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Abstract . Upgrade of the Tore Supra ergodic divertor has led to significant progress in ergodic divertor
physics. The disruptive limit governed by the stochastisation of the outer magnetic surfaces is found to occur for a
value of the Chirikov parameter reaching 2 on the magnetic surface q = 2 + 3/12. This experimentally observed
robustness allows one to operate at very low safety factor on the separatrix (q ~ 2). Numerical analysis of
ballooning turbulence in a stochastic layer indicates that the decay of the density fluctuations is in associated with
an increase of the fluctuating electric drift velocity. The bottom line is then an enhanced cross-field transport in the
vicinity of the target plates. This lowering of confinement appears to be compensated by an intrinsic transport
barrier on the electron temperature. The 3-D response of the temperature field is computed with a fluid code. The
intrinsic transport barrier at the separatrix, reported experimentally, can be recovered together with small
amplitude temperature modulations in the divertor volume. Experimental evidence of the 3 density regimes (linear,
high recycling and detachment) is reported The low critical density values for these transitions indicate that
similar parallel physics govern the axisymmetric and ergodic divertor, despite the open configuration of the latter.
Measurement and understanding of these density regimes provide a means for feedback control of plasma density
and an improvement in ICRH coupling scenarios. Experimental data also indicated that particle control with the
vented target plates is effective. Increase of impurity control and radiation efficiency are recalled. Global power
balance has been analysed These results confirm the enhanced radiation capability of the ergodic divertor.

Foreword : On the occasion of Prof. G.H. Wolfs retirement, a workshop was organised by
K.H. Finken to review the Tore Supra and Textor ergodic divertor experiments on February 24th,
1999 at Jülich (Germany) [1]. The present paper which summarises the Tore Supra contributions
is dedicated to Prof. G.H. Wolf. Indeed, his very early involvement in the field of ergodic divertor
physics [2] has opened the way to the many results reported here.

1. Introduction

Integration of very high fusion performances in the core plasma together with steady state
control of plasma wall interaction is the present challenge of fusion research as evidenced by the
JET experimental investigation in view ofthelTER programme [3]. We concentrate in this paper
on the divertor configurations [4,5]. The well documented axisymmetric divertor [4] is used as a
guideline to evaluate the performances of the ergodic divertor [5]. Implementation of the ergodic
divertor has been achieved in several devices starting from the mid eighties, essentially Text [6],
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Textor [7], Tore Supra [8] and JFT-2M [9]. While the Tore Supra ergodic divertor is entering its
final year of operation, a new so-called Dynamical Ergodic Divertor (DED) [10] is to start
operation on Textor in 2001. The very aim of divertor configurations is particle control in a
configuration which can sustain steady-state heat extraction. These requirements lead to a
reduction of the available magnetised volume for core physics in order to organise plasma-wall
interaction in the divertor volume. The divertor configuration has therefore a strong impact on
core performances by reducing the confinement volume and consequently the plasma current. The
latter parameter appears to be a dominant engineer parameter to achieve meaningful on fusion
performances. In the axisymmetric divertor configuration, the H-mode allows one to compensate
for these losses, however, it is still to be demonstrated that the H-mode operation is compatible
with divertor control of plasma-wall interaction [3]. Ergodic divertor operation does not appear to
facilitate the transition to H-mode in circular cross-section tokamaks [6,7,8]. (It is to be noted
that no H-mode have been achieved in the limiter configuration of these machines.) Only JFT-2M
has reported H-mode confinement with the combination of a stochastic boundary [9]. Evidence
from this device shows that the ergodic divertor lowers the pedestal temperature which can
readily be interpreted as an increase in the threshold power [11]. The present paper is dedicated
to the integration of divertor requirements and core performances. The selected topics for the
present paper are those characterised by significant advances since the latest review paper on
ergodic divertor physics [12]. Highlights are :

1) High current operation.
Despite the 36 % reduction of the core volume induced by the poloidal symmetry of the divertor
volume, no reduction of plasma current is required with the ergodic divertor. Indeed, standard
operation requires a very low safety factors q ~ 2 at the separatrix (q ~ 3 on the limiting wall
components). This indicates that the loss in confinement volume does not lead to a reduction of
the operating plasma current.
2) Cross field transport enhancement in the divertor volume.
Experimental evidence supported by numerical analysis of turbulence in the 3-D stochastic
boundary indicate that cross-field transport is not reduced in the divertor volume. This is
especially important to reduce the peaking of plasma-wall interaction. This property is opposite
to that of the H-mode where the reduction of cross-field transport extends to the scrape-off layer
leading to strong peaking of energy deposition.
3) Intrinsic transport barrier at the separatrix.
The low confinement property in the divertor volume is balanced for the electron temperature by
an intrinsic barrier which forms inside the separatrix (towards the core plasma). Theoretical and
experimental evidence of this effect are reported. An improvement of core particle life-time has
been reported experimentally [12]. However, no precise relationship has been established
between this observation in the intrinsic transport barrier on the electron temperature.
4) Particle screening and enhanced radiation in the divertor volume.
This feature has been the guide line for experiments with the Tore Supra ergodic divertor. In
particular, the demonstration aimed at high radiation, low core impurity contamination in an open
divertor configuration.
5) Successful pumping with the new vented target plates.
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A set of new actively cooled target plates have been implemented [5]. The vents in these target
plates provide a means for pumping by magnetic channelling of particles to the openings of the
pumping plenum. Furthermore, these vents offer the possibility to capture the neutrals back
scattered by the plasma. This mechanism could prove to be important regarding particle control in
detached plasmas.

Section 2 is dedicated to ergodic divertor perturbation of the magnetic equilibrium and in
particular the stability limit in terms of disruptions. Early experiments have shown that a helical
winding can lead to both a stabilisation of the (2,1) [13,14,15] tearing mode and for larger
perturbations to disruptions [7,13]. Analysis of this behaviour has focussed on the (2,1) tearing
mode destabilisation [8,12]. Experimental evidence presented in section 2 indicates that the
destabilising process is probably due to a more internal mode. Section 3 addresses the issue of
cross-field transport in the divertor volume. Analysis of transport in stochastic fields showed
that cross-field transport is a strong player in the overall transport properties [16,17]. The strong
shearing effect induced by the magnetic field stochasticity should also have an impact of the
stability of these electrostatic modes. While there is experimental evidence of a lowering of the
density fluctuations [18,19], there is no clear reduction of cross-field transport in the stochastic
boundary [20,21]. A 3-D ballooning turbulence code tackles the non-linear impact of turbulent
cross-field transport on the properties of stochastic boundaries [22,23]. The main results of this
analysis reconcile the reduction of density fluctuations and the unaffected cross-field transport.
The existence [24,25] and theoretical understanding [26,27] of an intrinsic transport barrier for the
temperature field is discussed in section 4. To this end another 3-D code solves the fluid heat
transport equation at given cross-field transport [28]. Non-linear coupling of the temperature field
to the magnetic perturbation allows one to recover the properties of stochastic transport.
Emphasis is put on local divertor plasma measurements in section 5, with specific attention to the
10 eV threshold for the detachment of the divertor plasma. The standard density regimes
extensively reported in the case of the axisymmetric divertor [29] are also found in the ergodic
divertor operation [30]. Radial profiles of edge parameters measured by a reciprocating Langmuir
probe provide information on the behaviour of the temperature modulations as density increases
[31]. Furthermore, they allow one to relate changes in the Mach number profile to detachment at
the divertor plates [32]. Among the difficult issues of divertor operation is the coupling of waves
in divertor operation. The problem is very severe for the Tore Supra ergodic divertor operation
since the only additional power in density regimes suitable for radiating layer physics is ICRH.
Section 6 is devoted to coupling of ICRH power in a situation where the edge plasma is
characterised by a strong sensitivity to perturbations from the core plasma. Regarding particle
recirculation, the ergodic divertor is characterised by a low fuelling efficiency [33] but also by a
relatively large surface with high recycling. Most of the target plates (30 over 42) have a vented
structure allowing for pumping by titanium gettering. Pumping capability of this specific system
is reported in section 7. Results of feedback control of radiative features of the boundary layer are
also reported in section 7 [34]. Finally, section 8 is dedicated to impurity screening [35] and
radiation [36]. Ability to control core contamination with very large radiation in the divertor
volume is a challenge of open divertor operation such as the Tore Supra ergodic divertor. In that
respect, the departure from the multi-machine scaling [37,38] is thoroughly analysed both from
global balance analysis and spectroscopic measurements.
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2. Ergodic Divertor Operation
2.a Magnetic equilibrium for optimised operation

The ergodic divertor is dedicated to the organisation of plasma-wall interaction. The first
goal assigned to this device, and to any divertor, is the control of core contamination [39]. The
basic idea is to ensure that impurity ionisation will occur in a region of very low particle
confinement. A straightforward means is to introduce a significant gap between the last closed
magnetic surface, also termed the separatrix here, and the area where particles recycle. In the
axisymmetric divertor, the X-point allows one to introduce a low confinement region governed by
parallel transport between the X-point and the recycling areas. In such a configuration, the
recycling areas defined by the intersection of the separatrix and the target plates as well as the
divertor volume with low particle confinement are not symmetric poloidally. As a consequence,
mechanical closure of the divertor volume has been investigated [3] in order to maintain the
localisation of recycling within the divertor volume. While the axisymmetric divertor is formed by
a large m = 1, n = 0 magnetic perturbation, the ergodic divertor originates from a set of helical
magnetic perturbations which are resonant at the very boundary of the plasma volume. The
formation of the divertor volume then stems from the non-linear interaction of these resonant
modes and the subsequent destruction of the outermost magnetic surfaces [40]. In this
configuration, the divertor volume appears more symmetric poloidally, a favourable feature to
operate in an open configuration. Let us now recall how one generates the ergodic divertor
configuration as well as how is determined the operational domain.

Standard statistical analysis of transport on stochastic fields is based on large-scale
stochasticity in a homogeneous stochastic "sea" [41]. In this framework, transport can be
characterised by an effective diffusion transverse to the unperturbed magnetic surfaces [16]. A
quasilinear approach allows one to relate the diffusion of field lines DFL in m2 / m to the spectrum
of the magnetic perturbation when the proper action-angle variables are used [42]. For free
particles streaming along the field lines, the diffusion coefficient for electrons is then DFL vthe,
where the thermal velocity v,he is the characteristic velocity of electrons, while the ions diffusion
coefficient is DFL vthi where v^; is the ion thermal velocity. Effectiveness of particle confinement
loss will be the ratio of the particle diffusion governed by the ergodic divertor, typically DFL vthb
compared to the turbulent cross-field transport with no external magnetic perturbation. On Fig.l,
particle diffusion for a characteristic magnetic spectrum of the Tore Supra divertor is compared to
a constant cross field transport in the typical range of 1 m2 s"1. For temperatures in the 100 eV
range, one finds a cross-field transport enhancement over less than 10 % of the minor radius. For
electronic transport, the larger mobility leads to a much higher effect and some 20 % of the minor
radius exhibit an enhanced diffusion relative to 1 m2s"' (at the same temperature of 100 eV). It can
be shown that diffusion coefficients derived for free streaming particles along the field lines are an
upper limit for transport induced by stochastic field lines [12]. As a consequence one would
expect from these order of magnitudes, a strong deconfinement effect on fields governed by
electron transport, namely the electron temperature, the electric potential and plasma current, and
a more modest effect on fields governed by ion transport, the density field and plasma rotation
for instance. Experimental evidence are characterised by a modest response of core temperature
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profiles [33], little effect on the current profile exemplified by the saw teeth behaviour and a large
pump-out effect in deuterium plasmas, a generic feature of divertors. This experimental evidence,
in contradiction with the expected response, requires a proper theoretical description of both
transport in the vicinity of the separatrix and particle transport. Regarding particle transport,
electric drifts, determined predominantly by electron transport, can govern the deconfmement
process so that particle transport would not follow the stochastic field but the electric potential
and will thus exhibit a similar enhancement as electron transport [43]. Regarding electron
transport, it can be shown that the averaged temperature gradient in the boundary is effectively
strongly reduced and follows the expected behaviour [44]. Such a lowering of the boundary
temperature with no core degradation is suggestive that an intrinsic transport barrier at the
separatrix appears to prevent core changes of the temperature profile. This behaviour has been
observed in test particle simulations [27,45] and is also addressed in section 4.

Onset to large-scale transport in the quasilinear framework is reached when the width of
the resonant response is larger than the distance between the resonance surfaces [41]. In fact such
a criterion corresponds to that used in stochastic systems where the Chirikov parameter, ratio of
the sum of two neighbouring island half width and of the distance between the neighbouring
islands must exceed a critical value close to one [41]. In practise, the quasilinear field line diffusion
coefficient and the Chirikov parameter are computed with the spectrum of the magnetic
perturbation. The operation window of ergodic divertor configurations can thus be analysed with
the spectrum of the magnetic perturbation computed in the proper action-angle variables, hence
angles 0*, <p*, such that in the unperturbed case one achieves both d(p* / dz = constant and
d9* / dz = constant, z being the curvilinear abscissa. Given the toroidal periodicity of the ergodic
divertor we shall consider the spectrum for the main toroidal mode, namely, n = 6 on Tore Supra.
For a given resonant surface defined by q(rm) = - m / n , one computes the spectrum of 8B / B. As
illustrated on Fig.2, the poloidal spectrum is rather broad and is characterised by numerous peaks
at high m values. Two main peaks define the resonant layers with maximum efficiency of the
ergodic divertor. The highest peak with negative poloidal modes (m ~ -18) corresponds to helical
modes with the same helicity sign as the equilibrium field lines (for the standard orientation of
plasma current and toroidal field on Tore Supra). The large secondary peak with m = 7 stems
from the finite toroidal extent of the Tore Supra divertor coils, which allows for a resonance with
an opposite helicity sign. The high m features are induced by the finite poloidal extent of the
coils. Regarding the statistical approach only the resonant modes are relevant, hence m = -18 for
the chosen resonant surface at q = 3. If one now considers a blow-up of the poloidal spectrum
around the resonant poloidal mode number, one finds that the width of the main peak is roughly
5m = ± 3, Fig.3. The optimum equilibrium for which the effect of the ergodic divertor is the
largest is thus such that qedge = 3 ± 0.5. A feature that is recovered with the full calculation of the
diffusion coefficient at the boundary and which shows good agreement with the variation of Ha,
Fig.4. In practise, the profile shape is distorted as the distance to the coil increases, the higher
modes exhibiting a larger radial decay. The maximum of the poloidal spectrum is characterised by
a downshift with a similar width from m = - 1 8 t o m = -15 between the q = 3 surface located at
the boundary and the q = 2 surface, Fig.3. As a consequence, values of the Chirikov parameter on
the q = 2 surface are close to one. The perturbed region thus extends to the vicinity of the q = 2
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surface. Let us now recall which features of the magnetic perturbation determine the optimum
magnetic configuration. For a given toroidal periodicity, the optimum ratio of plasma current to
toroidal field (at given aspect ratio) is such that qedge = - m / n where m is the poloidal mode at

the spectrum maximum. The relation between the latter value and the "geometrical" mode number
of the divertor coil will depend on the Shafranov parameter of the equilibrium, (3p + £t-12, and on

the poloidal location of the coil. As stated previously, the poloidal extent of the coil combined to
the Shafranov parameter and coil poloidal position will determine the width of the spectrum 8m
such that 8m/m is constant. The shape of the poloidal spectrum is also a function of the plasma
major radius. In fact this parameter defines the curvature of the magnetic surface relative to the
curvature of the coil. As the plasma curvature is reduced with respect to the coil radius, the
effective poloidal extent of the coil is reduced leading to a broadening of the spectrum. This
reduces the ratio between the Chirikov parameter on the q = 2 surface and that at qedge. Last but
not least, the poloidal coil location has a strong impact on the radial decay of the magnetic
perturbation. Using the simpler intrinsic angle system, (p* = (p, dcp / d8* = q, one can show that a
Chirikov parameter of order 1 at p ~ 0.8, for a coil system on the low field side will occur at
p ~ 0.95 in the case of coils on the high field side all other parameters remaining constant.

