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Abstract

This review paper addresses the physics of stochastic boundaries.
Although it is focused on the tokamak configuration many features are
common to the stochastic boundaries of stellarators. The stochastic
properties of magnetic field lines are recalled and related to the spectrum
of the radial magnetic perturbation. The stochastic region, referred to as
the divertor volume, is shown to be bounded to the edge plasma.
Furthermore, the stochastic features discriminate two regions. On short
scales, the stochasticity is not effective and parallel transport dominates,
this defines the laminar region. On the long scales one recovers the
proper stochastic features which characterise the ergodic regime.
Theoretical predictions for the transport of energy, current and particles
in the divertor volume are analysed for both the laminar and ergodic
regimes. A strong increase of the electron transport is expected which
should lead to a strong increase of the heat diffusivity, a strong increase
of the resistivity in the toroidal direction and generally a decrease of the
free electron life time in the divertor volume. Ambipolarity of particle
transport is ensured by a radial electric field. The ion transport, i.e.
particle transport, is then more difficult to analyse since one has to
consider the strong coupling to the electron temperature field and to the
electric potential field. The perturbation level is such that the particle
transport induced by the stochasticity remains comparable to the
anomalous transport. The experimental data shows good agreement with
the predictions on electron transport. This translates into a flattening of
the edge temperature gradient, a narrowing of the current channel, which
governs probably the observed stabilisation of MHD activity, and a strong
decrease of the life time of the runaway electrons. Regarding particle
transport, the response is larger than expected and stochastic boundaries
are characterised by significant screening properties compared to limiter
shots. This property is shown to be a signature of a pumping capability
combined to a change of transport properties. Indeed the transport of
neutrals is changed since the ratio of the ionisation scales to the distance
between the recycling surfaces and the separatrix is reduced.
Furthermore, a decreased life time of the ions at the very edge of the
plasma is expected. Screening effects are thus observed for species
exhibiting large wall pumping capability, while He and Ne are weakly
affected by the stochastic boundary. The plasma properties in the ergodic
volume, namely a reduced edge temperature, an increased impurity
radiation, an efficient particle screening and the stabilisation of MHD
activity, have opened the way to radiating layer investigations on Tore
Supra. Stable operation has been achieved with 80 % of radiated power
and radio frequency heating up to 6 MW.
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Foreword

The authors are most indebted to Andre Samain who has initiated them in
the investigation of the stochastic boundaries both theoretically and
experimentally. This review paper is dedicated to him.

Tntroduction

The topic of stochastic boundaries, addressed in the present review
paper, is not specific to the tokamak magnetic configuration. Similar
magnetic topologies are found in stellarators and reversed field pinches.
However, in the two latter cases, they proceed from a different origin. In
tokamaks, leaving aside the interaction of error fields with the separatrix
in the axisymmetric divertor configuration [1], the magnetic perturbation
which is responsible for the stochasticity is generated by a specific set of
coils [2,3,4,5,6]. It is then a rather flexible system with a large operating
window [2]. In stellarators, the stochasticity of the field lines results from
particular configurations corresponding to well defined values of the
rotational transform [7]. In RFPs, the stochasticity is not restrained to the
plasma boundary and is governed by an intrinsic magnetic turbulence [8].
For the sake of clarity we shall focus on the tokamak configuration with
an external perturbation with helical coils. Furthermore, we shall not
address the numerous experiments which are devoted to the interaction of
a well defined helical perturbation with MHD modes, (1,1) mode in
Ref.[9,10] or (1,2) mode in Ref.[ 11,12]. Two names have been given to
the tokamak experiments with an external radial magnetic perturbation,
the Ergodic Magnetic Limiter (EML) and the Ergodic Divertor (ED).
The EML, as implemented on Text [3], is characterised by external ladder
like coils located outside the vacuum vessel. In such a configuration,
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rather low poloidal wave numbers are generated by the perturbation,
m ~ 7, and the poloidal spectrum is narrow (± 1). The main plasma
facing component of these experiments is the standard limiter of the
machine. On Tore Supra, the ergodic divertor is characterised by in
vessel coils allowing for a broader poloidal spectrum at higher mode
numbers, m ~ 1 8 ± 6 . Furthermore, a dedicated system has been
implemented for heat and particle control.

For a given set of coils and a given magnetic equilibrium, the radial
magnetic perturbation exhibits a poloidal and toroidal spectrum. This
spectrum governs the radial domain where these modes are resonant. The
spectrum of the perturbation is tailored (by a proper design of the coils)
in order to ensure that these resonances are located at the plasma
boundary [13]. When the spectrum is broad enough and when the
perturbation level is sufficiently high, the magnetic surfaces are destroyed
by the resonant radial perturbation. One then finds a boundary layer
where the field lines are connected to the wall. This volume of open field
lines is referred to as the divertor volume. Indeed, the aim of this
configuration, edge plasma control, is the same as that of standard
axisymmetric (poloidal) divertors as exemplified by ITER [14]. As in the
case of axisymmetric divertors, the existence of a sufficient divertor
volume is built at the expense of the volume of closed magnetic surfaces,
i.e. the last closed magnetic surface, the separatrix, is shifted towards a
smaller radius.

Let us now analyse the prescription imposed on plasma edge
control in order to ensure the best boundary conditions for the core
confinement. The first condition to be met is the power removal
capability [15]. In most present experiments, the power injected into the
plasma during the shot is removed between shots. This method of inertial
power handling allows for considerable operating flexibility. However
such a solution is not relevant when addressing steady state issues. In
particular, increasing wall temperatures in inertially cooled experiments
can have a significant impact on the edge plasma behaviour. On Tore
Supra, a large effort is devoted to the implementation of actively cooled
first wall elements [16]. The considerable increase of technological
difficulties related to steady state operation imposes however a
requirement of edge plasma control which is similar to that of reactor
relevant machines like ITER. While the EML experiments rely on
inertially cooled limiters [3], the ergodic divertor of Tore Supra is
equipped with actively cooled target plates [16]. These plates are loaded
by a parallel power flux along the deflected magnetic lines. In the present
geometry of these target plates (inclined at 45 ° to the magnetic field),
large power fluxes are recorded on these elements, typically ~2MWnr2
in ohmic shots. Since the technological constraints are the same as in
ITER (maximum power deposition of ~ 10 MW nrr2), the operation of
the ergodic divertor with additional heating must overcome the power



handling issue which is at the crux of the present divertor design in ITER
[14].

The second condition imposed by steady state operation is that of
particle control. As in the case of power handling, most of the present
experiments rely on a proper conditioning of the walls to balance the
particle injection. In steady state operation wall-plasma equilibrium will
be reached so that the injected neutrals must be actively pumped [17].
This is especially important to avoid density limit disruptions. Neutral
recirculation is also recognised to be a key issue for the stability and
efficiency of the divertor operating scenarios foreseen on ITER [18].
Impurity control via active pumping and lowering of helium
contamination are also among the requirements of particle control.
Finally, the issue of particle control is important to provide low boundary
densities which are a common condition to achieve most of the improved
confinement modes [19]. Very specific edge plasma density control is also
required to ensure the coupling of waves in the ion cyclotronic and lower
hybrid range [20,21]. In a first attempt of consistency with active
pumping requirement, the ergodic divertor is equipped with titanium
pumps connected by a duct to the target plates [16]. This system offers
deuterium pumping, which was not the case in the EML experiments, but
does not provide pumping of helium and impurities. Standard exhaust
efficiencies have been recorded.

The problem of particle control and power handling is not only
related to implementing the necessary extraction capability in order to
ensure the balance with the input. Indeed, the edge plasma state will
considerably change the technological constraints. For instance, the
plasma density and helium trapping at the edge will strongly modify the
pumping efficiency while a large radiated fraction will ease the power
handling requirement. Furthermore, a trapping mechanism of the
impurities at the edge of the plasma is needed to avoid core
contamination. The ergodic divertor and the axisymmetric divertor
remove radially the domain of particle recycling from the separatrix.
This reduces the penetration probability of incoming neutrals and
provides therefore an efficient screening of the core plasma. The
existence of a large divertor volume gives the capability of radiating
power in this volume with little coupling to the core plasma. In
particular, the current profile outside of the divertor volume can remain
unaffected by the radiation level. The latter condition is important to
avoid the destabilisation of the (2,1) MHD mode which is the starting
point of the disruption scenario [22]. Finally, at least in the present
experimental phase, the configuration devoted to the control of the edge
plasma is sufficiently versatile, and therefore with a broad operating
range, to allow investigation of various scenarios.



The above constraints for an optimum control of the edge plasma in
present experiments provide a chart to design the magnetic perturbation
in the tokamak magnetic configuration.

- The perturbation is restricted to the boundary layer and the
q = 2 surface must remain unperturbed. Indeed, as will be shown in
section A-II-3, when the threshold to stochasticity on the q = 2 surface is
reached, there is a turn over from a configuration of stabilised MHD
(2,1) mode to that of destabilised (2,1) mode [5,23,24].

- The radial extent must be comparable to ionisation scales in order
to properly decouple the divertor physics which controls the plasma-wall
interaction from the core physics which controls the confinement.

- The resonance of the perturbation, which is characterised by the
largest plasma response of interest, must occur in a suitable operating
range of the machine, typically qedge ^ 3.

- The width of the resonance, which determines the operating
flexibility and the radial extent of the perturbed volume, must be large
enough (but not so large as to affect the q = 2 surface).

As will be shown in section A-I-3, this chart leaves very little
freedom in the design of the coils themselves so that one can reasonably
consider that the few machines operating with stochastic boundaries
provide in fact a rather complete description of the configurations
dedicated to edge plasma control.

The stochastic boundary experiments have demonstrated that an
external magnetic perturbation does provide a means of controlling edge
plasma transport via the destruction of the outermost magnetic surfaces.
As expected, heat [25,26,27,28], current [29] and particle transport
[28,30,31,32,33] have a significant response to the perturbation.
Furthermore, the localised perturbation allows one to control the spatial
distribution of heat and particle deposition [34]. The most significant
signatures are a lowering of the edge plasma electron temperature
[35,36], a narrowing of the current channel [37,38,39] which is readily
associated to tearing mode stabilisation [5,40]. Particle control and
impurity screening have been observed in all experiments [41,42,43,44].
The increased robustness to MHD activity, the demonstrated particle
screening and the controlled low edge temperature profile are the basic
properties which have enabled successful experiments of radiating layers
[45] in ohmic [2,46] or with additional heating [47,48]. Finally, active
pumping has been operated successfully with the Tore Supra ergodic
divertor [49] and compares well with active pumping in other
configurations [50].

The paper is organised as follows. Theoretical aspects have been
gathered in section A, general experimental results (mainly in the ohmic
regime) are given in section B. An overview and discussion of the results
is given in section C, while the conclusion is dedicated to future prospects



A Theoretical investigation of stochastic boundary layers

A-I The magnetic perturbation
A-I-l Statistical properties of stochastic field lines

The spectrum of the magnetic perturbation contains the essential
information which is required to determine the plasma response. In
experiments devoted to the control of the plasma-wall interaction [2-6],
the modes must only be resonant in the boundary plasma which implies a
spectrum with sufficiently high m and n numbers. We shall concentrate
here on steady state perturbations (with respect to the response time of
the plasma) in a situation where the perturbation is understood as that of a
magnetic equilibrium with well defined flux surfaces. The perturbed
domain is then characterised by the opening of the magnetic surfaces in
the plasma boundary so that the strongly perturbed flux lines are
connected to the wall. This allows one to consider the vacuum field
perturbation only, since the plasma current response to the perturbation is
severely restrained by the large sheath resistivity which builds up at the
wall intersection [51]. Furthermore, the data published in two papers
from the Text team [3,52] allows one to monitor the plasma response to
the magnetic perturbation. One can thus correlate the radial magnetic
field generated by the plasma to the residual island width determined by
the field line tracing. As shown on Fig.(l), the plasma magnetic response
is both proportional to the residual island width and small (the response is
less than 10 % of the perturbing field). This indicates clearly that, as
soon as the overlap of the magnetic islands is sufficient, one can
completely neglect the plasma response to the magnetic perturbation. A
slightly more involved situation will be found in the low shear
configuration of the stellarators where large island chains can be achieved
[53] or in tokamak experiments which emphasise island chain physics
[54,55]. The vacuum field calculation must then be regarded as the basis
of the analysis, and, in most cases, is sufficient due to the small plasma
current response at the edge [29,56].

The statistical properties of the perturbed field lines [29] are
derived from the results of hamiltonian chaos [57]. Indeed the field lines
follow hamiltonian dynamics where the time variable is the curvilinear
abscissa.

Let us consider the general form of the equilibrium magnetic field
[58]:

= V x A ; A = vFTorV0 + TpolVcp (1)



The vector potential A is defined in terms of the toroidal and poloidal
fluxes divided by 2n, H'j^ and 4 ^ , respectively, and of the poloidal and
toroidal angles, 9 and (p. The field line equations are then :

J " *DOl d 9 J uu, w Y _ - ._>

dz B 90 dz B d*¥Tor ' dz B
In this expression, the toroidal flux is the equilibrium toroidal flux which
labels the unperturbed flux surfaces. The curvilinear derivative and the
jacobian J are defined as follows:

£ ^ ; J = (V4>TorxV0)Vcp (3)

Let us define 9, (p as angles in the hamiltonian formalism in the case of
the unperturbed equilibrium, hence such that J / B and the safety factor
l / q = dM'poi /(Wjor are constant on a magnetic surface. The poloidal

flux, Ypo, =;Fpoi(vFTor) +
 <l/

pol(
v}/

Tor,9,(p), is then the hamiltonian of the
"evolution" with cp (the time variable) of the variables 0 and ^Tor- Using
the Fourier expansion of the perturbation, one recovers the generic
hamiltonian of stochastic systems H = ^-Je

2 + ^ C m n cos(m9 -mp) [59].
m,n

In this expression Je is the action variable conjugate to the angle 9, and (p
is equivalent to the time variable. The hamiltonian H reduces to that of a
pendulum if there is a single mode in the perturbation (m = 1, n = 0).
For such a system, a specific boundary in the phase space, the separatrix
separates the passing from the trapped trajectories Fig.(2). This
separatrix is often referred to as the island so that half the island width,
8i, is the maximum distance along the action variable axis between the
separatrix and the angle variable axis. In the case of a field line perturbed
by a single mode of amplitude 5Bm n. the island width in radial units is
[29]:

_[8qR(

V k e s
m.n

Bf

,1/2

(4)

where ke = m / r, s = rdq/qdr is the shear factor and where Bo, Ro are
defined such that the d^¥Tor /dr = Bor, J / B = l /R 0 . When several modes
are found, at a given value of n for simplicity, the non linear features of
the dynamics are readily expected when the distance
An(m,m+1) = 1 / (ke s) between the two neighbouring modes m and
m + 1 is of the order of 8i(m,n) + 8i(m+l,n). This so-called Chirikov
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overlap criterion is used to define the Chirikov parameter [60],
oChir(m,n), which characterises the stochasticity of the system [29].

. 8 i(m,n) + 5 i(m + l,n) ,_ .
aChir(m,n) = |V ' ' lV (5a)

An(m,m + 1)
In practice, the profiles of the Chirikov parameter are analysed in terms
of a more local expression, namely,

aChir(m,n) = 25i(m,n)(k9s) (5b)

As the Chirikov parameter is increased, the generic stochasticity in the
neighbourhood of the separatrices broadens in the phase space and the
transition to stochasticity is defined by the break up of the last closed flux
surface (KAM surface in the hamiltonian formalism [61]) between the
two resonant surfaces (m,n) and (m+l,n). This transition occurs for
aChir(m,n) ~ 1 [62,63] and leads to a diffusive transport between these
surfaces when aChir(m,n) > 1 [64]. On the long parallel scales, the
quasilinear formalism yields a diffusion coefficient of the field lines, DpL
in m2 / m for a radial random walk as one streams along the field line
[29].

resonant (m,n) Bo
(6)

Numerical checks have shown that such an expression is correct provided
that the system is not marginally stochastic [65], i.e. oChir(m,n) > 1. On
the shorter parallel scales, the correlation of neighbouring field lines is
characterised by the Kolmogorov scale LK [66] (the Lyapunov exponent
in hamiltonian dynamics [67]). This scale is a statistical measure of the e-
folding length of the exponential separation of neighbouring trajectories
[29].

(7)

The Kolmogorov length is comparable to the typical connexion length
7tqR0. This parallel scale LK can be translated into a radial coherence
scale for the perturbed field lines, 8 =

(8)



As readily expected the coherence radial scale 8 is of the order of the
island width 5i (note again that 5i refers to the unperturbed island half
width).

The statistical description of the stochastic field lines has been
carried out using the hamiltonian formalism which holds for infinite field
lines. In a stochastic boundary, the field lines are connected to the wall
which introduces a specific feature in the theoretical analysis. Comparing
the connexion length to the wall, Lwan(r,9,(p), and the Kolmogorov
length, LK(r), defines two domains in the stochastic boundary. In the
volume (r,9,(p) such that Lwall(r,0,(p) / L K ( r ) » 1, the stochasticity
prevails. Conversely, in the volume such that Lwall(r,0,(p) / LK(r) < 1
the connexion to the wall is the dominant feature. The latter region has
been termed "laminar" volume [34] while the former is the proper
ergodic volume. In fact, the connexion to any point in the divertor
volume can be split into a laminar and an ergodic volume. This is
especially important when addressing transport properties since the
connexion to any sink (or source) will exhibit this dual signature [68]. In
order to estimate the balance between the two regions, one can compute
the number of steps required to cross the divertor volume. Assuming that
(TCO / 2)l/3 ~ 1 throughout the divertor volume, and that mres resonant
modes are found in this volume, one finds that the random walk process
takes place over a radial mesh with a maximum of 2 mres steps [69]. In
fact, when considering the actual step of the random walk, Eq.(8), one
finds that only 9 points in the mesh are required in a case where 8 modes
are resonant within the divertor volume, Fig.(3). The spectrum of the
perturbation thus directly governs the ratio between the laminar and
ergodic regions. A precise calculation using the field line tracing code
Mastoc [70] (for Tore Supra) shows that the statistical definition of the
laminar width does not fully account for the effective balance between the
two regions of the divertor volume. Indeed as shown in Fig.(4), the field
lines leaving the ergodic divertor module, and followed over a maximum
parallel length of LK, exhibit a distribution of radial penetrations [68,69].
While the average value corresponds indeed to the statistical prediction,
one must account for the significant fraction of field lines which
experience a small radial excursion. As a consequence the fraction of
"hot" field lines, i.e. exhibiting a large radial excursion, does not weigh
strongly in the average although it governs the transport between the
ergodic region and the wall. The effective radial extent of the laminar
domain is therefore determined by the maximum radial excursion as
computed by the code Mastoc. Since the laminar region does not exhibit
stochastic features (by definition), its structure remains that of the
perturbing magnetic field. The "hot" flux tube are thus characterised by a
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simple geometry and their physics is comparable to that of the open field
lines in the axisymmetric divertor.

Towards the core plasma, when the perturbation level has
decreased to the stochasticity threshold, one finds another limitation to the
present description. A large theoretical effort has been devoted to this
regime [65,71,72,73]. However, the impact of marginally stochastic field
lines on the plasma transport properties is still difficult to assess [74].

A-I-2 Spectrum of the magnetic perturbation

A-I-2a Tore Supra
On Tore Supra, six identical coils are located on the low field side

and are characterised by 3.5 periods of opposite currents IED, i.e. the
perturbation is octopolar with IED < 45 kA. The coils have a small
poloidal and toroidal extent. In "real-space" coordinates, the coils extend
over A0 ~ 120° poloidally and about A(p ~ 14° toroidally. The divertor
aspect of this configuration of plasma-wall interaction is due to the use of
the magnetic channelling of the particle and energy flows in-between the
current bars [75]. Neutraliser plates are located in this space and are
devoted to the handling of heat removal and particle exhaust. Due to the
requirement of steady state operation, the neutraliser plates are actively
cooled which sets (for the present configuration) an upper bound of
~ 1 MW of extracted power (power flux in the range of 10 MW nr 2 ) .
The recycling neutrals are coupled by a duct to titanium getters which
ensure a significant pumping of hydrogenic species.

The spectrum of the perturbation 8A// is roughly the product of
two functions sin(x)/x [13] :

IED A0 A(p sin(kAcp)

Ho 4TC2 kAcp

sin((m-m)A0) s

(m-m)A6 (m + m)A6
(10)

The main toroidal mode is determined by the number of coils, hence
n = 6 on Tore Supra. The toroidal harmonics generated by the small
toroidal extent of the coils are not effective in the ergodic region since no
resonances are possible owing to the narrowness of the poloidal spectrum.
The broad toroidal spectrum only reflects the finite toroidal extent of the
magnetic perturbation. It is therefore only important in the laminar
regime where the precise geometry is relevant but not in the ergodic
region where resonant effects govern the transport. The main poloidal
mode m is governed by the poloidal extent of the coil (AG in magnetic
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coordinates) so that m = 3.5(271/ A9) and 5m /m = ±1/3.5. The
resonant value of the safety factor at the plasma boundary can be defined
as the value which locates the largest harmonic of the perturbation on the
unperturbed magnetic surface tangent to the divertor coil, hence
9 edge = m / n . The versatility of this apparatus is governed by the width

of the resonance 5q = 8m / n. Depending on the magnetic equilibrium, the
extent of the coil in magnetic coordinate ranges from n/2.6 at
p p + C i / 2 ~ 0 . 7 to K/ 4.4 at p p + t i / 2 ~ 2 . For the present
equilibrium during ergodic divertor operation (3p + Ci/2 ~ 0.7, so that
the resonance is defined by m = 18 and q^,e = 3. The calculation of the
e-folding length of the multipolar perturbation gives the radial extent of
the divertor volume. The latter is therefore determined by the "real
space" poloidal wave vector, k r s = m r s / a , where
mR = 3 . 5 ( 2 J C / ( 2 7 C / 3 ) ) * 1 0 . A typical value of the radial width of the
divertor volume is given by 2 / k r s ~ 0 . 1 6 m , i.e. 20% of the minor
radius. In the previous lines, the properties of the Tore Supra ergodic
divertor have been derived from the coil geometry. In fact when
designing the ergodic divertor, one proceeds from the required
properties. The set of constraints includes the operating window and
hence q^s

ge, 5q, the radial extent of the divertor volume and hence mrs

and m. Combining the two first constraints determines n and 5m. This
clearly indicates that very little freedom remains in the design of the
octopolar coils.

