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Electron temperatures in excess of 8 keV have been obtained by electron-cyclotron-resonance heating
on FTU plasmas at peak densities up to8 3 1019 m23. The magnetic shear in the plasma core is
low or negative, and the electron heat diffusivity remains at, or below, the Ohmic levels0.2 m2ysd,
in spite of the very large heating power densitys10 20 MWym3d which produces extremely high
temperature gradients (up to 120 keVym). The ion heat transport remains at the neoclassical level.
[S0031-9007(98)08217-9]

PACS numbers: 52.55.Fa, 52.25.Fi, 52.50.Gj
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Recent experiments on tokamak configurations wit
low- or reversed-magnetic shear have obtained transitio
to improved confinement regimes. In a toroidal configu
ration with nested magnetic surfaces, the magnetic sheas
is a measure of the radial variation of the safety factorq,
i.e., of the field lines winding index. If the magnetic sur-
faces are labeled by the enclosed volumeV , the magnetic
shear is defined bys ­ s2Vyqd sdqydV d, so that shear re-
versal (i.e., negative shear in the plasma core) implies t
presence of an off-axis minimum in theq profile. The
formation of internal transport barriers (ITB) for particles
ion heat, and momentum transport has been mostly o
served in experiments with predominant ion heating [1
7]. The behavior of electron heat transport is a critica
issue for the attractiveness of reversed shear configu
tions in ignited plasma regimes, wherea-particle heating
raises the electron temperaturesTed above the ion tem-
perature sTid. In experiments with predominant ion
heating the ITB formation is accompanied by a clear re
duction of the electron heat diffusivity only in some case
[7]; furthermore, in these experimentsTiyTe ranges from
1.5 to 4, so that experiments with direct electron heatin
are needed to study the electron heat transport in a regi
appropriate for a reactor.

Reversed shear configurations have been obtained
experiments with predominant electron heating, either b
off-axis lower hybrid current drive [8–11] or by off-
axis electron cyclotron resonance heating, which produc
hollow temperature profiles in the presence of stron
central losses [12]. In the first case, a strong improveme
of the electron energy confinement was found for value
of the local magnetic shear below 0.05, whereas, in th
second case, a local transport barrier was observed
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form at the minimumq radius, when the minimumq
value fell just below 3. In both cases, a large part
the auxiliary heating was deposited outside the region
improved confinement, in order to control the shape of t
q profile.

In this Letter we report the first experiments in whic
electron-cyclotron-resonance heating (ECRH) at 140 G
was used during fast current ramps, in order to obta
inverted or flatq profiles by exploiting the skin effect.
This experimental scheme has two main advantages:
the auxiliary heating power is absorbed in a small volum
well within the region of negative or low-magnetic shea
and the effect of magnetic shear on transport can
studied at a fixed power deposition profile. In additio
the high power density allowed one to explore the he
flux dependence onne=Te (ne being the electron density)
over a range expanded by a factor of 5 compared to ot
experiments with electron heating.

The experiments were carried out on the FTU tokam
[13] (major radius R0 ­ 0.935 m, minor radius a ­
0.3 m, molybdenum toroidal limiter, stainless steel liner
Up to 360 kW of ECRH power were injected at th
fundamental frequency [14]. Magnetic shear reversal w
obtained owing to the fast current ramp rate (5–7 MAys)
and to the skin effect enhanced by the high electr
temperatures (in excess of 8 keV).

The evolution of the electron temperature profile
measured on FTU by means of second harmonic elect
cyclotron emission (ECE) and Thomson scattering (T
diagnostics [15,16]. ECE is collected along a major radi
on the equatorial plane and analyzed by an absolut
calibrated Michelson interferometer with a 5 ms tim
resolution. Stray radiation from the gyrotron is efficientl
© 1999 The American Physical Society
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rejected by a notch filter tuned to 140 GHz. Fast EC
measurements (25 ms time resolution) are also given by a
12-channel grating polychromator.

Temporal evolution of a typical deuterium discharg
is shown in Fig. 1. The toroidal magnetic field a
R ­ R0 was set atB0 ­ 5.2 T in order to have the
resonancesB ­ 5 Td close to the magnetic axissRax ­
0.97 md. Temperature and density at the beginning o
the ECRH pulsest ­ 55 msd were TesRaxd ­ 1 keV
and nesRaxd ­ 3 3 1019 m23. The excellent agreement
between ECE and TS data [see Fig. 1(c)] and the abse
of suprathermal features in ECE spectra confirmed that t
ECRH power was fully absorbed by thermal electrons.