The radial decay of the perturbation introduces another important effect on theoretical
investigation of these stochastic systems. Indeed, standard analysis of stochastic systems are
performed at constant magnitude of the perturbation or at least with a slow varying perturbation
on the scale size of an island width. A typical change in magnitude of the perturbation over an
island width on Tore Supra is a factor 0.8 while factors up to 0.3 are to be expected for a coil set
on the low field side. As a consequence, standard characterisation of stochastic systems such as
the Chirikov parameter can be used for a coil location on the low field side but have little meaning
when the coil location is on the high field.

The statistical analysis, which has been recalled above, only retains the resonant modes of
the spectrum to determine all the properties of the stochastic boundaries. When considering field
line tracing, Fig. 5, all modes of the spectrum are important and some characteristic features have
to be reconsidered. First, given the finite extent of the coils, the effect of the magnetic
perturbation appears as a series of radial kicks at definite values of the toroidal angle. The
resonance is recovered in this description when these radial kicks are coherent during one
excursion on the low field side where the coils are localized. It follows from this statement that
the wall to wall connection length, with no limiters protruding in the stochastic boundary is at
least of one poloidal rotation. As also noticeable on Fig. 5, during a series of coherent kicks, the
field lines go through several resonant surfaces with no loss of correlation. In fact, loss of
correlation only appears after one poloidal rotation when the small difference in safety factor of
neighbouring field lines leads to a sufficient difference in poloidal angle to govern opposite radial
displacements when the field lines experience the magnetic perturbation again. The length, which
characterises the sensitivity to initial condition, is thus quantisized and takes the typical value of
one poloidal rotation. As a consequence, strong correlation is observed for typical parallel scales
of LK ~2jiqR and diffusive like motion is observed beyond this scale. The very long lengths with
strong correlation between the field lines define the region of laminar transport where parallel
transport is the leading process. Typical lengths for Tore Supra are in the 50 m range, one order
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of magnitude larger than the relevant field lines for parallel transport in axisymmetric divertors
(about 5 m on DIII-D from the X-point to the divertor floor radially at one energy e-folding
length from the separatrix).

2.b High plasma current operation

Operation at high plasma current is a crucial element to achieve high performance in terms
of plasma energy contents, both through a direct enhancement of the energy confinement time and
through the capability to operate at higher density. Evidence of this property is the reported
maximum in performances for q95 ~ 3 in axisymmetric divertor configurations [46]. The use of a
significant part of the magnetised volume for the divertor at the expense of the core plasma and
especially of the plasma current channel leads in general to a lowering of the performances of the
given device. A specific result of the ergodic divertor is to allow operation with a very low value
of the safety factor on the separatrix between the open field lines and the closed magnetic
surfaces, typically qsep ~ 2. Interplay between the stochastic boundary and the plasma current
channel thus appears as a key issue in terms of performances but also in terms of operation
domain due to the interaction with MHD modes such as the (2,1) and (3,2) tearing modes. An
example of such an effect is found on the time traces of Fig. 6. In this case, the ergodic divertor is
applied on the plasma current flat top at t ~ 6 s, hence some 3 s after the beginning of the flat top.
On the loop voltage trace, lower figure, one observes 3 peaks, two sharp peaks at t ~ 5.5 s and
t ~ 7.5 s, and a peak characterised by a rapid rise and a slow relaxation at t ~ 6 s. This loop
voltage response to the configuration change from a limiter plasma (IED = 0 kA) to the divertor
configuration (IED ^10 kA) leads to a modification of the internal inductance which rises from 1.2
to ~ 1.34 with a similar time constant as the loop voltage, but does not relax afterwards. In fact
the two sharp loop voltage peaks are induced by two heavy impurity injection by laser blow-off,
these induce a sufficient change of the core resistivity (Zeff increase and / or Te lowering) to
govern a loop voltage response on the characteristic time scale of impurity life time. However
there is no effect of the current profile as shown by the internal inductance. The ergodic divertor
thus appears to directly modify the current profile, a feature which is expected since all field lines
such that p > 0.8 are connected to the wall and exhibit a large resistivity which will tend to expel
the current from the divertor volume. Another signature of this reorganisation of the current
channel is given by the time trace of the magnetic fluctuations which first suddenly drop as the
Ergodic divertor is switched on and then seem to gradually relax to a state of lowered MHD
activity compared to the limiter configuration but somewhat larger than the maximum reduction.
In this example, the initial level of magnetic fluctuations is low so that the stabilising effect is
small. In contrast to these signatures of the changes of the current channel, little if any evidence
has been found on the sawtooth activity. The modification of the current channel thus appears to
be localised to the outer part of the profile, typically from q = 1.5 to q = 2. The capability of the
ergodic divertor to modify the current channel [14] and to stabilise MHD (2,1) tearing mode
activity [15] is also bridged to the possibility of destabilising MHD modes and therefore to
trigger disruptions. Such a situation has been reported in several experiments [5,13]. It also offers
a key to a better understanding of the ergodic divertor effect on the current channel. Progress in
this field is also important for any future design of an ergodic divertor since it defines an

Rapport bleu : Progress in Ergodic Divertor operation on Tore Supra 8/54



operational boundary [47]. Numerical investigation of current channel control with the ergodic
divertor exhibits the basic trends of the experimental behaviour [48]. The boundary between
stable discharges and disruptive discharges has been investigated experimentally on Tore Supra
with dedicated shots at Bf~2.1 T. In this series of experiments a plasma current scan (from
~ 0.75 MA to 1.4 MA) and a major radius scan (from 2.38 m to 2.43 m) have been performed. On
the current flat top, the ergodic divertor current was gradually increased until a disruption was
triggered; this defines the critical ergodic divertor current for the given magnetic equilibrium. It is
to be underlined that the peaking of the current profile, and thus (3p + £i 12 is an uncontrolled
function of the chosen parameters and of the critical divertor current. In practise, the divertor
current at the beginning of the plasma current flat top was set at some 10 % of the critical value.
This ensures a slow rise of the divertor current and thus a reduced effect of transients. The data
base of 17 disruptive shots was then analysed with the Spectre code, see section 4. Chirikov
profiles are computed just prior to the plasma current decay. This data is plotted on Fig. 7 against
the safety factor profile. In fact, the Chirikov parameter is a non local feature. It describes the
onset of large scale stochasticity between two neighbouring resonant surfaces. As a consequence,
the Chirikov parameter varies by steps and is constant over the radial gap between the two
neighbouring resonant surfaces. The Chirikov criterion is well adapted to cases with small
variations of the level of stochasticity in the system, hence when the Chirikov parameter
characterises the system as a whole. The existence of radial variation of stochasticity reintroduces
local properties. Profiles are then considered. For convenience, the Chirikov parameter is localised
at mid-distance of the two resonant layers. With this definition, one finds that all critical Chirikov
profiles intersect in a well defined region with some uncertainty in safety factor, Aq = ± 1 / 6, and
some scatter in Chirikov parameter Aachinkov ~ 0.16, Figs. 7, 8. In fact the range of safety factor
can be reduced if one introduces two possible critical points, one a t q ~ 2 + 3 / 1 2 ( q ~ 2.25) with
Ochirikov~2, and one at q ~ 2 + 5/12 (q~2.42) with Gchirikov~2.5. Two important aspects are
introduced by this experimental observation. First, the criterion relating the island width on the
q = 2 surface to the distance from q = 2 to the wall, as introduced for Pulsator [13], does not
apply to the ergodic divertor. Second, the intuitive criterion that the q = 2 surface should not be
affected by stochasticity [13] is not correct since Ochirikov ̂  1 is achieved in the vicinity of q = 2.
In fact, the criterion is roughly correct in terms of the magnitude of the magnetic perturbation but
qualitatively wrong since chaos appears to extend beyond the q = 2 surface towards the core.
Field line diffusion coefficients also exhibit a critical value in the vicinity of q ~ 2 + 2 / 6, with a
critical value of D F L ~ 10'5 m2 /m, Fig. 9. The induced effect on transport at this magnitude of
field line diffusion is still large. Indeed, one finds that electrons are expected to diffuse radially
with a diffusion coefficient be well above 1 m2 s'1, while ions would reach this reference value for
Tj ~ 200 eV (a reasonable value at this location where Te ~ 200 eV). Experimental evidence on the
electron temperature profile for p < 0.8 indicates that no changes are found during the slow rise of
the divertor perturbation. Destabilisation of the current profile does not appear to depend on the
electron temperature field but rather on some, direct effect of stochastic opening of magnetic
surfaces. The chosen criterion can be tested by computing the critical divertor current such that
<*chirikov ~ 2 for q ~ 2 + 3 /12 for the series of disruptive shots, and to plot this value against the
measured value. Rather good agreement is found between computed and measured values, see
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Fig. 10. Results of a similar computation for the criterion (Jchirikov ~ 1 for q ~ 2 + 1 / 12 are also
reported on Fig. 10. No trend of a correlation is found on this data set, and, as already discussed,
the experimental data is found to be well above this value.

Last but not least, this set of disruptive shots at BT ~ 2.1 T indicates that for the optimum
plasma major radius (R = 2.38 m), the resonant magnetic equilibria (Ip = 1.05 MA, qedge = 3.1,
resonance at 3.1+0.5) are found to be marginally stable at full divertor perturbation
(IED = 45 kA). For higher field operation, one can operate at full divertor current and remain well
below the critical value, 30 % margin at BT ~ 3 T, Ip ~ 1.5 MA and more than 45 % margin at
BT ~ 4 x, Ip ~ 2.0 MA. High current operation thus appears to be compatible with ergodic
divertor operation despite the large fraction of minor radius (~ 18 %) of open field lines.

3. Modification of turbulent cross-field transport with the ergodic divertor

Modification of plasma-wall interaction with divertors or even wall conditioning are known
to be strong players in the level of measured turbulence activity as well as transport properties.
The question thus naturally arises to investigate the impact of the ergodic divertor on confinement
properties. Let us first address the role of turbulent cross-field transport in a stochastic
boundary. As discussed in section la, the ergodic divertor generates an effective radial transport
throughout the divertor volume. The diffusion coefficient for electrons and even ions is
significantly enhanced when compared to a standard figure of turbulent cross-field transport. It
would then seem that cross-field transport plays a minor role in the properties of the stochastic
boundary. In fact, a strictly vanishing cross-field transport would completely inhibit transport in
the boundary layer whatever the level of stochasticity. This effect is more readily illustrated in
the collisional parallel transport regime than in the non-collisional regime used in section la. Let
us consider for convenience the electron temperature field and the equation determining the
parallel coherence length Lj [42].

As %x—»0, LT exhibits a weak divergence, so that the region of parallel coherent temperature
field, namely that governed by parallel heat transport, is dominant throughout the divertor
volume. This transport regime is thus a mapping via parallel transport of the energy input -due to
a weak transverse transport through the separatrix- to the wall. This transport regime is
characteristic of the axisymmetric divertor configuration. This weak x± regime is observed for
runaway electron transport owing to the very large velocity of this minority electron population,
Fig. 11. In this experiment, the runaway population was generated during current ramp-out.
During flat top, the runaway electrons diffuse out of the plasma with a typical lifetime of 0.6 s.
This lifetime is only twice the energy lifetime which is a likely indication of a very hollow
runaway electron profile. The ergodic divertor is then applied in a series of 0.4 s pulses with
increasing perturbation level (characterised by the divertor current IED). Above a threshold at
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IED~ 10 kA, the runaway electron lifetime is significantly reduced in the divertor configuration,
~ 0.02 s is observed with IED ~ 20 kA.

For larger values of %±, the transport process is a series of parallel and transverse steps, the
transverse steps defining the influx and outflux source terms connected by parallel transport on
the scale L-r. As %± increases the scale LT of laminar transport decreases and the number of steps
from the separatrix to the wall increases. This opens a region of random transport, the ergodic
region, between the separatrix and the final laminar step to the wall. A clear signature of cross-
field transport impact on divertor operation is found when considering the energy flux to the
divertor target plate, Fig. 12. When analysing a profile of energy deposition on a midplane target
plate along a chord parallel to the magnetic field, one finds that the energy flux normalised to the
mean energy flux 4>E / <OE> is characterised by two features, the size of the wetted area and the
peak value of 4>E / <&E>. The strong peaking observed in ohmic shots, up to a factor 3, is a clear
signature of long parallel coherent lengths. In that case, field lines with large radial penetrations
will conduct most of the power to the target plate. Field lines with low radial penetration will
then have a weak power deposition capability, hence a minimum wetted area and a large peaking
of the energy flux. Conversely, in shots with additional heating, the expected increase in xx will
lead to an increase of the wetted area and to a reduced peaking of the energy flux, Fig. 12. These
results exemplify the importance of a proper understanding of turbulent cross-field transport
despite the large ratio between the effective stochastic transport Xerg and turbulent transport %L,
namely :

Available measurements of turbulent activity are density fluctuations, either coherent
scattering [18], or reflectometry [19]. Both type of measurements indicate that density
fluctuations are reduced with the ergodic divertor, the effect being governed by the short wave
lengths, thus the large eddies, Fig. 13. This trend is expected since stochasticity should enhance
the magnetic shearing effect due to the exponential divergence of neighbouring field lines. In
agreement with the latter analysis, one finds that the effect is localised within the divertor volume,
Fig. 14, and strongly depends on the magnitude of the perturbation, Fig. 15. Following the
standard short cut of transport analysis with turbulence, one would then predict a lowering of
turbulent cross-field transport with the ergodic divertor. As indicated by the analysis of the
energy deposition this trend is not fully supported experimentally. In fact, numerical
investigation, with the code RBM3D [23], of the effect of stochastic field lines on ballooning
turbulence [22] shows that the fluctuations of the electric drift velocity do not follow the density
fluctuations. A reduced level of density fluctuations would in fact be compensated by an increase
of the electric field fluctuations governed by the reduced scale of the eddies. This numerical result
is illustrated on the radial profiles of Fig. 16. On this plot, absolute values of the fluctuations are
averaged poloidally over the poloidal extent of the divertor coils and normalised to the values
computed in the limiter configuration. In the grey region with a Chirikov parameter larger than 1,
hence the divertor volume, one finds a clear reduction of pressure fluctuations in agreement with
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the measured decrease of density fluctuations. However, when analysing the electric drift
fluctuations one finds, first a reduction of the velocity fluctuations, followed by a significant
increase of the velocity fluctuation level towards the wall. As a consequence, the cross-field
transport exhibits a local enhancement over the limiter configuration in the vicinity of the divertor
coils. Closer to the separatrix, but still in the divertor volume, a reduction of turbulent transport is
observed. This feature is still under investigation. It displays a similar behaviour as that reported
in the analysis of the intrinsic transport barrier of the temperature field in the vicinity of the
separatrix, see section 4.

Unlike core transport, boundary cross-field transport thus requires a full 3-D investigation
(2-D in axisymmetric configuration). One also finds that transport cannot be inferred from
density fluctuations alone, decoupling of density and electric potential fields being clearly
possible. Last but not least, one finds that the ergodic divertor not only introduces a significant
lowering of confinement due to the opening of the magnetic surfaces, but also enhances cross-field
transport in the vicinity of the deposition areas. This local increase of cross-field transport can
modify the pattern of the wetted area allowing for a significant deposition of power on large wall
surfaces. Such a smearing of power deposition would alleviate the technological constraints of
heat extraction on high heat flux components [49], as well as the physical constraints on the
divertor radiation capability [50].