The radial profiles of the Chirikov parameter and of the diffusion
coefficient of the field lines are shown on Fig.(5) for a typical low Pp

equilibrium (pp + t j /2~0.7). One finds that the Chirikov parameter is
above the threshold to stochasticity over 20 % of the plasma radius. The
diffusion coefficient of the field lines reaches 10'4 m2/m at the plasma
edge and decreases towards the plasma core. In the random walk process,
this gradient of the diffusion coefficient is equivalent to an outward pinch
velocity. When Pp is increased, the resonance is shifted towards the

higher q^s
ge values (due to the location of the coils on the low field side

[13]). The Tore Supra ergodic divertor is therefore compatible with the
operating trends of the advanced tokamak programme [76], Fig.(6).

A-I-2b Perturbation spectrum on other tokamaks
The perturbation generated with helical windings on other

tokamaks follows a design which is similar to that of Tore Supra.
However, the details of the set-up lead to important differences in the
spectrum, see table I.
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On Textor, a single coil is used to generate the perturbation [77].
Both the toroidal and poloidal spectrum are large so that the low m and n
modes which penetrate deeply into the plasma interact with the main
MHD modes. This governs the rather unstable operation of the plasma
which was observed experimentally [5].

On Text the helical coil is a complete poloidal ring [78] which
defines a narrow poloidal spectrum, generally m = 7 and 6m = ± 1 is
stated [79]. Eight coils are implemented toroidally. The working toroidal
mode is selected by applying a specific poloidal rotation to each coil so
that the current structure in the tokamak frame is not identical from one
coil to the following. Since these coils are located outside the vacuum
vessel, several toroidal mode numbers can be selected by a proper choice
of the poloidal rotation of the coils, n = 2 and n = 3 modes are
generally reported. Owing to the narrow poloidal spectrum, the
perturbed domain is dominated by the laminar domain so that the
stochastic effects on the plasma transport cannot be properly investigated
with such a configuration.

On Hybtok-II [80], CSTN-II [81] and JIPP T-IIU [55] the helical
coils are similar to that of Text. Several poloidal coils are implemented (8
on Hybtok-II, 6 on CSTN-II and 2 on JIPP T-IIU). Since the poloidal
coils are complete rings (outside of the vacuum vessel) the poloidal
spectra are narrow, 5m = ± 1. The main poloidal modes are determined
by the geometry of the helical coils (m = 6 on Hybtok-II, m = 10 on
CSTN-II and in = 3 on JIPP T-IIU). As on Jext, the toroidal modes are
selected by poloidal rotations of the coils (n = 2 on Hybtok-II, n = 1, 2
on CSTN-II and on JIPP T-IIU). Furthermore, the narrow poloidal
spectra restrain the stochastic boundaries to laminar transport. The very
small radius of these tokamaks does not allow one to extrapolate the
observed effects to larger machines. Indeed the edge plasma physics
strongly depends on atomic processes, so that the ratio a / A,atornjc must
be constant to ensure similar edge results between machines with different
sizes (minor radius a). Similarity between small and large machines thus
requires high density operation in the small machines.

On JFT-2M [6,82], two generations of helical coils have been
installed. The increase of the number of coils and of the poloidal
coverage has led to a narrowing of the poloidal spectrum around a large
poloidal mode. This change has localised the perturbed domain to the
edge plasma. Interestingly enough this machine combines the perturbation
of a set of helical coils to a standard axisymmetric divertor geometry.
The effect of the magnetic perturbation on an H-mode diverted plasma is
to level off the temperature gradient, to trigger rapid Elms and to
increase the SOL width. The overall effect is thus beneficial in terms of
density and impurity control. In such a complex magnetic geometry any
perturbation by the helical coil at the X-point will lead to a low m mode
in the perturbation spectrum. A very carefully designed coil system is
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thus required to effectively localise the perturbation to the edge and thus
to maintain the narrow poloidal spectrum achieved in the limiter
configuration.

A-II Transport in a stochastic boundary layer
A-II-1 Introduction

The basic features of the transport in a stochastic layer stem from
the properties of the magnetic perturbation. In particular one recovers
the separation between ergodic and laminar regions for all the fields
(distribution function, temperature, density, etc.). As is the case of the
magnetic perturbation, the analysis of the ergodic transport yields the
basic features which are used to describe all of the transport processes. A
basic and very well known feature in the field of magnetic turbulence is
the difference in the transport magnitude between the electrons and the
ions. Let us consider free streaming particles along the field lines. The
diffusion of each population is then simply DFL v^h, Eq.(6), where vjn is
the typical velocity of each species, namely the thermal velocity. The
ratio of the electron transport versus the ion transport is therefore

ij / m e . Using this order of magnitude, one readily expects a large
plasma response for "electronic" fields, such as the electron temperature
Te, the toroidal current jq> or the radial electric field Er, and a relatively
small direct response of the "ionic" fields, ion temperature Tj, density ne

and plasma momentum. In practice these fields are coupled so that the
proper plasma response is more complex to predict. The diffusion
coefficient associated to each transport phenomenon will follow the same
kind of dependence as that of streaming particles, typically DpL veff. The
thermal velocity of the streaming particles is replaced by an effective
velocity which is the parallel velocity achieved in the different transport
regimes. In our analysis, only the standard diffusion regime is considered
here since sub and over diffusive regimes are not generic [83,84].

The analysis of the plasma response to a magnetic perturbation,
i.e. the calculation of transport coefficient, must be understood as that of
an effective radial transport coefficient over a significant radial extent in
order to ensure that the properties induced by the stochasticity prevail. A
key problem is then to determine the relevant scale lengths of the various
fields. The departure from the typical scale of the stochastic magnetic
field, the Kolmogorov length LK Eq.(7), is intrinsic to the transport
analysis. Indeed, the spatial structure of the various fields is a balance
between the exponential divergence of the magnetic field lines which
tends to build up small radial scales and the cross field transport which
tends to level off this fine structure. As a consequence, the transport
properties are a convolution of the anomalous transverse transport and of
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the parallel transport with its specific stochastic features. The new
parallel transport scale and its radial counterpart also define the statistical
features of the geometry of the laminar domain for each field.

AII-2 Heat transport

Electron heat transport with destroyed magnetic surfaces has been
extensively studied [25,26,27,85,86,87,88,89,90] since magnetic
turbulence is a candidate to explain anomalous transport [91,92,93].
There are various diffusive regimes. For thermal electrons, 3 main

regimes can be distinguished in the plane (Xe / L K , x± /(^FLvthe))' a s

shown on Fig.(7), where x± a nd X// a r e respectively the transverse and
parallel intrinsic heat diffusivities, and where \ e = X/// vthe- M° s t of
the ergodic divertor experiments are located in the collisional regime
(region 1). The structure of the temperature field can be obtained by
minimising the following functional [29,31].

d3x X//|V//T|2+xJV1T|2-X-erg
d(T)

dr
(ID

The physics covered by this functional is that of a layer with stochastic
field lines, so that the parallel direction contains a radial component. The
energy transport through this layer is characterised by the gradient of the
mean temperature field <T>. The temperature field response to this
driving term is rather smooth in the parallel direction owing to the large
parallel transport. However, the exponential divergence of neighbouring
field lines induces an upper bound to this correlation with a typical scale

LT. In the transverse direction a modulation f is superimposed to the
average temperature gradient. The field T is characterised by two
transverse scales 5Tmax and 5Tmin, such that 5T m a x = 8Tmin exp(LT / L K )

and 5T m a x =(DF LLT) . The extremum of the functional M yields a
transcendental equation for Lj. When the ratio of the radial transport
induced by the parallel transport to the intrinsic anomalous transport is
large, X//DFL / X I ^ K » ! » o n e recovers the standard logarithmic
correction for the parallel scale Lq- [25].

(X/Pi~±

In this regime, the heat diffusivity is then :
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Xerg ~

The effective velocity, introduced in section AII-1, is therefore
veff = v the (^e / ^ T ) - The number of parallel steps to cover the
correlation length LT, LT / A,e, reduces the efficiency of the parallel
transport when the collisionality is large, region 1 on Fig.(7).
Conversely, region 2 represents the collisionless domain where XQ, > LT

and hence where LT is the upper bound for the step of the collisional
diffusion, hence veff = v^e- In region 3, the radial transport induced by
the field line stochasticity is small compared to the intrinsic transverse
heat diffusivity, X/ / D FL /%±LK « 1 so that Xerg ~ X±-

AII-3 Current transport

Assuming that the electrons are in equilibrium along the flux lines
and neglecting the effect of curvature, the equation Vj = 0 for the
current density determines the equation for the electric potential U. It is
characterised by a balance between parallel and transverse electric
currents and the source terms (right hand side) including the thermo-
electric contribution aV^T [94]:

A//U

where coci, coce and xe are respectively the electron and ion gyro
frequencies, and the electron collision time. The electric and diamagnetic
drift velocities vE and vd are given by :

BxVU _ BxVR /1C.
(15)

The second part of the left hand side of Eq.(14) governs the cut-off
of the transverse scales which are generated by the stochasticity. The
precise calculation of this cut-off is beyond the scope of this paper. A
convenient simplification can be introduced by replacing the transverse
diffusion due to the polarisation current by a small transverse
conductivity c± [29,40].
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where, % = (o*u /p l h i) and 5^ = DFLLu exp(-2L,j / L K ) . The use of
an effective transverse conductivity, defined in Eq.(16), allows one to
define the critical parallel correlation length for the electric potential,
Ly, below which the polarisation current is negligible.

(17)C Q e )
V Plhi

Two main regimes can then be distinguished [29]. If LCu<LT and
Lcu < LM (LM is the characteristic parallel scale for the transport of

matter), one finds Ly = Ly. The longitudinal effective conductivity then
obeys the following expression :

which is vanishingly small since L\j » LK . On the contrary when Ly is
the largest parallel correlation length, Ly is determined by the right hand
side of Eq.(14). The electric potential exhibits the same structure as the
density and temperature fields. Since V//j//=O, the current flows along
the field lines and its average is determined by the current delivered by
the sheath [51]. Indeed all field lines in the stochastic boundary have a
finite connexion length with the wall so that the sheath resistivity
determines the proper boundary condition for Eq.(14). The resistivity of
the stochastic layer is then the large sheath resistivity. Therefore, in both
regimes Ly > LT , LM or LT, LM >Lcu, the plasma current is expelled
from the ergodic layer. Provided that such a flattening of the current
profile remains beyond the q = 2 surface, the decrease of the A'
parameter allows one to predict the stabilisation of the (2,1) tearing mode
[95]. Conversely, if the perturbation of the current profile protrudes
within the q = 2 surface, typically when crChir(q = 2) > 1, the magnetic
perturbation will destabilise the tearing mode and trigger a disruption
[23].
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AII-4 Particle transport

When addressing particle transport, one finds that there is a
coupling between the density field and the temperature field. The latter is
either due to the pressure gradient which drives the parallel velocity and
hence the particle convection, or to the drift velocity which acts on the
density field due to the dependence of the electric potential on the
temperature field. Let D± and v± be respectively the transverse particle
and momentum diffusivity. The particle source, the driving term, is Sr,
no momentum source or sink are considered. The coupled equations are
then :

V / /(nv / /) + ( v E V 1 ) n - V 1 ( D 1 V 1 n ) = S r (19a)

V//P + (vEV± - v1A1)(m inv / /) = 0 (19b)

When neglecting the electric drift velocity vE, Eq.(15), the particle
and parallel momentum balance equations determine the structure and
effective transport of the density field n and of the average parallel
velocity V//.

V / / (nv / / ) -V 1 (D 1 V 1 n) = S r (20a)

V / / P-v 1 A 1 (m i nv / / ) = 0 (20b)

A variational formalism, similar to that used for the temperature field,
Eq.(ll), leads to the different diffusion regimes summarised on Figs.(8
& 9). The particle diffusivity D e r g, both in the collisional and
collisionless limits, is given by the quasilinear ion particle diffusivity
[31].

Derg=V,hiDFL M - (21)

Owing to the different parallel transport mechanism this ionic transport
differs from the heat transport. The effective particle diffusivity does not
depend on the parallel correlation length of matter,

(22)
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The dependence of the ergodic particle transport on the transverse
transport, Eq.(21), is a signature of the driving forces of this transport
process. Indeed, two driving terms generate the parallel particle flux nv//.
On the one hand there is a force depending on ( V / / P ) / v 1 in Eq.(20b)
and on the other hand there is the transverse diffusion of particles, D±An,
in Eq.(20a) which is proportional to D±. The effective velocity of the
particle diffusion veff = vthj (D1/v1)

lf2 reflects the balance between
the two driving forces. An important point in the context of plasma wall
interaction is to determine the thermodynamical force which governs the
particle flux across the stochastic layer. Indeed when the electrons are in
the collisional regime (see region 1 on Fig.(7)), two cases arise since the
effective flux of matter will be driven either by the density gradient or by
the pressure gradient [31,96]. The key quantities to determine the main
driving force are the parallel correlation lengths of the temperature Lj
and density fields

L o g l ' 2 ^ 1 Log /"

L M _
Log

For cold and dense edge plasma, Xc I LK « (me / mj)1/2, such that
LT < LM, the particle flux is driven by the pressure gradient and a
regime of plasma confinement where the pressure is constant across the
ergodic layer can be established. Such a regime leads to a condensation of
a high density plasma near the wall where the temperature decreases.
However, in present experiments (although in the collisional regime), this
condition is generally not fulfilled, LT > LM, and the flux is driven by
the density gradient. When the electrons are in the collisionless regime,
region 2 of Fig.(7), the particle flux is always driven by the density
gradient since LT >

The electric drift velocity vE, Eq.(15), can induce a detuning in
particle transport [97] which is similar to that occurring for runaway
electrons owing to curvature effects [98,99]. The drift velocity in the
poloidal direction introduces a difference between the particle trajectory
and the field line rotational transform. Detuning of the particle resonance
with respect to a given field line resonance occurs if the poloidal drift is
greater than a typical poloidal scale ICQ-1, i.e. when :

k e V £ > 1 (24)
LM / vthi
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For runaway electrons, the detuning depends on poloidal scale of the
magnetic perturbation and thus on the spectrum of the magnetic
perturbation. The loss of resonance with a given mode due to either
curvature or electric drifts will shift the resonance to a neighbouring
mode. On Tore Supra, owing to the large poloidal width of the magnetic
perturbation spectrum, the detuning effect is found to be small even in the
case of 30 MeV runaway electrons (section BI).

For hot collisional edge plasmas (T > 100 eV), the convective
fluxes induced by vE cannot be neglected and the electric potential
modulations in space modifies the mass transfer [100]. For the sake of
simplicity, we investigate the regime which prevails in present ergodic
divertor experiments, namely such that Lc

v > LT > LM . Depending on the
collisionality, the transfer of matter can be governed either by a balance
between the parallel motion and the drift motion or by a balance between
the drift motion and the small scale diffusion damping governed by the
anomalous transport. In the two cases the electric potential modulations
which govern the mass transfer are those induced by the temperature
field. In particular, the parallel scale of the electric potential is identical
to that of the temperature field, Eq.(14).

( 2 5 )

The radial component of the drift velocity gives rise to a new
contribution. Indeed the small radial scales of the temperature field
induce a strong radial electric field and tend to superimpose the iso-
density and iso-temperature surfaces. Two phenomena hinder this
process : the parallel velocity and the intrinsic diffusivity which establish
a connexion between two iso-potential surfaces. For a sufficiently large
LT, a flute approximation can be used and the particle conservation
equation is decoupled from the momentum equation. The particle balance,
equation Eq.(19a), is then modified.

(v E V)n-V 1 (D 1 V 1 n) = S r (26)

Two regimes occur according to the values of the intrinsic diffusivity.
For small D ± , the density contours do not depart from the temperature
contours. However, the radial flux is amplified since the stochasticity
allows the distance between two neighbouring iso-density surfaces to vary
significantly. The ratio between the minimum distance to the average
distance is 5Tmin / 5Tmax ~ exp(LT / LK) (section AII-2). This situation
is similar to the Zacharov-Karpman limit in the theory of plasma wave
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damping [101]. The effective diffusivity can be expressed in terms of the
two transverse scales of the temperature field, namely bjmax and 8-m[mm-

In contrast when D± increases, the particle flux is dominated by the
radial drift velocity and exhibits an explicit dependence in the Bohm
diffusion coefficient.

vEVn = DBohmkTknn ; DBohm =p,hv t h(a + l) (28)

The two scales 1 / kT and 1 / kn are orthogonal and transverse to the
magnetic field. In this regime, the effective diffusivity can be derived
from a quasilinear calculation [100].

D2

Depending on the ratio DBohm / (DFL v t h i ) t w 0 regimes of particle
diffusion are found. If DFL v t h i « DBohm t n e particle transport is
modified by the electric drift. It is driven therefore by the temperature
field in the vicinity of the region D± = DBohm / a T where the effective
diffusion coefficient D e r g peaks to D e r g ~ DBohm- The maximum of
particle diffusion is obtained by matching the two asymptotic regimes of
Eqs.(27,29). The temperature effect is underlined by the explicit
dependence on ccT =X//L

K / ( X I D F L )
 m Eqs.(27,29). This regime is

illustrated on Fig.(8), where a T = 100 and DBohm / ( 0 ^ ^ = 20.
Conversely, if DFL vthi > DBohm t n e particle transport is not modified
by the electric drift and the standard regime Derg ^ D F L V ^ J + D ± ) is
recovered, Fig.(9) where aT = 100 and DBohm /(DpLVthi) = 1. One finds
therefore that D e r g reaches a Bohm like regime in a parameter domain
which is can be reached in the Tore Supra experiments.

Core purification has also been analysed in the frame of neo-
classical transport. Clamping of the ion rotation due to the poloidal and
toroidal field modulations allows for a radial drift of impurities governed
by the outward radial electric field [102,103,104]. In practise such a
regime would only be achieved for non collisional boundary plasmas.
However, other frictional forces such as charge exchange should also
dump the ion rotation and induce a similar decontamination scenario.
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The effect of an additional radial diffusion on particle transport is
difficult to analyse due to the coupling of the complicated transport
regime to that of the physics of particle sources, namely the neutral
penetration. A convenient criterion to determine the impact of edge
ergodisation on particle transport is to compute the ratio D e r g / D± at
aED " ̂ i> where X[ is the ionisation length. For the sake of simplification,
we consider De r g = DFL v ^ so that the plasma parameter dependence is
weak. The relevant value of D± in this calculation is the value of the
reference limiter boundary. With D± ~ 1 m2s-1 , 8r = aED - r, and
after simplifying the dependence of the profile of the field line diffusion
coefficient, Fig.(5), to DFL(8r) = 10"4 exp(-(5r / A,ED)) m2s*1, one
finally obtains that D e r g / D± ~ exp(-(5r / XED)) (Tj*)^. (Tj* is the ion
temperature in eV). Since the typical e-folding length of the diffusion
coefficient is ^E D ~ 0.04 m, the criterion, Derg / Dj_ > 1 is achieved
provided that X[ (m) < 0.05 log(Ti*). For a relatively large edge
density, ne ~ 1019 nr3 , the ionisation of 4 eV deuterium should occur in
a domain of increased particle transport. Conversely, for a low edge
density, the boundary layer of increased particle transport should be
transparent to the incoming neutrals. In a deuterium discharge fed by gas
injection, such a sensitivity to the plasma density will determine the
density through the balance ^E D ~ X[ until detachment lowers the
effective screening depth XED. In helium discharges, the large ionisation
potential will remove this density clamping.

AII-5 Laminar transport

In section AI-1, the laminar regime is defined by the parallel scale
over which the field lines do not exhibit a diffusive behaviour [105]. The
typical scale of the latter effect is the Kolmogorov scale LK. This parallel
scale is then understood as the parallel length over which neighbouring
field lines remain coherent. When analysing transport effects, the cross
field transport is readily expected to increase this coherence length by
introducing an averaging process. This effect governs the Rechester-
Rosenbluth logarithmic correction to LK in LT Eq.(12), Ly Eq.(17), LM

Eq.(21,24) and generically L t ransp ~ ^LK l o g ^ ^ , , ^ . ) . In fact, this

result is only valid when ottransp » 1, where oc(ransp is the ratio of the
radial transport induced by the parallel transport divided by the
anomalous transverse transport. The very weak dependence of Ltransp> on
atransp. (which stems from the logarithmic dependence) ensures that the
characteristic scale of laminar transport mainly depends on the magnetic
configuration with a weak effect of the edge plasma parameters.

In the laminar regime, the transport is essentially parallel to the
field lines. Furthermore, the geometry of this transport regime is
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determined by the local magnetic perturbation with only small variations
in the parallel direction. The parallel transport to the sinks and sources
therefore follows a regular geometry [106]. This regime of transport is
comparable to that of the SOL in an axisymmetric divertor. Let us
consider the laminar energy transport with the typical scale LT ~ 2 LK.
This regime is most important since it governs both the energy deposition
on the plasma facing components and the radiation efficiency of localised
energy sinks by impurity radiation.

On the scale LT, the parallel energy transport exhibits a series of
radial steps localised at each toroidal location of the coils. Although the
bundle of field lines remain coherent over the scale LT ~ LK, the
differences which build-up at each step lead to different properties in
terms of energy deposition. In the code Mastoc the "hot" flux lines are
characterised by large radial excursions over the maximum parallel scale
LT. Using this criterion, one can compute the energy deposition pattern
on a specific module, Fig.(10). On this figure, the points on the surface of
a divertor coil are characterised by their radial excursion, which follows
the average distribution shown on Fig.(4). The pattern of iso 'radial
excursion1, which is only shown for those points which are connected to
the plasma in the co-direction, characterises the heat deposition pattern.
One finds that the patterns are smooth with a typical peaking factor of 3.
When analysing the energy deposition pattern, one finds a new class of
sensitivity to the magnetic equilibrium. Indeed, the field lines of the
stochastic boundary are all connected to the divertor coils. The connexion
length is then, at lowest order, a multiple of ^pqR. Among the field lines
which interact with a given target plate a given subset is in fact tangential
to the divertor module. A minor change in the magnetic configuration
will then shift the interaction of these flux lines to the following divertor
module. This toroidal shift also leads to a radial shift of the interaction
domain since the flux tubes will experience the 0.03 m radial step of the
new coil perturbation. Observed sensitivity of the energy deposition
pattern both to the magnetic equilibrium and to monster saw tooth crashes
(change in the Shafranov shift) are presently analysed along this line.

