radius is 0.84 m, the plasma

these experiments. Though the fast wave current drivgolume is68 m?, the ellipticity is 1.54, and the triangularity
experiments with reversed shear in DIII-D [14] indicatesis 0.2.
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viewing points and it covered a region oR = rise while the edge density was kept constant as shown
3.04-342 m (R is the major radius). The magnetic in Fig. 2(c), and a peaked density profile was formed.
axis (denoted by a plus symbol in Fig. 1) was located afhe slope ofT, profile in p = 0.28-0.64 also continued
R = 3.5 m and MSE viewing points (denoted by crosses)to increase as shown in Fig. 2(d). The NB power was
corresponded tep = 0.09-0.55 with this configuration stepped down at 5.9 s to slow down the increase of stored
(p is the normalized minor radius). The profile was energy, but the central density and the pressure gradient
obtained by magnetohydrodynamic (MHD) equilibrium continued to grow and the discharge reachedghlanit
analysis using MSE data and the value of internal inducand terminated in a disruption at 6.33 s.
tance measured with external magnetic diagnostics. Radial profiles ofn,, T., T;, andq at t = 6 s are
Temporal evolution of a typical discharge is shown inshown in Fig. 3. Herepn, and T, were measured by
Fig. 2. A divertor configuration was establishedra=  Thomson scattering diagnostic afidby charge exchange
3.3 s and then injection of NB of 4 MW and the ramp of recombination spectroscopy. Steep gradients are formed
plasma current were started. The ramp rate was 0.YMA at p = 0.51-0.62 in n, and T, profiles, which indicate
and the current reached 1.2 MAmat= 5.1 s. During the the formation of internal transport barrier (ITB). The
current ramp, the NB power was increased stepwise at, and T, gradients in the ITB are about 20 times as
4.1 s from 4 to 13 MW. This relatively high NB power large as outside the ITB. In the ITB, scale lengths:pf
during the current ramp was effective to create wideandT,, L,, = —n./(dn./dr) andLy, = —T./(dT./dr)
negative shear region without MHD activities. The NB are 12 and 6 cm, respectively. On the other hand, the
powers in codirection and counterdirection (with respect
to the direction of/,) were kept nearly balanced. The

deuterium gas was puffed during current ramp to increase Y —— .ITB. ———
the density up tol.2 X 10" m™3. The NB power was & 4 ! ! ! 3
increased to about 27 MW at the start of flattop c - = (a)—E
(t = 5.1 s). An H-mode transition occurred at 5.26 s and ) 3 =
edge localized modes (ELMs) appeared at 5.32 s. Even 9 2 3
after the ELM appearance the central density continued to = 1 *W
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FIG. 2. Temporal evolution of a typical reversed shear dis- 3[- | | | |
charge. (a)l,, plasma current andyg;, injection power of o

neutral beam for whole discharge period. In (b) to (e), wave
forms are shown for period from 5 to 6.5 s. (W)., Stored

energy andPng;. (C) 7., line-averaged density measured along
p =0 and p = 0.86.
p = 0.28 andT,(0.64), electron temperature at = 0.64. (e)

terium. Br =34 T.
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(d) T.(0.28), electron temperature at FIG. 3. Radial profiles of (a) electron density, (b) electron

temperature, and (c) ion temperature at 6 s and (d) safety factor
DDV deuteriuma emission from the divertor region. Deu- at 5.9 s of the discharge shown in Fig. 2. The volume-averaged
plasma minor radius is 1.01 m.



VOLUME 78, NUMBER 12 PHYSICAL REVIEW LETTERS 24 MRcH 1997

T; gradient changes smoothly and its scale length=  The ion thermal diffusivity (without convective loss) pre-
—T;/(dT;/dr) is larger than 19 cm. Though the spatial dicted by the conventional neoclassical theory [18]'
change off; gradient is not large for this shot, steeffer is also shown in the figure. The value gf" drops
gradients were observed in other discharges. @lmas sharply by a factor of 20 gt = 0.62 within 5 cm. This
its minimum value of 3.6 ap = 0.67 and the magnetic drop corresponds to the changeTof gradient at the po-
shear is negative inside it. Since there were no MSEition shown in Fig. 3. On the other hangt'" gradually
data for0.55 < p < 1, the position ofgmni, depends on decreases from the edge to the half radius and is smaller
the assumption of functional form of current profile usedthan the neoclassical value fpr< 0.6; the upper limit of
in the analysis. The error of the position @fn is  y¢'f is a quarter of the lower limit 0N atp = 0.45.
estimated to be+0.05 according to the analysis using  The internal7, pedestal and clear reduction gfff
different functional form. Hence we can conclude thatare distinctive features and are observed for the first
the position of outer edge of ITB is very near the positiontime in the JT-60U reversed shear discharges. Relatively
of gmin. Inside the ITB(p < 0.51), then, profile is flat  low 7;(0)/7.(0) (about 1.45) was realized due to this
and theT, andT; gradients are small. The flux surface electron transport reduction in spite of dominant ion
corresponding to the outer edge of ITB® = 0.62) is  heating by NB. Here,7;(0) and 7.(0) are central
shown by a thick curve in Fig. 1. It should be notedion and electron temperatures, respectively. In TFTR
that the extent of negative shear region and that ofnd DIII-D reversed shear discharges [5,7] and in JT-
improved confinement region are large; in DIII-D and 60U high 8, mode [10], mainly the ion transport was
TFTR reversed shear discharges the region of improvegeduced and the hot ion regini&;(0)/7.(0) = 3] was
confinement was smaller or withjn = 0.5 [5,6]. obtained. Though reduction gf, is reported in the radio-
Transport analysis was performed for the profiles offrequency wave heating experiments on Tore Supra [8],
Fig. 3. Since the carbon was dominant impurity accordRijnhuizen Tokamak Project [9], and DIII-D [14], no clear
ing to spectroscopic measurements, it is assumed that the pedestals (remarkable spatial changelin) like the
impurity ion is purely carbon. The radial profile @ profile reported here are seen.
(effective ionic charge) is assumed to be uniform since The ion thermal diffusivity less than the neoclassical
the values ofZ.(r inside and outside the ITB were nearly value in TFTR reversed shear discharges is attributed
equal from the measurements of Bremsstrahlung inteno the violation of assumption of neoclassical theory
sity profile. The value o was determined to be 3.7 (scale length of ion pressure gradient being comparable
so as to match the calculated stored energy and neutr@g the thermal ion banana width), thermal pinch or