4. Numerical modelling of Ergodic Divertor Physics on Tore Supra
4a. Review of numerical tools for Ergodic divertor on Tore Supra

The destruction of the outermost magnetic surface creates a region of enhanced radial
transport governed by the diffusion of stochastic field lines. The ergodic zone physics is usually
non-linear and complex to be treated analytically. Numerical codes are thus developed not only
for theoretical understanding, but also for optimisation of ergodic divertor (ED) experimental
operation. Furthermore, all field lines in the divertor volume are connected to plasma facing
components leading to a 3-D connection pattern. Last but not least, boundary measurements
which are actually local have to be analysed in this 3-D framework. This situation is rather
specific when compared to the limiter configuration where poloidal and toroidal symmetry allow
for a rather straightforward reading of the data [51], or when compared to the axisymmetric
divertor where the assumed toroidal symmetry allows one to map all measurements in a single
poloidal plane [29].

A first group of codes addresses the issue of the parallel transport and connection
properties. The field line tracing code MASTOC [52] computes the magnetic field, both the
equilibrium magnetic field and the divertor perturbation. The equilibrium field is defined by a set
of parameters available in the Tore Supra database, typically the Shafranov shift parameter
Pp+^j/2, it also includes the ripple modulation of the toroidal magnetic field. The magnetic
perturbation is computed with a set of 300 straight current filaments for each coil. Proper
description of connection properties requires to fully take into account the position of the coils
and precise geometry of the target plates. This has been done with a careful comparison to in-
vessel measurements of the position of various elements [53]. A criterion relating geometrical
properties of the field lines to transport properties allows one to determine features such as the
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head load peaking [21]. The BBQ code [54] is a 3D Monte Carlo code, presently devoted to
computing impurity generation at the target plates, and hence the impurity densities near the
target plates. The magnetic field lines are calculated by the MASTOC code. The output is compared
to visible light diagnostics available on Tore Supra [55]. The EDCOLL code [56] is a multi-ID
model of divertor pumping based on MASTOC calculations for connections. The ballistic (ionic)
and neutral pumping are both taken into account. The latter aspect is most important to analyse
the pumping capability of the vented target plate structure implemented on the ergodic divertor.

A second group of codes is dedicated to the quasi-linear analysis of the magnetic
perturbation. This series of codes are used to determine the required magnetic equilibrium and to
characterise the properties of the divertor volume provided that the 1-D radial features are
sufficient. The code DIVERGQL [40,42,44] the code SPECTRE [57] are used to compute the 2-D
(poloidal and toroidal) spectrum on the resonant magnetic surfaces. Since the resonant modes
play an important role in the properties of stochastic boundaries, section 4.b will be devoted to
this family of codes. The linear code ERGOT1 (presented in section 4c) addresses the issue of 3D
heat transport in a stochastic layer. Realistic plasma parameters, such as the energy flux, and
divertor perturbation spectrum are used as input parameters. The code allows one to compute
the linear response of the temperature field to the magnetic perturbation. More precisely, the
code determines the resonant mode of the temperature field, the source term being a given average
temperature gradient combined to the resonant mode of the radial magnetic perturbation.
Coupling of the linear temperature response to the magnetic perturbation yields the quasi-linear
heat conductivity along the radial coordinate. This effective conductivity is an important output
which is used to estimate 1-D radial transport in the divertor volume [44].

The third group of codes is dedicated to transport analysis in the full 3-D geometry. The
code RBM3D [23] allows one to analyse the interaction between ballooning turbulence and the
ergodic divertor. Results obtained with that code have already been reported in section 3. The
code TPM -a test particle mapping code [45]- has been used to analyse the structure of the
temperature field and the transport barrier at the separatrix [24]. This approach enables one to
determine the relationship between properties of stochastic systems and transport analysis. The
code ERGOT2 (presented in section 4c) for heat transport modelling in the ergodic layer is the
non-linear version of ERGOTl. The stochastic properties of the magnetic field in the ergodic zone
are introduced consistently in the heat transport equation by non-linear coupling of the
temperature perturbation modes governed by the radial component of the magnetic field
perturbation. Numerical simulations reproduce the flattening of the averaged temperature profile
in the ergodic zone and the local small-scale radial, poloidal and toroidal modulations of the
temperature field at the edge.

4b. Computation of the magnetic field spectrum : code SPECTRE

The calculations of the ED perturbation spectrum in toroidal geometry and proper
magnetic coordinate systems are performed by the code SPECTRE. Starting from the
axisymmetric tokamak magnetic equilibrium, the magnetic field only has poloidal and toroidal
components :
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Aeq =^JVq> + VSVe ; Beq=VxAeq ={0,69,64 (3)

Here 4^ , , *F£J are the equilibrium poloidal and toroidal fluxes. With the ergodic divertor

the magnetic field is perturbed : B = Beq+8BED. The magnetic perturbation is computed in

SPECTRE by adding-up the contribution of 300 current filaments per coil, each contribution being

known analytically. This calculation is performed in standard coordinates. The most effective

perturbation is due to a perturbation of the poloidal magnetic flux 4^ , =4 /^,(r) + 5vFpol(r,e,(p)

which generates a radial magnetic field, hence destroys one invariant and beyond a threshold leads
to field lines stochasticity [41]. In order to define suitable statistical properties for plasma
transport, one has to consider the field line "motion" in Hamiltonian dynamics with the
appropriate intrinsic coordinates (also referred to as magnetic coordinates). In a case with no
perturbation of the toroidal flux, the field lines are embedded in a 3 degrees of freedom phase
space, where the toroidal angle is analogous to a time variable. With no perturbation of the
poloidal flux, the two remaining variables, namely the equilibrium toroidal flux and the poloidal
angle are conjugate.

d(p 39 m,n

(4)

For the sake of convenience the radius r is used to label the magnetic surface, with the
following definition, ^¥^r = l/2Btorr

2, Btor ~constant. The intrinsic angles in SPECTRE are
determined by the dynamics along field lines such that the 2 constants of motions, which are
required for toroidal confinement, are action variables for free streaming particles, dz / dt = v. The
curvilinear abscissa is z and the particle velocity v. For the unperturbed magnetic equilibrium, the
angles are then defined by :

d9 dcp
— = co ; - ~ = 0) (5)
dz e dz <P

where — = —— is a derivation along a field line, and such that GCL / coe = q. Definition
ds B v

Eq. (5) can be used to calculate the relationship between the magnetic coordinates and the
standard coordinates which are used to compute the magnetic perturbation. Let us introduce the
following definitions :

; 6* = Fr(6) ; 9* =(p + Gr(e) (6)
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From Eqs. (5, 6), one can define the derivative of the function Fr(0) in terms of known
equilibrium magnetic fields:

rd0 BV9 Be /(rB)

In the case of circular cross sections, integration of Eq.(7) is possible analytically insofar as
no plasma current flows in the domain of interest, a constraint which is considered to be satisfied
(see section 2). The constant of motion coe, is defined by the constraint of periodicity for the
angle 9*, 9* = 9* + 2 % when 9 = 9 + 2 K. A similar calculation for (p* defines both Gr(0) and the
safety factor q. This precise definition of the magnetic angle system allows one to evaluate is a
useful way the Fourier spectrum which is essential in Eq.(4). The poloidal flux perturbation with
its helical dependence determines an island chain topology localised on rational surfaces where
q(r) =m / n. In the case of single mode perturbation with weak radial dependence, this island
chain is well defined and one can compute the island half width.

fit p V / 2

5(m,n)= M |

The shear factor s = dLog(q) / dLog(r) and the poloidal wave vector kg = m / r define the
first order expression of the distance between neighbouring resonant surfaces,
An(m, m+1) = 1 / (kg s). The major radius Rtor is defined by Btor such that Rtor Btor

 = R B,,,. In this
expression the resonant Fourier component is split into two parts, one characterising the
dependence in poloidal wave number, %afl, and one characterising the radial decay b(r). At given
toroidal mode and radial location q(r) =m / n, %tKn is the Fourier component normalised to the
amplitude of the maximum poloidal mode. The radial dependence b(r) is then the radial
dependence of the maximum poloidal mode at each radial location.

(9)
m,n

The proper choice of angles is required here since the perturbation is rather peaked
poloidally with a strong radial dependence. As a consequence, any modification of the angle will
shift the poloidal spectrum and can then change considerably the results. This situation differs
strongly from standard stochastic systems where the magnitude of the perturbations is constant.
Regarding the radial decay, one can readily compute the cylindrical expression which yields :
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In this expression, the radial decay is governed by the poloidal wave number in standard
coordinates such that mgeo~ 10.5 for Tore Supra. In this expression the normalised cylindrical
radius is p = r / a and b(a) ~ 2.10'3 T is the magnitude of the resonant mode on the outer plasma
radius a. The latter simplification of the radial decay as well as the sinus cardinal approximation
of the poloidal spectrum [58] is used in many codes dedicated to the physics of the stochastic
boundary [27,59,60] rather than to a comprehensive comparison to experimental results.
Statistical properties of the ergodic layer are analysed in SPECTRE in terms of the Chirikov
parameter, a measure of island overlapping [41]:

5(m,n)+5(m+l,n) s

aChi r(m,m + l)= ; — \ — - ^ = 25(m,n)kes (11)
An(m + l,m)

With the knowledge of the Fourier spectrum one can also compute the quasilinear field line
diffusion coefficient, when a single mode is resonant on the resonant surface q =m / n [61 ].

(12)

Although this expression appears to depend solely on local values on the resonant surface,
its very meaning requires sufficient broadening of the resonance. This value thus exhibits the
same non-local features as the Chirikov parameter but here the region of relevance appears to be
centred on the resonance surface. Let us now compare the SPECTRE output for both Tore Supra
and the DED (Dynamical Ergodic Divertor) of Textor [57]. The main difference between Textor
and TS divertors is the coil location, on the low field for Tore Supra, oh the high field for Textor..
Here we give only DED steady spectrum of DED perturbation for a typical Textor configuration
[57]: B = 2.25 T, a = 0.46 m, Ip ~ 500 kA, (3p +1-12 » 1. The main toroidal wave number for the

DED is n = 4 and the Textor DED coil has a 2TC extension toroidally. Broadening of the toroidal
spectrum is then only due to a mismatch between the coil and plasma helicity, it will thus remain
weak.. The maximum boundary value, computed by interpolation between two resonant surfaces,
exhibits a broad maximum when the plasma current is changed, Fig. 17. The optimum plasma
current which defines the DED resonance is achieved at Ip = 500 kA, Fig. 17. The corresponding
edge Chirikov parameter has a maximum value of 3. The DED poloidal spectrum of the magnetic
perturbation at r ~ 0.46 m (q(r) ~ 3) characterises the operation domain. The DED spectrum is
rather narrow due to the high field side location of the coil and hence the large effective poloidal
extension. The large poloidal wave number induces a strong radial decay of the perturbation so
that the q = 2 surface is little affected by the external magnetic perturbation. Let us compare a
Chirikov parameter profile of Tore Supra and Textor in normalised radius p = r / a. For routine
TS operation with IED = 45 kA, B = 3 T, plasma current Ip = 1.5 MA, the Shafranov parameter is
typically (3p + ^ 12-0.1. Radial profiles of the Chirikov parameter for Textor DED and Tore
Supra ergodic divertor are presented on Fig. 18. Although the boundary values are comparable,
thus indicating strong non-linearity in field line tracing, the Chirikov parameter in the DED
configuration rapidly decreases so that the divertor volume, even counted in normalised radius, is
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significantly smaller than in the Tore Supra case. As stated in section 2, this effect is readily
explained by the high field side location of the coils. When considering the distance between the
coil protection and the separatrix, hence the relevant distance for neutral penetration, the effect is
less important due to Shafranov shift of magnetic surfaces. However, despite this favourable
feature, the volume controlled by the DED remains smaller than that controlled by the Tore
Supra divertor. This might weaken the DED particle screening capability.

4c. Computation of the temperature field with the code ERGOT

The magnetic field perturbation generated by the ergodic divertor coils contains a radial
component, leading to the stochastic behaviour of the magnetic field lines. It was shown
theoretically that the perpendicular energy transport through the ergodic layer is amplified by the
diffusion of the magnetic field lines. Indeed, parallel transport has a radial component and acts in
addition to the usual transverse transport. The effective ergodic heat conductivity was estimated
in [42]:

This expression is similar to the simplified expression used in Eq.(2). The difference
originates from two approximations. First the Kolmogorov scale LK ~ 7tqRtOr(2 / (rcc?chir))4'3 was
introduced instead of the temperature coherence scale Lj ~ 112 LK log(X//DFL / (X±LK))- The latter
result is correct in the limit %//DFL / ( X ± L K ) » 1, hence when the logarithmic correction is less
important in Eq.(13). Finally, the contribution (1 + LK / LT) is introduced to take into account the
regime X//DFL / ( x ^ ) ~ 1. Given the value of X//DFL / (X±LK) ~ 25 for Te ~ 25 eV, r^ ~ 1019m"3

and x± ~ 1 mV1, DFL ~ 10"4 m, LK~ 25 m, a large enhancement of the cross-field heat diffusivity
is expected. As a result the radial temperature profile in the divertor volume should be flat. At
given core energy outflux, and for a reduced boundary temperature due to an increased particle
flux, a flat low temperature profile in the divertor volume should govern a core temperature
decrease. In ohmic shots, at given plasma current, the divertor configuration would thus be
equivalent to a 20 % reduction of the plasma radius. In this case the plasma energy loss would
reach 30 %. In fact, it was shown experimentally that the edge temperature is lower in the ergodic
divertor configuration in comparison to the limiter one, but without central degradation of the
electron temperature [24]. Recent data for Tore Supra ohmic shots agree with these results,
Fig. 19. These temperature profiles do not have a sufficient spatial resolution to investigate
precise properties of the divertor volume. More precise temperature profiles have been obtained
with reciprocating Langmuir probes (see section 5) and line ratios of given impurities [62]. These
measurements indicate the existence of some steady-state periodic radial and poloidal structures
[63,64]. Radial profiles with Langmuir probes on Tore supra indicate modulations which can
reach up to 20 eV in low density attached plasmas [33] while the available poloidal modulations
at high density partially detached plasmas are in the 2eV range [32]. It was found that the
poloidal periodicity of the temperature field follows the wave numbers of the magnetic
perturbation while the radial scale is comparable to the distance between the resonant surfaces
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[64]. Such small-scale temperature structures cannot be described in terms of the effective ergodic
diffusion coefficient. Indeed, the latter is defined over a region larger than the typical scale of the
random step process, hence larger than the distance between resonant surfaces. Further transport
modelling is therefore required to analyse the small-scale properties of the temperature field in
the ergodic zone. The 3-D heat transport modelling in the ergodic-divertor configuration is
performed by the quasi-linear (ERGOTl) and non-linear (ERGOT2) codes. The heat transport
equation is taken in the simplified form (convection and radiation are neglected):

(neX//V,/r) + V± (n e X lV xT) =

The parallel gradient operator has a radial component due to ergodic divertor radial
perturbation of the magnetic field. This operator therefore has two parts, a non-fluctuating part
which does not exhibit any dependence in the angles but acts on the angle dependencies and a
fluctuating part with a helical dependence on the angles and which acts on the radial component.

V = B ( B V ) B 5Br a

" 9
V

1

B B B B 9 r R tor

i a _a_
q ae* a<p*

(15)

Given the large parallel transport, rigX// = 2.1022 Tev
5/2 m ' V , compared to typical

transverse heat diffusivity, %x~ lm2s'1, the additional radial component of the parallel flux
amplifies the heat transport in the ergodic zone and one readily expects a flattening of the
temperature profile at the edge. Realistic plasma parameters, and approximation of the divertor
perturbation spectrum Eq.(9,10) are used as input parameters. The temperature field at the edge
is expanded in Fourier components with respect to the poloidal and toroidal angles, namely :

(16)

The average temperature profile is then given by Too(r). Taking into account Eqs. (10, 16)
up to the 3rd order of perturbation one obtains a non-linear equation for the Fourier components
of the temperature field.