The laminar transport is also responsible for poloidal modulations
of radiation which can be observed in edge plasmas at a very low
temperature [107,108,109]. Specific line ratios allows one to compute
temperature modulations from 7 eV to 10 eV. This structure is located
on the high field side of the machine and its poloidal mode is readily
expected to be m ~ 1 8 ± 2 . The uncertainty is due to the limited
poloidal extent of the measurement. In the laminar regime, "hot" flux
bundles, at a given radius are characterised by a good connexion to the
domain in front of the coils which determine the inward radial steps, i.e.
towards the hot plasma core. Since the perturbation is localised on the
low field side, its connexion to the radiating domain follows the
unperturbed magnetic field . In order to determine precisely the poloidal
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mode which governs the radiation pattern, one computes the poloidal
phase shifts of the "hot" flux tubes knowing that all the modes are in
phase on the low field side equatorial plane. This analysis allows one to
discriminate the various mode numbers and using the resonance criterion
q(r) = m / 6 to locate the radiating domain, Fig.(ll). With the simplest
fit of the radial position of this radiating front in time, one computes the
location of the radiating structures which compares very well with the
measured modulation, Fig.(l 1).
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B Experimental investigation of stochastic boundary layers

B-I Response of the electron population
B-I-l Modification of the electron temperature profile

Following the theoretical analysis, the first order plasma response
to the magnetic perturbation is expected to be that of the electron
temperature field. Owing to the very large values of the effective heat
conductivity which are predicted, Xerg ~ DFL Vthe n e n c e typically
~ 100 m2s"1, one expects a flat electron temperature profile throughout
the divertor volume. The value of the temperature in this volume is then
determined by the ratio of the energy flux actually convected to the wall
divided by the particle flux to the wall. The latter constraint defines in
fact a combination of the electron and ion temperatures at the sheath
entrance [51]. Assuming that these temperatures are comparable, one can
expect to lower the boundary temperature achieved in the limiter
configuration by increasing the magnitude of the recycling flux to the
wall. In fact, this point of view led in the late seventies to the first
proposal to implement a stochastic boundary in tokamaks by means of an
external magnetic perturbation [30]. Furthermore, the increase of the
radiation efficiency depends on the product of the radiation rate and of
the heat conductivity [110,111]. In a given range of temperatures, the
radiation is thus more efficient if the heat conductivity is increased. The
temperature dependence of the radiation rate further increases this effect
so that the ergodic divertor has theoretically the capability to trigger a
bifurcation towards a cold edge plasma [110,111]. The comparison
between these predictions and the experimental output is characterised by
a good agreement in the qualitative trends and a much more difficult
analysis to capture quantitative agreement.

On Tore Supra, the evidence of the ergodic divertor effect on the
temperature field is given by the decrease of the electron temperature
measured at one location in the divertor volume by the Thomson
scattering diagnostic [2,36,39,112,113,114,115]. For the data displayed
on Fig.(12), the temperature drop, from slightly more than 200 eV in
the limiter configuration to about 50 eV in the divertor case, is
measured at p =0.92 (p = r/ai i m i t e r) and over a radial extent of
5 p ~ ± 0 . 0 4 ( B T ~ 3 T and I p ~ 1.5MA) [36,39,112]. Above a

critical value in the current flowing in the ergodic divertor, IED ~ 12kA,
the temperature decreases. This threshold value corresponds to a
Chirikov parameter of Ochir ~ 1-4 at the measurement location. While
the field line diffusion coefficient scales like IED2>

 m e scaling of the
temperature variation ATe =T e ( I | r

D ) -T e ( IE D ) is close to that of the

Chirikov parameter U/lED - I E D ) . Above IED ~ 20kA, Ochir ~ 2, there

is a possible change of the dependence of ATe on IED to a scaling which is
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reminiscent of the ratio LK / DFL, i.e. «=c l - ( l E D / I E D ) . A more

detailed analysis of the electron temperature field indicates that the
temperature drop in the ergodic divertor configuration depends on the
edge safety factor. When varying the plasma current, one finds that two
adjacent Thomson scattering channels respond in fact to the magnetic
perturbation, p ~ 0.93 and p ~ 0.79 (p = r/ai imi te r). These variations
exhibit resonances in terms of the edge safety factor qedge. but, owing to
the difference in radius, they occur for different values of qedge, Fig.(13).
The measured resonant values of qedgc = q(p = 1) are qres(p = l) = 3.1
for the temperature measurement at p ~ 0.93 and qres(p = l) = 4.0, for
the temperature measurement at p ~ 0.79. They correspond to the
values predicted by the maximum of the quasilinear diffusion coefficient
for the field lines. However, one cannot conclude that this correlation is a
signature of stochastic energy transport since the laminar effects also
exhibit a global resonance for the same parameters of the magnetic
equilibrium.

The behaviour of the edge temperature observed on Text [3],
Fig.(14), is similar to that described for Tore Supra. The temperature
measured at p ~ 0.89 drops, above a critical value of the perturbation
current, typically IEML ~ 3.25 kA. The temperature drop
ATe = T e(IE M L)-T e(IE M L) also exhibits a Chirikov like dependence

• 1° t n e latter analysis the data of the negative and

positive IEML values have been averaged. The threshold value for the
temperature decrease is tfchir ~ 1-3, therefore comparable to the Tore
Supra case. The maximum relative change in Te, for (?chir ~ 2.6,
reported in the Text papers is of the same order as on Tore Supra,

/T e(IEML) ~ 0-5 at the same perturbation level, namely

The specific feature of the ergodic energy transport, the flattening
of the temperature gradient due to the large increase of the electron heat
diffusivity, should lead to a reduced core temperature which is readily
expected due to the reduced effective radius of the discharge. On
Fig.(15a), is displayed an edge electron temperature profile (from
Ref.[45,54]). This profile displays the basic features which are also found
on Tore Supra, Fig.(15b). In both experiments the core temperature
profile is not affected [2,36,39,112,113]. On Tore Supra, the heat
diffusivity around p = 0.6 is shown to follow the Alcator scaling for
ohmic plasmas in both limiter and divertor configurations [116]. From
this unperturbed core temperature profile to the low temperature region
in the divertor volume, one expects therefore an increase of the
temperature gradient. This would correspond to a domain of reduced
electron energy transport at the very boundary of the divertor volume.
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On Text, at this location, the temperature gradient increases up to 5 times
the gradient of the limiter configuration while on Tore Supra, a
minimum value of about 3 times the gradient of the limiter configuration
is expected. The analysis of the edge density fluctuations yields a similar
lower bound to the temperature gradient in this domain and also indicates
a factor 3 decrease in the fluctuation level [114,115]. The boundary of
the divertor volume seems to naturally generate a small transport barrier
which balances the confinement loss in the divertor volume.

Flattening of the temperature profile is observed for p > 0.8
[2,3,114,115,117]. The increase of the heat diffusivity is more difficult to
assess since it requires a complete treatment of the energy flow including
radiation and particle transport. Such an analysis has been performed on
Text [3,78]. Structures in the temperature profile are found although
their occurrence is not fully understood [2,3]. In both experiments the
temperature drop measured by the Langmuir probes appears to be larger
than that measured with Thomson scattering. This would be consistent
with an averaging process on a larger sample volume for Thomson
scattering versus Langmuir probes. In Fig.(15a), the change in the radial
averaged temperature gradient, from 4 keV / m in the limiter
configuration to ~ 0.9 keV / m in the EML configuration is consistent
with a factor 5 increase of the thermal conductivity. In this analysis, the
change in the radiated power has been accounted for. The heat diffusivity
in the perturbed region reaches a typical value of 30 m2 / s [3], at large
perturbation currents 2 0 0 m 2 / s is stated [3].

On Tore Supra, profile measurement of the electron temperature
have been performed with a reciprocating Langmuir probe. As on Text,
a radial modulation of the temperature field have been observed. This
leads to large uncertainties on the average temperature gradient,
Fig.(15b,16a). The general feature is a flattening of the edge temperature
gradient [2,114,115] which is reduced from 2 to 3 keV / m in the
limiter configuration to a gradient ranging from 0.3 to 0.5 keV / m in
the divertor configuration. This corresponds to a minimum value
Xerg ~ 20 m 2 / s . In some cases or some parts of the profiles, the
average temperature gradient are approximately flat. This is the case of
the temperature profile displayed on Fig.(15b) from p ~ 0.89 to
p ~ 0.95. The energy transport analysis reported on Fig.(16a,16b), at
very low edge density ~ 5.1018 nv 3 , indicates that values of
Xerg ~ 100 m2s-! are reached [117]. The expected increase of transport
in the laminar region is not observed. This can be related to the reduced
heat conductivity on open field lines in such a non-collisional regime.
Note that the marked increase of the gradient beyond p = 1, is a
standard SOL effect in the shadow of the divertor coils themselves.

On JFT-2M, Langmuir probes located on the divertor floor,
indicate a flattening of the divertor profiles when the magnetic
perturbation is superimposed to the axisymmetric divertor configuration
[6,82,118], Fig.(17). This agrees with the general expectation of an
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increased radial energy transport. The temperature profiles exhibit some
modulations which is reminiscent of the results from Text and Tore
Supra. The smoothing process of the divertor profiles on JFT-2M has
two striking beneficial effects. On the one hand the peak heat flux is
significantly lowered, and on the other hand the width of the SOL which
is opaque to the neutrals, typically such that Te > 5 eV, is increased
(especially on the high field side). The latter effect must play a role in
the better density control and lowered X-point radiation which
characterise the shots with external magnetic perturbation on JFT-2M
[119,120].

On CSTN-I1, poloidally resolved Langmuir probe measurements at
p ~ 0.97 indicate temperature modulations from 2 eV to 5 eV (central
temperature 8 eV) [121,122], Fig.(18). From this data, it is possible to
compute the period of the modulations which is of the order of 35 °.
One thus finds that, at this radial location, the periodicity of the
temperature field follows the main poloidal wave number of the
magnetic perturbation m = 10, table I. A similar behaviour is
observed for the electric potential, Fig.(18), and is discussed in section
BI-3. On Text and Tore Supra, electron temperature patterns have also
been recorded in the poloidal direction using specific line ratios of the
impurities [107,108,109]. In the case of Tore Supra, in a high density
low temperature divertor plasma, the temperature pattern is modulated
between 7 and 10 eV at a given radius [108], Fig.(11). This shows, in
agreement with the theoretical understanding [123], that the electron
temperature field exhibits poloidal and radial structures. The theoretical
prediction for the magnitude of the temperature variation (determined by
the variational investigation in section AII-2), 8Te ~ AT<VTe>, seems
to agree with the data in the non-vanishing gradient domain,
8Te ~ ± 2.5 eV but departs significantly from the expected value,
8Te ~ 0 eV, when the average gradient vanishes. Such an effect could
be related to the smallness of the ergodic region versus the laminar
region. A check of this effect might be possible at high Pp operation
where the ergodic region should increase at the expense of the laminar
region, Fig.(4) [13].

B-I-2 Modification of the current profile. MHD (2A) stabilisation

The very first experiments devoted to helical magnetic
perturbations of the edge plasma were focused on MHD effects and
especially the control of disruptions. The basic results where obtained on
Pulsator [124], table I, with a helical winding characterised by the two
real space wave numbers, mrs = 2 poloidally and nrs = 1 toroidally.
The winding extends over 2n toroidally and poloidally so that the
spectrum of the perturbation contains only one mode in real space
coordinates. In terms of magnetic coordinates, however, a broadening of
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the poloidal spectrum must occur due to the Shafranov shift. The results
obtained with such a magnetic perturbation indicate that stabilisation of
MHD activity is achieved above a threshold in the perturbation level
[124]. However, as the perturbation is further increase, there is a roll-
over from stabilisation to destabilisation which drives a disruption [124],
The value of the coil current which triggers the disruption is a function
of the boundary value of the safety factor [124], Fig.(19). In Ref.[124],
the analysis of this dependence relates the width of the (m = 2, n= 1)
island generated by the magnetic perturbation 8j(2,1), to the distance
between the q = 2 surface and the boundary, Awau(2,1). The dependence
of the helical current versus the boundary safety factor at a given value
of 5j(2,1)/Awan(2,1) is indicated by the solid curve on Fig.(19). On
Fig.(19) is also reported the disruption threshold for the Textor
experiment [5] where a completely different perturbation coil was used.
The scales have been adjusted in order to superimpose the data from both
experiments. While the Pulsator data exhibits some scatter, the Textor
paper states that the disruption threshold is precise to within a percent.
Furthermore the dependence on the boundary safety factor is no longer
monotonic and some resonance effects can be considered in the vicinity
of q = 3 . The upper limit to the level of non disruptive magnetic
perturbations should not however be regarded as a major draw back
since there is a significant operating window below this limit where
MHD stabilisation is effective, see Fig.(20). Since the early experiments
on Pulsator, most of the tokamak experiments with stochastic boundaries
have reported stabilised MHD activity and a very sensitive turn-over
threshold in the perturbation level from stabilised discharges to triggered
disruptions [2,125], a 3 % sensitivity is reported for Text [125].

Investigations of the ergodic divertor effect on Tore Supra take
benefit of the possibility to trigger the magnetic perturbation during the
plasma current flat top. The response of the plasma current channel to
the magnetic perturbation is a rapid increase of the loop voltage followed
on a longer time scale by a decrease of the loop voltage spike and an
increase of the peaking of the plasma current as shown by the increase of
lj [37,38,39], Fig.(21). It is interesting to note the two spikes on the loop
voltage trace with no effect on lj, prior and during the diverted
operation. They correspond to laser blow off experiments which increase
the plasma resistivity without changing the current profile. The effect of
the ergodic divertor is also an increased resistivity of the plasma but
restrained to the divertor volume. The loop voltage then drives the
current peaking and is thus associated to the current diffusion as
indicated by the slow relaxation time of the loop voltage.

The response of the current channel to the ergodic divertor
perturbation is readily related to an increase of the resistivity in the
divertor volume. Apart from the direct change of the resistivity of the
open field lines discussed in section All, the reduced edge temperature
also leads to a significant increase of the parallel resistivity. The
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transport analysis of this behaviour indicates that the plasma current is
expelled from the outer 20 % of the plasma radius [39]. Such a change
of the plasma current profile was shown to stabilise the MHD (2,1) mode
[23,40,95,126]. The value of the Chirikov parameter on the q= 2 surface
seems to be a critical parameter in the interaction between the external
magnetic perturbation and MHD activity. As long as the stochasticity is
marginal at q = 2, CJchir(q = 2) ~ *-5> stabilising effects on the (2,1) mode
are observed. On Tore Supra, a significant perturbation of the q=2
surface is obtained by increasing the width of the poloidal spectrum. The
required change of the magnetic equilibrium can be achieved by reducing
the plasma minor radius. When the stochasticity is increased on the q = 2
surface, a disruption scenario is triggered [23]. The analysis in terms of
the Chirikov parameter on the q = 2 surface does not however yield the
dependence observed in the Pulsator experiment where operation at large
boundary safety factors require higher coil currents to generate a
disruption than would follow from the relation CQ\x[t{q = 2)^\.5. The
dependence considered on Pulsator could then be indicative of the
requirement of a stochastic boundary extending from the q = 2 surface
to the wall. Depending on the spectrum of the magnetic perturbation, this
constraint would yield different threshold values for the onset of
disruptions as cjQiirO}^) increases beyond 1.

Regarding the stabilisation of the MHD activity, most of the
reported results refer to increased operational windows with the external
magnetic perturbation. On JFT-2M, table I, the density limit is shown to
increase with the magnetic perturbation [119,120]. In this machine
characterised by an X-point configuration, the increase of the density
limit seems to be related to the lowering of the radiation from a region
close to the X-point and within the separatrix. The external magnetic
perturbation also increases the operational window to achieve a steady-
state like H-mode [6,82,127], Fig.(22). The latter are characterised by
regular Elms (Edge localised modes), which are found just above the H-
mode threshold power. By lowering the electron temperature on the
separatrix, Fig.(17), the magnetic perturbation generates a larger
window for the Elmy H-modes at the cost of a slightly increased H-mode
power threshold, Fig.(22).

The mechanism which governs the reduction in the recorded MHD
activity follows two trends. On Textor [5], the very broad poloidal and
toroidal spectrum of the magnetic perturbation seems to drive a mode
locking and lead to a lowered confinement of the discharge [5]. On
Toriut-4M, the (2,1) tearing mode is stabilised at roughly constant
frequency [37,38], Fig.(23). A similar result is obtained on Tore Supra
[23]. This indicates that a properly designed magnetic perturbation will
allow for an effective stabilisation of the (2,1) tearing mode with no loss
in confinement properties.
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B-I-3 Modification of the radial electric field

In the previous sections the electron response to the magnetic
perturbation does not account directly for the confinement loss of the
electrons. However, in the case of a stochastic boundary, the large
mobility of the electrons along the flux lines induces an electron loss
which can only compensated by a parallel electric field (as in standard
SOL physics [51]) to ensure an ambipolar flow of particles. From this
simple argument one expects the radial electric field to adjust to the
stochastic boundary in order to increase the confinement of the electrons.
The divertor volume thus appears as an extended SOL, shifting the
inversion point of the electric field towards the core [52,114,115,128].
With the Heavy Ion Beam Probe (HIBP) diagnostic [129], Text had the
capability to directly measure the electric potential and compare limiter
and EML configurations [52,128], Fig.(24). As expected, the inversion
point of the electric field is shifted towards the boundary of the
destroyed flux surfaces at p - 0.8. The peak of the electric potential in
the vicinity of the separatrix (p ~ 1) in the limiter configuration and
p ~ 0.8 in the EML configuration) is much sharper in the limiter
configuration than in the EML one, thus yielding a lower velocity shear
9 E r / 3 r at the separatrix in the EML configuration. If one now
considers the radial electric field in the vicinity of p ~ 1, one finds a
peak in both configurations, Fig.(25). The peak electric field is outward
in the limiter configuration and inward in the EML configuration, but
the shear of these radial electric fields are comparable.

The radial profile of the electric potential discussed above is
measured at IEML ~ 4 kA, i.e. at the threshold value for the response of
most plasma parameters, see Fig.(14). Using data from Ref. [128], it is
possible to relate the radial location of the electric field inversion point
and the value of the electric potential at p ~ 0.7 as the perturbation level

is increased, Fig.(26). The dependence NIEML ~^EML ) *s a^so f°und for

this data but with a lowered threshold value of IE
r
ML -1.5 kA compared

to the edge plasma temperature response ( I E ^ L - 3 . 2 5 kA). The
structure of the radial electric field in the stochastic boundary seems to
exhibit two regions : a high electric field shear region expanding from
p ~ 1 towards the low shear inversion point region where crchir ~ 1- As
the perturbation level increases, the inversion point of the electric field
penetrates towards the core plasma and appears to remain located in the
vicinity of the separatrix between closed and open flux surfaces. The
increase of the electric potential at p ~ 0.7 with the perturbation level is
indicative of an increased region of high electric field shear, the extent of
the low shear region remaining roughly the same. Such a behaviour
would be consistent with the results from fully stochastic boundaries
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experiments on Tore Supra which indicate the radial electric field is
reversed but with no decrease of its magnitude [115], Fig.(27).

On Tore Supra, the change in the radial electric field is inferred
from Doppler shifts of impurity line emission [130]. These measurements
indicate that the toroidal rotation velocity decreases from ~ 3 km S'1 to
0 (± 1 km s-1) while the poloidal rotation velocity exhibits a spin up of
~ 1 km s'1 (± 0.8 km s"1). The overall change of the plasma rotation
leads to an increase of the radial electric field in this boundary layer in
agreement with the expected behaviour. The density fluctuations
measured by coherent scattering is also indicative of the radial electric
field change [114,115]. The density fluctuations seem to be mainly
localised in the domain of negative radial electric field in the limiter
configuration, while they are mainly localised in the domain of positive
radial electric field in the divertor configuration. Moreover, the
frequency difference between the peaks of the spectrum with the sign of
the ion and electron drift frequencies is unaffected by the change in
configuration. This data is consistent with the picture of an inward shift
of the electric field inversion point but with a constant magnitude of the
electric field in the vicinity of the separatrix, Fig.(27).

From the transport analysis of section All, one expects a similar
behaviour of the electric potential and of the temperature fields in the
divertor volume. Neglecting the cross field currents in Eq.(14), allows
one to recover the parallel Ohms law in the collisional regime. A similar
expression can be derived in the collisionless regime [131]. This
corresponds to the laminar regime for the electric field. In the ergodic
regime, the cross field transport must be accounted for which bounds the
validity of such expressions to a typical scaling of the order of the
Kolmogorov length, Eq.(17). In this second region, one can measure
modulations of the electric potential which are consistent with the
dependence of the electric potential on the temperature field. Evidence of
these modulations have been measured on CSTN-II (table I), Fig.(18).
One finds that the electric potential is characterised by the same
periodicity as the temperature field, namely that governed by the main
poloidal wave number of the perturbation. Interestingly enough, the
temperature and electric potential exhibit a phase shift of about n / 3
allowing for a significant energy convection due to the electric drift,
Te / eB ~ 60 m V 1 while DFL v the ~ 2 m V 1 [132]. Furthermore, the
electric potential is characterised by a broader poloidal spectrum (the
modulation is more localised) which can be related to a smaller cross
field averaging.

In the case of small temperature and plasma pressure gradients [2],
one expects a vanishing radial electric field throughout the divertor
volume. The electric field variation indicated by the experimental
investigation would then be localised in the vicinity of the separatrix. The
existence of a velocity shear layer at this location would be consistent
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with both the temperature gradient peaking at this location and the
observed decrease of the low-k density fluctuations [114,115].

B-I-4 Modification of the electron density and saturation current
fluctuations.

