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Abstract

Although ergodic divertors are primarily designed to control particle and heat

fluxes at the plasma edge, they also happen to affect the MHD stability of tokamak

discharges. On Tore Supra, the ergodic divertor has long been known to stabilise

the m/n=2/l tearing mode induced, for instance, by edge radiation and detachment

processes, thus allowing safe high-current and high-density operations. More

recently, though, in discharges where ergodic divertor operations were optimised

relative to the control of the edge-plasma (i.e., with large divertor perturbation), a

detrimental increase in the disruptivity has been observed. The action that the

ergodic divertor has on the MHD activity is interpreted in terms of a redistribution

of the current profile. The latter results from a large increase in the edge resistivity,

primarily induced by the degradation of the electron energy confinement in the

ergodic layer. The possibility that a transport barrier develops in the vicinity of the

separatrix strongly affects the considered modelling.



1. Introduction

The control of particle and heat fluxes at the plasma edge is a critical issue on

the path to achieving fusion in a magnetic confinement device. The ergodic divertor,

a concept first introduced by Feneberg [1], and recently reviewed in references [2]

and [3], offers interesting perspectives in this regard. In the present paper, our

focus is on the effect that the ergodic divertor has on MagnetoHydroDynamic

(MHD) stability. This is a key issue to any divertor which has to operate at high

plasma current, hence low edge safety factor, a requirement that is known to impose

strong constraints on MHD stability, primarily through the criticality of the m/n =

2/1 tearing mode in such conditions. On the Tore Supra tokamak, the ergodic

divertor has long been known to stabilise the m/n = 2/1 tearing mode induced, for

instance, by edge radiation and detachment processes [4], thus allowing safe

operations at high plasma current and high density (with a safety factor value of

about 2 at the separatrix). More recently, though, in discharges where ergodic

divertor operations were optimised relative to the control of the edge-plasma (i.e.,

with large divertor perturbation), a detrimental increase in the disruptivity was

observed.

An illustrative experimental behaviour is shown in figure 1. The time

evolution of some MHD mode envelop, a rough signal measured by a pick-up coil

located at the top of the vacuum vessel, is shown for an ohmic discharge where the

divertor current is progressively raised on the plasma current flat-top. A decrease in

this signal is initially observed, indicating some MHD stabilisation, with no

apparent threshold found from zooming on this signal in the earlier phase of the

raise in divertor current. The MHD signal eventually saturates to "noise level" at

some value of the divertor current. For a critical divertor current, well above the one

leading to the latter saturation, a disruption is stimulated which terminates the

discharge with little warning, if any (nothing, to date, that could be used in a

feedback-loop). Although this apparently leaves a comfortable margin for safe

(MHD quiet) operations, the optimum conditions for edge-plasma control appear to



lie close to the disruptive boundary of the operational domain. For this reason, and

in the perspective of an extrapolation to a reactor relevant ergodic divertor, it is

crucial to improve the understanding of the action that the ergodic divertor can have

on the MHD activity.

In section 2, the main features of the ergodic divertor of Tore Supra are

described, with the emphasis on the spectrum of the induced magnetic perturbation.

Section 3 gives an overview of the MHD-related experimental phenomenology of

ergodic divertor operations on Tore Supra. In section 4, a tentative modelling of the

experimental observations is discussed, in terms of a redistribution of the current

profile by the ergodic divertor perturbation. Finally, preliminary conclusions are

discussed in section 5.

2. Main features of the ergodic divertor of Tore Supra

The ergodic divertor of Tore Supra [2] consists of 6 identical modules

(coils) regularly distributed toroidally, on the low-field side of the vacuum vessel.

Each module extends over A(p = 14° toroidally and A8 = 120° poloidally. The

optimum last-closed-flux-surface which leans on the modules has a minor radius rED

= 80 cm and a major radius RED = 2.38 m. A module is made of eight conductors

carrying current of alternating directions (i.e., 3.5 =8-1 periods per module). This

setup generates a magnetic field perturbation SB whose magnitude is proportional to

the total current in the conductors, which can be continuously varied from 0 to 45

kA (a maximum value to be compared with the corresponding plasma current Ip, as

high as 1.7 MA).

The ergodic divertor belongs to the class of so-called Resonant Magnetic

Perturbation (RMP) setups. A given setup in this class can be characterised by the

Fourier spectrum of the magnetic perturbation it creates, over the grid of poloidal

and toroidal mode numbers (hereafter noted m and n, respectively). The spectrum

actually also depends on the perturbed equilibrium (through the Shafranov



parameter pp+ C-J2), since Fourier decomposition along the poloidal direction must

be performed by considering the straight-filed-line poloidal co-ordinate 6'. For

many RMP setups, such as the saddle coils installed on the Compass-C tokamak

[5], for instance, the spectrum consists of a reduced number of Fourier components

with low mode numbers (essentially m/n = 2/1, with weak poloidal sidebands m/n

= 1/1 and 3/1, for the example reported in [5]). These primarily aim at controlling

the associated resonant MHD modes in the plasma, through a mechanism which is

discussed in great detail in reference [6], for instance. The ergodic divertor was

originally designed with other objectives: controlling the particle and heat fluxes at

the plasma edge, by modifying transport properties in an annular peripheral region

with ergodic magnetic field lines induced by overlapping microscopic magnetic

islands. In order to create these many small-scale magnetic islands, the spectrum of

the ergodic divertor consists of a large number of Fourier components with

intermediate modes numbers (typically, m = 18 and n = 6, in Tore Supra), and does

not contain the dominant MHD-unstable components (such as m/n = 2/1 and 3/2).