^ = f f i X ^ ] n X k L T - neX/,b(r)Bmnkmn

(17)
m',n'>0 I m n
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In Eq.(17) the symmetry of the spectrum is taken into account, B_m.n=-Bmn and
T-m-n= Tmn. The non-linear terms are gathered in the lower half of Eq.(17). They depend on
terms which contain the properties of the magnetic perturbation.

bx = -neX//b(r)j — - HBm_m.n_n. - B
\7LII or Ktor

b T =— n eX//b(rXkm + m ' n + n 'Bm_m ' n_ n ' + km_m ' n_ n -Bm + r n . n + n . ) ( lo)

bo2 = 2 I |b(r)Bmn'
m,n>0

The parallel wave vector at lowest order is :

k / / = k m n = - ^ - ( - - + n) (19)
Ktor Q

The stochastic properties of the magnetic field in the ergodic zone are introduced
consistently in the heat transport equation by non-linear coupling of the temperature
perturbation modes governed by the radial component of the magnetic field perturbation. The
first line of Eq.(17) is the quasilinear equation obtained in [65]. This equation is solved
numerically in the linear code ERGOT1. The non-linear problem, Eq.(17) is solved with the code
ERGOT2. This code uses the implicit relaxation method developed to solve the non-linear
equation based on sparse-matrix inversion on each time-step up to the steady state solution.
Numerical simulations reproduce the flattening of the averaged temperature profile in the ergodic
layer, see Fig. 16.

Present simulations exhibit no degradation of the stored energy, i.e. the temperature
profiles towards the core are those obtained in the limiter configuration (8B ~ 0). This feature has
been reported in the experiments and test particle calculation [27]. In order to compare numerical
results to the quasilinear theory of Eq.(14), one can estimate the effective transverse heat
conductivity from numerical modelling by calculating the additional radial flux appears due to the
ergodic divertor.

(20)

The average ( ) is an average over the angle variables, hence a poloidal and toroidal

average. The amplification factors of the transverse heat transport conductivity due to the
ergodic divertor, X«g/X±> are in the 10 to 30 range in present simulations. They strongly and
nonlinearly depend on the temperature profile and on the boundary condition on the latter
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profile, here T(a)=10eV is considered. The dependence on the degree of stochastisation
(Chirikov parameter), Fig. 21, is in qualitative agreement with experimental evidence [6,33].

The resonance structures of the temperature perturbation computed with the code ERGOT 1
are localised on rational surfaces q = m / n [65]. This response leads to local small-scale radial and
angle modulations of the temperature field at the edge. The poloidal and toroidal modulations of
the temperature field are governed by the ergodic divertor, Fig. 22. Given the plasma density
chosen in present simulations, typically ~ 1019 m'3, amplitudes of the modulations are in the
- 3 - 5 eV. Further analysis of these modulations is required for a comprehensive comparison to
the experimental data which exhibits large modulations (-20 eV) at low density - 1018 m~3. At
these low densities, present runs of ERGOT2 numerical modelling are unstable, since the regulator
parameter n %± with %x - 1 m2 s"1 is too small.

5. Investigation of parallel transport with Langmuir probes
5a) Langmuir probe system in Tore Supra

Tore Supra is equipped with 14 graphite domed probes (4 mm diameter) mounted between
the fingers of some of the vented neutraliser plates. All the probes are biased in single probe mode
with respect to the machine ground. The domed probes provide an I-V characteristic every 64 ms,
each characteristic being swept out in 1 ms. Analysis is carried out automatically after each shot
with time traces of ion saturation current density, electron temperature, density, and floating
potential being stored in the Tore Supra database. Two of the fourteen probe circuits may be
programmed to obtain an I-V characteristic every 8 ms, allowing finer temporal resolution of fast
events such as sawteeth. Analysis is performed in real time, immediately after each acquisition;
the calculated density and temperature are broadcast to the reflected memory via a SCRAMNet
network so that other subsystems may have access to those quantities during the shot, and react
based on pre-programmed feedback routines.

A vertical fast scanning Mach probe system is installed on the top of Tore Supra. The
graphite pins are biased in single probe mode to produce measurements of ion saturation current
density, temperature, and floating potential on both the upstream and downstream faces. The
ratio between the upstream and downstream ion saturation currents is used to evaluate the Mach
number of the parallel flow. We use the results of the kinetic simulations of Chung and
Hutchinson [66] to calculate both the Mach number and the "unperturbed" electron density. I-V
characteristics are produced every 2 ms, with a 1 ms sweep period. The probe makes five plunges
during a typical 15 second shot with a stroke length of around 20 cm and total plunge duration of
around 200 ms. The probe movement is controlled in real time by feedback on the plasma
position. The minor radius of the plasma is calculated every 1 ms using the poloidal field
measurements. The probe position is measured with the same frequency, and with an accuracy of
about ± 1 mm. To attain (and not exceed) a desired plunge depth, the feedback program controls
the back and forth motion of the probe assembly, taking into account the inertia of the system.
We estimate that the position is regulated to within ± 5 mm. The probe "dwell time", defined as
the time spent in the last centimetre of the plunge, is about 20 ms.
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To understand the probe measurements, one must consider the trajectories of individual
field lines in the laminar region. The radial perturbation is maximum between two current bars. A
field line that passes through such a zone experiences a radial deflection. Field lines that are very
close to the divertor modules can actually be diverted onto the surface of the module itself.
Therefore, in each of the 42 spaces between current bars, an actively cooled divertor plate
(permitting continuous extraction of 3 MW [67]) has been installed. The target plates receive field
lines from either the ion or electron direction depending on the sign of the radial field perturbation,
and are oriented appropriately. If a given field line arrives in front of the divertor modules with a
resonant value of safety factor, it can experience up to four positive or negative radial deflections
before it returns to the high field side. Field lines that penetrate inward after one poloidal turn are
fed directly by parallel transport of hot plasma from the ergodic layer and belong to so-called
"hot" flux tubes. Flux tubes that are deflected outward are referred to as "cold", because they
usually connect to a divertor module after one poloidal turn and can only be fed by cross field
transport, as in an axisymmetric divertor.

5b) Measurement of electron temperature structures

The infrared cameras record crescent-shaped power deposition patterns on the neutraliser
plates. It has been shown that the local distribution of incident energy flux is consistent with the
characteristics of the magnetic flux tubes that intersect the neutraliser [21]. It is the "hot" flux
tubes that connect to these bright regions, which, after making one poloidal turn around the torus,
are deflected inward as they pass in front of the divertor modules; hence, they are fed directly
from hot plasma originating in the ergodic layer. The darker zones are powered by the "cold" flux
tubes with reduced radial penetration after one poloidal turn. These flux tubes are therefore fed by
cross field diffusion from flux tubes, which exhibit short connection lengths to the wall. Without
significant enhancement of cross field transport, the "cold" flux tubes are indeed characterised by
a low energy flux to the target plate, see section 3.

The domed Langmuir probes are placed in isolated locations on different neutralisers, so
they give little information on the spatial distribution of the plasma parameters, other than some
insight into toroidal and poloidal asymmetries. However, temporal variations in the magnetic
equilibrium cause the deposition patterns to sweep over the probes allowing direct, fine
resolution comparisons to be made either with the infrared images or with the results of the
MASTOC field line tracing code. For example, at the beginning of every shot, the divertor current is
set to its maximum value at the very beginning of the plasma current ramp-up. When the edge
safety factor attains 80-90 % of its nominal value for resonance with the divertor, plasma begins
to strike the divertor plates, and the Langmuir probes record the passage of several high-
temperature strike points before equilibrium is attained, Fig. 23. If we run the MASTOC code and
follow the field line that connects to one of the probes as a function of time, using the
instantaneous magnetic characteristics of the discharge as input, we see that the radial penetration
of the field line undergoes several oscillations, in fairly good agreement with the periodicity of the
temperature oscillations. The absolute phase of the oscillations does not always compare so well,
but this is to be expected since the magnetic measurements do not provide the millimetre
precision needed to do such a comparison, and the MASTOC calculation assumes the nominal
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positions of the divertor current filaments with respect to the coil casing. These temporal
oscillations do, on the other hand, exactly reflect the spatial sweeping of the hot strike points
seen by the infrared camera.

The upstream face of the fast scanning Mach probe, that is, the face that looks away from
the divertor modules towards the high field side, also records spatial modulations of the electron
temperature, and, as is the case with the divertor probes, their period compares very well with
the radial penetration of field lines as calculated by MASTOC Fig. 24). The probe is hence
punching through alternating hot and cold magnetic flux tubes. As explained above, we are unable
to perform precise comparisons between the measured profiles and the calculated magnetic
geometry, but fortunately, the Mach probe casts a sharp magnetic shadow, manifested as a
sudden drop in both ion flux and temperature, on two of the domed divertor probes that are
located 5.5 m downstream. By measuring the instant at which the shadow falls successively upon
the two domed probes, we can pinpoint the connecting magnetic field line to within ± 2 mm. With
this information, we can map the electron temperatures recorded by the two divertor probes up
to the poloidal plane that contains the Mach probe. The hotter temperature appears to sit in a
valley but within one measurement point from a peak, and the colder temperature in one of the
valleys. Thus, the theoretical picture of alternating hot and cold bands of plasma is validated.

5c) Edge density regimes

Figure 25 displays the density and electron temperature measured by one of the divertor
probes as a function of volume-averaged core density for a typical Tore Supra ergodic divertor
ohmic discharge (Ip = 1.5 kA). Three regimes have been identified and characterized by simple
modelling [68]. At low core density is a linear, sheath-limited regime for which the particle and
power fluxes vary linearly with the upstream parameters. The radiated power is usually less than
50% during this phase due to the low density, high temperature boundary plasma. At
intermediate densities, the density in front of the target plates increases rapidly, obeying a power
law of exponent between 3 and 4, and the electron temperature drops towards a minimum value
of around 10 eV ; this is the conduction, or high-recycling regime, for which there is.a high level of
ionization on field lines that connect to plasma-facing components. The temperature drop is due
to conduction and ionization losses along the field lines, and to increasing radiative losses. At the
highest densities, the ion flux to the neutralisers levels off and then returns to a value that would
correspond approximately to those recorded in the linear scaling, while the temperature remains in
the 10 eV range. This is called the detached regime because the transported energy flux to the
target plate drops to the noise level of the infrared camera measurements. It is important at this
point to keep in mind that the target plates are actively cooled and that their surface temperature
reaches thermal equilibrium in typically 20 ms [67]. Upon detachment, the surface temperature is
very close to that governed by the coolant prior to the shot. Almost all the power is redistributed
with low energy flux on other components, whether very low flux components, via radiation and
transfer to neutrals or low flux components via an enhanced cross field transport. At any rate
control of the energy flux to the high flux components, namely the divertor target plates, is
demonstrated. In ohmic shots, detachment starts at typically 40 % of the Greenwald density
[5,32]. Density can then be raised further but disruptive behaviour is observed prior to the
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Greenwald density, at densities which appear to be rather sensitive to non-controlled parameters,
impurity content, gas fuelling efficiency, etc.

Radial profiles of the plasma parameters were measured during the same series of shots by
the Mach probe. At low <ne> there is a marked modulation in the upstream temperature profile.
At high density, this structure is attenuated and a very flat profile around 10 eV is measured in
the outer region. This is in agreement with the divertor probe measurements : all the probes
measure the same temperature (~ 10 eV) after the conduction regime, independent of whether
they are connected to a hot or a cold magnetic flux tube. Compared to the dramatic temperature
modulations, the density profile is relatively smooth. This is due to the difference in thermal
velocity between ions and electrons. The parallel distance over which a structure remains coherent
is determined by Dx and parallel transport, the latter being sensitive to particle mobility. For
structures 0.01 m wide radially, the parallel coherence length is typically 7uqR ~ 25 m for electron
transport and a factor (me / nij)1/2 ( - 1 / 6 0 for a deuterium plasma) smaller for ion transport.
Cross field ion transport thus tends to wash out the fine structure generated by field line
stochasticity.

The Mach number profile displays some interesting behaviour. The connection length
between the probe and the nearest object increases with decreasing minor radius. Making a radial
scan is somewhat akin to probing along a magnetic field line. In the sheath-limited regime, the
Mach number increases and becomes nearly sonic at the outermost positions, consistent with the
classical image of ions accelerating through the pre-sheath to attain the sound speed at the surface.
At high density, the speed increases at most positions, probably due to enhanced recycling and
inward displacement of the particle source. Often a maximum in the Mach number profile is
recorded moving inward as the core density is ramped up. Modelling has shown that the
ionization front may be correlated with a maximum value of the Mach number [32,68]. Numerical
solutions have been obtained that show the flow decreasing in the detached region between the
ionization front and the target, then undergoing a re-acceleration driven by charge-exchange
momentum loss in order to satisfy the Bohm criterion at the surface. The measurement of such a
maximum in the Mach number, therefore, may be an experimental means of pinpointing the
ionization front. It should be noted that since the Mach probe is connected to the divertor
modules, the Mach number calculated by means of a standard free pre-sheath model is probably
an overestimate of the actual flow. On the other hand, the influence of intense ionization in the
downstream, connected shadow, is unknown and will be the subject of future modelling efforts.

5d) Feedback on Langmuir probe signals

The detachment limit is closely linked to the radiated power fraction, and so it depends on
several factors such as the radiating impurity content and the amount of injected power. This is
illustrated on Fig. 26 where neon injection is shown to reduce the detachment density threshold.
Displayed are density and temperature measurements by one of the divertor probes for an ohmic
density ramp, a density ramp with neon injection, and a series of shots with 2 MW of ICRH. The
radiated power fraction at the detachment limit varies, depending on the operating scenario. The
edge electron temperature, on the other hand, is quite reproducible. When Te ~ 10 eV. roll over of
the divertor density from the high recycling regime is observed [5]. This detachment has a direct
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impact on ICRH coupling and hence on the input power of these strongly radiating regimes. It is
thus essential to be able to monitor the onset of detachment. Several feedback schemes are being
tested on Tore Supra (see section 7) based on bolometer measurements. The sensitivity of such a
criterion to the location of the radiating front has not allowed to provide a universal feed back
strategy. Feed back on the electron temperature appears therefore to be more promising.

A difficult operating scenario is a density ramp to achieve good ICRH coupling with
ergodic divertor. The fuelling efficiency is very low at low densities, in the 1 % range but
increases at high densities due to the increasing ionization mean free path of the deuterium atoms
through the cold edge. Since the strong gas injection tends to lower the boundary plasma
temperature and thus increase the fuelling efficiency, one obtains a highly non linear effective
fuelling efficiency during the density ramp. Usually the gas injection is proportional to the
instantaneous difference between the measured line-averaged density and some pre-programmed
reference value, with the system response controlled by a multiplicative gain. If the gain of the
feedback loop is too low, the programmed density is not achieved due to the very poor fuelling
efficiency. Conversely, if the gain of the feedback loop is too high, the sudden excessive injection
of gas into the detaching edge may provoke a disruption. We have implemented a modified
feedback routine that, in effect, attenuates the gain in real time if the edge temperature becomes
too low, and cuts the gas flow off completely if the temperature falls below some critical value,
independently of the requested value of core density. This technique is particularly effective in
ICRH heating programs. Indeed, the optimum ICRH coupling density is well above the
detachment density of ohmic shots [5]. Should power coupling fail due to an earlier onset to
detachment, then the pre-programmed density ramp will push the discharge towards the density
limit of ohmic shots. This is illustrated by Figs. 27, 28. In these figures are displayed the gas
injection required by the feedback loop and that effectively achieved due to the specific response
of the gas valves. In the first case, a high density was requested to coincide with the injection of
ICRH power, but due to technical problems, the antenna did not successfully couple, and the
plasma detached and disrupted due to the high gas input. Later, the same scenario was simulated,
but with the new feedback routine implemented. A high density that would lead to a detachment
limit in ohmic plasma was requested. As the gas flow began to increase, the edge temperature
rapidly plummeted, and when it fell below 20 eV, the valve was gently shut off and the core
density settled to an equilibrium value far below the requested value, with the temperature
maintained near the pre-programmed lower limit of 14 eV. Later, the power was coupled : the
temperature began to rise, and more gas was allowed to flow, but the requested density was even
above the new detachment limit, so again the gas flow was attenuated to prevent the temperature
from falling below 14 eV.