emission rate within 3% and 4%, respectively. This valueanomalous ion-electron thermal equilibration [5]. For
is consistent with the value d.¢ from Bremsstrahlung

measurements (3.45). Orbits of fast ions and profiles of
beam heating powers to bulk ions and electrons were cal-
culated with the orbit following Monte Carl@mEMc) code 10
[17]. It was found that 47% of the injection power of NB

was absorbed by bulk ions (30%) and electrons (17%).
A substantial fraction of beam ions is lost due to ripple

trapping and banana drift because of considerable toroidal

field ripple (1%—1.5% at the surface) and high safety fac- xS ’I\P
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tor (gerr = 6.8) in the configuration of Fig. 1. The large
ripple loss is not essential for the formation of ITB; the

ITB is also obtained in the inner-shifted configuration —

where the ripple loss fraction is about 10%. In the trans- 10
port analysis, the uncertainty in the ripple-induced loss is
estimated to bet20% [18]. About 70% of absorbed NB

power is deposited within the ITBo < 0.62). The de- " \I\

position power profile is not peaked but rather flat within xi®

p = 0.4 since most of the beam lines do not pass the )

plasma center (see Fig. 1). The radial profile of radiation [ hegatlve

loss was calculated by Abel inversion of the bolometric 0.1 - e
measurements and is taken into account for the electron 0.2 0.4 0.6 0.8
power balance. The time rate of change of ion and elec- p

tron energy densities is calculated using 7., and T FIG. 4. Thermal diffusivities at 6 s of the discharge shown in

profiles at 6.1 or 0.1 s after the analyzed time and is alsgig_ 2: (a) effective thermal diffusivity of electronyf™), (b)

taken into account. The results of analysis are shown iffective thermal diffusivity of ions(x:", thick line) and ion

Fig. 4. Here the convective loss is included in EﬁgCtiVethermal diffusivity predicted by the neoclassical theogy{,
thermal diffusivities of electrons and iong¢™ and y{''.  thin line).
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the profiles of Fig. 3, the scale length of ion pressurenot considered. Since the ripple-induced loss of fast ions
gradient is 9 cm afp = 0.55. This length is close to is large as described above, tHdactors are significantly
the thermal ion banana width (5—6 cm) at that position(about 30%—40%) increased if the ripple-induced loss of
In addition, the large pressure gradient in the ITB isfastions is subtracted from absorption power. While low
considered to cause a large radial electric field gradient;(0)/7.(0) less than 1.5 was obtained in the high tar-
which reduces the neoclassical ion thermal diffusivity dueget density discharges like that shown in Fig. 2, higher
to the orbit squeezing effect [20]. The radial electric field7;(0)/T,(0) up to 2 was also obtained in lower target den-
profile will be investigated and reported elsewhere. sity (<0.9 x 10" m~3) discharges.

In most cases, high confinement of reversed shear dis- In summary, formation of ITB with reduction of
charges was terminated by a collapse or sudden decreaskectron and ion energy transport was observed in the
of stored energy, which often resulted in a disruption.negative magnetic shear region in JT-60f™ sharply
The collapse had no clear precursors but occurred withrops by a factor of 20 within 5 cm whilg;™ is less
rapid magnetic fluctuations whose growth time was lesshan the neoclassical value significantly. The internal
than50 us. This short growth time indicates the modeT, pedestal and clear reduction gf across the ITB
is an ideal MHD instability. Lown modes such as are observed for the first time. High density plasmas
m/n = 3/1,4/1,...were dominantrandn are poloidal  (up to 68% of Greenwald limit) with high confinement
and toroidal mode numbers, respectively). This collaps¢H factor of 2.3) and with7;(0)/7.(0) = 1.3 have been
limited the beta value in reversed shear discharges; thebtained with the formation of ITB. This transport barrier
discharge shown in Fig. 2 terminated in a disruption withhas potential benefits for tokamak reactors which will
By = 2.02% mT/MA and B, = 1.91. Here,By is de- be operated in the high density with dominant electron
fined as By = B X aBr/I,, a being the (horizontal) heating by« particles.

plasma minor radius. The maximum value Bf in The authors express thanks to Dr. T. Takizuka, Dr. T.
reversed shear plasmas wily = 3.4 T, I, = 1.2 MA, Ozeki, and Dr. Y. Kamada for useful discussions and
andg.ss = 6.6-7.1 was 2.4% mJMA. to Dr. N. Asakura for confinement database in BLM
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