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ABSTRACT

Tore Supra experiments are presently devoted to study the high density and high radiation

regimes with radio frequency heating. Recent results of ion cyclotron minority heating have

been obtained with an improved L-mode confinement, close to ELMy H-mode, at relatively

high density (up to 80% of Greenwald limit). Such a regime is very promising as possible

scenario in a next step tokamak.

PACSnumbers: BO, Te; HI, Te; F0, Te; FI, Te; F2,Te



1. INTRODUCTION

Highly radiating and high density regimes have been investigated for several years in

tokamaks because they are considered to be a solution to the excessive heat load on the plasma

facing components, particle control through pumping, and thermalization of fast particles for

the next tokamak generation. On Tore Supra tokamak, which is devoted to stationary long

discharge operation, the CIEL (french acronym of internal component and limiter) project will

allow physics scenarios with up to 25MW of radio frequency heating in long plasma discharges

up to several hundreds of seconds, and with active particle control. To investigate such

scenarios, recent experiments have been performed to explore the properties, in terms of

confinement and MHD stability, of the high density regime using ion cyclotron resonance

minority heating (ICRH). In such a regime, high electron density is beneficial for radiation and

for particle pumping efficiency. A confinement higher than L-mode, with an energy

confinement time close to ELMy H-mode one, has been obtained.

The results of these experiments are reported in this paper. They present some features

similar to improved confinement regimes previously observed in many tokamaks: improved

ohmic confinement (IOC) in ASDEX [1], radiation improved confinement (RI) mode in

TEXTOR [2], TFTR [3] and DIII-D [4] using neutral beam injection (NBI).

2. EXPERIMENT

The experiments have been performed in limiter configuration (plasmas are limited by

a combination of the inner wall and an outboard pump limiter: major radius R=2.34m, minor

radius a = 0.78m), at the plasma current (Ip) ranging from 1.0 MA to 1.5 MA, with up to

9MW of ICRH power injected into the plasma in the hydrogen minority heating scenario at the

frequency of 57 MHz or 48 MHz. The toroidal magnetic field (Bj) is fixed at 3.7 T or 3.1 T

to localize the absorption layer close to the magnetic axis. The working gas is either deuterium

or helium. The density is raised by gas puffing to obtain the pre-programmed value. The

feedback controlled gas valve is closed when the preset value of the central line averaged
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density is reached. During ICRH, the density rised up to He « 4.2 - 5.2x 1019 nr3, due to

deuterium desorption from the inner wall. The total radiated power (Prad) measured by

bolometry is around 40% (± 10%) of the total input power, depending on the electron density

and heating power. Radiation is mainly due to intrinsic carbon and oxygen impurities.

A good electron heating is observed in these discharges. Central temperature (Te(0))

rised from 2 keV up to 5 keV (compared to 4 keV in the standard L-mode discharge). Usually,

for high current discharges, Ip = 1.3 -1.5MA, giant sawteeth appear with period of 160 - 200

ms. The central ion heating is also more efficient than in the L-mode discharges: T;(0)

increased from 1.5keV to more than 3keV (compared to 2.2 keV in standard L-mode

discharges).

3. CONFINEMENT AND CARACTERISTIC FEATURES

In the following, the above described discharges will be compared with a series of

discharges exhibiting a standard L-mode confinement The L-mode dataset consists of plasmas

heated by various scenarios: either with ICRH H-minority alone or with a combination of

ICRH and lower hybrid current drive (LHCD). They have been performed at the same plasma

current, total injected power, and electron density. For the L-mode discharges the gas injection

is usually switched on during the additional heating phase to reach the preset density.

Contrarily, in the improved confinement discharges, the gas fueling is switched off during

ICRH heating.

An example of an improved confinement deuterium discharge is shown in Fig. 1 (shot

#TS23418). Additional heating consists of 7MW of ICRH in H-minority scheme

(approximately 8MW of total power), at Ip = 1.5 MA, B j = 3.7 T, a central line density of

about 7.5x 1019 nr2 (60% of the Greenwald density, fie = 4.75x 1019 nr3), and a value for

the safety factor at the edge qa = 3.7. When ICRH power is applied (the preset value of

density is reached), the feedback controlled gas valve closes. But the density continues to

increase. The fraction of radiated power is roughly 40%, slightly higher than in the L-mode



discharge (s 30%). Averaged effective charge (Zeff) weakly rises, from 2 to 2.2, mainly due to

an increase of the impurities carbon and oxygen. The confinement of discharge #TS23418, is

compared with a corresponding L-mode discharge (with similar plasma current, plasma

density, and total injected power), #TS23996. Both the total stored energy (Wtot) and the

electron energy (We) are approximately 1.4 times higher than that of the L-mode, #TS23996.

