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Reversed magnetic shear (RS) plasma configuration with internal transport barrier (ITB)
is one of themost promising ways tachievehigh performanceegimes, as proved imany
tokamaks (TFTR [1], DIII-D [2], JT-60U [3]and JET[4]). Tore Supra haslemonstrated the
sustainment of a steady-state RS plasma with non-inductive current drive by lower hybrid
waves (LHCD) only. RS plasmas with an improwsshfinement have been maintairfed up
to 1 minute [5]. Nowadays, one of the most attractive schemes of operation consists in applying
the auxiliary heating, usuallyneutral beaminjection, very early inthe dischargeduring the
plasma current (J ramp-up.

This paper reports a scenarexently investigated in Tor8upra for high density and
high plasma current (I operation, which allows us to ugge ion cyclotron resonance
frequency(ICRF) minority heating onlyfor the ITB formation. The main aim is t@reform a
hollow current density profile byninimizing the edge resistivekin depth duringthe rapid |
ramp-up, i.e.efficient freezing of the resistive currediffusion. The skin depth is defined as

3= (2n/w,,)"" n andw,,,, are, respectively, the plasma resistivity and the current ramp-up
rate €, = (1/1)*(dl /dt)). To minimize & we must increasev,,, and/or reducen (by

X ramp e . )
increasing the electron temperature by additidredting). In ourexperiments , théCRF
heating is not necessafgr the formation of thehollow current profile as irthe previously

mentionedexperimentsThe ICRF power isapplied after the RS formation by optimization
of w,,,,, during the ramp-up. The scenario consists in setting a lat top phase0.4 MA)

long enough (several seconds) to reach a steady-state (Fig.1). The plasma current is then rapidly
ramped up (tal.2 MAg. The first stationaryflat top phase is required for i) a high density
operation, up tox10” m?® (0.65 x Greenwaldlimit) ii) a rapid |, ramp-up (dydt up to

1.6 MA/s): the stationary plasma pressurkaige enough to avoidhe onset ofMHD activity.

Another advantage of such a scenatrio is to obtain a stationary density high maaglpling

a large amount of ICRF power. For Tore Supra circular plasmatmesquired forreaching

such density, by gas puffing durirtbe start-up phase, is howevemuch larger than the

resistive time scale (a few hundreds of ms).
In Figure 1,the evolutions ofw,,,, 0, and self-inductance Xlwhen | is ramped-up

from 0.4 MA to 1.2 MA, Withouadditiggpélheating,areshown for two scenarios. lihe case
1, 1,is raised at the rate #it = 1.6 MA/s, after a 0.4 MA stationary phase of 8.5 s. dase

2, |,is ramped in the early time of the discharge gidti= 0.35 MA/s. Inthefirst case high
value ofw,_, induces a thirskin depth at the edge (normalizealdiusr/a = 0.7), which is

about0.2 m?minor radius a .75 m)compared to the value of abadlts m inthe second
case. As a consequence, a drop tf & low value around 0.7 is observedharacterizing a
broadening of the curreptrofile. Conversely,, lincreases to the value @f2 inthe case 2,
which indicates a peakgmofile. In figure 2,the evolution of the current density is plotted at
various radii.The current densitprofiles are obtained by aAbel inversion ofthe Faraday
rotation angles measured from polarimeatiggnostic. Case $howsthat the central current
density is effectively frozewhen |, increases fron@.6 MA to 1.2 MA. The added resistive
current (0.6MA) is mostlyaccumulated in theegion0.5 < r/a < 1 (Fig. 4). The value at
mid-radius increases from 0.5 MAto 1.2 MA/nt and becomes higher than tbentral value
which is almost constarftessthan1 MA/m?). In the case 2, aopposite behaviour of the
current diffusion isobserved.The resistive current rapidlgiffuses tothe core region: the
central valuerises from0.6 MA/m? to 1.8 MA/m?, exceeding the mid-radius valwehich

weakly increases.

105



26" EPS CCFPP 1999 ; G.T.Huang et al.: Reversed magnetic shear operation with ICRF minority heating...

1-5 -I III LILIL IIII III III III LILIL IIII III I- 1.5 B T I T I T I T ]
i (va) A
LIp (MA i £ - e
0.5 . 0.9 e
O -I III L1l IIII III III kll L1l IIII III I- \%OIG . ’ r/a = 0-65 __
0 2 4 8 1Q. 12 14 16 03| .
_ ~ Time (s) ~ - Lo T
t=85s 17 ]
:t;)\15 3
10
5 E
3 0 — . . . E
[ AT 1 I I ]
TR PP A Ls 0.4 0.6 0.8 1 1.2
—0.4F i 3 Ip (MA)
S Fy 3 Figure 2: Evolution of current density at
o 0.2F" h various radii during the plasmaurrent
. ] ramp-up from 0.4 MA to 1.2 MA for shots
ot in Fig 1 (a: case 1, b: case 2, igart-up
5 phase).
1 :_ | LILILIL | LILILIL | LILILEL | LELLEL | LIS
To5L, 1 OF W\ row ]
OE I | I | I | I E 1 :_
0.4 0.6 0.8 1 1.2 o8 -
Ip (MA) 0.6 [
Figure 1. Ramp-up rate, skin depth (atgg4 [ | | 4'\/||W |C||?H

rfa=0.7), and self-inductance versus total
current for two scenarios. Case 1 (full): ramp- 8 85 9 95 10 105 11

up between 8.5 s and 9 s, after a steady-state Time(s)
|, = 0.4MA. Case 2(dashed): start-upphase Figure 3: ICRF H-minority heating discharge
between 0.1s and 2.5s. with preformed hollow current profile.