As shown in section A, the plasma response to the external
magnetic perturbation depends on the level of cross field transport which
governs the cut-off of the large wave vectors generated by the
stochasticity. If the transverse transport governed by the turbulence is
modified in a significant way, a self consistent transport analysis,
including the fluctuating quantities must be considered. Furthermore, one
can expect that the radial localisation the electrostatic modes due to the
linear decorrelation governed by the shear, will be reinforced by the
exponential decorrelation governed by the stochasticity. However, the
exponential divergence is an average effect and following the
temperature pattern, one can expect regions of increased decorrelation
together with regions of lowered decorrelation.

Coherent scattering measurement of density fluctuations, both on
Text [3] and Tore Supra [115], have indicated a drop in the fluctuation
level, Fig.(28). As for the temperature field, there is a threshold in the
perturbation level, before the onset of the reduction in the fluctuation
level. The more detailed experimental investigation performed on Tore
Supra shows that the k-spectrum of the density fluctuations is modified
[115], Fig.(29). While the large k fluctuations are not changed or even
slightly increase, the small k fluctuations decrease, typically for
k < 400 nr 1 . Such modes, on 2.5 mm scale, reach the magnetic island
scale generated by the ergodic divertor (~ 30 mm) in one poloidal
rotation due to the exponential divergence of the field lines. The large
electrostatic structures which govern the anomalous transport are
therefore strongly affected by the correlation loss induced by the
stochasticity. The reflectometry analysis of these large modes confirms
these results and shows that the low k density fluctuations are reduced
along the midplane radial chord throughout the divertor volume [115],
Fig.(30).

As reported by the Text team [3], the analysis of the fluctuation
level of the saturation current from the Langmuir probes is characterised
by poloidal modulations, Fig.(31). While an overall decrease is found, as
indicated by the coherent scattering measurement, there are regions of
increased fluctuation levels. In order to assess the exact impact of such
modulations on the transport, a more detailed analysis is required in
order to determine whether the low k spectrum decreases at all locations,
as exemplified by the Tore Supra reflectometry measurement, while the
large k fluctuations exhibit modulations, which seems to be the case in
the coherent scattering analysis [133].
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B-I-5 Response of suprathermal electrons

The large electron mobility along the field lines can contribute to
an effective electron loss for a small fraction of the electron population.
The particle flow will then remain ambipolar via an increase of the
sheath potential drop. Such electric potential changes have been observed
during rf heating on CSTN-II [134]. The diffusion of the high energy
electrons which support the current can lead to an increased core
resistivity at the expense of a lower boundary resistivity. Such an effect
has been analysed in the case of rf current drive [135] and is a possible
mechanism to generate the current profile observed on RFPs [136].

On specific Tore Supra shots, losses of runaway electrons have
been triggered by a sequence of ergodic divertor pulses, Fig.(33). The
data is consistent with a large increase of the runaway diffusion
coefficient over most of the volume where the runaways are confined.
Detuning of the runaways with the magnetic perturbation, Eq.(24),
which has been observed elsewhere [137], is not observed on Tore Supra
probably due to the large poloidal spectrum of the perturbation [13].

In the case of the suprathermal electrons generated by the lower
hybrid current drive waves, one finds that there is no significant
reduction of the current drive efficiency [138], Fig.(32). In this case, the
energy deposition is peaked around the plasma mid-radius. The electrons
which are generated at a sufficient distance from the stochastic boundary,
i.e. such that their diffusion time to the separatrix remains longer than
their slowing down time, will still contribute to the current drive
process. The compatibility of the current drive scenario with the
stochastic boundary is therefore a standard issue of creating the current
in the confined plasma, the structure of the boundary plasma being only
important to determine the coupling of the waves to the plasma.

B-I-6 Heat deposition pattern

The control of the energy flow to the plasma facing components is
one of the important problems addressed in the experiments devoted to
stochastic boundaries. Leaving apart the issue of radiative enhancement,
two pictures have been used to describe the expected properties of these
boundary layers. On the one hand, a naive approach has led to the picture
of a randomly distributed power flow on the first wall elements. On the
other hand, the design of the Tore Supra ergodic divertor coils clearly
aims at taking benefit of the channelling of both particles and heat in-
between the current bars. In fact the latter picture is the proper approach
since the parallel flux across the unperturbed magnetic surfaces can only
occur at those positions where the radial magnetic perturbation is
located, namely at the location of the perturbation coils. In steady state
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operation one thus readily expects well defined heat deposition patterns
[139].

This has been observed since the very first experiments on Text
[24].The heat deposition on their poloidal ring limiter exhibited a
poloidal periodic pattern of the heat deposition in the co-direction
followed by heat deposition in the counter-direction. The periodicity of
this pattern followed that of the main mode number of the perturbation.
On Tore Supra the heat deposition on a modular limiter, A9 ~ 45° and
A(p ~ 11°, also displays this alternate deposition in the co and counter
directions [361. Let us now consider a 2-D sketch of the magnetic
configuration, Fig.(34). In the (0, (p) plane the coils define areas of
positive and negative radial magnetic perturbations. In a domain of
positive radial perturbation (at the coil location) the energy can flow
radially outward in the co-direction of the total magnetic field and hence
impinge onto the region of the limiter which is connected in the
codirection. Conversely a domain of negative radial perturbation will
govern the heat deposition on the regions of the limiter which are
connected in the counter direction. This first order analysis gives the
proper understanding of the patterns observed on both Text and Tore
Supra. These patterns can be smoothed using AC currents in the coils in
order to alternate in time the areas of positive and negative radial
magnetic field as done on CSTN [140].

On Tore Supra, the property of channelling the power to specific
areas is used for the divertor scheme. The modules of the ergodic
divertor are thus equipped with a set of actively cooled target plates
located between the current bars, i.e. where the power flux is deflected
by the magnetic perturbation. However, in order to ensure pumping, the
total available surface cannot be used for energy exhaust. In the present
configuration all but one target plates are inclined at 45° with respect to
the toroidal field and oriented outwards. The technical limitation of the
energy removal capability of the target plates is l O M W n r 2 which
translates into less than 1 MW of extracted power [16]. One target plate
with a ~ 60 |im thick B4C coating is oriented inwards and is devoted to
IR imaging of the power deposition [141]. A rapid time constant (4 ms)
characterises the B4C layer so that the surface temperature of that target
plate is proportional to the power flux (there is however a longer time
constant of 5 s due to the copper substructure which leads to a
temperature drift) [141]. This target plate and the calorimetry
measurements of the actively cooled elements allows one to monitor the
power deposition.

The new energy flow pattern to the first wall elements was
investigated with a test limiter Aijmjter ~ 0.03 m ahead of the divertor
modules, Fig.(35) [36]. As the perturbation current is increased, the
energy flow is transferred from the limiter head to the divertor target
plates. As shown for the temperature response, there is a threshold in the
perturbation level before a significant deflection of the energy from the
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limiter to the target plates is observed. This threshold at Igo ~ 10 kA is
readily expected and corresponds to the balance between the radial extent
of the perturbed domain and Aiimjter. Above this threshold, the target
plate shadowing by the limiter follows two effects. At the largest values
of the perturbation, I^o > 20 kA, the radial step induced by a single
divertor coil is comparable to Ajjmj ter so that a laminar regime of
shadowing prevails. In the intermediate regime, the limiter protrudes
into the ergodic volume of the target plates. In order to model this
regime, Fig.(35), an increase by a factor of 3 of the number of screened
target plates has been applied with respect to the laminar screening.

A narrower energy deposition pattern governed by the laminar
transport is superimposed to the deflection effect by a single coil
described above. Mapping this pattern obtained with the code Mastoc for
one module, Fig.(10), on the target plates leads to the typical structures,
Fig.(36), which are observed experimentally, Fig.(37) [36,141]. This
stripe pattern is characterised by the typical laminar scaling between the
position of the maxima, about 0.04 m, and a rather strong peaking factor
of 2.5. In fact this energy deposition pattern is obtained in a
configuration where the edge safety factor is rather large compared to
the value required to avoid any shadowing of the target plate by the
current bars themselves. A broader energy deposition pattern is achieved
at the resonant value of the safety factor as shown on Fig.(38). In this
case with additional heating, the maximum power flux remains in the
2.5 MW nr 2 range and the peaking factor is reduced to about 1.9.

The analysis of power deposition in standard limiter or divertor
configurations shows that the required alignment is of the order of
0.5 mm in order to avoid any local peaking of the power flux. In the
case of the ergodic divertor with several coils distributed in the torus one
finds that the alignment requirements are far less stringent, [69,141]. In
the ergodic divertor configuration, the main misalignments are induced
by radial shifts of the coils ARcoii, operation with a mismatch between
the coil minor radius acoji and the plasma minor radius aED or with a non
resonant edge safety factor (as shown on Fig.(37)). Since each coil has a
large deflection effect (about 0.03 m), one readily expects some
robustness to misalignment. Indeed, a maximum modulation of 10 % in
the power deposition requires ARcoii < 6 mm in the case of a radial
shift of the coil and acoii - a£D < 0.03 m for a minor radius mismatch.
This analysis allows one to recover the order of magnitude of the
modulations of the energy load observed experimentally < 14 %,
Fig.(39), which are well correlated to the measured radial shifts of the
coils, ARCOJI < 5 mm [141].
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B-II Particle transport
B-II-1 Overview of the problem

The experimental studies of particle transport in the ergodised edge
volume are difficult to interpret although there is strong experimental
evidence which demonstrates a strong modification of the global particle
balance. This is paradoxical if one considers that the theoretical values of
D e r g are not predicted to be significantly larger than the transverse
diffusion coefficient D± of the equivalent limiter shots (section AII-3). In
fact, the large amount of experimental evidence is not easily analysed
because of the usual intricate mixing of particle transport and atomic
physics. Both effects govern the physics of plasma-surface interactions
such as recycling or sputtering and the neutral atom behaviour once
released. Further complexity is introduced by the edge geometry which
results in fact from three components. First the magnetic geometry which
governs the parallel plasma transport. Insofar as the effect of anomalous
transport remains weak the plasma transport is well characterised the
parallel transport and the magnetic coordinates of the magnetic
equilibrium, section AI-1. The second geometry is that of the neutrals
dynamics which is independent of the magnetic field but can be very
sensitive to the plasma parameters. Finally, the third geometry, that of the
wall components, can exhibit unexpected complexity due to local "hot"
and "cold" spots or to evolving sheath potentials which directly modify
particle sources [142]. Particle transport in the bulk seems more
straightforward to investigate using laser blow-off impurity generation
for rather heavy impurities and spectroscopic line measurements of the
different ionisation stages.

The modified geometry introduced by magnetic perturbations will
affect tremendously many aspects of the edge particle transport. Indeed, it
introduces a region of modified transport between the plasma-facing
components, where recycling is localised, and the separatrix (last closed
magnetic surface). Furthermore, the overall distribution of the flux tubes
on the wall surfaces is modified, the wetted carbon surface is changed.
Such involved physics is reminiscent of that encountered in standard X-
point divertors [143]. This is exemplified by the pump-out effect (strong
decrease of the plasma density) which is found when the plasma is
switched from the limiter configuration to either an X-point
configuration, as observed on JET [144], or to the ergodic divertor
configuration [39]. The laminar region for particle transport, section A-
II-4 is thought to play a major role in the region of reduced particle
confinement. Interestingly enough, the ergodised edge experiments
achieved in many devices are all characterised by a comparable laminar
region (section A-II-4) although the spectra of the magnetic perturbations
differ, section A-I-2. Indeed the size of the laminar domain does not
depend on the width of the poloidal spectrum. Furthermore, in the
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smaller devices, the main poloidal mode of the perturbation is smaller so
that the width of the laminar region (X-iaminar a m / a) remains constant
in absolute units. The ratio of the width of the laminar region to the
ionisation scales or to the e-folding length of the scrape-off layer,
A,q ~ 0.01 m, does not exhibit too large changes at least when comparing
Text and Tore Supra.

The radial extent of such low particle confinement zones usually
exceeds typical atomic physics scales, i.e. ionisation occurs in the low
confinement region. This gives rise to the screening effect. However, the
large probability for a neutral to be ionised in the low confinement
region, only leads to an increased recycling if a strong pumping
mechanism is not available. The exhaust requirement of the screening
effect is generally achieved by a transient wall pumping capability, the
time scale of which largely exceeds the present tokamak pulse duration
[17].

Section B-II is organised to address the various phenomena which
have been discussed here above. The investigation of the bulk particle
transport is discussed in section B-II-2. The impact of plasma-wall
interaction processes is reviewed in section B-II-3. A very crude model,
including atomic physics, allows one to investigate the screening
efficiency for many species, section B-Q-4. Application to radiation layer
control is finally discussed in section B-II-5.

B-II-2 Effect on the bulk particle transport

Bulk transport modifications have been analysed using either the
steady state density profiles or dynamical processes. The conclusions of
this twofold approach are contradictory. After describing the
experimental evidence, a tentative conclusion reconciling the results is
drawn.

The relaxation of density profiles points out at a significant
improvement of the particle confinement in the bulk. This was shown for
laser blow-off impurity generation such as nickel in Tore Supra. In a
helium plasma, a doubling of the decay time of the NiXXV brightness,
xNi ~ 310 ms in the divertor configuration, is observed when compared
to the limiter conditions [145], tNi ~ 130 ms in the limiter configuration,
Fig.(40). The apparent increase of the nickel life time is modelled by a
transport barrier due to a localised and large increase of the inward pinch
velocity [145]. This barrier is localised in the vicinity of the separatrix.

Similarly, an analysis of the plasma electron content in the
framework of a 2-reservoirs model [17], neglecting thus the fast dynamics
of an intermediate edge / scrape-off layer zone, but taking into account
the evolution of the wall particle content, exhibits a doubling of the
overall retention time of the bulk particles [146], Fig.(41). This analysis is
performed during the evolution from the density equilibrium in the
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limiter configuration to a new density equilibrium following the
activation of the ergodic divertor. These dynamical investigations of
particle transport indicate a doubling of the particle life time for densities
in the range of <ne> ~ 2.1019 nr3 . However, such results require a more
detailed analysis since each event, laser blow-off impurity generation and
ergodic divertor activation translates into an increase of the loop voltage,

The density profiles in both divertor and limiter configurations are
very similar for a given volume average electron density [2]. Only at the
very edge does the density decrease substantially in ergodic divertor
configurations [2,147]. In fact, the qualitative overall behaviour of the
density and temperature profiles are the same as measured by Thomson
scattering. The bulk profiles are unchanged and only the points belonging
to the divertor volume are lowered. This requires a local increase of the
gradients in the vicinity of the separatrix as discussed for the temperature
[3], Fig.(16). For instance, in He shots, the density decrease is only
noticeable at the outermost experimental point, r=0.71 ±0.03 m [147].
In deuterium shots, Fig.(42), the observed lowering of the density is
lower in the core than at the edge where it reaches 75 % at p ~ 1. The
density decrease shown in Fig.(42) ranges from 35 % to 40 % for
p < 0.9, i.e. most of the plasma profile is similar in the limiter and
divertor configurations. Consequently, the profiles are locally steeper in
the intermediate zone, typically p ~ 0.9. The overall conservation of the
density profile in the bulk indicates in fact that the ratio between the
diffusion coefficient D and the inward pinch velocity V is unaffected by
the changes introduced by the ergodic divertor at the boundary.

The density decay following a pellet injection, ablated at mid radius
in this Tore Supra case [148,149], is faster in the ergodic divertor
configuration than in limiter configuration. This can be directly linked to
the reduced gap between the deposition radius and the low confinement
edge region. This reduced diffusion time combined to an increased
pumping capability in the ergodic divertor configuration translates into a
reduced relaxation time of the density profile.

The analysis of the bulk confinement time yields therefore results
which appear as contradictory. On the one hand the steady state analysis
indicates that the ratio D / V in the bulk, typically p < 0.8, is unaffected
by the stochastic boundary. At the boundary of this region, p ~ 0.8, the
density gradient is steeper in the divertor configuration. Such a transport
barrier is in agreement with the time dependent transport analysis and
with the observed reduction of the density fluctuations [114,115].
However, the gradient increase of the density profile seems to be less
important than that of the temperature gradient [3]. On the other hand,
local particle sources whether located at the very boundary or at mid
radius indicate a reduced confinement time in the ergodic divertor
configuration. This result seems to corroborate the existence of a
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significant volume characterised by a very low confinement time,
typically for p > 0.8. This transport effect amplified by the increased
wall retention of particles would then explain the decreased relaxation
time of the density profiles when the driving source of particles are
localised too close to the low confinement region. This effect would occur
despite the weak transport barrier which, very likely, builds-up at the
separatrix.

B-Il-3 Modification of particle recycling and of the wall status

A striking feature of the experiments is that the magnetic
perturbation triggers a density decrease for deuterium shots (pump-out
effect). This was established in Text [125] where the 10 % density
decrease is balanced by a moderate gas puff. In Tore Supra, the density
decrease is more important, up to 40% [112]. An increase of the
recycling, i.e. of the Da emission, accompanies the density reduction.
These two signatures are indicative of a reduced global particle life time.
Opposite trends have been found in Hybtok [44]. However, in such a small
device, the typical ionisation length X[ is of the order of the minor radius
of the machine a, "k\ / a ~ 1. As stated in section B-II-1, the experiments
are only comparable as long as A,j / ^laminar — 1> where -̂laminar *s m e

width of the laminar region, typically Xi a m jn a r / a < 0.2 on Text and
-̂laminar / a - 0-06 on Tore Supra. Another size effect is related to the

wall characteristic in terms of its carbon coverage and of its wetted area.
In Text or Textor, the area of the plasma-facing components is rather
small. In Tore Supra, this surface is of the order of 10% of the whole
surface of the vacuum vessel, i.e. more than 10 m2. The extensive use of
carbon as first wall material will then result in a significant retention
capability of the wall for most of the atoms outflowing from the plasma.
It should be added that the large minor radius of the ergodic divertor
modules of Tore supra leads to a plasma configuration, which is very
"fat" and also involves an interaction with the 12 m2 inboard graphite
wall, thus further increasing the wall retention capability. On the smaller
tokamaks, the whole vacuum vessel is connected to the plasma and is
usually made of metal. The back scattering probability is generally lower
for a carbon wall than for a metallic wall [150]. These effects lead to a
decrease of the wall retention and would explain the results from Hybtok.

A comprehensive analysis of the screening effect thus includes the
wall status and a careful study of the ratio between the ionisation length
for a given species and the width of the low confinement region, typically
the laminar scale. Since most of the edge parameters are unknown, a
survey of the experimental results comprising many species of particles,
deuterium, helium as main plasma components, intrinsic impurities (C, O
and Cl) or extrinsic gaseous impurities (Ar, N, and Ne) may offer some
insight in the mechanisms at stake and their relative weight in determining
the screening process.
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During the density decrease triggered by the application of the
ergodic divertor, the gas puff does not allow one to reach the former
density level. Two mechanisms generate this specific property of the Tore
Supra stochastic boundary. First, the fuelling efficiency is very low of the
order of a few %. Secondly, any heavy injection in these ohmic shots with
carbonised walls leads to a radiative collapse. This behaviour could be
changed with boronised walls and the application of the ergodic divertor
during the plasma current ramp up, Fig.(43). This allowed for a stronger
gas puffing rate, still at low fuelling efficiencies, but with an extended
regime of stable retention of particles in the wall [146].

The coupling between wall saturation and density limit by radiative
collapse was examined in Ref.[17]. The screening effect which requires a
higher loading of the wall to reach a given density must therefore lead to
a lowering of the density limit. Indeed, the density limit was shown to be
25 % lower for divertor configurations than for limiter configurations.
In terms of the modified Murakami parameter M q = <ne> R / BT

(<ne> is the volume-averaged density, R the plasma major radius, BT the
toroidal magnetic field, and q is the edge safety factor), the product M q
decreases from 9 1019 n r 2 T"1 (limiter case) to 7 1019 m"2 T'1 in the
ergodic divertor case [147,151]. The improved density scenario, Fig.(43),
with boronised walls, allows one to reach values of M q exceeding
1020 n r 2 T"1 [152,153]. In this experiment, the boundary neutral density
is also shown to be larger in the divertor configuration than in the limiter
configuration. The latter effect significantly changes the charge exchange
line emission in the high radiating scenarios [154,155].

In helium shots, the pump-out effects are not encountered, the
fuelling efficiency is close to 100 %. A very accurate measurement of the
fuelling efficiency is difficult owing to the unavoidable deuterium residual
content of the discharge. The well known lowering of radiation in He
shots allows for a factor 2.5 increase of the density limit in both limiter
and ergodic divertor configurations. These results seem to indicate a
vanishing wall retention of helium. In fact, wall retention of helium still
exists, since about 50 seconds of deuterium fuelled shots are required to
deplete the wall of its helium content and recover pure deuterium shots.
However, this wall retention concerns a limited quantity of helium, about
5 1021 particles, hence 10 times less than found in the case of deuterium
retention.

Only three impurities are commonly found within the plasma.
Carbon is the main wall component and by far the dominant impurity. A
careful conditioning lowers the oxygen level to at least one order of
magnitude lower than carbon. Finally, chlorine is found sometimes,
especially in high density discharges. The carbon source is mainly due to
sputtering (both chemical and physical) but in any case, as already noticed
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in TFTR [156], its absolute magnitude is only slightly dependent on the
plasma global and edge parameters. Oxygen and chlorine are likely of
chemical origin and their sources are estimated to depend linearly on the
recycling deuterium flux.

The use of extrinsic impurities does not alleviate the problem of
wall retention. Even when using the impurities having the smallest
chemical affinity with the wall components, wall retention phenomena
cannot be ruled out. Nitrogen is subject to heavy wall pumping resulting
in a fuelling efficiency similar to that found for deuterium. This effect
was noticeably enhanced after wall boronisation. Argon wall retention is
also very large leading to a non recycling behaviour irrespectively of any
active pumping. Wall retention is assessed by argon desorption during the
following shots (as found for helium). Neon is characterised by a typical
recycling behaviour, i.e. a steady state density is reached after a short
neon puff. Nevertheless, wall retention still occurs as shown by after shots
neon desorption [157,158]. The neon retention time is not very large,
typically a few tens of seconds, but longer than the vessel pumping time.
Part of the injected neon is therefore temporarily stored in the wall.
Observed variations of the post shot desorption times was analysed and
could be attributed to changes of the boundary electron temperature. The
latter governs the energy of the neon ions and hence their deposition
depth within the material.