Wtot reaches 1MJ, corresponding to an confinement time of 120ms. Observation of the same

enhancement factor in the electron channel and in total energy suggests that the ion confinement

is also improved.

In Fig. 1, one can see that Wtot exceeds the L-mode prediction ITERL97-P [5], given

by

Wtot™9™ = 0.023 K064 R183
 E"006 Ip°9 6 B T

0 0 3 n040 P0 2 7 (Eq. 1)

Analysis of a dataset (more than 70 shots) gives an enhancement factor, HrrERL97-P

with respect to ITERL97-P ranging from 1.4 to 1.7. Stored energy versus ITERL97-P scaling

is summarized on Fig. 2, in which the L-mode discharges are compared. It is very interesting to

note that the confinement is very close to the prediction of Elmy H-mode, as shown in Fig.3.

This figure shows a comparison with the ELMy-H mode ITERH97-P scaling resulted from a fit

of various tokamak data [6], given by

0.20 R2.03 g0..9 ^0.90 g.j.0.20 n<>.40 pO.34

A scan of ICRH power shows that the enhancement factor HrrERL97-P increases with

Ptot (Fig.4), indicating a power degradation weaker than in the L-mode regime. But the

HrrERL97-P factor is not sensitive to the variation of plasma density (between 40%-80% of the

Greenwald limit) and radiated power fraction (In a few experiments with neon seeding, P ^

increases up to 60 ± 10%). Contrarily, in the Rl-mode on TEXTOR [7, 8], an increase of

enhancement factor with density and radiation fraction has been observed. The different

behaviour of enhancement factor in these two tokamaks could be explained by the fact that in



TEXTOR the ITERH93-P scaling for the ELM free H-mode [9] is used to define the

enhancement factor (HrrERH93-P)- The ITERH93-P scaling is given by

= 0.036 K066 M° 4 1 R179 e011 Ip
 106 BT

0-32 n017 P033 (Eq.3)

One can see that the density dependence in the ITERH93-P scaling (Eq.3) is weaker than in the

ITERL97-P (Eq.l) or ITERH97-P scaling (Eq.2). Using the enhancement factor definition of

TEXTOR (HnERH93-P) for Tore Supra, we found a very weak density dependence,

HrrERH93"P does not linearly increase with the density as observed in TEXTOR.

Transport analyses with the codes TRANSP [10] and LOCO [11] show a reduction of

heat diffusivities by a factor of about 2 from the L-mode level. The profiles of electron (xe), ion

i) and 1-fluid effective (xeff) n e a t diffusivities for the improved confinement shot (#TS23418)

and the L-mode shot (#TS23996) are shown in Fig. 5. In our experiments, the ion temperature

profiles are not available. Only the central ion temperature is measured by the Doppler width of

the Fe24+ ions from X-ray measurement, or deduced from neutron rate. Thus, xi is predicted in

transport analysis. A same prediction is used for both L-mode and improved confinement

discharges. Ti predicted profiles are matched to be consistent with the time evolution of the

central measured value and the global energy balance. The error bars of Xi cannot be estimated.

The uncertainties of Xe and Xeff are overestimated by varying predicted Ti (r) from 0.3 x Te (r)

to 1.5 x Te(r), while measured Ti (0) is between 60% -70% of Te (0).

During the improved confinement phase, both the electron density and the current

density (j) profiles become more peaked, and an acceleration of the central toroidal rotation

from the counter to the co-current direction is simultaneously. The variation of toroidal rotation

velocity in the plasma center is measured by the Doppler shift of the Fe24+ X-ray line. Present

observation seems to indicate a rotation in co-current direction, whereas, the standard ICRH L-

mode plasmas rotate in counter current direction. These features are very similar to the various



improved confinement regimes in ASDEX [12], TEXTOR [2, 3, 7, 8], DIII-D [4], JET [13]

andALCATORC-MOD [14].