Figure 3 illustrates &pical discharge (#TS2519@parried out at the centralensity of
6.5x10°m™. After a stationary current plateau of 0.4 MA / 8.58s Iramped td..2 MA. An
ICRF power of 4 MW is applied at the endtbé % ramp-up (t = ), after the formation of
the hollow profile. The preformed RS configuration (at t8=7 s, with central value of safety
factor, q(0),between2.5 and 3) is transiently maintainddr about0.2 s, fromt=9s to
t = 9.2 s, when the ICRF power is applied. The time evolution of the current density profile is
shown in Fig. 4. Within the error bars the minimum value of q (slightly higher thanf@)nd
to be located between a0.5 andr/a = 0.6. This transient hollow profile relaxes toflat
profile. In spite of a dominant on-axedectron heating the flat profile remains until #med of
the | plateau (t = 11 s). At the time t = 10 s, an improved confinement transition is observed
(Fig. 5). Normalized betancreases until the end of the curretdateaut = 11 sreaching the
value of 0.7, while the total power is kept constant and the gas fueling is switched-off att =9 s.
The total energy is found highethan the ITER L-mode predictiof6] by about 40%

(confinementime 1. = 130 mscompared to 95 ms of a reference L-mati®t, and 1" =

90 ms). Also, the electron energy exceeds the Rebut-Lallia-Watkins L-nsodéng, which
usually reproduces the Tore Supra L-mode [7], by a factdr4bflon temperature profiles are
not available inour experiments, buhe same enhancement factorbioth total and electron
energiessuggeststhat theion confinement is alsamproved. A clear transport barrier is
observed insidéhe regionr/a = 0.6 inthe electrorchannel.Electron temperature and density
profiles become more peaked inside the low shear region. Figglhvevsthe electrorpressure
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and magnetic shear profiles sifiot #TS251960ne carseethat the electropressuregradient
significantly increases within the regiofa < 0.6 wherethe magnetishear is lower than 0.3
(usually 0.7 in the L-mode).
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Figure 4: Current profiles of discharge 0'35' 0 105 1
#T1S25196, irFig 3, before (at t=8.2 s: cross, Time (s} '

and t = 8.7 s: square) and after ICRF application . . .
(at t =9.1 s: diamond, t=9.8 s: trianglef!gure 5. Time evolution normalizebteta

t=10.8s: circle). (By), total and electron energie¢dashed
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Figure 6: Electron pressure and magnesbear Normdized radius

profiles of shot#TS25196 inFig 3, at t=9.8s _.
(triangle, 2MW), t=10.2s (square, 4MW), arft
t=10.8s (circle, 4MW). Dashed cur
corresponds to the reference L-mode shot.

gure 7. Comparison of 1-Fluid effective
Iffusivity (#7S25196) with a reference
L-mode.

A 1-fluid transport analysis showisat the effective heatiffusivity (x.q) is reduced by a
factor of 3-4 fromthe L-mode value in the flat g profilegion. Figure 7 showthe profile of

X Of Shot TS25196 for three time slices during the improved confinement ghasg: 0.4 s,
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and0.8 safter the transitiorft = 10.1 s,10.5 s, 10.8 sjogether with a reference L-mode
shot. Forthis analysisthe ICRF power deposition isomputed by thé’ION code[8]. The
calculation gives a power coupled to the electrons of about 80% tdtéheénjectedpower with
an unchanged deposition profile during the improvement phase.

A stability analysis with a gyrofluid code indicatibsit the stabilizing effect in the core
region is mainly due to the magnetic shear reversal during the transient preformed current phase.

The radial profile of the maximum linegrowth rate ¢"*), calculated at = 9.1 s(hollow
profile), is plotted in Fig. 8y™, computed byassuming a monotonjarofile, is alsoreported
in this figure. This suggests that the negative magnetic shear rgdtiteshe level of the ExB
dE O
dartB U
effect). Inthe plateawith ICRF heating, thigffect of magneticshear(flat profile) becomes
weaker, and a larger stabilizing ExB shear takes place.

For this experimentthe density fluctuations are measured by heterodyne |&€ar
scattering diagnostifor k = 8 cm®. Preliminary resultindicate that the turbulencatensity,

during the current ramp-uphase wherthe hollow current profile isformed, issignificantly
reduced and remains ai@w level during the ICRF powerapplication. Figure $hows the

normalized rms signal&/n¥) as a function of the productiT,. It decreases with increasing
n...JT,, while an opposite variation is usually observed in the L-mode (Fig.9).

shear stabilizingeffect (y. = E being the neoclassical value including the ripple
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Figure 8: Radial profile of linear growth rate 0 0.5 1 0 1.5 2
for shot #TS25196, att=9.1 s. Dashed ne. OTe (x1G20 keV/nY)

curve: calculation assuming a monotonic flgyre 9: Statistical analysis of density

profile. ~Stabilizing EXB shear is fromyctuation versus p/7T.. Cross: L-mode.

neoclassical calculation with theripple Circle: shots of scenario described in this

effect. paper, the full line illustrates the trajectory of
one of these shots.
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