For a given equilibrium, a detailed spectrum of the ergodic divertor perturbation can

be calculated by the code SPECTRE [7] (illustrative approximate analytical

calculations are discussed in references [8] and [2]).

The number of modules imposes the main toroidal mode number: n = 6,

while the toroidal extent of the modules fixes the "width" of the spectrum:

5n/n = (360°/6)/14° = 4. The poloidal extent of the modules (in terms of the

intrinsic straight-filed-line poloidal angle 0*) imposes the main poloidal mode

number: fn = 18 for, |3p+ tJ2 = 0.7, the typical Shafranov parameter for ohmic

discharges in Tore Supra. The "width" of the spectrum is fixed by the number of

poloidal periods per module: 8m, fn = 2/7. A typical poloidal spectrum, with a

characteristic sine-cardinal structure, is illustrated in figure 2. With the above n = 6

and m = 18 for (3p+ CJ2 = 0.7, the ergodic divertor creates an ergodic layer in the



vicinity of the resonant surface where q = q res = m n = 3. The thickness of this

layer is controlled by both the total current in the divertor Idiv and the pre-existing

safety factor profile q(r). It can extend as deep into the plasma as inside the q = 2

surface, although the ergodic divertor design has taken care to minimise the

dominant m/n = 12/6 component of the spectrum resonant on this surface to

preclude any penetration of the ergodic layer inside q = 2 unless the divertor

perturbation is forced to a large level. As one considers deeper and deeper magnetic

surfaces into the plasma, the magnitude of a given component 5B™ of the

spectrum rapidly decays away from the divertor modules, roughly like (r r^)"1"1 .

Through overlapping of the induced magnetic islands, the applied

perturbation creates an ergodic layer at the plasma boundary. Among other

consequences [2] [3], the current is expelled from this region through two distinct

mechanisms. First, the electron energy confinement is strongly degraded in this

region [2][3][9], leading to a sharp reduction in the electron temperature, hence a

large increase in the resistivity (the anomalous resistance familiar in Reversed Field

Pinches and devices operating in the so-called Ultra-Low-q regime [10]). Second,

field lines in the so-called laminar region [2] [3], at the outer edge of the ergodic

layer, eventually connect to the wall and are thus characterised by the high sheath

resistance. This current redistribution, experimentally observed on the time

evolution of plasma parameters such as the internal inductance tx and the loop

voltage Vloop (see figure 3), is thought to be responsible for the action of ergodic

divertor operations on the MHD activity, as originally proposed in [11]. The

interpretation proposed in the latter reference is revisited in section 4, where

important aspects of the modelling are included which were originally ignored.

3. Overview of the MHD activity in ergodic divertor discharges

Preliminary to any discussion of experimental observations, it is important

to comment on the diagnostics available for their analysis. The Soft X-Ray (SXR)



diagnostic, although not well-suited for a direct analysis of the rather peripheral

MHD activity we are concerned with in this paper, however indicates that ergodic

divertor operations do not seem to induce any significant change on sawteeth for the

ohmic discharges the present paper is restricted to. The Electron Cyclotron

Emission (ECE), a diagnostic that is often considered as a reference for the analysis

of tearing modes, allows limited monitoring of the magnetic islands due to its 4-5

cm radial resolution. In some cases where the ECE channels happened to be

appropriately distributed, ECE data nonetheless allowed the identification of the odd

structure of electron temperature fluctuations across the resonant surface, thereby

confirming the presence of a magnetic island. The island propagation frequency, as

measured from the relevant component of electron temperature fluctuations

(extracted from the total ECE signal by means of a Singular Value Decomposition

[12]), was found to agree with that inferred from magnetic fluctuation

measurements.

Unless specified otherwise, the following discussion essentially relies on

fast magnetic measurements. Tore Supra is equipped with 21 pick-up coils,

measuring the time derivative of the poloidal magnetic field 8Be, and 3 saddle coils,

measuring the time derivative of the radial magnetic field 5Br. There are 15 pick-up

coils distributed in the same poloidal cross section, and 6 pick-up coils evenly

distributed toroidally at a given poloidal location. The sampling rate for data

acquisition is typically 32 (isec, which allows analysis of the dominant MHD

activity whose frequency is of order a few kilo-Hertz (in the absence of Neutral

Beam Injection, there is very little momentum source). The capability of this

otherwise fair system was limited for the present studies by the acquisition system,

which allows data acquisition of 2048 samples only per acquisition, with a

repetition rate of order 1 sec. This apparently severe constraint, for the analysis of

possibly-slow transient-phenomena, was attenuated by the reproducibility of the

considered discharges.



