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Boundary plasma control with the ergodic divertor
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The axisymmetric divertor programme associated with the ITER project is facing
conflicting physics issues. On the one hand, it must comply with the heat exhaust capability
provided by the available technology. This has led to an extensive analysis of radiating plasmas
in this configuration. On the other hand, high confinement is required to reach ignition. A
programme focused on similar constraints is investigated experimentally on Tore Supra with the
ergodic divertor [1]. The present paper is devoted to the theoretical analysis of the ergodic
divertor operation. The various states of the divertor plasma are determined with a 1-D model of
parallel energy transport. A 2-D model of energy transport in the vicinity of the separatrix
allows one to compute a temperature profile. Finally, a 3-D field line tracing code associated
with a WKB analysis is used to describe the energy deposition onto the target plates.

Boundary plasma control with divertors is ensured by the ionization of the neutral influx
in low confinement regions, in practice open flux surfaces. In such a regime of tight particle
recirculation control, boundary values of the density (typically the mid plane density on the
separatrix) governs the volume average density of the discharge. The relationship between the
divertor operation regime characterized by the target plate density and the volume average
density appears therefore as a relevant signature of the divertor performance. Three regimes of
the target plate density have been identified in both the axisymmetric and ergodic divertors
[2,3]. At the lowest densities, a linear regime is obtained. The interest of this regime on Tore
Supra is associated with the density requirement for long pulse operation with lower hybrid
current drive. The theoretical investigation of the transition from this regime to the so called
high recycling regime indicates that impurity radiation interferes and that the change in regime is
not solely determined by parallel heat transport properties. The impurity content also modifies
the high recycling regimes especially since there is an overlap in the control parameter domain
of the thermal instability [4] and the high recycling regime. The existence of a thermally
unstable regime in the scan of the volume average density leads to a difficult comparison with
experimental data. Indeed, most of the experiments are performed with density ramps so that
the presumed adiabatic scan of the high recycling states would correspond to a transient through
an unstable region in the control parameter space. A stable branch is recovered when the target
plate temperature drops typically below the ionization energy of the lithium like state of the
impurity. At low power, this point stands in the vicinity of the onset to detachment. This
impacts strongly ICRH operation on Tore Supra. Given the low field side location of both the
divertor and ICRH antennae, Tore Supra provides a challenging configuration where the
launchers are localized in the divertor "chamber". Recycling onto the antennae protections then
has little incidence on the overall neutral recirculation. However this operating scheme requires
a significant density at the antennae for a proper coupling efficiency. The density roll-over
which follows detachment is therefore a limitation. The theoretical analysis thus indicates that
high power operation of the ergodic divertor in the high recycling regime must accommodate
the transition through a thermally unstable high recycling regime in ohmic heating. The analysis
of the detached regime indicates that the location of the neutral source is an important control
parameter. In an open divertor configuration, such as the ergodic divertor, most of the open
field line extent is available for plasma neutral interaction. With such a neutral distribution, the
Mach number exhibits a maximum close to one just ahead of the detachment front. Interestingly
enough, data from the reciprocating Mach number probe displays a similar maximum which
shifts radially into the divertor volume as detachment is more pronounced [5]. Combining this
measurement to the model, one can monitor the penetration of the detachment front into the
divertor volume.

While particle recirculation is characterized by common features in both the
axisymmetric and ergodic divertors, the issue of heat transport exhibits different properties as

soon as cross field transport generates significant effects, hence beyond the laminar region
where parallel transport is dominant. The analysis of the energy deposition pattern onto the
target plates indicates that a significant increase of transverse transport occurs with additional
heating and follows typical power degradation laws of the confinement time. Cross field
transport within the divertor volume appears to be monitored by the external driving flux and
not directly dependent on the measured reduction of density fluctuations [6]. At the boundary of
the divertor volume, towards the core plasma, another interplay between stochastic field lines
and cross field transport is given evidence. In this area, characterized by a rapid radial change
of stochastic transport, there is a regime such that the combined effect with cross field transport
generates an inward convection. On a step size of stochastic transport, the diffusive like
transport is thus strongly reduced and a transport barrier is formed. The extent of this barrier
depends on the magnitude of cross field transport compared to that of the stochastic transport
just below the threshold to chaos. The relationship between this barrier and the observed radial
temperature modulations in the divertor volume is being analysed. The occurrence of a transport
barrier at the interface of the core and divertor volumes together with an increased transverse
transport within the divertor volume enables in principle to decouple the issues of confinement
and energy deposition control.
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Profiles of the Mach number, of the density, and of the ratio of the
conducted energy flux (q) over the total energy flux (Q) against the
curvilinear abscissa s normalized to the field line length. The
detachment front (sharp decrease of q/Q) stands just behind the front
of maximum Mach number.
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