6. Combined operation of ergodic divertor and ICRH on Tore Supra
6a) Edge plasma with ICRH in the ED configuration

Most interesting plasma scenarios require a large amount of additional power, high
densities, as well as large fractions of radiated power. One specificity of Tore Supra is that
additional heating is provided by RF waves, in the lower hybrid (LH) and Ion Cyclotron (IC)
frequency ranges. LH waves have already been used successfully [69] at low densities to achieve
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20 s flat top operation with the ergodic divertor [5]. Ion Cyclotron Resonance Heating (ICRH)
with a larger power coupling capability at high density is the standard heating scheme in Tore
Supra radiating layer experiments [5]. Present challenge in this means of heating is edge density
control close to detachment and with additional power. Indeed, wave coupling and impedance
matching are determined by the plasma conditions in front of the antennas [70]. Conversely, edge
plasma parameters at high density depend sensitively on additional heating, see section 5. In the
so called laminar zone, parallel transport is dominant, and the edge density is a non-linear function
of the line averaged density routinely used for particle feedback control. This non-linearity is a
source of instability, since any density perturbation, whatever its origin, is amplified at the edge.
In ohmic plasmas, three regimes were identified for the edge density : linear, highly recycling and
detached plasma [29,71]. A straightforward effect of ICRH on the edge density is the increase of
the upstream heat flux in the laminar region. It has also probably an influence on particle source as
indicated by the density increase triggered by ICRH coupling [72]. Further complications may
finally occur when peripheral cyclotron resonances lay in the laminar zone. They will not be
discussed here. Although the presence of additional power does not change the qualitative
classification into density regimes, the quantitative dependence is modified. Since a higher power
flux comes to the edge in ICRH discharges, plasma detachment occurs at higher mean densities
than in ohmic regime. As shown in section 5, a critical temperature of 10 eV for the divertor
plasma appears to be a robust indication of detachment or at least of strong decrease in ICRH
coupling capability. The effect of additional power on edge plasma properties is readily observed
on Fig. 29. Two shots are compared, with similar volume averaged densities. Shot TS20733 with
ohmic heating only exhibits the standard signatures of detachment. The edge temperature,
measured by a fixed Langmuir probe drops to 10 eV (fig. 29c). The edge density on the same
probe remains low while the average density increases (fig. 29a). Particle screening is efficient, and
a large amount of gas is puffed to raise the core density (fig. 29d). On shot TS20740, 3MW of
additional power were coupled. The plasma has a similar behaviour as TS20733 in its ohmic part,
but remains in the high recycling regime by additional heating during the density ramp-up. The
edge temperature remains above 20 eV. The edge density increases with the mean density reaching
2. 1019m"3. However, the injected gas flux is lower than for the ohmic reference shot.

6b) ICRH coupling and antenna matching in the ergodic divertor configuration

On Tore Supra, 12MW of ICRH power are available at the generators. IC waves are
coupled to the plasma by three compact resonant double loop antennas. The quality of wave
injection is characterized by the coupling resistance Rc. The coupling resistance in the minority
heating scheme is plotted versus the volume averaged density <ne> on Fig. 30a. There is a
threshold value R c ~ 2 £ 2 / m i n t h e I C coupling capability. Tore Supra antennas can deliver their
full power for Rc > 3 Q / m. The general trend on Fig. 30a is an increase of Rc with <ne>, but
there is a large scatter of data points. In particular, deuterium and helium plasmas behave
differently. A saturation of Rc is observed in deuterium plasmas beyond <ne> = 4. 10l9m'3. The
same data is plotted on Fig. 30b against a local divertor density measured by a Langmuir probe on
a divertor target plate magnetically connected to the ICRH antenna. Although this density
measurement should differ from that at the antenna vicinity, it is a more suitable indicator than
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<ne> so that the dispersion of data points is reduced. This effect is striking for helium plasmas
since it reconciles the behaviour of Rc regardless of the main ion species. The upside down
triangles on fig. 30a correspond to a saturation of Rc. They have been obtained on shot TS23921
with a slow <ne> ramp. In this shot Langmuir probe measurements exhibit strong poloidal and
toroidal asymmetries of local edge parameters, namely ne and Te. In this case, the target plate
density does not appear to be representative of the density governing the IC power coupling.
Conversely, data points on Fig. 30b are characterised by relatively homogeneous edge parameters.
In particular, the triangles which correspond to plasma detachment still exhibit large values of R .̂

Coupling capability is closely related to antenna matching. The ICRH system has to inject
waves in a large range of density conditions. On the other hand the antenna input impedance has
to be maintained around 30 Q., to match the transmission line impedance. The reflected power,
which may be harmful to the generator, is then minimised. Tore Supra antennas are equipped with
an automatic matching system based on capacitor tuning at both ends on each strap [73]. This
enables the antennas to react in real time to dynamical changes of the plasma properties. The
capacitors are tuned mechanically, and consequently the time constant of the matching feedback is
limited to typically 100 ms. This is comparable to the response time of the Tore Supra gas
injection system allowing for real time adjustment of ICRH coupling to gas injection. However,
the matching system is unable to cope with fast transients such as detachment or sawteeth
crashes. The working point of the RF circuit is less sensitive to small capacitor mismatches at
large values of Rc than close to the threshold, Rc ~ 2 QI m. This explains the difficulty to couple
even moderate powers at low R^

In order to prevent arcs in the feed-through and in the lines, a dedicated safety system
switches off the generators within less than 50 u,s if a too large standing wave ratio is detected.
The generators are then stopped for 50 ms, the time required to suppress an arc. This safety
system is found to increase the overall sensitivity to transients. An edge event can cause the
mismatch of an antenna and increase instantly the standing wave ratio. This quick transient is
interpreted as an arc [74]. Part of the additional power is then lost for 50 ms, which is long
enough to trigger an edge plasma transition into another state. Such a sudden transition can in turn
destabilise other antennas, or prevent the first one from recovering. Moreover, should the
additional power be reduced, the plasma can loose thermal stability and disrupt. A case of
deleterious interplay between the arc safety system and edge plasma state is illustrated on
Fig. 31. In this shot up to 8 MW of ICRH were coupled to the plasma in H-minority scheme.
The main resonance being close to the plasma centre, giant sawteeth were created. Sawtooth
crashes are generally regarded as large and sudden drops of the central temperature. This
behaviour is shown on the time traces of a central ECE channel (Fig. 3 Id). But small
perturbations of the mean density, as well as large transient heat fluxes are also associated with
the crashes. They strongly disturb the edge plasma, which results in intense and brief peaks on
the saturation current of edge Langmuir probes (Fig. 31c). As a consequence the ICRH pulse of
one antenna is chopped. Some of the failures of this specific antenna are well correlated with
sawtooth crashes (Fig. 31a). Prior to the switch-off, the measured reflected power increases
dramatically (Fig. 31b). In this shot, the plasma remains in the highly recycling regime throughout
the ICRH pulse. Despite periodic jumps of the reflected power (Fig. 31b) of the 2 other antennas,
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a constant background power of 5 MW is injected so that detachment is avoided. This effect is
not specific to giant sawtooth crashes with the ergodic divertor since it is also reported for ICRH
coupling in Elmy H-mode plasmas [75].

7. Pumping, wall control and feedback techniques

7a) Particle exhaust with the vented neutraliser plates

Plasma density control and particle balance have been performed in Ergodic Divertor (ED)
experiments for two configurations : throat and vented neutraliser plates. Throat neutralisers were
initially installed in order to collect particle flux between the ED bars. The particle collection was
large enough to ensure an efficient plasma density control [76]. Regarding plasma density control,
the throat neutraliser plates have shown their limitation in particle collection in highly radiating
edge plasma conditions when the plasma detaches. The throat neutraliser plates have been
replaced by a set of 42 new vented neutraliser plates [5,67] actively cooled and which have been
designed to sustain average power fluxes up to 7.5MWm"2. With the geometry of the vented
structure, the field lines and the associated heat flux are nearly parallel to the neutraliser allowing
one for a higher total heat flux deposition over a larger surface[5,67]. The vented design was
initially supposed to enhance the particle exhaust capability particularly for highly radiative
plasmas and for partially detached plasmas. However, the molecular conductance of the neutral
flow from the neutraliser plate to the pumping chamber has been strongly reduced by the cooling
tubes of the neutraliser plates. Indeed, nearly 70% of the section is used by these tubes which
reduces the particle exhaust capability of the new pumping system. It is restricted to D2/H2
exhaust due to the use of titanium getters and the total pumping speed is in the 35-40 m V range.
In addition, the outboard pump limiter can be inserted in the ergodic layer in order to enhance
particle exhaust and also for impurity exhaust which is ensured by the 4 turbomolecular pumps
and a total pumping speed of about 6-7 mV1. Due to the radial extension of the divertor
perturbation (< 0.16 m) the limiter is generally positioned 0.04 m ahead the divertor front face
without introducing significant modification of the edge configuration.

Experiments have been performed without active pumping in order to investigate the global
exhaust capability of the vented structure allowing one for a comparison with the results obtained
with the throat neutralisers. The incoming particle flux on the neutraliser plates has been
measured by a Langmuir probe, and the resulting neutral pressure has been measured by a
pressure gauge. For "steady state" plasma conditions, i.e. constant plasma parameters for over
2 s, the neutral pressure behind the central neutraliser plate of one ED module can be analysed in
terms of the particle flux (ion saturation current) on the neutraliser plate, Fig. 32. These results
have been obtained for attached plasma without impurity injection, with a fraction of radiated
power always lower than 75%. The total input power is varied from 1.4 MW (ohmic shot) to a
total of 7 MW (ohmic and ICRH). It can be seen that there is a linear dependence of the neutral
pressure as a function of the particle flux. Since the particle flux at the edge exhibits a more than
linear increase with the plasma volume averaged density increases (typically <ne>

2"3 [77,78]), the
exhaust capability also shows a larger efficiency as the core density is increased. However, as
previously reported [79], the particle collection efficiency remains lower for a vented structure
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than for a throat limiter [80]. In experiments at high plasma densities associated to auxiliary
heating (5.9 MW of ICRH) with active pumping (titanium getters only) the exhausted flux
increases to about 2.7 PamV 1 to be compared to 1 P a m V in ohmic shots at comparable core
density (D2 molecules and assuming a total pumping speed for the six modules of 30 m3s"'). Such
an exhaust, performed by the vented structure alone, corresponds to the exhaust obtained with
the pump limiter for similar plasma conditions [81]. It is therefore large enough in order to control
the plasma density. Since the turbomolecular pumps of the outboard pump limiter have been
demonstrated to be efficient for extrinsic impurities control (Neon...), the pumping capability of
the divertor system appears to be large enough to provide the required sink term in feed-back
control of highly radiative scenario provided the required time scale is not too short [82].

The pumping capability is not only sufficient to monitor the particle balance, it also
provides an efficient means to control the state of the boundary plasma. Indeed, any change in the
particle source will govern significant effects of the edge plasma density owing to the strong non-
linearity of divertor physics, Fig. 33. The reported experiments are two ohmic shots
(Ip= 1.5 MA) with the same density ramp up, using gas injection and performed consecutively
(20 mn delay between shots with no conditioning procedure) in order to avoid significant wall
particle content modification. For the pumped shot, the outboard pump limiter was inserted in
the ergodic layer. Figure 33a displays the time traces of the line averaged plasma density for both
shots. While these are very similar, the time traces of the edge electronic density and temperature,
fig. 33b and fig. 33c respectively, exhibit a strong difference between the pumped and the non-
pumped case. Active pumping allows for a drop of the divertor density by a factor close to 2.
This effect is also very large on the electronic temperature, factor 4 increase in the pumped case.
Comparing the edge density regimes (sheath limited, high recycling and detached, see section 5), it
appears very clearly that for the non pumped case, the high recycling regime occurs for a lower
plasma density. One can also notice that the edge density remains nearly constant with little
sensitivity to the core the plasma density for the non-pumped shot despite the rather large
density scan. This is in contrast to the pumped case where the edge density regimes are well
defined. However, the onset to detachment, i.e. the saturation of the boundary density for an
increasing core density, seems to occur for the same core density as well as a divertor temperature
oflOeV.

Initially, the vented structure has been designed to enhance the particle collection in highly
radiative scenario and / or detached plasma conditions since it has been shown that the throat
particle collection efficiency was significantly reduced as soon as the plasma was detaching [76].
In these plasma conditions the associated neutral density increase in front of the vented structure
was therefore supposed to enhance the particle collection. Only few experiments have been
devoted to this question due to the limited heating power available in detached plasma (see
section 6). Let us consider the data for an ohmic shot with a transition from high recycling to
detachment during a density ramp up, Fig. 34. Time traces of the core plasma density, top trace,
particle flux onto the neutraliser plate, lower trace, indicate the particle flux rollover at t = 6.2 s,
while the core plasma density is still increasing. The neutral pressure is measured with a pressure
gauge located at the outer end of a tube which is 5 meters long. This impedes any measurement of
transient neutrals behaviour. Taking into account the time constant effect of the tube on the
measured pressure allows one to estimate the resulting neutral pressure immediately behind the
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neutraliser plate. The pressure seems to drop more slowly than the ion flux suggesting that the
neutral pressure in front of the neutraliser plate becomes large enough to play a significant role in
the particle collection capability of the vented structure, Fig. 34. Modelling of particle collection
by the vented [79] and throat neutraliser plates [83] allows one to improve the design of the
vented structure in order to achieve appropriate values for an efficient particle control.

7b) Fuelling efficiency and feedback control

In deuterium experiments it has been shown that the wall particle content was very large
compared to the plasma particle content [84]. Such a result has been confirmed by many
tokamaks with and without an axisymmetric divertor supporting the idea that this is a general
phenomenon not precisely linked to a specific edge configuration [85]. On Tore Supra for both
the ergodic divertor and limiter configurations active pumping provides a simultaneous control of
plasma density and of wall saturation [86]. However, depending on the edge configuration, the
role of the wall particle content can be strongly enhanced. In the ergodic divertor configuration,
the screening efficiency is efficient for impurities as well as for deuterium. As a consequence, the
total quantity of particles injected by gas puff is to be strongly increased in the ergodic divertor
configuration when compared to the limiter configuration. This feature is very clear since there is
no standard particle core fuelling on Tore Supra, such as neutral beam injection. The only core
particle fuelling is thus a balance between the neutral particle source, the ionisation profiles,
plasma transport at the edge and the pumping capability of the wall and active pumping devices.
Difference between a divertor configuration and a limiter configuration is illustrated on fig. 35.
The time trace of the volume average density and gas injection rate show that while the core
density are nearly the same, the gas injection rate is typically one order of magnitude larger in the
diverted plasma than in the limiter configuration. These 2 shots have been performed without any
wall conditioning and within a delay of about 20mn. No major modification of the wall particle
content is therefore expected. In fact the pump-out effect is observed when the ergodic divertor
resonance is reached (qedge~3). The combined effect of a lowered particle lifetime in the
boundary and of a large wall pumping capability governs a density decrease and thus a very large
peak in the gas injection rate. Such a strong gas injection leads to an edge cooling which modifies
all the plasma-wall particle balance and in particular the particle fuelling efficiency. A careful
choice of the density rise and switching to the ergodic divertor configuration has been required to
reduce the occurrence of disruptions as soon as medium density discharges are investigated. For
discharges where additional heating and large densities are key issues, as for all radiative scenarios,
a dedicated feedback control of plasma particle balance is required (see also section 5d).