Wall retention is therefore essential in determining the screening
effects of any edge layer. This effect is reinforced by the matter
recirculation in this layer which multiplies the interactions with the wall.
A very simple model allows one to quantify this effect. Let R be the
recycling coefficient of a given species of particles (i.e. their reemission
probability, R = O i n f l u x / O o u t f l u x , where O0utflux is the particle flux
deposited on the wall and ^influx 1S m e particle flux leaving the wall). If
the probability for a neutral to reach the confined plasma (typically
beyond the transport barrier in our case) is e*x, then the equilibrium
fraction of injected particles which are found in the plasma, the fuelling
efficiency f(R,x), amounts to :

( 3 0 )

This function is displayed in Figure (44). It allows one to assess the
relative role of the two phenomena in determining the global screening
efficiency. Indeed, x is readily understood as the ratio between the width
of the low confinement region and the ionisation length, x ~ ^screen / ^i-
In a deuterium case with R - 0.5, a fuelling efficiency in the range of
2 % corresponds in fact to a ratio x ~ 4. In the cases which are just prior
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to detachment, the fuelling efficiency rises to 25 %. A ratio x ~ 1.75 is
then required to satisfy Eq.(30). This corresponds to nearly a doubling of
the ionisation length, which, in a scenario of increasing density, can only
occur in the parameter regime where the ionisation rate strongly
decreases, i.e. when Te drops below 10 eV. This agrees with the
observation that fuelling efficiencies of 25 % are found near detachment.

B-II-4 Role of atomic physics on the screening efficiency

In the analysis of the fuelling efficiency, Eq.(30), the parameter x
contains all of the information on the atomic physics and plasma physics
which govern the attenuation of the neutral flux. This opacity depth of the
edge layer, with respect to neutral ionisation, will explicitly depend on the
neutral velocity, v0, and on the ionisation rate <av>i. Note that the crude
approximation A,screen ~ X,iaminar in order to compute x ~ Xscreen / X[, is
equivalent to stating that the neutrals which are ionised in the laminar
region do not contribute to the global particle balance of the discharge.
However, values of x > 1 explicitly assume that the integral of the
residual plasma density over A,screen is not negligible. This contradiction
clearly indicates that there is a need for more advanced modelling of the
screening effect. Let us now investigate some of the features of our simple
model of the fuelling efficiency.

In the case of deuterium screening, determining VQ is already a
complicated problem. Indeed the neutrals emission velocity exhibits a
dependence in the magnitude of v0 and on the angular distribution, hence
on v O r /v o , where vOr is the radial component of v0. Such an effect is
clearly amplified when the reemission is preferentially directed away
from the plasma. This was experimentally demonstrated on DITE with the
ICL limiter [159]. This geometrical effect was considered when designing
the target plates of the ergodic divertor and presently 29 out of 30 target
plates are oriented outwards. From this first reemission of the neutrals, a
complicated trajectory with interactions with various wall components
will occur before ionisation. Such neutral trajectories are expected for the
back flow of the "hot" ionic flux impinging onto the target plates. Yet, all
the particle flux is not focused on these elements and recycling, probably
at lower plasma energy, will occur on the modules themselves. The latter
allow for an reemission towards the plasma which is favourable. Apart
from geometrical considerations, the neutral velocity depends on the
generation mechanism. On the one hand, there is the simple back
scattering process such that the neutral energy is in the range of
Tj + 3Te, hence very dependent on the edge plasma status (the term
~ 3Te is the energy transferred from the electrons to the ions in the
sheath [51]). On the other hand there is the Franck Condon dissociation
process which shares the chemical energy of the D2 molecule on the two
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D atoms. This ensures a minimum energy of about 3 eV to the neutrals.
Last but not least, the ratio between the two processes, back scattering and
molecular dissociation, depends on the wall properties and on the edge
temperature.

The opacity depth of the boundary layer also depends on the
integrated boundary density, Xscreen <n>sc reen, before ionisation occurs.
Since the complicated wall geometry is determined, the relaxation process
from the limiter configuration to the divertor configuration will only
modify the line average density in the expression of the opacity depth x.
The decrease of <n>screen will therefore end when the fraction of neutrals
which are ionised beyond the low confinement region balances the plasma
outflux. This analysis gives a strong weight on the fast neutrals and hence
on the mechanisms which generate this population. The latter include
charge exchange and multi-step energy gain through the sheath. The ion
and electron temperatures are therefore key parameters in this process.

The stochastic boundary thus yields a new balance between the
plasma and the wall. In the frame of a 2-reservoirs model, one finds :

xj limiter XT limiter KV divertor NT divertor
l^ plasma _ iN w a n , iy plasma _ IN w a i |

~~ limiter ' ~~Z ~ divertor
1 plasma lwall l plasma Lwall

limiter , XT limiter _ u _ xj divertor , xjdivertor
wall "*• i N plasma ~ i N total ~ i N wall "*"iN plasma

(31)

This very simple approach allows one to combine the attenuation factor of
the neutral flux, which translates into an increase of the effective wall
retention time Twan, and the wall particle retention characterised by Nwan.
In this model the increase of xw an in the divertor configuration
immediately shifts the equilibrium to a lower plasma density.

The final dependence of the opacity depth of the neutrals to be
discussed is the dependence on the ionisation rate. In the experiments, a
large number of species have been used. This allows one to modify the
optical thickness and hence to investigate the screening effect. Let us
consider the ionisation length, X[ = \Q/ (ne <av>i), for various species.
The ratio x ~ A,screen / X\ is plotted on Figure (45). This calculation is
done with a reference electron density, ne = 1019 nr 3 . Various neutral
energies have been used in relation to the most likely generation
mechanisms. In the case of the noble gases, He, Ne and Ar, back scattering
energies are considered. In fact, it has been observed for Ne [160] that
only a small fraction of the neutrals are characterised by these energies.
However the large amount of Ne neutrals with measured low energies,
typically 0.3 eV, lead to very large values of x. The latter population
cannot contribute directly to the fuelling. For the impurities with
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chemical affinities, two series of results cover the physics. Indeed, atomic
carbon, oxygen and nitrogen will behave similarly. For these species, the
chemical generation is illustrated by C and O while the back scattering
mechanism is given by N. Regarding chlorine, only the back scattering
process allows for values of x within the range of interest. For the sake of
simplicity, we shall consider that the deuterium particle balance illustrated
by Eq.(31) is achieved with neutrals of a few eV energy (Franck Condon
range). By definition, these particles draw the boundary between the
screened particles and the unscreened particles. Thus, only back scattered
impurities exhibit a significant penetration probability.

The case of helium is of particular interest. In Tore Supra, the
known high fuelling efficiency of helium is not affected by the ergodic
divertor. Helium shots do not exhibit the characteristic pump-out effect of
the deuterium shots. There is a straightforward reason for this result.
Indeed, as recalled in section B-II-3, the helium retention of the wall is
small. In the global particle balance equation, Eq.(31), one finds therefore
Npiasma = Ntotal- The strong changes of particle transport at the boundary
cannot modify the helium content of the discharge unless a significant
helium pumping capability is implemented. Control of helium will remain
a difficult issue in spite of large pumping capabilities. Indeed, one
estimates that the fraction of back scattered He from the wall, amounts to
about 40% of the incident flux for an incoming energy about 100 eV
[161]. This effect, combined to the high ionisation potential of helium,
will favour the penetration of helium with respect to that of deuterium. A
strong screening of helium will only be achieved if the plasma density and
therefore the line average density, A,screen <n>screen, are not governed by
the fuelling efficiency of recycling deuterium. A forced increase of the
deuterium penetration probability via pellets in particular will allow for
the build-up of a high density plasma with a complete screening of
recycling particles.

Intrinsic impurities with present conditioning techniques have a
large chemical affinity with deuterium or carbon. In Tore Supra, the
ergodic divertor configuration leads to a reduction of the bulk impurity
contamination. The decrease of the edge electron temperature due to the
stochastic boundary can contribute to this result both through a lowering
of the source and a lowering of the energy of the back scattered neutrals.
For carbon, a screening factor of 5 (with respect to limiter data) is
reached on a very large density range, Fig.(36). A different result is
achieved for oxygen which illustrates the role of the generation
mechanisms. The screening effect for oxygen is found to be about half of
that of carbon, Fig.(47), although their penetration probabilities are
comparable, Fig.(45). If one normalises the oxygen data to the hydrogen
flux, given by Ha measurements, one recovers the same trend as for
carbon. Chlorine is only found in the plasma bulk in high density plasmas,
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with large radiation rates. It is strongly screened in the ergodic divertor
configuration [42]. This property remains, even at very low edge
temperatures (4 to 5 eV). A further temperature decrease, in a detached
plasma, seems to reduce the screening efficiency, Fig.(48). The data for
C, O and Cl seems to indicate that the main screening property of the
ergodic divertor is actually governed by a lowered fuelling efficiency
rather than a decrease of the source. However, it is difficult to completely
rule out the effect of the reduced temperature on the source of impurities.
On Text [125], a decontamination effect is reported for the titanium
emanating from the TiC coated limiter. Since the impurity production is
sputtering, it is certainly heavily affected by the edge temperature
decrease. A more detailed analysis of the line emission from carbon and
oxygen on Text [107], although at very low perturbation levels, indicates
that the low ionisation states are characterised by an increased
concentration when compared to the limiter configuration while the
higher ionisation states exhibit lower concentrations, Fig.(49). This result
thus supports the trend of a significant increase of particle transport in the
perturbed region.

The border line between the screened and unscreened species which
is defined here above by the deuterium penetration factor can be
investigated in more detail with injected impurities. We shall not deal with
laser blow-off injection. The latter is not relevant since the perturbation
of the edge plasma is large. The high density ~ 1019 n r 3 neutral cloud is
a major perturbation giving rise to the so-called burn through effect. Gas
puffing techniques are a little less perturbative, one expects locally one
order of magnitude less neutral density for reasonable injection rates (i.e.
less than a few 1019 particles /s). The neutral gas velocity is so low at the
output location (< 103 m S"1) that direct penetration into the plasma is
impossible. The recycling process will determine the fuelling efficiency,
Eq.(30). The experimental results for N, Ar and Ne injection are
summarised in Figure (50). In all cases, the fuelling efficiency decreases
with increasing density. For N and Ar, a further decrease by a factor of 5
is obtained with the ergodic divertor. In helium shots, neon behaves in the
same way for limiter and ergodic divertor configurations. Furthermore
its measured penetration probability is large.

Let us now analyse these results. As expected from deuterium
screening considerations, the deuterium experiments are characterised by
a unique density. Furthermore, the screening efficiency of the impurity
species follows their relative positions with respect to the 3 eV deuterium
curve in the plane (Te, A,screen / A,j), Fig.(45). Nitrogen, provided one
considers the chemical generation, is strongly screened, a factor 5 like
carbon. As expected from the data of Fig.(45), Ar also belongs to the
screened species with a comparable efficiency to that of N. Going to the
unscreened branch, one finds indeed that Ne is characterised by a similar
behaviour as He. Wall retention for neon in high density, low
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temperature, deuterium shots leads to a higher penetration probability as
discussed in section B-II-3.

In concluding this section, one finds that noble gases with low
charged states and therefore a low implantation depth in carbon, are also
characterised by a high ionisation potential. Both properties lead to a low
screening behaviour. Conversely, chemical affinity with carbon or
deuterium and therefore wall retention are also combined to smaller
ionisation potentials. The reduced ionisation scale combined to the wall
pumping then translate into a significant screening effect.

B-IT-5 Density profiles in the stochastic boundary

In the previous section, the particle transport is analysed in terms of
global changes of the particle confinement time. The mechanism which is
responsible for these effects is shown to be intricate due to the coupling of
the modified particle sources to the transport enhancement. Little
evidence is found experimentally on the coupling between the electric
potential field to the density field which is the probable mechanism to
increase the particle transport beyond the free streaming transport on the
stochastic field lines, DpL vthi (section AII-4). For small perturbations,
the boundary electric field will be very sensitive to the island structure of
the magnetic perturbation. On Text, the analysis of these effects indicate
that there is an effect on particle transport but the actual increase of the
radial diffusion coefficient remains small [52]. At higher perturbation
levels, there are very few available results on the particle transport. In
fact, the particle transport with sources in the boundary is strongly
governed by the laminar aspects [69] since a very few steps are required
for a particle to return to the wall. This aspect of laminar transport is
readily expected to generate modulations of the density field. Indeed,
poloidal modulations of the Langmuir probe saturation currents are
reported. It is shown on Text [52] that the location of these modulations
depends on the boundary safety factor, hence on the resonant mode at the
measurement location, Fig.(51). On CSTN-IH (table I), the reversal of the
coil current shifts this poloidal structure, Fig.(52). On Tore Supra, the
radial profiles measured with the reciprocating Langmuir probe seem to
indicate several regimes. Generally, they are no radial modulations of the
density field. In a few shots, density modulations are recorded at constant
electron pressure, i.e. density and temperature modulations have opposite
phases [2], Fig.(53). A similar trend is found on JFT-2M [118], Fig.(34).
With no magnetic perturbation, the standard profiles axisymmetric
divertor profiles are recovered, ne and Te decrease radially in the SOL,
hence such that ne(p > 1) a Te(p > 1), with a strong peaking on the
separatrix. With the magnetic perturbation, the electronic pressure
appears to be less peaked on the separatrix (ne a 1 / Te) and its radial
profile is broader, ne(p > 1) Te(p > 1) ~ ne(p = 1) Te(p = 1). Both

47



the decrease of the peak pressure on the separatrix and the broader
pressure profile are favourable for power removal.

B-II-6 Radiation modification with ohmic and additional heating

Modifications of the radiation profile have been reported in the first
experiments in Text [125]. The major trend was a decrease in the plasma
bulk radiation, clearly linked to the decrease of the metallic lines there,
and an increase at the edge radiation. It was also noticed that three times
larger quantities of argon gas could be puffed in the EML configuration
compared to the limiter one before a disruption occurred [162]. The same
phenomena are found in Tore Supra. They clearly point out at two major
assets of the stochastic boundaries as far as radiative layers control is
concerned, namely the stabilisation of peripheral MHD modes
[95,127,162], the expected beneficial effects from the enhanced impurity
screening efficiency analysed here above, and possibly a better energy
feeding of the radiative layers through the increased heat diffusion
[110,111].

In ohmic ergodic divertor experiments with some 60 % radiation,
the radiation is mainly enhanced on the low-field side, i.e. close to the
modules where recycling takes place. This pattern remains stable after
increasing the radiative fraction by injecting deuterium or various
impurity species such as N2, or Ne. However, the power flux found on
probe limiters and on the neutraliser plates is only decreased to extremely
low value after a strong modification of the radiation pattern, radiation
swing from the low field side to the high field side and eventually full
detachment, Fig.(48). When the radiative fraction reaches the range of
80 %, the high radiation volume shifts to the high field side, the radiation
domain is then rather similar to a Marfe [163]. Noticeably, the radiation
pattern has a larger poloidal extent than standard Marfes [164]. Visible
light emission exhibits clear radial and poloidal modulations, as evidenced
in Text [24,162], Tore Supra [68] and Textor (unpublished). Electron
temperature modulations are also reported [108], Fig.(11). These
modulations can easily be related to the connexion properties of "hot" flux
tubes [68]. In such regimes, the power flux to the neutraliser plates is
reduced but does not vanish. Furthermore a region of high boundary
density seems to extend between two divertor modules as evidenced by
midplane reflectometer profiles [164]. The detachment process is very
similar to the one encountered in X-point divertor configurations
[18,165,166,167] especially, as far as the ionisation and recycling
processes are concerned [18,166]. In shots where full detachment is
observed (for instance for the weakly resonant shot depicted on figure
48), it should be noted that the overall screening efficiency is slightly
reduced, Fig.(48).
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Auxiliary heating experiments allow one to investigate radiative
layers where the parameters and constraints are closer to the ITER
divertor physics. On Tore Supra, experiments have been performed with
up to 3 MW of Lower Hybrid heating (LHCD) and 5.5 MW of Ion
Cyclotron Resonant Heating (ICRH) in addition to 1.5 MW of ohmic
power. The most straightforward means of increasing the radiation rate
was achieved with a small neon injection. In the ergodic divertor
configuration, an injection of 1.4 1019 atoms is sufficient. This amounts to
less than 1.5 % of the total electron content of the plasma. The reduction
of the power deposition on the outboard limiter is in agreement with the
increase of the radiative rate. The latter reaches at least 80 % of the total
injected power. This radiating layer was sustained up to the maximum of
7 MW power deposition during ergodic divertor operation. Neon central
concentrations remain below 1 % in these experiments at moderate
electron average density (3 1019 irr3). In these experiments, neon is
completely recycling so that the bulk concentration remains constant.
Neon radiation only accounts for 25 % of the total radiation loss,
intrinsic impurity and deuterium radiation provide the remaining
fraction. The radiative layer is generally located on the low-field side (i.e.
close to the ergodic divertor modules). Achieving higher than 80 %
radiation rates is prevented by a mismatch of the antennae due to a local
detachment on the low field side. Radiative scenarios of the Textor [168]
type have not been observed on Tore Supra. In limiter configurations the
radiation rate is of 70 % at maximum with very unstable regimes. This is
in sharp contrast to radiative layers experiments during ergodic divertor
operation.

Radiative experiments with additional heating are illustrated on
Figs.(54,55). In the ergodic divertor configuration with 4.5 MW of
ICRH, Fig.(54), the radiation emissivity is 3 times higher on the low-field
side than on the high-field side during the different phases of the
discharge. It should be noted that the radiation pattern remains stable after
the neon injection during the 2 to 3 s remaining before the end of the
experiment. In the limiter configuration with 3.6 MW of ICRH, the low-
field /high-field ratio does not exceed 1.5 in the ohmic and ICRH phases
before neon injection, Fig.(55).

A signature of the increased edge transport of particles during
ergodic divertor experiments is given by the neon radiative capability,
Fig.(56). This radiative capability is deduced from the NeVII brightness
in both the limiter and ergodic divertor configurations. A factor 3
enhancement is found with the stochastic boundary. This increase of the
radiation at a given amount of impurity concentration in the plasma is the
signature of either a strong decrease of the confinement time in the
divertor volume or a more favourable edge temperature profile for
NeVII line emission. The increased radiation capability of neon at a given
core contamination is observed in spite of the increased life time of the
bulk particles, Fig.(40,41), which allows for impurity accumulation in the
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divertor configuration compared to the limiter configuration. This data
together with the robustness of the ergodic divertor configuration to
MHD destabilisation provides the framework for the future campaigns
dedicated to radiative layer experiments.
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C Discussion

Heat control and more generally electron transport is presently the
area of the physics of stochastic edge layers where the understanding
seems the best. Theoretical predictions have given a clear insight into the
plasma response before the first experimental check. Qualitative
agreement is achieved, namely a strong response of the electron
population, as illustrated by the runaway response, Fig.(33). This
translates into a flattening of the electron temperature gradient at the
plasma boundary Fig.(15), an inward shift of the electric field inversion
point, and a narrowing of the plasma current channel, Fig.(21). Finally,
the sensitivity of the electronic response to the magnetic perturbation is
also clearly demonstrated by the control of the energy deposition with the
ergodic divertor. The flattening of the electron temperature gradient is
associated to a lowering of the edge temperature which is also beneficial
for enhanced radiation and the control of energy deposition. Regarding
the larger toroidal resistivity, it has been clearly established that it allows
one to operate the plasma with an increased stability with respect to edge
tearing modes and especially the (2,1) mode. The response in terms of the
electric field is more difficult to analyse. Indeed, a flattening of the
electric potential is readily expected in the stochastic region. This result
has been reported and simply follows the properties of the electron
temperature. The behaviour in the neighbourhood of the separatrix is
more difficult to assess. This region corresponds to that of the observed
increase of the electron temperature gradient. A significant shear of the
electric field could also be expected there. This would explain the reduced
level of density fluctuations which have been reported [114,115].
However, further investigation of these effects is required especially in
the frame of the confinement improvement which is exemplified by the
existence of energy and particle transport barriers in the vicinity of the
separatrix.

As far as the particle response is considered, the situation is far
more difficult to analyse. Although considerable interest has been given to
particle transport prior to experimental investigation [33,169], the level of
particle transport due to the magnetic perturbation was not expected to be
significantly larger than the existing anomalous transport. Yet all
experiments have indicated a strong particle response to the applied
perturbations. The complexity of the situation is obvious if one considers
that the physics involve the particle source and both a region of improved
confinement in the vicinity of the separatrix and a domain of reduced
confinement between the latter region and the recycling area. Further
complexity is introduced by the change of electron temperature and
electric field which directly modify the source term of particles and the
transport mechanism. For instance, the screening factor for all the
impurity species, Fig.(47), increases with the perturbation level and
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therefore with the factor x ~ A-ia min a r / X{, since A.i a m i n a r increases
with the magnitude of the perturbation. Unfortunately the exact
correlation between the experimental observation and the screening
mechanism is difficult to assess since most of the plasma parameters
exhibit similar responses, see Fig.(16) for the temperature response.

The same involved physics does not allow for a straightforward
investigation of the radial profile of impurity lines brightness. Generally,
the emissivity of impurity lines corresponding to lower ionisation energy
increase, which can be analysed as a further proof of the increase of local
recycling. The transition between increased impurity lines and decreased
emission occurs for CV (ionisation potential of 392 eV) on Tore Supra
[170] and CIV on Text [107]. Again, there is a simple effect of the
temperature profile which governs the radial inward shift of these
emissivity profiles and to some extent the radial width of the various lines.

Regarding the density profile, the data from edge diagnostics is also
difficult to analyse. The behaviour in terms of radial modulations seems to
be very sensitive to the experimental set up. For the data displayed on
Figure (16), there are no radial modulations of the density profile while
density radial modulations with an opposite phase to the temperature
modulations are also measured, Fig.(53) [2]. This latter result seems to be
indicative of a transport regime at constant radial pressure. Such a regime
is of greatest interest since it allows for the condensation effect, such that
any radial temperature decrease must be compensated by a density
increase. Experimental evidence of an inverted radial density profile on
the scale of the divertor volume and its beneficial properties for power
handling has not been observed. In the parallel direction, one cannot rule
out the existence of a condensation regimes similar to that observed in
standard divertor geometry. Transport at constant pressure along the field
line will lead, for the flux tubes approaching the neutraliser plates, to a
density increase as the temperature decreases. This effect should be
amplified at low temperature owing to the strong temperature dependence
of the parallel heat diffusivity. Below 10 eV, detachment of the ionisation
front from the target plates and plasma pressure drop can be expected
[18,165]. The observed swing from a radiation pattern peaked on the low
field side to a pattern peaked on the high field side could be a signature of
a transition to partial detachment of the divertor plasma from the target
plates.