ECRH experiments have been performed at differe
values of the toroidal field in order to find the optimum
heating conditions and to check the effect of off-axi
heating. At B0 ­ 5.4 T the resonance was shifted by
3.7 cm, and the profile shape changed significantly duri
the transient [Fig. 2(b)], but the increasing Shafrano
shift drove the magnetic axis towards the resonan
position, leading to nearly central heating at the end
the temperature rise. With a further displacement of th
resonancesB0 ­ 5.6 Td, hollow profiles were produced
in the transient phase, while the steady state profile w
flat in the central region and had the maximum gradie
close to the resonance position [Fig. 2(c)]. In contrast, n
significant changes were observed in the density profile
These results indicate that the electron heat transport
an essentially diffusive response to the power depositi
profile, i.e., that, at least in the central region of reverse
shear configurations, there is no profile resiliency. Th

FIG. 1. Time evolution of (a) plasma current, (b) line averag
electron density, and (c) electron temperature for FTU pul
No. 12799. The solid line in (c) represents the fast ECE me
surement atR ­ 0.976 m, the circles give Thomson scattering
results atR ­ 0.965, and the triangles represent the peak tem
perature as measured by the Michelson interferometer.
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existence of a strong heat pinch can be excluded as w
while attempts to reproduce the off-axis heating results
a purely diffusive transport model revealed that a sm
heat pinch could indeed be present. The evidence of lo
rather than global transport is consistent with the expec
decrease of the turbulence radial correlation length w
low- or negative magnetic shear [17].

The power balance in the central region of the di
charges shown in Figs. 2(a) and 2(b) is dominated
ECRH; this allows one to perform an accurate analys
of the electron heat transport in plasmas with reverse
magnetic shear and large values of the heat flux.

The electron thermal diffusivityxe is evaluated accord-
ing to

kqe=rl ­ 2xenekj=rj2l
≠Te

≠r
.

FIG. 2. Evolution of the electron temperature profile fo
different values of the toroidal field: (a)B0 ­ 5.2 T (pulse
No. 12799); (b)B0 ­ 5.4 T (pulse No. 12658); (c)B0 ­ 5.6 T
(pulse No. 12952). ECRH is applied att ­ 55 ms; the
resonance location is marked by a dashed vertical line.
561
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The left-hand side is the normal electron heat flu
averaged on the magnetic surface, and the effective fl
surface radiusr is defined from the toroidal fluxFT

according to r ­
p

FT ypB0. The magnetic surfaces
are given by an equilibrium reconstruction code. Th
heat flux is evaluated from the electron power balan
equation,

kqe=rl ­ sPEC 1 POhm 2 Pei 2 PRAD

2 ≠Wy≠tdyV 0 ,

which accounts for power sources and sinks within t
magnetic surface:PEC is the ECRH power;POhm is
the Ohmic dissipation;Pei and PRAD give electron-ion
equipartition and radiation losses, respectively;W is the
electron thermal energy; andV 0 ­ ≠Vy≠r.

Figure 3 shows theq-profile evolution for pulse
No. 12658 [see Fig. 2(b)]. The profiles are obtaine
from the solution of the magnetic field diffusion equa
tion, starting with a relaxed current density profile a
t ­ 51 ms, i.e., neglecting the skin effect in the low
temperature phase which precedes the ECRH injecti
The accuracy of theq profiles can be evaluated by
exploiting the precursor of anm ­ 2, n ­ 1 double
tearing relaxation observed att ­ 106.5 ms [18]: the
temperature modulation profile points to the existence o
pair of q ­ 2 surfaces at about 0.15 and 0.45 normaliz
radius, while the calculatedq profile att ­ 106 ms has a
single resonance at 0.35; this implies that the calculat
underestimates the extent of the negative shear region

The source and loss terms of the power balance
shown in Fig. 4(a) for the time slice att ­ 96 ms. The