Radiative edge plasmas with a fraction of radiated power amounting to 80 % of the total
power are routinely achieved with the ergodic divertor with and without extrinsic impurity
injection (neon). Among the difficulties of radiative scenarios, a well identified problem is a failure
of ICRH coupling (section 6). This issue is readily associated to a detachment phenomenology,
which would govern a sudden drop of density at the ICRH antennas. Sensitivity to the state of
the divertor plasma is maximum on Tore Supra since the antennas are located in the divertor
volume, i.e. on the low field side and thus between two divertor coils. A prerequisite to monitor
detachment is to select proper measurements of the detachment process. As reported in other
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divertor experiments [87], detachment has been characterised either by the density or by the
radiative properties. Regarding the divertor density, the degree of detachment, the ratio of the
density scaled from the high recycling regime to that actually achieved, is a convenient evaluation
of the divertor state [87]. The ergodic divertor also exhibits such a signature of a gradual transition
between attached and detached divertor plasma [5]. However, it appears that the high recycling
regime does not exhibit a constant scaling so that a DoD cannot be computed a priori, see section
5 and 6. Another well-documented feature of the detachment process is a shift of radiation from
the vicinity of the target plate towards the core plasma [88]. It was shown for Tore Supra ohmic
plasmas that a specific ratio of bolometer chords could be used to monitor this process.
Furthermore, good correlation between this signature and the degree of detachment was observed
[5]. Feedback procedures based on bolometer data were thus used prior to feedback on the
divertor temperature, see section 5. This has allowed to maintain a high radiated power (up to
80 % of the total injected 8 MW ICRH power) and to reduce the conducted power on both the
ergodic divertor structure and neutraliser plates with a plasma edge electron temperature Te

maintained below 15 eV.

The first method used for the feedback control is based on the ratio of the two outer
Bolometer Lines of Sight (BLS). Indeed, when plasma detaches, the outermost line of sight
(BLS16) decreases whereas the adjacent line of sight further inside the plasma (BLS 15) increases.
Radiation tends to peak towards the plasma core and the -O.lrn precision of the bolometer
system appears to be precise enough for such an investigation. The ratio
Detach = BLS 15 / BLS 16 provides therefore a sensitive measure of the detachment process which
should integrate shot to shot variations of the radiating properties. A clear correlation between the
Detach criterion and the edge plasma density is found. In particular, good agreement between the
DoD and Detach has been reported [5]. The feedback control system is used to monitor the gas
injection rate. A straightforward implementation is simply to stop gas injection when Detach
becomes larger than a defined reference value. The choice of the reference value has to exhibit little
sensitivity to changes in plasma operation and to provide a sufficient delay to accommodate not
only for the rather long time response of the gas injection system (~ 0.2 s), but also for the time
response of both wall and core particle fuelling of the radiating layer. As in the case of feedback
monitored by the divertor temperature, Section 5, a more effective means to provide a smooth
control is to feedback the rate of the gas flow on the Detach criterion. However, in both cases
(active and passive feedback), oscillations of both Detach and the density are observed [34]. The
feedback loop is unstable and oscillations are induced by the difference in characteristic evolution
times ; the time constant of the pumping system of the vessel is much smaller than the time
constant of the gas injection system. Furthermore, as in the case of the DoD, difficulty in the use
of this control scheme is introduced by the shot to shot dependence of Detach, especially with
ICRH. Detach does not provide a "universal" criterion.

Feedback control on radiated power is also used at Tore Supra. Gas injection is controlled
by a signal proportional to the difference between a reference radiated power Prad* and Prad. The
time trace of Prad, computed with a combination of raw data of bolometer arrays, and of the total
injected power (Ptotai) are presented together with the reference value P r a d \ Fig.(36) top trace.
Rapid changes in fuelling efficiency when Prad > 0.8 Ptotai imposes a reduced gain, hence a
systematic error between the achieved Prad and Prad*. In the first part of the discharge, before 4 s,

Rapport bleu : Progress in Ergodic Divertor operation on Tore Supra 30/54



gas injection is feedback controlled on the line average density. At 4 s, ICRH heating is coupled to
the plasma leading to an immediate increase of Ptotal and Prad- At 5 s, gas injection control is
changed to a feedback on the radiated power. The feedback program controls the injection rate of
a mixture of about 2% of neon in deuterium. Prad increases at 6 s, after a delay (almost 1 s) due to
the time constant of gas injection (0.2 s) and to the global response of the plasma. Fig.(36) lower
trace. At equilibrium, Prad remains constant at Prad ~ 6 MW for more than 1 second. The radiated
power fraction is then equal to 85 %. This steady state value of Prad is 1 MW lower than the
target value of Prad due to a low proportionality factor chosen on the feedback loop. It has to be
noted that without any neon injection and in the same condition, Prad is typically 4 MW due to
intrinsic impurities. This high value of Prad induced a significant decrease of the conducted power
on the neutraliser plates of the ergodic divertor. The surface temperature (Tw) drops to about
200°C. This temperature corresponds to an energy flux of 400 kW m'2. This Tw is very close to
the working temperature of the vessel (baking temperature of the order of 160°C). Prior to neon
injection Tw reached 500°C, with an energy flux of ~ 3.4 MW m'2. At the same time, the plasma
edge temperature is decreasing. After ICRH coupling and prior to the feedback control of the
radiated power, the divertor temperature is in the 35 to 40 eV rage. During the phase of constant
radiated power, the divertor decreases to the 10-15 eV range. In practise, these feedback schemes
are less attractive than the feedback control by the divertor temperature. Indeed, these criterion
based on measurement of radiation have a very indirect relationship with the loss of correct
coupling conditions for ICRH. The feedback on TdiV appears to be more effective.

8. Tmpurity behaviour
8a) Radiation and core dilution

In order to measure the effect of a divertor two relevant quantities are essential, the radiated
power Prad, more precisely that radiated in the dedicated divertor volume, and the effective charge
Zeff in the plasma core considering that this value is both a convenient and relevant measure of the
core impurity contamination. It is to be underlined that the quantities that are really of interest in
terms of the goals of a divertor are the peak power load on the target plates, the radiation level
within the separatrix which can lessen the capability to achieve transport barriers, as
demonstrated for the H-mode [50], and finally the fuel dilution in the core. Regarding the latter
quantity it is to be reminded that a benign increase of Zeff for low Z impurity will lead to much
more dilution than in the case of a larger Z impurity. In limiter as well as in divertor tokamaks Prad

is a monotonously increasing function of Zeff and plasma density ne. This leads to numerous
experiments aimed at gaining on Prad, typically with extrinsic impurity injection, while raising Zeff

as little as possible. However few quantitative evaluation of actual divertor performances have
been carried out. A first attempt to provide a guideline in the comparison between various
experiments has been fulfilled by the so-called multi-machine scaling [37,89]. This database yields
a scaling of Zeff in terms of Prad, plasma core density, and machine geometry (plasma surface). A
striking feature of this law is that a limiter machine such as Textor follows the same scaling as an
X-point divertor machine. The multi machine scaling is thus indicative that most of the radiation
and most of the core dilution does not appear to depend on the sophisticated physics of present
divertor concepts [90,91]. In this framework, it appears important to analyse the capability of
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the ergodic divertor in terms of impurity scaling and radiated power. The favourable trend, that is
reported previously [5], appears to overestimate the performance of the ergodic divertor [92]. A
proper comparison to the multi machine scaling thus requires a careful evaluation of the
measurements and in a second step the very meaning of the multi machine scaling [92].

The effective charge of the plasma Zeff is routinely measured using a set of visible
Bremsstrahlung lines of sight viewing the plasma from a top port in a poloidal section. This
signal, together with the electron density profile measured by interferometry and Thomson
scattering, and the electron temperature profile measured by Thomson scattering and
superheterodyne radiometry are the input parameters of a code which provides the Zett- of the
Tore Supra data base. Only the lines of sight viewing a bottom port (i.e. those viewing the central
plasma) can be used for this calculation, due to some extra-light collected by the lines of sight
viewing the wall [93].This extra light is thought to be due to multi-reflection of light on the wall or
plasma-wall interaction. It prevents us from using this diagnostic to determine the Zett profile.
However a VUV spectrometer measures the Lycc lines of hydrogen-like impurity ions along a
plasma diameter. Together with the soft-X ray emission profiles measured by a camera from the
top of the machine, these data are injected into a 1-D impurity transport code to determine the
relevant impurity density profiles [94]. For consistency a visible Bremsstrahlung profile is
derived and compared to experimental signals. It is thus clear that the effective charge does not
offer a straightforward measure of core contamination. Furthermore, the use of Zetf appears to be
less informative with respect to computation of fuel dilution since it ignores the charge of the
main impurity, Z. Finally, the scaling in terms of Zefj gives a strong weight to the high values of
Zeff in the database, while the values close to unity exhibit significant scatter. A measure of core
dilution, typically (nT + nD)2/n,.2~(Z-Zeff)2/(Z-l)2 for a deuterium-tritium plasma, would
provide a more meaningful parameter.

In the radiative experiments of Tore Supra, the additional power is ICRH in the minority-
heating scheme [72]. The power balance must include the ripple losses PrjpPie of the fast ions
generated by ICRH. In an actively cooled environment such as Tore Supra, the deposited power
Pdep can be evaluated rather simply due to the B4C coating of the actively cooled target plate.
Provided one can bridge such a local measurement to a global deposited power, the power balance
can be checked PS^PQ+PjcRH-Pr ipp^P^+P^p. We do not consider here the diamagnetic

energy variation since all experiments are in steady state. To measure the radiated power three
bolometer cameras are used: one in a top port, the second in the corresponding bottom port and
the third in a horizontal port [96]. The peak deposition of power is measured with several
infrared cameras [97]. Finally the calorimetry diagnostic connected to all the water-cooled parts of
the vessel (about 70%) yields a time average splitting of the power between the high heat flux
components and the wall [98]. Evaluation of the ripple power loss is under-way. A measure of
the ripple loss current is available [99], mostly ion losses in these large density ICRH discharges.
However the mean energy of these lost fast ions is still an open issue. Should this value be as
large as 350 keV, up to 20 % of ICRH power would be lost in the ripple channel [95,99]. Further
uncertainty in the power balance is introduced by the significant differences reported between the
total radiated power recorded by the top bolometer (and until very recently the only bolometer)
when compared to the two other sets of bolometer cameras. The measurements of the top
bolometer appear to be sensitive to ripple losses [95,96]. Another issue in the analysis is the
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axisymmetry of the radiation pattern. It is indeed routinely assumed that the helical structure of
the ergodic divertor has no effect on the axisymmetry of the radiation pattern. In particular that
the radiation in the poloidal sections where recycling takes place is similar to that away from the
recycling region where are located the measurements of the bolometer cameras. Analysis of the
global power balance appears to hint towards the existence of such a loss of symmetry and to a
larger radiated power than actually measured [95]. In fact one finds that
Pn +PICRH ~ r̂ipple ~ Pdep ~ 1-8 Prad- The 80 % apparent increase of radiation with respect to the
measurement of the horizontal bolometer (Prad) cameras appears to decrease as argon is injected
and drops to zero as plasma detaches. Data from Tore Supra shots are reported on Fig. (37)
where the radiated power is plotted versus that expected from the multi machine scaling [37].
Radiation recorded by the horizontal bolometer camera appears to follow the multi machine
scaling law and of course the 1.8 enhancement factor shifts the radiative capability above the
standard values of the scaling. The bars shown on the figure do not represent an error but rather
the experimental scatter in the multi machine database. A possible explanation is a contribution of
charge exchange losses in the power balance a feature which is not considered in the multi machine
scaling. However, it is to be remarked that the contribution of the charge exchange losses should
increase as one enters the detachment regime. This appears to be in contradiction with the
observation of a reduction of the enhancement factor as plasma detaches. Another possibility to
explain Fig. (37), is the difference in density scaling. In the case of the ergodic divertor the
boundary density scales like <n<>3. Since most of the radiation in the ergodic divertor is located in
the divertor volume, one can expect a difference in scaling with respect to experiments where
most of the radiated power comes from the closed magnetic surfaces. The evaluation of the energy
flux dispersion of the ergodic divertor thus remains difficult to assess with the present diagnostics
dedicated to the global power balance. Spectroscopy measurements allow one to investigate
directly the underlying processes, which govern the radiation performance, namely impurity
screening and radiation.

8b) Impurity screening and radiation

A simple ID model will first be used to introduce the expected effect of the ergodic divertor
on impurities. In this analysis, the Tore Supra limiter discharges are used to evaluate the merit in
impurity control of the ergodic divertor. Indeed, the Tore Supra limiter shots are well described
by the multi machine scaling so that this analysis provides a proper basis to further investigate
the comparison of ergodic divertor performances compared to the axisymmetric divertor
configuration. Let us consider a neutral flux 4>0 produced on the wall (the neutraliser plates in the
present example) and propagating in a direction denoted by s. The non-ionised impurity flux
along the axis s will exhibit typically an exponential decay due to ionisation. A penetration
probability Pjnfiux can then be computed :

(21)
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A,j being the ionisatidn length of the considered neutral. In this simplified approach, one defines a
region of low impurity confinement, which governs the screening process, of characteristic extent
^s. Beyond this region impurities will contribute to core contamination following standard particle
confinement properties. Provided the ionisation length is not modified when comparing the
ergodic divertor and the limiter configurations, one finds that the influx control of impurities is
directly governed by the scales of the two configurations. Such a simplification is possible
insofar as the boundary temperature is not too low, i.e. above the ionisation potential of the
relevant impurities. In the attached condition this is expected for carbon (E; = 11.3 eV), nitrogen
(Ei = 14.5 eV) and argon (E; = 15.8 eV) but could be marginal for neon (E, = 21.6 eV). Another
underlying assumption is that the density profiles are only weakly modified when comparing the
2 configurations. Since screening also applies to the deuterium influx, one thus readily expects an
increase of the deuterium incoming neutral flux <I>o to meet this requirement. Following this
description the comparison of core contamination can thus be characterised by the ratio :

( 2 2 )

*oz

The widths of the region with low particle confinement are such that ^shm < A,sED, However, in
order to induce an effective screening, the change in particle penetration has to be large enough to
compensate for modifications of the source terms. The behaviour of intrinsic impurities illustrates
this property. Here the intrinsic impurity content is deduced from the VUV measurements and
the 1-D impurity transport code. On the one hand, carbon, and chlorine when the latter reaches
detectable levels, is reduced in ergodic divertor configurations [12] for both ohmic and ICRH
heating, Fig. 38. On the other hand, oxygen only exhibits a decrease when one normalises the bulk
emission by the Da signal [12,100]. In other words the increase of the oxygen source governed by
the increase in deuterium recycling compensates for the screening effect. Regarding extrinsic
impurity injection, one can evaluate an experimental figure of merit for the impurity control, the
ratio of the number of impurities in the plasma (i.e. in the closed magnetic surfaces) to the number
of injected impurity atoms [101]. Following the lines of the impurity flux attenuation Eq. (22),
one can model such a criterion with a 3 reservoirs model, wall, bulk plasma, and screening layer in
the boundary plasma. The wall outflux determines the flux <£Oz which is partly ionised in the
screening layer and partly in the bulk plasma. Plasma transport properties govern the impurity
life time in the bulk plasma, T^ and the splitting of the transport out of the screening layer either

towards the bulk plasma, characteristic time tsb, or towards the wall, characteristic time xs
z
w. The

evolution of the 3-reservoir system is then determined by the following equations :
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(23a)

(23b)

3NZ N z N z N z

dt T Z TZ ' °Z TZ

In the case of an impurity injection starting from an "empty" wall, the number of injected

impurity atoms is Nfnj = N2, +NZ H-N^. In steady state conditions, <I>fnj s 0, a straightforward

calculation allows one to calculate the experimental figure of merit in terms of transport

properties. With the assumption x% » x2, one obtains the simplified criterion :

Tsw_j_a-*s"w i (24)

N z - x:

In the case of a typical diffusive transport in the screening layer, xz
w = xz

b and e~ s ' ' < 1, the
bulk particle content does not depend on the screening effect but only on the wall content. In
order to recover the experimental evidence, one has to properly characterise the screening layer,

namely to introduce an outward convection such that x z
w «Xsb • The screening effect

e~ s •' will then play a role and appear like an effective lowering of the impurity emission by
the wall. This experimental criterion is thus function of both the screening factor such as defined
in Eq.(22) and of the wall pumping efficiency of the given impurity. In the case of a perfectly
recycling impurity, i% « x\, however large the screening factor, one must recover all the injected

impurities in the plasma, there is no possible control of the impurity content, Nfnj = N2,. Let us

now examine this experimental impurity control parameter for nitrogen, argon and neon, Fig. 39.
Evidence of impurity control is strong for both nitrogen and argon. No neon control is found.
These results are consistent with the wall pumping capability for nitrogen and argon and the very
weak trapping of neon in the wall, i.e. neon is a perfectly recycling impurity [55]. However, the
screening efficiency of the ergodic divertor does impact the behaviour of neon. This is observed
when investigating the radiative capability of neon at given core neon content. On Fig. 40, the
power radiated by neon is plotted as a function of the neon core content deduced from the UV
spectroscopic data. A factor three increase in the neon radiative capability is observed when
comparing ergodic divertor and limiter configurations. This higher neon radiation is due to
enhanced boundary radiation as demonstrated by the increase in Ne IV and Ne VIII line brightness
[55,102]. Further analysis of the interplay between impurity radiation and screening has been
achieved by combining a 1-D analysis of parallel transport and radiation [103] and available
experimental data [92]. Assuming that all the power is radiated in the region governed by parallel
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transport, and that the impurity concentration is roughly constant along a field line, one can relate
the total radiated power to the core contamination factor characterised by Zetr - 1.

nfTe
d i vRz(Te

d i v) (25)

The superscript div refers to measurements by the divertor Langmuir probes on the target plates
(see section 5). The function Rz (Te) is a theoretical calculation of the radiative characteristic time
constant. This calculation is performed with non-coronal radiative rates, a classical heat
diffusivity and constant plasma pressure along the field lines [103]. Provided the up-stream
temperature is large enough, one finds that Rz(Te) only depends on the divertor plasma
temperature. In order to compare this 1-D calculation to the global radiation, a fitting parameter
containing in particular the geometrical features of the radiating layer is included in the function Rz

[92]. Finally the impurity content in the boundary is characterised by the core contamination
(Zeff - 1) and a screening factor fscreen- The only remaining unknown in this experimental analysis
is the latter screening parameter which can be plotted in terms of the edge temperature, fig. 41. As
soon as the edge temperature is smaller than the maximum of the impurity radiation rate,
typically in the 30 eV range for these non-coronal cases, one finds that Rz (Te) is a very slowly
varying function of the edge temperature. In the present analysis, the fast increase of Prad during a
small change in Te (from 25 eV to 15 eV) can be accounted for only by an increase of fscreen since
Zeff varies by less than 20% during the same time interval. The dependence of the screening factor
on Te is determined experimentally for neon, oxygen and nitrogen (in cases where the latter
impurities are the dominant impurity species), fig. 41. In agreement with a screening efficiency
based on the control of the neutral impurity influx, Eq. (21), one finds an exponential dependence
of fscreen o n the divertor temperature. The sensitivity to the boundary ionisation capability of
incoming impurities increases when going from oxygen to nitrogen and from nitrogen to neon.
When comparing core impurity content and radiative power of various impurities, one finds that
that the ergodic divertor experiments should depart from those characterised by the multi-machine
scaling [37,89]. Factors as large as 3 are expected for neon radiation. Furthermore, as shown by
Eq. (25), significant dependence on the divertor plasma state is expected. These results are in
sharp contrast to the parameter dependence of the multi-machine scaling. However, reconciling
bolometer measurements of the radiated power to the analysis based on spectroscopic
measurements of line radiation, remains difficult. Further investigation is thus required especially
to assess the relationship between divertor radiating and screening efficiency.

8c) Impurity source and transport in the vicinity of the target plates

In section 8b) it is shown that radiation and screening are strongly related to properties of
the divertor plasma. Visible light spectroscopy allows one to investigate the impurity behaviour
at the very edge of the plasma [102]. To this purpose, an endoscope views a midplane neutraliser
plate from a top port. It is equipped with a CCD camera and a set of interference filters (D, C II,
C III, etc.) in the visible wavelength range [104]. The integration time can vary during a pulse
from 1 ms to 600 ms depending on the signal intensity. At the cost of such a change in time
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resolution, one obtains an effective dynamical range of the CCD camera, which is much larger than
the nominal one. Infrared thermography of the neutraliser plate with a spatial resolution of 2 mm
and approximately the same field of view delivers a 2-D measurement of the divertor plasma
temperatures. These measurements are complemented by four in situ optical fibres embedded in
the midplane neutraliser plate. They deliver a scan which can be approximated to a radial scan
from the target plate towards the core plasma, Fig. 42. They are connected to a high resolution
spectrometer sensitive in the range 300-1000 nm. The spectrum width is about 6 nm and the
typical time resolution is 100 ms. Finally a set of Langmuir probes in the divertor neutraliser
plates provide density and temperature measurements for given flux tubes, see section 5.
Interpretation of the data provided by the diagnostics listed above is not straightforward, due to
the geometry of the neutraliser plates but also to the combination of the divertor magnetic
perturbation and the radial component of the ripple of the toroidal field. The latter magnetic field
is found to be of the same order as that of the ergodic divertor at the location of the target plates.
Finally atomic physics in this range of temperature, typically Te < 20 eV, in the presence of large
neutral fluxes also leads to complex line emission. For a comprehensive analysis of the
experimental data, a 3D Monte-Carlo impurity transport code, BBQ [55], is presently used to
reconstruct the signal of the various spectroscopy diagnostics [54]. To account properly for the
magnetic geometry as well as for a proper geometrical description of the first wall components,
impurity transport is coupled to the 3-D field line tracing code MASTOC [52]. First calculations
[54] are in qualitative agreement with the 2D measurements provided by the in situ fibres.

Typical experimental data of the midplane neutraliser plate provided by the endoscope are
shown on Fig. 43 for Da and C III filters. The former shows a sharp maximum at the closing of
the vents, where field lines connect to the neutraliser plate with an incidence close to normal. This
is equivalent to a geometrical focussing of the particle flux and thus of the neutral particle
emission. A lower, more diffuse maximum can be seen on the same image. It corresponds to the
Langmuir probe location which is also characterised by an increase of the angle of incidence. A
remarkable feature of the Da imaging is the rather localised emission in the vicinity of the target
plate. In this attached scenario, it appears that there is an effective channelling of particles to the
vented neutraliser plates, in other words parallel transport is larger than transverse transport.
This demonstrates a capability in the control of particle transport. Although less localised, the
C III emission also exhibits a non-uniform distribution with a factor 1.75 modulation from
maximum to the uniform background radiation. It is to be noted that these images are limited
poloidally to roughly one period of the magnetic perturbation and toroidally to about half the
extent of the divertor coil. Such a localisation of impurity line emission is an indication of a non-
axisymmetric radiation pattern. Although it can be argued that such a result provides a clue to
reconcile bolometer data in the analysis of the global power balance, it does not, as yet, provide
more insight into the apparent mismatch between VUV spectroscopy and bolometer data. Indeed,
these diagnostics have the same relative location with respect to the divertor coils. Let us now
consider the data from the in situ optical fibres. The 4 lines of sight provide a tentative radial scan
of the visible emission, for instance in the case of the C II and Da lines for various values of <ne>,
Fig. 44. Correlation of the Da emission with the density regimes is in qualitative agreement since
one observes a gradual detachment of the signal from the target plate as the volume average
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density is increased. It is to be noted that this detachment is initiated prior to the proper divertor
detachment as would be monitored by the ergodic divertor Langmuir probes. Interpretation of this
behaviour is complex since the lowering of the divertor temperature governs a change in the
ionisation process oftheD2 molecules and hence of the characteristic ionisation length [79]. As a
consequence, ionisation of neutrals will then depend on the 3D structure of energy channelling
leading to difficulties in the analysis of localised measurements.
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9. Conclusion

Steady progress in the performance and understanding of the ergodic divertor now provides
a firm base both to properly evaluate the merits of the present configuration and the paths to
increase the performance capability. Attention has been focussed on the key features in view of a
next step device. Present achievements allow one to define the appropriate perturbation
spectrum. From the engineering requirements it has been shown that the design is eased as
machine size increases [47]. Indeed, the relative dimension of the neutron shield then decreases
and the problems of perturbation strength are less stringent. In such designs the coil generating the
perturbation is located behind the shields and thus decoupled from the high heat flux plasma
facing components. One can then design a superconducting coil which is not embedded in those
parts of the machine which are likely to be removed for maintenance (divertor cassettes). Another
question which is still to be answered is the interplay between a stochastic boundary and external
transport barriers, typically the H-mode barrier [3]. Unfortunately, a tokamak like Tore Supra
does not provide the appropriate configuration for such investigations. First, it is recognised that
the lack of elongation and the location of recycling areas in the mid-plane are unfavourable
features. Second, moderate power operation on Tore Supra require large densities to couple
ICRH. All these features are drawbacks which are likely to generate very high threshold power.
These have not been yet available on Tore Supra ergodic divertor experiments. The final key issue
is the actual performance of the divertor in terms of the control of plasma-wall interaction. The
present paper is a review of the latest achievements along this line.

Regarding the operational domain of the ergodic divertor, the paper reports the advances in
the understanding of the effect of a medium poloidal wave number spectrum on MHD activity.
The disruptive limit at high perturbation level has been analysed in a dedicated scan of magnetic
equilibria. Results indicate that the loss of stability is not related to stochasticity threshold on the
q = 2 surface. Indeed, the empirical criterion seems to relate a Chirikov parameter of 2 to the
resonance layers just outside the q = 2 surface. Furthermore, routine operation is carried out with
q ~ 2 on the separatrix. The present "low-power" experiments are thus compatible with very low
values of the safety factor (q = 2) on the separatrix. As a consequence, the loss of core volume to
generate the low confinement divertor volume does not lead to a lowering of the plasma current.
Such a result could prove to be very important if plasma current remains a key parameter to
achieve high fusion rates (to increase both confinement time and density).

Transport throughout the divertor volume is also a key issue in understanding the control of
divertor plasmas. Present 3-D simulations of ballooning turbulence indicate that transport exhibits
significant variations both poloidally and radially. While density fluctuations are reduced,
fluctuations of the electric drift velocity are increased leading to an enhanced radial transport in
the very vicinity of the divertor coils. These results reconcile the drop in density fluctuations
reported experimentally [19] and the requirement for increased cross-field transport deduced from
heat load analysis [25]. Beyond the consistent picture it offers, this model indicates that the
ergodic divertor allows one to benefit of electrostatic turbulence to strengthen the confinement
loss in the divertor volume. Such a loss of confinement over at least 10 % of the minor radius
would lead in principle to a reduced core energy content, a feature which is not reported
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experimentally. A 3-D fluid code indicates that a transport barrier on the electron temperature can
form within the separatrix in a region where the Chirikov parameter is close but smaller than 1
(threshold value of large scale stochasticity). As in the case of the test particle simulations [45]
this intrinsic transport barrier does not require a lowering of cross field transport but rather a large
ratio of parallel to transverse heat conductivity, K// / K±. In fact it is shown that the strength of the
barrier increases with K// / K±. Given the temperature dependence of such a ratio, one can expect a
bifurcation like behaviour, since any temperature increase will increase the ratio K// / KL thus
favouring the formation of the intrinsic transport barrier which in turn will govern a temperature
increase. In present experiments, this intrinsic transport barrier is observed but only compensates
for the confinement loss in the divertor volume.

Investigation of particle transport and especially the density regimes has clearly
demonstrated that common physics rule all divertor physics. The transition at low core density
to the high recycling regime and then to detachment indicates that plasma closure in the ergodic
divertor is sufficiently tight to yield a large recycling particle flux even at low core densities.
Detachment is characterised by a roll-over of the plasma density at the divertor target plate for
increasing core density. After detachment, the plasma temperature is found to reach the 8 eV
range [5]. The too small plasma pressure appears to preclude a transition to very low temperature
and subsequent recombination. On Tore Supra, coupling of ICRH power requires to operate at
large edge densities. Performance in terms of high radiating regimes have thus been restricted to
the high recycling regimes and at the highest possible divertor plasma density. Such a regime has
been found to be very unstable since any perturbation will lead to a density decrease and coupling
problems for the heating systems. In many cases this triggers a stand-off of ICRH power for a
long enough time lag to further perturb the edge density. High performance in terms of radiated
power has thus required to implement feed-back control on the gas injection to avoid the
detachment regime. To date the most effective criterion has been to feed-back the gain of the
density control loop on the plasma temperature (measured with Langmuir probes). As the
detachment temperature in the lOeV range is approached, the gain controlling the gas injection
valves is reduced. Other means of detachment control, mainly via radiation properties, have been
tested. They tend to exhibit a too large signal "fluctuation" in shots with additional heating when
compared to the criterion defining detachment onset. Impact of pumping is still under
investigation. The vented structure in the target plates is shown to be effective although the
limitation in power coupling has not permitted to investigate density control with large enough
pumping capability. Furthermore, the titanium gettering technique has ruled out this pumping
system to strengthen feed-back loops with impurity pumping.

Encouraging results on the ergodic divertor radiation capability [5] compared to a multi-
machine data base [37] has led to a careful investigation of radiative properties. Bolometer
measurements have been revisited and, in some cases, are characterised by a significant
dependence on ripple losses. Calculation of the radiative losses based on energy balance of Tore
Supra shots still leads to some enhancement in radiation in the ergodic divertor configuration
while the limiter shots follow the multi-machine scaling. Experimental analysis of the screening
efficiency of the ergodic divertor together with the enhanced radiation capability of impurities,
such as neon, should translate to divertor radiation with a more favourable trend than that of the
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multi machine data base. Investigation of these effects in the coming campaign, including visible
imaging to measure source terms, and some means to unfold possible toroidal variation, should
provide a more precise understanding of the ergodic divertor radiative capability.

As the experimental investigation of the ergodic divertor enters its final year of operation on
Tore Supra, the present review shows that meaningful advances in both the understanding and
performance have been achieved. The present design of the Tore Supra ergodic divertor has been
well documented and there is a clear need for an optimised design and operation with both large
enough additional heating and eventually some shaping. Although the level of investigation, and
thus the confidence in the results, remains below that of the axisymmetric divertor, the ergodic
divertor can be considered as a possible divertor in coming experiments and especially in
stellarators where it is a natural configuration of the magnetic equilibrium.
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Figure Captions

Figure 1 : Radial profiles of the quasilinear diffusion coefficients for test particles at thermal
velocity, reference temperature T = 50 eV. Left hand side, thermal velocity of
deuterium, the diffusion coefficient is representative of ion transport, right hand
side, thermal velocity of electrons, the diffusion coefficient is representative of
energy diffusion. Calculation with the code DIVERGQL for a standard Tore Supra
equilibrium, BT = 3 T, R = 2.38 m and (3p + 1; / 2 ~ 0.7 typical of an ohmic shot.

Figure 2 : Poloidal spectrum of the magnetic perturbation 8B / B of the Tore supra ergodic
divertor computed with the code SPECTRE. The chosen toroidal wave number is the
main value n = 6 determined by the periodicity of the coils. The radial location for
this computation is the resonant magnetic surface for the m = -18. n = 6 mode, hence
the q(r) = 3 magnetic surface which exhibits the largest resonant perturbation for the
chosen magnetic equilibrium (similar to that of fig. 1).

Figure 3 : Blow-up of Fig. 2, plain line and open circles, in the vicinity of the resonant mode
m = -18, closed circle. The dashed line and open squares curve corresponds to the
poloidal spectrum on the q = 2 surface, resonant mode m = -12, closed square. Note
the downshift of the spectrum, the lowered magnitude and increased width of the
peak.