The wall retention capability appears to be a key issue regarding
particle control. The screening effect observed with stochastic magnetic
boundaries is clearly associated to wall retention of particles, Fig.(43). A
strong increase of the neutral density around the plasma has also been
observed even in volumes at some distance from the areas of particle
recycling [2,18,162], Fig.(43). Recent reviews of atomic physics processes
in the plasma edge [171] predict an increase of the radiation capability of
neon for large enough neutral densities. Radiation increase via charge
exchange between neutrals and impurities is shown to play a role in high
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density regimes [172]. The screening capability of the stochastic boundary
would then contribute to the lowering of the edge temperature.

Apart from a possible impact of the neutrals on energy deposition
control, there is a direct interest in the build up of neutral pressure in the
plasma boundary, namely pumping. Active pumping has been
implemented in a few experiments with magnetic perturbations. In all
experiments, the best use of the flux lines deflection was considered but
generally in the frame of the intra-island concept, as on Text [54,173] and
JIPP T-IIU [55]. In Tore Supra, two configurations were compared, i.e.
using the flux tube deflection between bars with the implementation of
titanium pumping on each side of the modules, or an auxiliary modular
pump limiter. In both cases, the exhaust efficiency was proved to be close
to 5% [49]. This could be extended in cases where the radiation rate was
very high (about 85%) but the detachment is generally accompanied by a
difficulty to maintain the exhaust capability with a scheme based on the
pumping of an ion flux. This could be changed by using systems based on
neutral exhaust such as vented limiters [174].

The issue of coupling auxiliary heating with stochastic boundaries is
still a field of investigation in the case of rf heating due to the sensitivity
to the edge density [20,21]. Auxiliary heating was coupled at a significant
level in Tore Supra. In this device, wave coupling in the ion cyclotron or
lower hybrid range up to a level of 6 and 4 MW respectively. Two main
characteristics of such heating scheme are shortly reviewed, namely wave
coupling and heating or current drive efficiency.

The wave launchers are located on the low-field side of the torus,
i.e. they are directly connected to the two neighbouring ergodic divertor
module. As mentioned in the section devoted to the radiative layer
studies, the ICRH wave coupling was favoured when the ergodic divertor
is energised, allowing a positioning of the antenna front face 0.01m
behind the ergodic divertor modules. The only limitation came from the
local plasma detachment occurring when too high radiation rates were
pursued. The use of lower hybrid waves showed more stringent
limitations. In [138], it was shown that the reflection coefficient of the
wave power was depending of the section of the launcher, favouring the
parts avoiding direct connexion to the nearest ergodic divertor modules.
The highest reached values were still manageable, as they were kept
below 4 %. Yet, the optimum radial positioning of the wave launcher
was found to depend essentially of the observed power deposition on wall
elements directly connected to the front face of the launcher. This power
deposition amounted to only a few percent of the coupled power but its
localised deposition on a single target plate led to an energy flux close to
the maximum capability. Generally, this process is associated to
uncontrolled introduction of impurities in the bulk. The process inducing
this edge power deposition is not yet fully understood. In spite of this
energy deposition problem, coupling of lower hybrid power is good and
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no strong deleterious effect of the stochastic boundary on the efficiency
of current drive has been reported, Fig.(32).

The heating efficiency of ICRH heating in the H ion minority
scheme is unchanged by the stochastic boundary. At the power level used
up to now, no degradation nor improvement of the confinement was
recorded. However, the stabilisation of the sawteeth activity was clearly
noticeable since it generated monster saw-teeth [175, 176] which strongly
perturbed the radiating layers.

Conclusion

The Ergodic Magnetic Limiter and the ergodic divertor concepts of
edge plasma control have been implemented in several tokamaks with
circular cross sections. They have generated an important qualitative
description of its properties which appear as very coherent despite the
large range of machine sizes (table I). Most of the experiments have been
carried out on very small machines ( a - 0 . 1 0 m ) while only two
tokamaks strongly oriented towards stochastic boundary experiments are
characterised by a size which is larger than typical atomic scales, Text
a ~ 0.28 m and Tore Supra a ~ 0.80 m.

Stochastic boundary experiments have demonstrated interesting
features when compared to the axisymmetric divertor. However, the lack
of a significant regime of improved confinement , with H > 2, is clearly
a drawback. It is still noteworthy to recall that no loss of confinement is
observed. Tore Supra shots, both with and without the ergodic divertor,
follow the Rebut-Lallia-Watkins scaling. The lack of improved
confinement regimes is probably not generic of stochastic boundary
physics since both the magnetic configuration and the experimental set-up
are unfavourable. Indeed the experiments are characterised by circular
cross sections with no neutral injection heating. Auxiliary heating was
mainly used on Tore Supra, but heat exhaust requirements then led to a
radiating layer operational regime which is also unfavourable for
improved confinement. Upgrading of the power removal capability of the
ergodic divertor should enable further experimental investigations of the
core confinement regimes and especially the particle and energy transport
barriers which build-up in the vicinity of the separatrix [177]. On Tore
Supra, high (3 and inverted magnetic shear experiments should be coupled
to boundary layers controlled by the ergodic divertor. Further upgrading
of the ergodic divertor concept on Tore Supra as well as on Textor [178]
is focused on an axisymmetric arrangement of the coils which generate
the magnetic perturbation. In the latter project, rotation of the magnetic
perturbation is considered in order to provide power deposition sweeping
and plasma rotation [178].

An interesting feature of stochastic boundaries is that theoretical
investigations have opened the way to the implementation of the devices.
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The plasma parameters which are governed by electron transport exhibit,
at least qualitatively, the properties predicted by theory. This gives strong
confidence on the analysis of the radial magnetic perturbation and on the
properties which stem from its spectrum. On Tore Supra, it is considered
that the spectrum is near optimum. Among the plasma parameters which
are governed by electron transport, the electron temperature at the edge
is both lowered and flattened. Both aspects are favourable for power
exhaust and impurity control. The observed narrowing of the plasma
current channel, which is predicted to derive from a large increase of the
effective toroidal resistivity, governs the important experimental evidence
of the edge tearing mode stabilisation with stochastic boundaries. The
inward shift of the inversion point of the electric field might be
responsible for the decrease of the density fluctuations in the boundary
layer where are localised the energy and particle transport barriers.
Finally, the transport analysis in the laminar regime allows one to predict
the energy deposition pattern on the target plates.

Regarding particle control, the experimental investigation is
difficult to compare to theoretical prediction. A beneficial screening
effect was found. A large effort was devoted to the experimental analysis
of this effect. The screening property was shown to be directly associated
to a transient wall pumping capability. Furthermore the penetration
factor, the ratio of the laminar scale to the ionisation length, indicates that
particles with an ionisation potential smaller than that of deuterium will
be screened. In this frame, one readily expects a poor screening effect for
helium and neon which are characterised by large ionisation lengths and
very low wall retention. Active pumping has been implemented with the
ergodic divertor via titanium gettering. The exhaust efficiency lies in the
same range as that of the standard pump limiter on Tore Supra. However,
such a pumping system does not allow one to investigate the ash removal
capability of the ergodic divertor.

The problems of the ergodic divertor operation are very similar to
that of the axisymmetric divertor. One recovers the problems of power
removal and particle control. When comparing both devices, one also
finds that the ergodic divertor allows for a much larger misalignment
than the axisymmetric divertor. This result is related to the "active"
channelling property by a single coil in the ergodic divertor
configuration. Heat and particle fluxes are diverted in a controlled way to
the target plates. Regarding the problem of power removal, the combined
properties of controlled edge temperature profile, of impurity screening
and of an increased robustness with respect to MHD destabilisation, are
important features of the investigation of radiating layers with the
ergodic divertor. Two steps are presently envisaged in order to improve
the ergodic divertor. In a first stage, one aims at increasing the total area
devoted to power handling thus reducing the power flux to the target
plates. In the same step, the geometry of the target plates will be changed
into a vented structure which enables particle pumping even at low
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particle energy. In this modified ergodic divertor, the spectrum is
unaffected and only the target plates are changed. They are inverted
(inward) with a shallower angle to the magnetic field. The vented nature
of the target plates will allow for pumping even in parameter ranges
which are close to detachment. The pumping of the ionic flow will then
be replaced by that of the back scattered neutrals. A more ambitious
project would lead to a complete change of the magnetic perturbation.
Such a configuration would then make use of the pumping ducts of the
present pump limiters and allow for the pumping of helium and neon.

Stochastic boundaries remain an interesting configuration in order
to control the edge plasma. As exemplified by the results from Tore
Supra, the field is active and offers new solutions and insight in the
complex problem of energy control and particle pumping. Tore Supra
also offers the unique opportunity to investigate divertor scenarios in a
machine devoted to steady state operation.

The goal of the ergodic divertor appears therefore as tightly linked
to the overall physics of the ITER divertor. Regarding power removal,
the study of radiative layers and their stability will continue. Regarding
particle control a large effort is dedicated to achieving a regime
combining a sufficient exhaust efficiency and a large radiated fraction.
The ultimate regime would be that of complete decoupling between the
recycling particles and the bulk particles. The latter would then be fuelled
by pellet injection while the screening effect at high boundary density
would allow for the screening of helium.

56



Acknowledgements

To the Tore Supra team for its support in making the ergodic divertor
programme a success.
To R. Aymar, P. Deschamps, M. Lipa and P. Riband for the design and
perfect reliability of the ergodic divertor.
To T. Blenski, C. DeMichelis, X. Garbet, C. Grisolia, T. Loarer,
P. Monier-Garbet, F. Nguyen and J.-C. Vallet for their important
contributions to the physics of the ergodic divertor.
To J. DeGrassie, T. Evans, G. Fuchs, S. McCool, N. Ohyabu,
S. Takamura and A. Wootton for enlightening discussions and comments.
To the referee, to L. Laurent and to E. Maschke for their help in
improving the manuscript.

57



References

[I] J. Neuhauser, M. Bessenrodt-Weberpals, BJ. Braams et al.,
Plasma Physics Controlled Fusion, 31(1989)1551.

[2] Ph. Ghendrih, H. Capes, C. DeMichelis et al.,
Plasma Physics Controlled Fusion, 24(1992)2007.

[3] S.C. McCool, A J. Wootton, A.Y. Aydemir et al.,
Nuclear Fusion, 29(1989)547.

[4] S. Takamura, K. Sakurai, Y. Shen et al., Proc. 13th IAEA Int.
Conf., Washington 1990, Plasma Physics and Controlled Nuclear
Fusion Research, IAEA, Vienna 1991, Vol. 1, p. 549.

[5] G. Fuchs, K.H. Dippel, A. Nicolai, G.H. Wolf and the Textor
Team, Proc. 14th EPS Conf., Madrid 1987,
Europhysics Conference Abstracts, 110(1987)253.

[6] T. Shoji, T. Fujita, M. Mori et al., 17th EPS Conf.,
Amsterdam 1990, Europhysics Conference Abstracts,
I4B(1990)1452.

[7] J. Niihrenberg, E. Strumberger, D. Sunder, D. Reiter, Proc. 14th

IAEA Int. Conf., Wiirzburg 1992, Plasma Physics and Controlled
Nuclear Fusion Research, IAEA, Vienna 1993, Vol. 2, p. 449.

[8] RFX Team, Proc. 14th IAEA Int. Conf., Wiirzburg 1992, Plasma
Physics and Controlled Nuclear Fusion Research, IAEA,
Vienna 1993, Vol. 2, p. 583.

[9] D.P. Coster, J.A.M de Villers, J.D. Fletcher et al., Proc. 14th EPS
Conf., Madrid 1987, Europhysics Conference Abstracts,
110(1987)240.

[10] D.E. Roberts, J.D. Fletcher, D. Sherwell et al., 16th EPS Conf.,
Venice 1989, Europhysics Conference Abstracts, 13B( 1989)489.

[II] G. Nothnagel, D. Sherwell, J.D. Fletcher et al., 16th EPS Conf.,
Venice 1989, Europhysics Conference Abstracts, 13B( 1989)493.

[12] A.W. Morris, M.W. Alcock, S.A. Arshad et al., Proc. 13th L \ E A
Int. Conf., Washington 1990, Plasma Physics and Controlled
Nuclear Fusion Research, IAEA, Vienna 1991, Vol. 1, p. 797.

[13] Ph. Ghendrih, Resonance du divertor ergodique, 1995,
Report EUR-CEA-FC-1537

[14] G. Janeschitz, A. Antipenkov, S. Chiocchio et al., 15th IAEA Int.
Conf. on Plasma Physics and Controlled Nuclear Fusion Research,
Seville 1994, IAEA-CN-60/E-P-6.

[15] M. Lipa, P. Chappuis and P. Deschamps,
Fusion Technology, 19(1991)2041.

[16] M. Lipa R. Aymar, P. Deschamps et al., Fusion Technology 1988,
Elsevier Science Publishers B.V., 1989, p.874.

[17] C. Grisolia, Ph. Ghendrih, B. Pegourie and A. Grosman, J. Nuclear
Material, 196-198(1992)281.

[18] Ph. Ghendrih, T.W. Petrie, C. Lasnier et al.,
J. Nuclear Materials, 220^222(1995)305.

58



[19] P.C. Stangeby and G.M. McCracken,
Nuclear Fusion, M1990) 1225.

[20] A.C. England, O.C. Elridge, S.F. Knowlton, M. Porkolab and
J.R. Wilson, Nuclear Fusion, 29(1989)1527.

[21] X. Litaudon, G. Berger-By, P. Bibet et al.,
Nuclear Fusion, 32(1992)1883.

[22] J.A. Wesson, R.D. Gill, M. Hugon et al., Nuclear Fusion,
29(1989)691.

[23] J.-C. Vallet, D. Edery, D. Van Houtte et al., 19th EPS Conf.,
Innsbruck 1992, Europhysics Conference Abstracts,
I6C(1992)II-855.

[24] D.L. Brower, R.D. Bengtson, K.W. Gentle et al., Proc. 10th IAEA
Int. Conf., London 1984, Plasma Physics and Controlled Nuclear
Fusion Research, IAEA, Vienna 1985, Vol. 1, p. 273.

[25] A.B. Rechester, M.N. Rosenbluth, Physical Review Letters,
40(1978)38.

[26] T.H. Stix, Nuclear Fusion, 18(1978)353.
[27] B.B. Kadomtsev and O.P. Pogutse, Proc. 7 th IAEA Int. Conf.,

Innsbruck 1978, Plasma Physics and Controlled Nuclear Fusion
Research, IAEA, Vienna 1979, Vol. 1, p. 649.

[28] W. Feneberg and G.H. Wolf, Nuclear Fusion, 21(1981)669.
[29] Ph. Ghendrih, H. Capes, F. Nguyen and A. Samain,

Contributions to Plasma Physics, 22(1992)179.
[30] W. Feneberg, Proc. 8th EPS Conf., Prague 1977,

Controlled Fusion and Plasma Physics, Vol. 1,(1977)4.
[31] A. Samain, H. Capes, Ph. Ghendrih and F. Nguyen,

Physics Fluids, M(1993)471.
[32] W. Engelhardt and W. Feneberg,

J. Nuclear Materials, 76-77(1978i518.
[33] A. Samain, A. Grosman and W. Feneberg,

J. Nuclear Materials, 111412(1982)408.
[34] F. Nguyen, Ph. Ghendrih and A. Samain,

J. Nuclear Materials, 176477(1990)499.
[35] A.J. Wootton, R.D. Bengtson, J.A. Boedo et al., Proc. 11th IAEA

Int. Conf., Kyoto 1986, Plasma Physics and Controlled Nuclear
Fusion Research, IAEA, Vienna 1987, Vol. 1, p. 187.

[36] A. Grosman, T.E. Evans, Ph. Ghendrih et al., Plasma Physics and
Controlled Fusion, 12(1990)1011.

[37] Z. Yoshida, K. Okano, Y. Seike et al., Proc. 9th IAEA Int. Conf.,
Baltimore 1982, Plasma Physics and Controlled Nuclear Fusion
Research, IAEA, Vienna 1983, Vol. 3, p. 273.

[38] K. Hattori, Y. Seike, Z. Yoshida et al.,
J. Nuclear Materials, 121(1984)368.

[39] Equipe Tore Supra presented by Ph. Ghendrih, Proc. 13th IAEA
Int. Conf., Washington 1990, Plasma Physics and Controlled
Nuclear Fusion Research, IAEA, Vienna 1991, Vol. 1, p. 549.

59



[40] D. Edery, J.-C. Vallet, D. Van Houtte et al., Plasma Physics and
Controlled Nuclear Fusion Research, IAEA,
Vienna 1992, Vol. l ,p . 279.

[41] C. Breton, C. DeMichelis, M. Mattioli,
Nuclear Fusion, 31(1991)1774.

[42] P. Monier-Garbet, C. DeMichelis, P. Ghendrih et al., Plasma
Physics and Controlled Nuclear Fusion Research, IAEA,
Vienna 1993, Vol. 1, p. 317.

[43] W.L. Rowan, R.D. Durst, S.-P. Fan et al., Proc. 14th EPS Conf.,
Madrid 1987, Europhysics Conference Abstracts, UD(1987)117.

[44] Y. Shen, M. Miyake, S. Takamura et al.,
J. Nuclear Materials, 168(1989)295.

[45] N. Ohyabu and J.S. DeGrassie, Nuclear Fusion, 27(1987)2171.
[46] W.R. Hess, C. DeMichelis, M. Mattioli et al., Proc. 2lst EPS

Conf., Montpellier 1994, Europhysics Conference Abstracts,
18B( 1994)11-814.

[47] P. Monier-Garbet, C. Chamouard, C. DeMichelis et al., Proc. 21 s t

EPS Conf., Montpellier 1994, Europhysics Conference Abstracts,
1311(1994)11-738.

[48] M. Goniche, A. Grosman, Y.Peysson et al., Proc. 2ist EPS Conf.,
Montpellier 1994, Europhysics Conference Abstracts,
18B(1994)III-1042.

[49] T. Loarer, A. Grosman, M. Chatelier et al.,
J. Nuclear Materials, 220^222(1995)183.

[50] P.K. Mioduszewski, J.T. Hoang, L.W. Owen et al.,
J. Nuclear Materials, 220^222(1995)91.

[51] P.C. Stangeby in "Physics of Plasma-Wall Interactions in
Controlled Fusion", D.E. Post, R. Berisch editors, Plenum Press,
New York 1986, p. 41.

[52] S.C. McCool, A J. Wootton, M. Kotschenreuther et al.
Nuclear Fusion, 30(1990)167.

[53] H.J. Hartfuss, M. Endler, V. Erckmann et al.,
Plasma Physics and Controlled Fusion, 26(1994)B17.

[54] T.E. Evans, J.S. DeGrassie, G.L. Jackson et al.,
J. Nuclear Materials, 145-147(1987)812.

[55] T.E. Evans, J.S. DeGrassie, H.R. Garner et al.,
J. Nuclear Materials, 162^164(1989)636.

[56] R. Fitzpatrick, Nuclear Fusion, 21(1993)1049.
[57] B.V. Chirikov, Physics Reports, 52(1979)265.
[58] F.L Hinton and R.D. Hazeltine,

Review of Modern Physics, 48(1976)241.
[59] G.M. Zaslavsky, Chaos in Dynamical Systems,

OP A Amsterdam 1985.
[60] B.V. Chirikov, Plasma Physics, 1(1960)253.
[61] A.J. Lichtenberg and M.A. Lieberman,

Regular and Stochastic Motion, Springer, New York 1983.

60



[62] J. Greene, J. Mathematical Physics, 20(1979)1183.
[63] P. Hennequin, M.A. Dubois and R. Nakach,

Physics Letters A, 164(1992)259.
[64] A.B. Rechester and R.B. White,

Physical Review Letters, 44(1980)1586.
[65] A.B. Rechester, M.N. Rosenbluth and R.B. White,

Physical Review A, 23(1981)2664.
[66] J.C. Adam, G. Laval, D. Pesme, Annales de Physique, 6(1981)319.
[67] G. Benettin and L. Galgani in "Intrinsic stochasticity in Plasmas",

G. Laval and D. Gresillon editors, Les Editions de Physique,
Orsay 1979, p.93

[68] F. Nguyen, Ph. Ghendrih, A. Samain and A. Grosman 19th EPS
Conf., Innsbruck 1992, Europhysics Conference Abstracts,
I6C(1992)II-851.

[69] Ph. Ghendrih, A. Grosman and F. Nguyen.,
J. Nuclear Materials, 220^22(1995)511.

[70] F. Nguyen, Ph. Ghendrih and A. Samain, Calculation of magnetic
field line topology of ergodised edge zone in real tokamak
geometry, application to the tokamak Tore Supra through the
Mastoc code, Report EUR-CEA-FC-1539, 1995.

[71] R.S. Mackay, J.D. Meiss and I.C. Percival, Physica 13D(1984)55.
[72] P. Beaufume, M. A. Dubois and M.S. Mohamed Benkadda,

Physics Letters A, 147(1990)87.
[73] M.-N. Bussac and L. Zuppiroli, Physics Letters A, 161(1992)365.
[74] R.B. White, J.-M. Rax, Yanlin Wu, M.-N. Bussac, L. Zuppiroli,

in "Transport, Chaos and Plasma Physics", S. Benkadda, F. Doveil,
Y. Elskens editors, World Scientific, Singapore 1994, p. 153.

[75] Ph. Ghendrih, A. Samain, A. Grosman, H. Capes and J.-P. Morera,
J. Nuclear Materials, 162-164(1989)692.

[76] P.R. Thomas and the JET team,
Plasma Physics and Controlled Fusion, 26(1994)B301.

[77] A. Nicolai, F. Schongen and D. Reiter,
Plasma Physics, 22(1985)1479.

[78] A.J. Wootton, S.C. McCool and S. Zheng,
Fusion Technology, 19(1991)473.