FIG. 3. Time evolution of theq profile calculated for pulse
No. 12658 assumingZeff ­ 6.7 and Spitzer resistivity. redge
is the radial coordinate of the last closed magnetic surface. T
shaded area shows the temperature modulation (in units of k
with a baseline offset at 1.1) during the growth of anm ­ 2
double tearing instability.
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Ohmic power is calculated for a range ofZeff values,
since the choice of a uniformZeff ­ 6.7 with Spitzer
resistivity reproduces the loop voltage in the Ohmic pha
while Zeffs0d ­ 9 is given by the analysis of soft x-ray
spectra from highly ionized charged states of meta
impurities. These highZeff values, which are not typica
of FTU operation, can be attributed to the extremely lo
values of theneyIp ratio (ne and Ip being line average
density and plasma current, respectively) reached dur
fast current ramps [19]; discharges with slower ramp r
and lowerZeff yielded qualitatively similar ECRH effects
but were affected by earlier sawtooth relaxations. The to
calculated Ohmic power increases from 0.8 to 1.4 M
(the integrated Poynting flux being 3.5 MW) ifZeff is
increased from 6.7 to 9, and neoclassical resistivity
introduced. The corresponding variation of thePOhm
profile is represented by the shaded area in Fig. 4(a).
uncertainty is large in the outer midradius, so that it affe
the evaluation of the global energy confinement time, wh
the core heat diffusivity remains a robust figure.

The PEC profile is calculated by a ray tracing cod
interfaced with the equilibrium reconstruction. The e
fect of wall reflections has been neglected since 99%
the launched power is absorbed at the first pass. T
power balance is dominated by the ECRH source te

FIG. 4. (a) Radial profiles of source and sink terms
the electron power balance for pulse No. 12658 att ­
96 ms. Solid line: ECRH source term; shaded area: Ohm
power; dotted line: radiated power; dashed line: electron-
equipartition power. (b) Radial profile of the electron he
diffusivity. The shaded area represents the uncertainties ari
from the Ohmic power calculation.
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FIG. 5. Flux surface averaged normal electron heat flu
vs 2ne≠Tey≠r for pulse No. 12658 att ­ 96 ms, for two
equivalent Ohmic pulses (No. 7052,t ­ 880 ms; No. 7296,
t ­ 980 ms), and for two Ohmic pulses atIp ­ 0.35 MA with
very low thermal diffusivity (No. 7768,t ­ 840 ms; No. 8115,
t ­ 1 s). Apart from a geometric factor close to 1,xe is
the ratio between the plotted quantities. Data are shown f
r # 0.3redge.

for ryredge , 0.4, with redge being the effective radius
of the last closed magnetic surface. The main unce
tainty on the PEC profile arises from the determina-
tion of the magnetic axis position, which is accurate t
within 1 cm. ThePRAD profile is given by the inver-
sion of line integrated radiation losses measured by
16-channel bolometer array. The rate of electron-ion e
ergy transfersPeid is calculated by solving the neoclas-
sical ion energy balance equation with Chang-Hinton io
thermal diffusivity [20]. The calculated ion temperature
remains below 1.1 keV.

The electron thermal diffusivity profile is shown in
Fig. 4(b). The uncertainties arising from the Ohmi
power evaluation, represented by the shaded area in
figure, are reasonably low forryredge , 0.4. The profile
is cut for ryredge , 0.06, where the uncertainties on
PEC are relevant. The evaluation of temperature gradien
introduces errors due to the calibration accuracy and
the Tesrd determination; in particular, the latter gives a
systematic gradient underestimate (by about 20%) that
ignored in the analysis. Within one third of the plasm
radius, the diffusivity stays below0.4 m2ys and has a
minimum atxe ø 0.2 m2ys; such values are close to the
lowest ones found in Ohmic discharges, but have no
been obtained in the presence of much larger fluxes a
gradients. In order to illustrate this finding, the electro
heat flux versus2ne≠Tey≠r plots are overlaid in Fig. 5
for pulse No. 12658 att ­ 96 ms (at this timeIp ­
0.5 MA and ne ­ 4 3 1019 m23), and for two typical
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Ohmic, steady state discharges with similar current a
density. Two steady state discharges which show
lowest xe values in the FTU Ohmic database are al
shown for comparison.

In conclusion, the electron transport properties of pla
mas with low or negative shear in the plasma core ha
been studied on the FTU tokamak employing an ECR
auxiliary heating system with a very high power densit
A radial scan of the resonance position has shown that
heat transport is mainly diffusive in the plasma core. Wi
central heating, the electron thermal diffusivity remains
the Ohmic level, although the heating power density
increased by an order of magnitude. These results h
been obtained in plasmas withTe ¿ Ti ; this regime is
not reactor relevant, but it allows one to single out ele
tron heat transport driven by electron free energy.
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