Figure 4 : Resonance of the Tore Supra ergodic divertor. The resonance is defined by the edge
safety factor such that a maximum effect is induced by the ergodic divertor. The
edge safety factor is varied by a plasma current ramp and the resonance monitored
by the Ha signal, closed circles, right hand axis, while the quasilinear diffusion
coefficient computed on the outermost magnetic surface, open squares, dashed line,
right hand axis is used for the theoretical prediction.

Figure 5 : Field line tracing with the MASTOC code for 10 initial conditions on a midplane
target plate, 6 ~ 0, cp ~ 0, and r ~ 0.81 m. The plot displays the radial coordinate r
versus the number of toroidal turns <p / 2TL The small difference in initial conditions
leads top minor radial dispersion over 3 toroidal turns (1 poloidal turn at q ~ 3). The
field lines then exhibit different behaviours which characterize the sensitivity to
initial conditions typical of stochastic systems. The chosen field lines display long
connexion lengths (2?r.qR ~ 50 m for Tore Supra), the shortest for this specific
calculation being in the 150 m range. The radial oscillations over short toroidal scales
are due to the ripple. They are maximum on the low field side where the ergodic
divertor coils are located.
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Figure 6 : Modification of the magnetic equilibrium due to the rise of the ergodic divertor coil
current, top figure, dashed line, right hand side axis at t ~ 6 s. The rise time is
governed by electro-technical constraints of the coil system. The onset of the
magnetic perturbation leads to a decrease of the MHD activity measured by pick-up
coils, top trace, plain line, left hand side axis, and to an increase of both the loop
voltage, lower trace, plain line, left hand side axis, and internal inductance, lower
trace, dashed line, right hand side axis. The two spikes on the loop voltage are due to
laser blow-off of heavy impurities at t ~ 5.5 s and t ~ 7.5 s. The difference in
response of the plasma column exemplify the difference between impurity
contamination and relaxation of the current profile.

Figure 7 : Profile of the Chirikov parameter versus the safety factor, dashed line, for a series of
disruptive shots at BT ~2 T. In these shots the disruptions are triggered by a slow
ramp of the magnetic perturbation beyond a critical value. The thick plain line is the
profile of the averaged Chirikov parameter profile

Figure 8 : Scatter of the Chirikov parameter profile Aachirikov with respect to the averaged

Chirikov parameter profile «7chirikov>- The critical region for the disruption onset

appears at q ~ 2 + 3 /12 for aChirikov ~ 2.

Figure 9 : Profiles of the energy diffusion coefficients (non-collisional regime formula)
including the quasilinear value and a background turbulent contribution of 1 m2 s"1.
This plot also exhibits a critical point. At this point the computed value of the
transport induced by the ergodic divertor is still large with respect to turbulent
transport, both for ion transport and electron transport.

Figure 10 : Open circles, comparison of the empirical disruption criterion set at the aCi,,nkov = 2
atq = 2 + 3/12, which defines a critical coil current IEDCIU f° r any magnetic
equilibrium, and the coil current at the disruption limit in the data base. IED':xp. The
stars correspond to the disruption criterion Gchihkov = 1 at q ~ 2.

Figure 11 : Effect of the magnetic perturbation characterized by the coil current IED, plain line
and right hand side axis, on runaway electron life time x, dots and left axis. Ergodic
divertor pulses at IED ^10 kA govern large decrease of x.

Figure 12 : Energy flux deposition profile <£>E normalised to the average values <OE> along a line
following the equilibrium magnetic field direction on a midplane target plate. The
distance along this line d9 is such that d̂  ~ 0.3 m corresponds to the part of the
target plate with smallest radius. Two shots are compared, an ohmic shot
Ptotai ~ 1-35 MW with a peaking factor larger than 3, max(OE) ~ 0.6 MW m"2. and a
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shot with Fast wave Electron Heating Ptotai ~ 6.75 MW with a reduced peaking
factor of 1.5, max(<l>E) -3 .6 MW m2.

Figure 13 : k-spectrum of density fluctuations measured by coherent scattering, open circles,
reference limiter configuration, closed circles ergodic divertor configuration.

Figure 14 : Radial profile of the magnitude of density fluctuations in the ergodic divertor
configuration normalised to that of the limiter configuration measured by a midplane
reflectometer. The decrease of density fluctuations extends throughout the divertor
volume, p > 0.8.

Figure 15 : Magnitude of density fluctuations measured on the TEXT tokamak during an
Ergodic Magnetic Limiter experiment, [18]. This data exhibits a threshold value for
the decrease of density fluctuations in the EML configuration at |IEML| ~ 4 kA
compared to the limiter configuration, IEML = 0 kA.

Figure 16 : Output of the code RBM3D, computed profiles of fluctuating fields in the ergodic
divertor configuration normalised to the magnitudes in the limiter configuration. Data
at a given time (snapshot) and given toroidal angle, the magnitudes of the
fluctuations are averaged over a poloidal extent of ~ K12 on the low field side where
are localised the divertor target plates. Left hand side axis : normalised pressure
fluctuations, plain line, radial component of the fluctuating electric drift velocity,
dashed line. Right hand side axis and open circles, Chirikov parameter profile. The
shaded area corresponds to the divertor volume, Cchmkov ̂  1 •

Figure 17 : Chirikov parameter at the plasma boundary computed with the SPECTRE code for a
plasma current scan of a typical Textor configuration and for the DED coil
perturbation [10].

Figure 18 : Chirikov parameter profile for Tore Supra, open circles, and Textor. open triangles.
Significant differences in the width of the divertor volume is expected (aTS ~ 0.8 m ,
aTextor ~ 0.46 m) .

Figure 19 : Temperature profile in the ergodic divertor configuration, open circles, compared to
the limiter configuration, open triangles, for a Tore Supra ohmic shot. Data from
Thomson scattering (core) and Electron Cyclotron Emission radiometer (boundary).
Core values are similar and a marked drop of the boundary temperature is recorded
for the divertor configuration.

Figure 20 : Computed profiles of the m = 0, n = 0 component of the temperature field, output
of the 3-D code ERGOT2, limiter configuration cCh,nkov = 0 (plain line), and two
divertor configurations with increasing perturbation, plain line with open.
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= 2.6, and closed, aChinkov = 3.17, circles. Markers every one of 5 points of
the radial mesh.

Figure 21 : Computed profiles of the heat diffusion coefficient, background turbulent heat

diffusion %±, ~ lmV1, dashed line, quasilinear calculation for achirikov = 2.6 including
%±, plain line, temperature profile analysis computed with ERGOT2 (Fig. 20), open

circles GChirikov = 2.6, closed circles, aCilirikov = 3.17.

Figure 22a : Toroidal modulation of the temperature field at 9 = 0 and at 4 different radial

locations, boundary Chirikov parameter : achirikov = 2.6.

Figure 22b : Poloidal modulation of the temperature field at (p = 0 and at 3 different radial

locations, boundary Chirikov parameter : achirikov = 3.17.

Figure 23 : Time trace during a plasma current ramp up, top trace, plain line right hand side axis,
Langmuir probe measurement of the divertor plasma temperature, lower trace, and
field line radial excursion 8r starting from the probe location and over one toroidal
rotation, upper trace, dashed line and open circles.

Figure 24 : Temperature profile measured with the reciprocating Langmuir probe located in a
top port, open squares and dashed line. The steady-state modulations are clearly
seen on both the back and forth movements. The two open circles are divertor
plasma temperatures, mapped along field lines to the radial profile of the
reciprocating probe. The size of these two markers is indicative of the error bars.

Figure 25 : Density scan of divertor plasma state in deuterium plasmas, divertor density, top,
divertor temperature bottom. The 3 regimes, reported for the axisymmetric divertor
are also characteristic of the ergodic divertor. The linear regime is found at very low
density, followed by the high recycling regime until the density roll-over in the
detached regime, Te < 10 eV.

Figure 26 : Density scan of divertor plasma state in deuterium plasmas, divertor density, top,
divertor temperature bottom, see also Fig. 25. Open squares, density regimes with a
neon injection, open circles density regime without the neon injection. Note the roll
over of the divertor density at a lower volume averaged density with neon compared
to without, but the same divertor plasma temperature for this transition. Tc ~ 10 eV.
Markers : 1 of 5 recorded points.

Figure 27 : Ion Cyclotron Radiofrequency Heating experiment in the H-minority scheme during
a density ramp in deuterium plasma in the ergodic divertor configuration. The gas
injection (top trace) is feed back controlled by the difference between the requested
line average density, dashed line and open triangles of the lower trace, and the
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achieved line averaged density, plain line on the lower trace. In this experiments
coupling of ICRH fails, lower trace, and the divertor temperature decreases,
detachment and density limit disruption then terminate the discharge.

Figure 28 : Ion Cyclotron Radiofrequency Heating experiment in the H-minority scheme during
a density ramp in deuterium plasma in the ergodic divertor configuration, see also
Fig. 27. In this experiment, the feed back loop on the gas injection (top trace) is
monitored by the divertor temperature. When the divertor temperature drops below
a defined temperature, 20 eV in the present case (dashed line on the temperature
trace), the gain of the density feed back loop is reduced. This reduction is a linear
function of the divertor temperature and is set to vanish at another chosen divertor
temperature, 14 eV in the present case (dotted line on the temperature trace). This
settles the divertor temperature at Te ~ 15 eV. Successful coupling of ICRH allows
one to rise the line averaged density, lower trace.

Figure 29 : Modification of edge plasma properties due to ICRH coupling in an ergodic divertor
configuration. Top trace, densities : the volume average densities are the same for the
ohmic shot, dash-dot trace for shot TS20733, and the ICRH heated shot, dashed
trace for shot TS20740, from t = 6.5s to t = 8.5 s. The divertor plasma density is a
factor 3 larger with ICRH, plain line, than in the ohmic shot, dash-dot-dot trace.
This significant density leads to a good coupling resistance of the ICRH launcher.
second trace from the top. The divertor temperature, third trace from the top. is also
found to be larger with ICRH, plain line, than in the ohmic reference shot, dash-dot-
dot trace. Finally, the gas injection required to achieve the given core density, lower
trace, is found to be lower with ICRH, plain line, than in the ohmic shot, dash-dot-
dot trace.

Figure 30a : Coupling resistance of antenna Q5 versus the volume averaged density. Data from
divertor configurations during ICRH in H-minority scheme for deuterium and helium
fuelling.

Figure 30b : Coupling resistance of antenna Q5 versus the divertor plasma density. Data from
divertor configurations during ICRH in H-minority scheme for deuterium and helium
fuelling.

Figure 31 : Time trace blow-up during ICRH in a divertor configuration in the H-minority
scheme for deuterium. Top trace, core electron temperature used to monitor the
sawtooth activity. Note the fast ion losses which occur roughly in the middle of the
recovery phase. Second trace from the top, ion saturation current from one of the
divertor Langmuir probes. Third trace from the top. reflected power for the 2
antennas at work, Ql dashed line, and Q5 plain line. Coupled ICRH power, lower
trace, Ql (dashed line) is stable while Q5 (plain line) exhibits a sequence of failures,
vertical dash-dot lines.
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Figure 32

Figure 33

Figure 34

Figure 35

Figure 36

Figure 37

Measured neutral pressure behind the vented neutraliser plates versus the ion
saturation current measured on the front face of the target plate. Deuterium plasmas
in the ergodic divertor configuration, ohmic shot, stars, and ICRH shots, open
circles. Divertor pumping is not activated.

Behaviour of the divertor plasma for two ohmic shots with density ramps during
plasma current flat tops. Comparison of deuterium plasmas in the pumped and non-
pumped case. Top figure, divertor density versus line average density, the pumped
case, closed circles exhibits the standard density regimes while the non-pumped
case, open squares exhibits a rather constant divertor density. Lower figure, divertor
temperature versus the line averaged density, the non pumped case, open squares is
characterised by a constant temperature close to 10 eV while the pumped case
exhibits the standard behaviour, see Fig. 25.

Time traces of a deuterium divertor plasma with ohmic heating only, top trace,
volume averaged density, lower trace, ion saturation current from a divertor
Langmuir probe, plain line, neutral pressure behind the neutraliser plate, dashed line.

Pump-out effect for a divertor shot compared to a reference limiter shot. Deuterium
plasmas at similar volume averaged density, top trace. Lower trace, gas injection rate
per unit plasma volume (V ~ 30 m3). On the right hand side and dashed lines is
recalled the edge safety factor. The pump-out effect occurs as soon as the resonance

; = 3 ± 0.5) is reached.

Time trace of a divertor discharge with feed back control of the gas injection
monitored by the total radiated power. Feed back starts at t = 5 s after coupling of
the ICRH power. Both the deuterium injection, plain line in the lower trace, and
neon injection, dotted line in the lower trace, are controlled by the difference
between the achieved radiated power, dotted line in the upper trace, and the
requested value Pf b , straight plain line in the upper trace. Vertical dash dot lines
are : onset of ICRH, onset of feed-back on radiated power, beginning of Ne injection,
end of feed-back on radiated power.

Radiated power Prad versus the radiated power PZett- expected from the Zeff value
following the Multi-Machine Scaling [37,38]. Deuterium plasmas with intrinsic
impurities, open circles, neon seeded radiation, open triangles, and nitrogen seeded
discharges, open squares. The shaded area lies between 1.75 PZeff (dash-dot line) and
3-5 Pzeff (dotted line). Estimated error bars are reported on the Multi-Machine
Scaling Prad = PZeff (thin plain line).
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Figure 38 : Screening effect of the ergodic divertor as a function of the volume averaged density.
Top figure carbon concentration nc / n<., lower figure Zetr, in limiter, open triangles,
and divertor shots, open circles.

Figure 39 : Ratio of impurity particles in the plasma volume Npiasma versus the total injected
number of impurity particles Njnjected as a function of the volume averaged density.
Limiter, thin line symbols, and divertor, thick line symbols, configuration are
reported for both deuterium and helium plasmas. Squares, neon injection, circles,
nitrogen injection and triangles, argon injection. The dash-dot line is the variation
expected from an <iV>2 dependence of the screening efficiency.

Figure 40 : Neon radiation PRad(Ne) / <rie> versus the core neon density nNe for limiter. open
circles, and divertor, open squares, configurations.

Figure 41 : Screening factor fSCreen computed with experimental data and Eq. (25), see
Section 8b, versus the divertor plasma temperature T^. The screening factor is the
ratio of the boundary impurity concentration to core impurity concentration
(Zeff- 1)./(Z(Z-1)) assuming a single impurity determines both radiation and core
contamination.

Figure 42 : View of a midplane target plate of the ergodic divertor. The shaded region is the
divertor coil casing with a 20 mm thick CFC tile coverage and semi-inertial cooling
between shots. The fingers of the target plate are oriented along the equilibrium
magnetic field at resonance. The wetted area of this actively cooled component
extends from the top of the target plate, near the Langmuir probe to nearly the
bottom of the vents. The shadowed part then curves back and the gap between the
fingers has been used to implement 4 telescopes with different lines of sight labelled
by their radial depth at the top of the target plate, Ari = 11 mm, Ar2 = 22 mm.
Ar3 = 36 mm and Ar4 = 64 mm.

Figure 43 : Visible light emission from an area covering 1.5 period of the divertor coil, see
Fig. 42. The maximum light emission L along the magnetic field is computed from
the 2-D and plotted against the distance de on the axis transverse to the magnetic
field. This data is analysed in terms of a constant background Lback and a
superimposed structure localised in the vicinity of the target plates, typically at
de ~ - 0.1 m and de ~ 0.3 m. Large modulation is observed for Da line emission, top
figure, and CII line emission, plain line on the lower figure. Broadening of CHI line
emission is noticeable, lower figure, dotted line, but the poloidal modulation remains
significant, typically a factor 1.5.

Figure 44 : Visible emission of the Da, triangles, and CII. circles, lines measured with lines of
sight shown on Fig. 42 versus the characteristic radial penetration Ar. Data from a
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density scan from the attached regime, large open symbols to detachment closed
symbols.
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