[79] N. Ohyabu, J.S. DeGrassie, N. Brooks et al.,
Nuclear Fusion, 25(1985)1684.

[80] S. Takamura, Physics of Fluids B, 2(1990)1947.
[81] S. Takamura, N. Ohnishi, H. Yamada and T. Okuda,

Physics of Fluids, 10(1987)144.
[82] T. Shoji, H. Tamai, Y. Miura et al.,

J. Nuclear Materials, 196-198(1992)296.
[83] J.-P. Bouchaud, and A. Georges, Physics Reports, 195(1990)127.
[84] R. Balescu, Hai-Da Wang and J.H. Misguich,

Physics of Plasmas, 1(1994)3826.

61



[85] J. Krommes, Supplement Progress Theoretical Physics,
64(1978)137.

[86] M. B Isichenko, Plasma Physics and Controlled. Fusion,
23(1990)795.

[87] M. B Isichenko, Review of Modern Physics, M( 1992)961.
[88] G. Laval, Physics of Fluids B, 5(1993)711.
[89] J.H. Misguich, M. Vlad, F. Spineanu and R. Balescu, Comments on

Plasma Physics and Controlled Fusion, 17(1995)45.
[90] J.H. Misguich, M. Vlad, F. Spineanu and R. Balescu,

Diagram of collisional regimes for particle diffusion in a stochastic
magnetic field, Proc. "Transport, chaos and Plasma Physics",
Marseille, 1995.

[91] X. Garbet, F. Mourgues and A. Samain, Plasma Physics and
Controlled Fusion, 32(1990)917.

[92] M.A. Dubois, P. Ghendrih, B. Pegourie et al., Plasma Physics and
Controlled Fusion, 36(1994)B55.

[93] Hai-Da Wang, M. Vlad, E. Vanden Eijnden et al.,
Physical Review E, 51(1995)4844.

[94] F.L. Hinton and C.W. Horton, Physics of Fluids, 14(1971)116.
[95] D. Edery, A. Samain, J.-C. Vallet et al., 19th EPS Conf.,

Innsbruck 1992, Europhysics Conference Abstracts,
16C(1992)II-1421.

[96] H. Capes, A. Samain, Ph. Ghendrih and F. Nguyen,
Contribution to Plasma Physics, 32(1992)192.

[97] J.R. Myra and P.J Catto, Physics of Fluids B, 4(1992)176.
[98] J.R. Myra, P.J Catto, H.E. Mynick and R.E. Duvall,

Physics of Fluids B, 5(1993)1160.
[99] H.E. Mynick and J. Strachan, Physics of. Fluids, 24(1981)695.
[100] H. Capes, A. Samain, F. Nguyen, Ph Ghendrih, Proc. 9 th IAEA

Workshop on Stellerator, Garching (10-14 May 1993).
[101] V. Zakharov and V. Karpman, Soviet Physics JETP, 16(1963)351.
[102] F. Nguyen, A. Samain and Ph. Ghendrih, 18th EPS Conf.,

Berlin 1991, Europhysics Conference Abstracts, 15C(1991)IV-189.
[103] F. Nguyen, A. Samain and Ph. Ghendrih,

Contributions to Plasma Physics, 32(1992)179.
[104] F. Nguyen, H. Capes,A. Samain and Ph. Ghendrih,

Chaos and Plasma Physics, S. Benkadda, F. Doveil and Y. Elskens
editors, World Scientific, Singapore 1994, p. 194.

[105] F. Nguyen, Ph. Ghendrih and A. Grosman, Edge transport induced
by the interaction of plasma facing components with a stochastic
layer, Report EUR-CEA-FC-1569, 1996.

[106] F. Nguyen, Transport dans un plasma de fusion en presence d'un
champ magnetique chaotique, thesis, University of Paris XI 1992,
in report EUR-CEA-FC-1471, 1992

[107] S. Lippmann, M. Finkenthal, H.W. Moos et al.,
Nuclear Fusion, 11(1991)2131.

62



[108] C. DeMichelis, Ph. Ghendrih, R. Guirlet et al., Plasma Physics
Controlled Fusion, 37(1995)505.

[109] C. DeMichelis, Ph. Ghendrih, R. Guirlet et al., 21^ EPS Conf.,
Montpellier 1994, Europhysics Conference Abstracts,
i£B(1994)II-734.

[110] H. Capes, Ph. Ghendrih, A. Samain, A. Grosman and J.-P. Morera,
Plasma Physics and Controlled Fusion, 32(1990)103.

[I l l ] H. Capes, Ph. Ghendrih and A. Samain,
Physics of Fluids B, 4(1992)1287.

[112] A. Grosman, T.E. Evans, Ph. Ghendrih et al.,
J. Nuclear Materials, 176-177(1990)493.

[113] A. Grosman, P. Ghendrih, C. DeMichelis et al.,
J. Nuclear Materials, 196-198(1992)59.

[114] X. Garbet, A. Geraud, L. Baylor et al., IAEA-CN-60/A2-III-4,
15th IAEA, Plasma Physics and Controlled Nuclear Fusion
Research, Vienna 1995,Vol.l, p. 341.

[115] J. Payan, X. Garbet, J.H. Chatenet et al.,
Nuclear Fusion, 35.(1995)1357.

[116] G. Harris, H. Capes and X. Garbet, Nuclear Fusion, 22(1992)1967.
[117] Ph. Ghendrih, A. Grosman, H. Capes, Theoretical and experimental

investigation of ergodic divertor operation on Tore Supra,
Proc. "Transport, chaos and Plasma Physics", Marseille, 1995.

[118] T. Shoji, K. Nagashima, H. Tamai et al.,
J. Nuclear Materials, 220-222(1995)357.

[119] M. Mori, H. Aikawa, Y. Asahi et al., Proc. 14th IAEA Int. Conf.,
Wiirtzburg 1992, Plasma Physics and Controlled Nuclear Fusion
Research, IAEA, Vienna 1993, Vol. 2, p. 567.

[120] H. Tamai, T. Shoji, K. Nagashima et al.,
J. Nuclear Materials, 220^222(1995)365.

[121] M. Miyake, Y. Shen and S. Takamura, 16st EPS Conf.,
Venice 1989, Europhysics Conference Abstracts,
13B(1989)II-1047.

[122] S. Takamura, Y. Shen, H. Yamada et al.,
J. Nuclear Materials, 162-164(1989)643.

[123] A. Samain, T. Blenski, Ph. Ghendrih and A. Grosman,
Contributions to Plasma Physics, 2Q( 1990) 157.

[124] F. Karger, H. Wobig, S. Corti et al., Proc. 5th IAEA Int. Conf.,
Tokyo 1974, Plasma Physics and Controlled Nuclear Fusion
Research, IAEA, Vienna 1975, Vol. 1, p. 207.

[125] J.S. DeGrassie, N. Ohyabu, N.H. Brooks et al.,
J. Nuclear Material, 128-129(1984)266.

[126] J.-C. Vallet, L. Poutchy, M.S. Mohamed-Benkadda et al..
Physical Review Letters, 67(1991)2662.

[127] Y. Miura, H. Aikawa, K. Hoshino, et al., Plasma Physics and
Controlled Nuclear Fusion Research, 13th IAEA conference,
Vienna 1991, Vol.1, P. 325.

63



[128] X.Z. Yang, B.Z. Zhang, AJ. Wootton et al.,
Physics of Fluids B, 3(1991)3448.

[129] P.M. Schoch, A. Carnevali, K.A. Conner et al.,
Review of Scientific Instruments, 29(1988)1646.

[130] W.R. Hess, X. Garbet, R. Guirlet et al., 20th EPS Conf.,
Lisboa 1993, Europhysics Conference Abstracts,
I7C(1993)III-1087.

[131] R.W. Harvey, M.G. McCoy, J.Y. Hsu and A.A. Mirin,
Physical Review Letter, 47(1981)102.

[132] S. Takamura, T.Tamakoshi, M. Miyake, H. Yamada and T. Okuda,
Contributions to Plasma Physics, 28(1988)393.

[133] C. Laviron, private communication, 1995.
[134] S.Takamura and T. Okuda, Plasma Physics and Controlled Fusion,

20(1988)615.
[135] G. Giruzzi, Physics of Fluids B, 4(1992)1391.
[136] V. Antoni, M. Bagatin and E. Martines, 19th EPS Conf.,

Innsbruck 1992, Europhysics Conference Abstracts,
I6C(1992)I-631.

[137] S. Takamura, S. Sakurai and H. Kawashima, 2ist EPS Conf.,
Montpellier 1994, Europhysics Conference Abstracts,
18B(1994)I-890.

[138] M. Goniche, A. Grosman, D. Guilhem et al., 20th EPS Conf.,
Lisboa 1993, Europhysics Conference Abstracts, 17C( 1993)11-615.

[139] F. Nguyen, Ph. Ghendrih and A. Samain, in "Magnetic Turbulence
and Transport", P. Hennequin, M.A. Dubois editors,
Editions de Physique 1993, p. 71.

[140] S. Takamura, H. Yamada and T. Okuda,
Nuclear Fusion, 28(1988)183.

[141] D. Guilhem, Ph. Ghendrih, A. Grosman et al., 2ist EPS Conf.,
Montpellier 1994, Europhysics Conference Abstracts,
I8B(1994)II-750.

[142] Equipe Tore Supra, presented by D. Guilhem, 15th IAEA Int.
Conf.on Plasma Physics and Controlled Nuclear Fusion Research,
Seville 1994, IAEA-CN-60/A2-IV-P-17,
Report EUR-CEA-FC-1532, 1994.

[143] F. Wagner and K. Lackner, in "Physics of Plasma-Wall Interactions
in Controlled Fusion", D.E. Post, R. Berisch editors, Plenum Press,
New York 1986, p. 931.

[144] G. Vlases, private communication, 1994.
[145] M. Mattioli, C. DeMichelis and P. Monier-Garbet,

Nuclear Fusion, 25(1995)807.
[146] C. Grisolia, private communication, 1994.
[147] A. Grosman, A. Geraud, Ph. Ghendrih et al., 18th EPS Conf.,

Berlin 1991, Europhysics Conference Abstracts, i i C ( 1991)1-317.
[148] B. Pegourie and J.M. Picchiotino, Plasma. Physics and Controlled

Fusion, 35(1993)B 157.

64



[149] A. Geraud, C. Foster, B. Pegourie et al.,
19th EPS Conf., Innsbruck 1992,
Europhysics Conference Abstracts, 16C(1992)I-159.

[150] W. Eckstein, Atomic and Plasma-Material Interaction Data for
Fusion, Nuclear Fusion Supplement, 1(1991)16.

[151] J.-C. Vallet and Tore Supra team,
17th EPS Conf., Amsterdam 1990,
Europhysics Conference Abstracts, 14B( 1990)1-86.

[152] C. Grisolia, E. Gauthier, A. Grosman et al., 20th EPS Conf.,
Lisboa 1993, Europhysics Conference Abstracts, I7C(1993)II-595.

[153] E. Gauthier, C. Grisolia, A. Grosman et al.,
J. Nuclear Materials, 196-198(1992)637.

[154] W.R. Hess, M. Mattioli, R. Guirlet and M. Druetta, 20th EPS Conf.,
Lisboa 1993, Europhysics Conference Abstracts,
J7C(1993)III-1079.

[155] W.R. Hess, C. DeMichelis, M. Mattioli, R. Guirlet and M. Druetta,
Nuclear Instruments and Methods in Physics Research,
B98(1995)95.

[156] S. Pitcher, P.C. Stangeby, R.V. Budny et al,
Nuclear Fusion, 22(1992)239.

[157] A. Grosman, P. Monier-Garbet, J.-C. Vallet et al.,
J. Nuclear Materials, 220=222(1995)188.

[158] Equipe Tore Supra, presented by A. Grosman, 15th IAEA Int.
Conf.on Plasma Physics and Controlled Nuclear Fusion Research,
Seville 1994, IAEA Vienna 1995, Vol. 1, p. 601.

[159] G. F. Matthews, S. J. Fielding, G. M. Me Cracken et al.,
Nuclear Fusion, 28(1988)2209.

[160] B. Unterberg, H. Knauf, P. Bogen et al.,
J. Nuclear Materials, 220^22(1995)462.

[161] In "Data Compendium for Plasma-Surface Interaction",
Nuclear Fusion, special issue, 1984.

[162] N. Ohyabu, J.S. DeGrassie, N.H. Brooks, T.S. Taylor and H. Bcezi
and the Text group, J. Nuclear Materials, 111(1984)363.

[163] B. Lipschultz, J. Nuclear Materials, 145-147(1987)15.
[164] W.R. Hess C. DeMichelis, M. Mattioli et al., Plasma Physics

Controlled Fusion, 37(1995)951.
[165] Ph. Ghendrih, Physics of Plasmas, 1(1994)1929.
[166] G. F. Matthews, J. Nuclear Materials, 220-222(1995)104.
[167] C. DeMichelis, A. Grosman, X. Garbet et al.,

Nuclear Fusion, ^(1995)1133.
[168] A.M. Messiaen, J. Ongena, U. Samm et al, 15th IAEA Int.

Conf.on Plasma Physics and Controlled Nuclear Fusion Research,
Seville 1994, IAEA Vienna 1995, Vol. 1, p. 333.

[169] A. Samain, A. Grosman, T. Blenski, G. Fuchs and B. Steffen,
J. Nuclear Material, 128-129(1984)395.

[170] A. Grosman, Ph. Ghendrih, P. Monier-Garbet et al.,

65



Report EUR-CEA-FC-1403, 1990.
[171] D. E. Post, J. Nuclear Materials, 22CL222( 1995) 143.
[172] W.R. Hess, W. Mandl, M. Mattioli, C. DeMichelis and M. Druetta,

5th Int. Coll. on Atomic Spectra and Oscillator Strength in
Astrophys. and Lab. Plasmas, Meudon (France) 1995,
edited by W.-U. L. Tang-Brillet, J.F. Wyart and C. Zeippen,
Observatoire de Paris.

[173] J.S. DeGrassie, T.E. Evans, G.L. Jackson et al., Proc. 12th IAEA
Int. Conf., Nice 1988, Plasma Physics and Controlled Nuclear
Fusion Research, IAEA, Vienna 1989, Vol. 1, p. 341.

[174] T. Loarer, E. Tsitrone, B. Pegourie et al., Particle Exhaust with a
Vented Pump Limiter on Tore Supra, 1995,
to be published in Nuclear Fusion.

[175] M. Zabiego, X. Garbet, A. Becoulet, F. Nguyen and B. Saoutic,
Nuclear Fusion, 34(1994)1489.

[176] M. Zabiego, V. Basiuk, A. Becoulet, X. Garbet and B. Saoutic,
15th IAEA Int. Conf .on Plasma Physics and Controlled Nuclear,
Fusion Research, Seville 1994, IAEA-CN-60/D-III-4,
Report EUR-CEA-FC-1532, 1994.

[177] Equipe Tore Supra, Upgrading of the Tore Supra ergodic divertor,
application for preferential support, phase 1 and 2, Internal report
(private communication), February 1995.

[178] K.H. Finken,G. Fuchs, G. Giesen et al.,
J. Nuclear Materials, 220z222( 1995)448.

66



Table Caption

Table 1 : Table of the tokamaks where helical perturbation have been
applied. The machines are characterised by the parameters of their
magnetic equilibrium, minor and major radius, a and R respectively, the
plasma current Ip and the toroidal field BT as well as the parameters of
the magnetic perturbation, main modes of the spectrum m poloidally and
n toroidally, the size of the perturbed region Ar which is to be compared
to the various ionisation scales and the relative width of the perturbed
domain compared to the minor radius Ap. Perturbation generating low
m, n modes, i.e. comparable to the main MHD modes, are indicated. Two
characteristic parameters of the machine operation are also given, the
additional heating power, Padd, and the central temperature, Te(0). The
lower line indicates a reference given in the text to each machine.
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Figure Captions

Figure 1 : Plasma response radial magnetic field (m = 7 component at
r = 0.31 m) on Text, Fig.(5) from [3], and computed maximum radial
extent of the m = 7, n = 3 island versus helical current, Fig.(3) from [52],

Figure 2 : Schematic representation of the interaction between adjacent
resonances. In the unperturbed geometry, i.e. when each resonance is
studied independently, A is the distance between the resonant surfaces and
8j is the half radial width of the unperturbed island. The latter distance
characterises the interaction range of the given resonance. The onset of
the non linear behaviour is then given by the overlap criterion,

8 / A >1 .

Figure 3 : Radial profile of the Chirikov parameter CJchir> open circles,
and radial extent of the unperturbed islands, horizontal dashed lines. The
location of the minimum series of steps to reach the separatrix at p ~ 0.8
from the coil location at p = 1 is indicated by the full circles. The latter
define a typical mesh of the random walk between the two boundaries of
the stochastic layer.

Figure 4 : Probability for a field line launched at a coil location
(p = l)to experience a radial penetration Ar over a finite parallel
excursion bounded by 2n q R. Note that 37 % of the field lines are
"hot", Ar><Ar>.

Figure 5 : Radial profile of the Chirikov parameter Ochif open triangles,
and of the diffusion coefficient of the field lines DpL> Pp + l i /2 ~ 0.7 in
this calculation. Each marker is located radially on the resonant layers.

Figure 6 : Radial profile of the Chirikov parameter (*chir> open triangles,
and of the diffusion coefficient of the field lines DpL- Each marker is
located radially on the resonant layers. In this calculation, Pp + l j / 2~2 ,
the number of resonances in the divertor volume has increased by a
factor 3 with respect to the case at Pp + lj / 2 ~ 0.7 of Figure 4.

3 domains of energy diffusion in the plane

The ratio of the intrinsic transverse heat diffusion,
.DFLvthe L K

to the maximum stochastic heat diffusion, DFL vthe, readily bounds the
domains of stochastic energy transport %_L « DFL vthe, domain 1 & 2,
from that of unperturbed transverse transport %± » DFL vthe, domain
3. The ratio of the parallel mean free path of the electrons, Xe, to the
characteristic correlation length of the stochastic field lines LK then

68



define the collisional regime A,e « LK, domain 1, and the non collisional
regime ^.e » LK, domain 2.

Figure 8 : Particle transport regimes including electric drifts,
a T = (X//DFL)/0c±LK)=100 a n d DBohm/(DFLVthi) = 20. At the

lowest values of D±/(DFL vt^i), the parallel transport along the stochastic
magnetic field governs the transport so that D e r g ~ DFL w^. Conversely
when Dj_/(DFL vthi) > 1, the transverse transport dominates and
D e r g ~ Dj_. In the region where electric drifts become significant,
D±~DBOhm/o:T there is a peaking of the particle diffusion governed by
the small scale structure of the electric drift due to the temperature field.

Figure 9 : Particle transport regimes including electric drifts,
a T = (X//DFL)/(XiLK)=100 and DBohm / ( D F L v t h i) = 1. At the
lowest values of D± /(DF L vthj), the parallel transport along the stochastic
magnetic field governs the transport so that De r g ~ DFL v ^ . Conversely
when Dj^/CDpL vthi) > 1, the transverse transport dominates and
D e r g ~ D±. The drift effects are too small in this parameter domain to
induce a significant peaking of the particle diffusion coefficient, see
Fig.(8).

Figure 10 : Connexion properties in the counter direction. The various
symbols discriminate the maximum radial penetration of the field line Ar
(in metres) over a finite parallel excursion bounded by 2n q R. Various
domains [Armjn, Armax] are considered such that Armjn < Ar < Armax.
+ [0,0.02] 0 [0.02, 0.04] o [0.04, 0.06] •[0.06,0.08] •[0.08,0.10]

Figure 11 : Regions of "hot" flux tubes in the plane qiimiter> aduo where
Qlimiter *s m e value of the edge safety factor at a given radius during a
slow current ramp up and where the angle is the viewing angle of the
Tore Supra Duochromater. The shadowed regions are those of the hot
flux tubes starting from the poloidal location determined by a.^uo, from
the toroidal location of the diagnostic and from the radial location of the
radiation front rfront. The full circles indicate the location of the high
temperature peaks as determined by ratios of specific impurity lines
measured with the duochromater. The location of the radiation front is
displayed in the upper part of the graph. The front moves from the
vicinity of the m = 18 resonance (open squares) to the m = 17
resonance (open triangles) and finally to the m= 16 resonance (open
circles). The full circles give the location of the front provided that it is
exactly located on the resonance layers. The line gives a fit of the front
location which is used to determine the "hot" regions in the lower part of
the figure.
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Figure 12 : Temperature decrease ATe in the ergodic volume measured
by Thomson scattering at p ~ 0.93 ± 0.04, open circles. Dashed line, fit
of the data with a dependence IDE

1/2 on the divertor current above the
threshold. The plain line is a fit of the data following the scaling of the
heat diffusion.

Figure 13 : Dependence of the temperature decrease ATe / Te (full
triangles) measured by Thomson scattering at p ~ 0.93 ± 0.04, left hand
side, and at p ~ 0.79 ± 0.04, right hand side. The temperature variation
depends on the edge value of the safety factor and exhibits resonant like
features for qiimiter ~ 3 at p ~ 0.93 and qiimiter ~ 4 at p ~ 0.79. The
dependence of the computed diffusion of the field lines DFL(p) is shown
to exhibit the same resonant features, open circles).

Figure 14 : Edge electron temperature (z = -0.24 m) from Thomson
scattering versus helical current on Text, Fig.(7b) from [3], and
temperature drop ATe using the same data.

Figure 15a : Edge temperature profile on Text measured with Thomson
scattering, in the limiter configuration, open squares, and in the EML
configuration, full squares, Fig.(6) from [54] and Fig.(3) from [45].

Figure 15b : Edge temperature profile from Tore Supra measured with
Thomson scattering, open squares, and reciprocating Langmuir probe,
open circles. The Chirikov parameter profile, full triangles, allows one to
determine approximately the location of the separatrix between the
divertor volume, p > 0.85, and the closed magnetic surfaces, p < 0.85.

Figure 16a : Edge temperature profile measured with the reciprocating
Langmuir probe, open squares. The dashed line indicates the average
temperature gradient through the perturbed region. Note that it is
significantly smaller than the local temperature gradient, plain line.

Figure 16 b : Analysis of the edge temperature gradient from the profile
of Fig.(16a). Dashed line and full circles, local temperature gradient,
plain line, average temperature gradient throughout the region,
theoretical calculation of the temperature gradient, open squares. The
modulation in the latter result is governed by the temperature dependence
of the ergodic heat diffusion coefficient.