Time evolution of density profile peaking is plotted together with the self inductance

(li) characterizing the current profile peaking in Fig.6. One can see in Fig. 7 a significant

modification of the current profile, in agreement with the increase of li, compared to the L-mode

reference shot. The current density profile is obtained from Abel inversion of measured

Faraday rotation angles, and from an equilibrium reconstruction using the IDENT-D code [15].

Magnetic shear profile shows an increase in the region 0.2 < r/a < 0.8 (Fig. 8). The

correlation between the reduction of Xe and increased magnetic shear in the gradient zone is

very similar to the improved confinement discharges previously observed in current profile

modification experiments on Tore Supra (lower hybrid enhanced performance and high

bootstrap fast wave electron heating) [16] [17].

From these experimental observations, we are not presently able to identify the

physical mechanism of this improved confinement regime. More informations, especially about

the profiles of poloidal and toroidal rotations, and radial electric field (E,-), are of course

required. However, the inversion of the direction of the toroidal rotation from counter to co-

current direction and the density profile peaking (and probably ion pression gradient due to

strong central ion heating) suggest that E,- is modified, which could contribute to the

enhancement of transport together with increasing magnetic shear in the confinement region.

Analysis of impurity effects presently indicates a stabilizing effect, but it is too weak to be alone

cause of transport reduction. A comparison with L-mode discharges, using the PI ON code

[18], suggests that a high minority ion density is favourable for efficient ion heating. For

improved confinement discharges, the hydrogen concentration is between 20% - 25% instead

of about 10% in the L-mode discharges. It presently seems to be one of the main conditions to

trigger the improved confinement.



5. CONCLUSION

A high L-mode confinement has been observed on Tore Supra in relatively high

density discharges (60 % - 80% of Greenwald density) with ICRH hydrogen minority scheme.

A total stored energy slightly higher than 1MJ has been obtained during 2s with injected power

of 10MW. The confinement of these discharges exceeds the standard L-mode by a factor up to

1.7. The improvement of the confinement is observed in both electron and ion channels with

reduced heat diffusivities. Balanced ion / electron heating, through control of high hydrogen

minority density, is probably favourable for trigging such an improvement.

Comparison of a wide database with the ITERL97-P scaling shows an enhancement

factor HrrERL97'p ranging from 1.3 to 1.7. The confinement of these discharges is, moreover,

close to the ITERH97-P scaling for the ELMy H-mode. Such a regime is very promising for

alternative scenarios in tokamak reactors. First, a good confinement at high density improves

the bootstrap current, which is necessary to sustain, together with external current drive

methods, a full non-inductive current. Second, a high density allows to increase the particle

pumping efficiency and the radiation, which is beneficial for heat exhaust and particle control.

The improved transport is linked to the changes of the magnetic shear in the

confinement region, and probably of the radial electric field (through the increase of the

peakednesse of density profile and the toroidal rotation).

Future experiments are planned on Tore Supra to extend to higher power operation at

density even higher than Greenwald limit with duration longer than the resistive time (15 -20 s).
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FIGURE CAPTIONS

Figure 1: Comparison of an improved L-mode discharge (TS23418, left) and a standard L-

mode discharge (TS23996, right):

a) Total stored energy and ITERL97-P prediction (dashed curve),

b) Electron energy,

c) Central line averaged density normalized to Greenwald density (dashed curve),

radiated power fraction (full curve), and ICRH pulse.

Figure 2: Stored energy versus ITERL97-P prediction of thermal energy for L-mode (circle:

improved confinement, cross : standard L-mode).

Figure 3: Stored energy versus ITERH97-P prediction of thermal energy for ELMy H-mode.

Figure 4: Enhancement factor with respect to the ITERL97-P prediction versus total input

power (circle: improved confinement, cross : standard L-mode).

Figure 5: Heat diffusivities of shots in Fig.l (full curves: improved confinement, dashed

curves: L-mode shot): a) electron, b) 1-fluid, c) ion.

Figure 6: a) Electron density profile peaking (full curve: improved confinement, shot #TS23418

, dashed curve: L-mode, shot #TS23996)

b) Self-inductance of improved confinement shot, #TS23418 (full curve:

measurements, circle: IDENT-D equilibrium result).

Figure 7: Current density profiles of improved confinement (a) and L-mode (b) discharges from

Abel inversion of Faraday rotation angles (dashed curve: IDENT-D results).

Figure 8: Magnetic shear profile during improved (full curve) and L-mode confinement phases

(dashed curve).
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