Figure 17 : Electron density and electron temperature of the divertor
plasma in Hmode versus the poloidal distance at the divertor plate on
JFT-2M, closed squares : steady Hmode with frequent Elms induced by
the edge ergodisation, open triangles : Hmode without ergodisation,
Fig.(6)from [118] .
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Figure 18 : Poloidal modulation of electron temperature and plasma
potential (from the contour plot) versus the poloidal angle at r = 0.085 m
in CSTN-II, Fig.(5) from [122].

Figure 19 : Dependence of the stability limit in terms of the parameter
(Iheiical / BT)1/2 versus the safety factor at the edge plasma for Pulsator,
Fig.(2) from [124] and for Textor, Fig.(3) from [5], the broken line is
proportional to the ratio of the radial distance between the (2,1)
resonance layer and the boundary, a(l - p(q = 2)), to the induced (2,1)
island width 5j(q = 2).

Figure 20 : Same data from Pulsator as in Fig.(19) versus the ratio of the
radial distance between the (2,1) resonance layer and the boundary,
a(l - p(q = 2)), to the induced (2,1) island width 5j(q = 2). The shaded
domain is that of stabilised MHD activity (from [124]).

Figure 21 : Time trace of an He ohmic shot. The perturbation is increased
at t ~ 6 s leading to an increase of li, a small transient drop of the
density, a decrease of the MHD activity which is already low prior to
t = 6 s and an increase followed by a slow relaxation of the loop
voltage. Note the two spikes on the latter signal which are governed the
heavy impurity generation by the laser blow.

Figure 22 : Power threshold and controlled region of the Hmode by high
m ergodic field on JFT-2M, Fig(3) from [127] and Fig.(6) from [82].
Symbols show the Hmode discharges without Ha/Da bursts (open
circles), the intermediate mode of Hmode discharges with and without
Ha/Da bursts (open triangles), the steady state Hmode discharges with
Ha/Da bursts (open circles), and the Lmode discharges (crosses).

Figure 23 : Effect of the (3, 1) helical perturbation on the MHD
fluctuations on Toriut-4M, Fig.(4) from [37] and Fig.(5) from [38]. The
dependence of the maximum amplitude and of the frequency of the
fluctuations on the strength of the (3,1) helical current is shown for the
case of qiimiter = 2.4 discharges.

Figure 24 : 7/2 mode potential profile from HIBP (circles) and Langmuir
probe (triangles) on Text with BT =2 .1 T, Ip = 195 kA,

ne=2.101 9m"3 and IEML = 0 kA (open symbols) and IEML ~ 4 kA
(solid symbols), Fig.(4) from [52] and Fig.(6) from [128]. The two
curves are interpolations of the data used to compute the radial electric
field.
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Figure 25 : Radial electric field derived from the interpolation of the data
from Fig.(24). Only the main peaks of the electric field are robust to the
interpolation procedure.

Figure 26 : Dependence of the location of the radial electric field
inversion point on Text, data from Fig.(7) in [128], and of the value of
the electric potential at p = 0.7 on the EML perturbation current, data
from Fig.(8) in [128]. Both quantities are characterised by a threshold in
the perturbation current, I E M L *~1.4kA, and an ( IEML"IEML*) 1 / 2

scaling.

Figure 27 : Jump of the radial electric field versus the average density on
Tore Supra, Fig.(9) from [115]. The value is determined by the
frequency difference between the electron and ion diamagnetic peaks of
the density fluctuations spectra.

Figure 28 : Relative change in line averaged, frequency integrated FIR
scattered power (due to density fluctuations) with k ~ 2 cm-1 versus the
helical current for the 7/3 mode on Text, Fig.(7) from [3].

Figure 29 : Wave number spectra in limiter (open symbols) and divertor
(solid symbols) configurations for an average density of the order of
2. 1019 m-3 on Tore Supra, Fig.(10) from [115].

Figure 30 : Radial profile of the ratio of the turbulence level in divertor
and limiter configurations, Fig.(14) from [115]. The lowered density
fluctuation level, measured with a reflectometer, extends over 20 % of
the radius.

Figure 31 : Normalised fluctuation level (js^t
m - )

(approximately (n L i m -n E M L ) /n L i m ) versus the poloidal angle 9 on
Text, data from Fig.(10) from [3]. Probe position is r = 0.27 m. The
effect of the magnetic perturbation on these boundary fluctuations
exhibits a radial structure without however a clear trend, the dashed
curve is a sinusoidal modulation with mg ~ 13.

Figure 32 : Lower hybrid current drive efficiency in limiter (ED off) and
ergodic divertor configuration (ED on). The loop voltage drop between
the ohmic and lower hybrid phase, AUj, is plotted versus the standard
current drive parameter.

Figure 33a : Effect of a series of ergodic divertor pulses on the runaway
electron content of an ohmic discharge. The increasing perturbation level
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(IED) leads to an increasing loss of runaways as measured by the neutron
flux.

Figure 33b : Modification of the life time of the runaway electrons as the
perturbation level (IED) is increased. The life time of the runaway
electrons is roughly 1 s prior to the ergodic divertor first pulse. A
significant decrease of this life time is observed for IED > 10 kA. The
time delay in-between the perturbation pulses is too short to recover the
1 s life time so that the effective life time is transiently infinite.

Figure 34 : Schematic figure of field line deflections to limiters. A ladder
coil is localises the domains of outward radial perturbations, shadowed
domain labelled 3', and inward radial perturbations labelled 3. The
toroidal extent of the coil is 8(p. The "co" ("counter") field lines, full
lines, experience the outward (inward) radial magnetic perturbation
which leads to an outward radial step of 5r. After the radial deflection at
the coil location, the field lines follow the standard rotational transform
until they impinge onto the limiter labelled 1. This yields the
characteristic regions of energy load indicated by the black areas labelled
2.

Figure 35 : Calorimetric data of the energy deposition on the limiter,
open squares, and on the target plates of the ergodic divertor full squares.
The dashed and plain lines are square root fits of the data. The computed
data, full circles, is obtained by computing the number of target plates
which are shadowed by the limiter.

Figure 36 : Simulation with the Mastoc code of the heat deposition on a
target plate, 0.115 m long poloidally (horizontal axis) and 0.05 m long
radially (vertical axis). The radial penetration Ar is normalised to
Aphf = (Ar - Arm in) / (Ar m a x -Ar m i n ) . The radial penetration is
assumed to be proportional to the heat flux. The peaking factor is about 3
in this calculation for ohmic heating. The two "hot" patterns are
signatures of long coherence lengths along the field lines, i.e. small values
of D±. The shift of these patterns towards the right hand side is due to the
chosen edge safety factor qecjge of the magnetic configuration, here qecige
is larger than the resonance value.

Figure 37 : Experimental power deposition on a divertor target plate
corresponding to the same conditions as that of the simulation shown on
Fig.(36). The most noticeable difference is due to the fact that the actively
cooled structure is in fact made of two adjacent plates. There is therefore
a small vertical gap located at ~ 0.055 m on the horizontal axis. This gap
introduces a dip in the heat flux measurement with the Infra Red imaging.
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Figure 38 : Experimental power deposition on a divertor target plate with
an edge safety factor ensuring a proper alignment and hence a reduced
peaking factor of the power deposition.

Figure 39 : Energy flux impinging onto the ergodic divertor computed
from calorimetric measurements. The triangles characterise the heat load
on the target plates and the squares the heat load on the divertor module
(screen of the current bars covered with carbon tiles). The target plates
are 0.01 m ahead of the modules and receive the largest power flux in
both the limiter configuration, open symbols, no current in the divertor
and at ~ 40 kA divertor current, full symbols.

Figure 40 : Time evolution of the brightness of the Ni XXV 11.8 nm line
in the limiter configuration (dashed line, shot TS14346) and in the
divertor configuration (solid line, shot TS 14343) in Tore Supra, from
Ref.[145]. The e-folding time of the two traces increases from 130 ms in
the limiter configuration to 340 ms in the divertor configuration. Note
that both the rise time and the emission magnitude are comparable for
both cases.

Figure 41 : Evaluation of the global particle confinement time as a
function of the plasma electron content in limiter and ergodic divertor
configurations from a 2-reservoir model (courtesy of C. Grisolia). The
plasma volume is 28 nA

Figure 42 : Electron density profiles in the limiter and ergodic divertor
configurations.

Figure 43 : Continuous gas injection in 2 experiments, ergodic divertor at
constant and maximum magnetic perturbation throughout the shot, and
limiter shot. The time trace of the volume-averaged density, gas injection,
edge safety factor and edge molecular D2 pressure are displayed.

Figure 44 : Iso "fuelling efficiency" curves in the plane (x, R). The
fuelling efficiency, f(R, x), is given in Eq.(30). It is determined as a
function of the screening ratio x ~ ^screen / î> combined to the
recycling coefficient of the wall R. High wall pumping capability, R < 1,
and large screening ratios characterise the region of low fuelling
efficiency and therefore high screening of intrinsic impurities.

Figure 45a : Screening ratio x ~ X, s c r e e n / A,j for different neutral
species, the energy of the neutrals is indicated, 3 Te corresponds to
backscattered neutrals, 3 eV to chemical energy released by the break up
of molecules (typically the Franck-Condon dissociation of D2) and
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0.3 eV to wall emission. The screening ratio x ~ X s c r e e n / ^i i s

computed with A, sc reen = 0.07 m and ne = 10 19 nr3 .

Figure 45b : Ratio of the ionisation scales of various species to that of the
Franck-Condon deuterium (DF _c). It is assumed here that the density is
self adjusted to ensure ?ii(DF _c) ~ A, s c r e e n . The screened species lie
above the line ^ i / ^ i ( D F . c ) = 1, while the unscreened particles lie
below this line. These are the backscattered Deuterium, Helium and Neon.

Figure 46 : Carbon content of the bulk plasma in limiter and ergodic
divertor configurations as a function of the volume averaged density.

Figure 47 : Carbon, oxygen and nitrogen decontamination factors,
measured as the ratio of the bulk concentration between the ergodic
divertor and limiter cases, as a function of the ergodic divertor current.
The decontamination factor for oxygen is also given after normalising the
oxygen concentration by the Ha signal. The lines of this graph are guide
lines and do not account for the known threshold effect at IED > 10 kA.

Figure 48 : Experiment with detachment triggered by D2 gas injection
(dashed trace on the upper curve). Reattachment occurs once the gas
injection is stopped. The detachment is monitored by the fraction of
radiated energy fR (solid trace on the middle curve) and by the ratio Rrj
(dashed trace on the middle curve). Rrj> is the sum of the signals from the
two outermost bolometer chord (R = 1.62 m and R= 3.14 m) to that
of the two following chords towards the plasma core (R = 1.72 m and
R = 3.04 m), RD = (B(1.72m) + B(3.04m))/(B(1.62m) + B(3.14m)). Note
that the two outermost chords intersect the divertor volume while the two
other chords intersect the vicinity of the separatrix. Detachment is thus
characterised by the large values of Rr> Following the rise of fR, the
plasma detaches and the screening efficiency is reduced as indicated by
the density rise (Deuterium penetration) and the rise of Cl XIV and C VI
line emission.

Figure 49 : Poloidally averaged percentage change in impurity
concentration during the EML perturbation on Text (at low perturbation
level IEML = 2.5 kA)as a function of minor radius for six chosen edge
species, Fig.(9) from [107]. The maximum change in concentration is
located at the maximum impurity concentration for each ionisation stage.
A broadening of the radial profile up to 10 % is observed for each
ionisation stage.

Figure 50 : Penetration probability (ratio of bulk content to total injected
quantities) as function of the plasma density. The main plasma component
and wall status are indicated.
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Figure 51 : Relative change in Langmuir probe saturation current with
the EML perturbation on Text (IEML = 5 kA) versus poloidal angle 0
for two values of the edge safety factor, qedge = 2.9 open circles and
qedge = 3.6 at r = 0.28 m, Fig.(10) from [3]. The modulation pattern
clearly depends on the magnetic configuration.

Figure 52 : Langmuir probe saturation current versus the poloidal angle
9 on CSTN-III for three values of the helical current, Fig.(6) from [122].
the phase of the magnetic perturbation governs the phase of the
modulations of the saturation current.

Figure 53 : Steady state radial modulations of the electron density and
temperature fields in the ergodic divertor configuration measured with a
reciprocating Langmuir probe on Tore Supra, Fig.(3) from [2]. The
opposite phase of the two fields is readily associated to a constant pressure
profile.

Figure 54 : Radiation brightness on the various measurements chords in an
ergodic divertor configuration before, during and after Ne injection.

Figure 55 : Radiation brightness on the various measurements chords in a
limiter configuration before, during and after Ne injection.

Figure 56 : Radiation efficiency of neon in limiter and ergodic divertor
configurations as a function of the neon bulk density.
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Tokamak
a (m)
R(m)
(m, n)
Padd(MW)
Te(0) (Q)
Bt (T)
Ip (MA)
Ardivertor(ni;
Ap
low (m, n)
Ref.

CSTN-II
0.09
0.40

(-6, 1)
0

8eV
0.0885
0.0011
0.05
0.55
no
81

CSTN-III
0.09
0.40
(10, 1)
0

8eV
0.885

0.0011
0.05
0.55
no
121

Toriut-4M
0.10
0.3

(3,1)
0
-
-

0.0124
0.056
0.56

-
37

Hybtok
0.11
0.40
(6,2)

0
100 eV

0.4
0.015
0.03
0.24
no
80

Pulsator-I
0.12
0.70
(2,1)
0
-
3

0.100
-
-
-

124

Tokamak
a (m)
R(m)
(m, n)
Padd(MW)
Te(O) (Cl)
Bt(T)
Ip (MA)
Ardivertor(m)
Ap
low (m, n)
Ref.

JIPP T-IIU

0.23
0.93

(3,1)
2
-

2.6
0.25

-
-
-

55

Text
0.27
1.00

(7, 2 or 3)
0

0.85 keV
2.8
0.39

-0.04
-0.15

no
3

JFT-2M
0.30
1.30

(5,2)
1.3

0.8 keV
1.3
0.23

-0.06
-0.20

yes
6

Textor
0.46
1.75

(large, 1)
0

1 keV
2
0.3

-0.04
-0.09

yes
5

Tore Supra
0.80
2.38

(18 ±6, 6)
7

2keV
3

1.4
0.16
0.20
no
2

Table I



-38Br(l(rT) (m)

- 0.01

0.00 0.00
5 6

Figure 1



Figure 2



GChir

I- G H

0.80 0.85 0.90 0.95 1.00
P

Figure 3



Probability

0.4

0.2-

0.0

-

< Ar > = 0.03 m

0
Ar(10"2m)

Figure 4



-6

Figure 5



-6

Figure 6



101 r

1 0 ° fc-

10-1

10-2

10-3

10

; 1 I I I I I I I I i i l l l l l l l l l l i i

2

^^ i I I I I I I I I i I I I I I I I I i i i i n

- :

3

• i l l i i i i 1111

-3 10-2 10-1 10° 101

x±
DFLV the

Figure 7



V th i)

10

1 1 1 1 1 1 l l

0.01

1 1 I 1 1 11 T T T I I I |

DBohm / (DFL vthi) = 20
I I 1 I ll I I I I I I I ll

0.1 10
vthi)

Figure 8



Derg / O F L vthi)

10

1

DBohm / ( D FL Vthi) =

r r n n l

, , , lL±±\

0.01
. . . . , . , !

0.1 10
/ (DFL vthi)

Figure 9



e

0

<p

Figure 10



3.2 3.3
Q ( r = rLimiter)

Figure 11



ATe (eV)

200

100

0

Chirikov dependence

o AT

O7

•e-
15

LK / DpL dependence

30
I

45

ED

Figure 12



4

b

O

<u

o
o

1



T (p = 0.89) (eV) AT

AT (Chirikov fit)

-8

Figure 14



Te (eV)

500

400

0.90 1.00
P = r / rLimiter

Figure 15a



Te (eV)
400

Thomson --&•, edge x
Langmuir o
Chirikov

'Chir

4

0

Figure 15b



Te (e V)
TS15523

0.96 0.98 1.00 p ( r / a E D )

Figure 16a



VT. (keV/m)

0.96

TS15523

0.98 1.00 p(r /aE D)

Figure 16b



19 m"3)

o

Te (eV)

20

0

-A- without EML
- • - with EML

without EML
with EML

1 I

-0.10 0.00 0.10

AR(m)

Figure 17



Te(eV)

- 2

- 0

en

Figure 18



(^helihelical
1/2

(Ihelihelical
1/2

0

T I I
O Pulsator (left axis)
-•— Textor (right axis)

1/

(kA / T)
6

1/2

8
0

^boundary

Figure 19



(Ihelical / B T
1/2

0

— disruption limit
Hi stabilised MHD
o data

0.0 0.5 1.0

Figure 20



8Be
0.10

0.08-

nl(1019m"2)

V1OOP ( V )

IE D

10-

Figure 21



PNBI (MW)

1.0

Jft^x x x

0.5

0.0

L mode : X
H mode :

• Elmy, O Elm free,
A mixt Elmy and Elm free

I I
0

IEML

Figure 22



(5Be)max/Be

Figure 23



U(V)

200 -

0 -

-200 -

0.6 0.7 0.8 0.9 1.0 1.1
P ( r / alimiter)

Figure 24



Er (kV / m)

4

0

-2

-4

outward

— inward

0.6 0.7 0.8 0.9

EML
Limiter

I
1.0 1.1

P ( r / alimiter)

Figure 25



inversioninnV / <*limitPTv

0.15

0.10

0.05

inversiono p
A U(p = 0.7)

1/2

— JEML scaling

0.00 4-
0

•

200

100

0

-100

Figure 26



AEr (kV / m)

10

0

O

o o

• Ergodic Divertor
o Limiter

0 1
<ne> (1019 m'3)

Figure 27



P (VK 11

1.0 -

0.5 -

0.0
- 8 - 4 0 4 8

Figure 28



8n (a.u.)

2 -

1
8
6

4

2

0.1
8
6

0

Divertor
Limiter

10 . , -K
k (cm )

Figure 29



2 / c 2
ED ' O n Limiter

1.0

Figure 30



Ajisat
jLim
Jsat

1.5 -

1.0 -

0.5

0.0

-0.5

CD

<f °
I

l l
o data -

interpolation
••••• cos(kG), k - 11

O
o -

1 1
-110 -100 -90 -80 -70

en

Figure 31



0.6

0.4

0.2

no

op ' ^loop

1

—

—

y'

/ 1

1

1

1

O

|

1 /
,0 O

y

—

Divertor
Limiter

1
0.0 0.1 0.2 0.3 0.4 0.5

Figure 32



4 5 6 7

Figure 33a



I

L—(2)

<p

5(p

Figure 34



w / wtotal

0.5

D

• Limiter
• Target plates

• computed

Figure 35





CN CM

e "e 'e 's 'E



<N

e

d

E

p
i - H

E s

o

E



(MW/rn2)

10

1
8F ....
€f—

..A--

IED target plate divertor coil
40 kA - ± - - » -
0 kA -A- --B-

<p

Figure 39



7.5 8.0 8.5
t(s)

Divertor -
Limiter

7.5 8.0 8.5
t(s)

Figure 40



0.5

0.0

Divertor x
O gas fuelling

fit

0

Limiter x
fit, • gas,

• pellet fuelling

Nn (1020)

Figure 41



ne(1019m'3)

without ED
• •

"ZT

with ED
A O

0

-—Interferometry chords

0.0 0.2 0.4 0.6 0.8 1.0
P = r / alimiter

Figure 42



<ne> (1019m'3)

3

2

1 -

gas puff / V °
(1019m-3) 2

1 -

Qlimilmiter

log(PD2)
(a.u.)

0
6

4

2

0

Limiter
ED
Qedge

lmiter

Figure 43



R
1.0

0.8

0.6

0.4

0.2

0.0
0

~ Screen

Figure 44



^ screen

10

0.1 I if I'/t'fl

(3 eV) :
^:f/--^.C\ (3 Te) ;

W (3 Tc)

"^y> (3 eV)
'̂ N (3 Te) -

^Ne(3Te)

.<He (3 Te)

I A I I I I I I I I

2 4 6 2 4 6 2 4 6

10 100
Te (eV)

Figure 45a



I I I I I I I

6
4

/ Ne(3T(

He (3 T(

i 11 1 1

4 6 8
10

4 6 8

Te (eV)

Figure 45b



B(CVI)/<n/>

1000 -

2 -

100 -

4 -

X Q 1

- • • Divertor
I l

1
Limiter

oo

1
o

0s

s I

1
1

1
1 

i 
i 

i

•

—

>

<ne> (1019rn~3)

Figure 46



screen

Figure 47



19 -3>
<ne> (1017 ni ) D ini (1021 atoms s"1)

- 1.0

CVI
• CIXIV

0.5

0.0

- 5
RD

0

7
t(s)

8

Figure 48



0.90 0.95 1.00 1.05 1.10
P ( r / alimiter)

Figure 49



.2
03

o

CO

i i r 11 i i i i i r 11 i i

•H-

i n

(N

s
o
l-H

Au

V

(N

O
O

S5



' Jsat

1 -

0 -

1
u nedge ~"

- J°

2.9
Or\

1

\ k

oft

/A

^edge

1

i

= 3
1
.6 - A -

-1
-110 -100 -90 -80 -70

en

Figure 51



*~ W = 50 A

I E M L = - 5 0 A -

0 20
e o

Figure 52



Te (eV)

100

50

0
Pe (Pa)

0

ne(1019m-3)

Te — average gradient
ne average gradient —

0.95

- o - Limiter

0.6

0.4

0.2

0.0

1.00
P ( r / rhmiter)

Figure 53



RB (MW / m2)
V TS13927

0.1
8
6

0.01

= A Ohmic, - A - ICRH
: e ICRH + Ne O

, A

A"

X
,

1.6 2.0 2.4 2.8 3.2
•^chord

Figure 54



RB (MW / m2)
V TS14514

JE\ I I
A Ohmic, A ICRH
e ICRH + Ne, •-•-- Marfe ̂

0.1
8
6

0.01

. ^ _ _ _ J«*

, A H A ^ i i i A l i * Âa
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