The signal displayed in figure 1, to illustrate the effect of the ergodic divertor

on the MHD activity is a useful reference signal for controlling the discharge by

monitoring its gross MHD activity. This signal actually contains a dual information,

combining both some "ambient noise" (possibly some edge turbulence) and the

low-mode-number MHD modes we are interested in, primarily the dominant m/n =

2/1, 4/2 and 3/2 modes. Some more detailed physical information was extracted

from magnetic measurements, by means of various standard data analysis

techniques: essentially Fourier decomposition [13] and Singular Value

Decomposition (SVD) [12], little additional information being found from wavelet

analysis due to limited frequency resolution and mode-packing in a reduced

frequency interval (as a result of the limited rotation shear in the absence of a

significant momentum source).

3.1. Tearing mode stabilisation at low divertor current

A first set of discharges were performed with synchronised fast magnetic

acquisition and divertor-current ramp (up and down, in about 30 msec, separated by

a steady phase), in order to analyse the mode dynamics in the presence of a transient

ergodic divertor perturbation. Figure 3 shows the behaviour of the internal

inductance tx and the loop voltage Vloop for such a discharge. Figure 4 displays the

evolution of magnetic fluctuations (dominated by the m/n = 2/1 component at low

I^y, and by the m/n = 3/2 component at high Idlv) during the divertor current ramp

up/down. The Power Spectral Density (PSD), shown in Figure 5, with and without

the divertor perturbation Idiv, reveals various frequency peaks. The "ambient noise"

(i.e., the part of the spectrum that is not identified as peaks) is observed to decrease

with increasing divertor perturbation, accounting for most of the behaviour of the

MHD signal displayed in Figure 1. The dynamics (resulting from the ergodic

divertor transient stimulation) of the identified frequency peaks is the following.

- Some low frequency peaks (below 1 kHz) are identified as some parasitic

signal associated with the poloidal field coils.



- The initially dominant m/n = 2/1 mode (the associated island width is about 6

cm, i.e., w/a = 7.5%) is associated with a peak at 1.9 kHz. This peak, which

accounts for most of the signal displayed in figure 3, is clearly seen to disappear

with increasing divertor perturbation Idiv. It falls below the noise level (w less than

about 1 cm) at some modest level of the divertor perturbation (half the maximum

perturbation in BT = 2T discharges). Throughout the divertor current ramp, a

spectrogram analysis indicates that the mode frequency changes by a little amount

only, exhibiting a modest increase (less than 10%, if any) as the mode decays

away.

- Two peaks coexist, in the vicinity of 3.5 kHz, which are hardly separable. The

first one, at about 3.2 kHz, is associated with the m/n = 3/2 mode. The second one,

at about 3.8 kHz, is related to m/n = 4/2 mode, nonlinearly coupled with the m/n =

2/1 mode. A careful analysis indicates that the dynamics of the m/n = 4/2 mode

closely follows that of the m/n = 2/1 mode, while the m/n = 3/2 mode is found to

grow with larger divertor perturbations (a growth that can lead to a disruption if the

divertor perturbation exceeds some critical level, as shown in figure 1). These two

modes do not exhibit any visible frequency dynamics.

- As far as one can tell from the available signal, which is somewhat perturbed

by the sawtooth activity, the dynamics of the above three modes (as followed on the

spectrogram) appears to be reversible with respect to the divertor perturbation Idiv.

The mode amplitude exclusively depends on the magnitude of the divertor

perturbation, and can be analysed as a quasi-static process with respect to the

dynamics of Idiv. The only sign of irreversibility, and dependence with the

perturbation dynamics in addition to the above reported dependence with the

perturbation level, is associated with a "mode" that is clearly identified on the

spectrogram, at about 11 kHz at zero or low-level divertor perturbation, and with

some frequency dynamics at divertor-current ramp-down in the interval 6-8 kHz.

Although it does not seem to play a significant role on the "relevant" MHD activity,

and is thus ignored in the rest of the paper, the nature of this "mode" is not clearly



identified. It is not a propagating mode, but rather a beat-wave, whose magnitude

seems to respond to the divertor perturbation exclusively : both its frequency and

magnitude (as measured by each of the 24 available coils) are found to be

insensitive to changes on the safety factor profile as strong as varying q^ at the edge

from 6 down to 2.5. It is presently suspected that this "wave" is associated to some

response of the plasma surface to an incomplete control of its shape by the discrete

poloidal field coils.

Given the above observations, it seems reasonable to analyse the MHD

stabilisation issue in terms of a quasi-static divertor perturbation, exclusively

characterised by its magnitude Idjv. For the rest of section 3.1, we consider a set of

reproducible discharges where the divertor current is slowly ramped. Fast magnetic

data acquisitions (over a time period where changes in the divertor perturbation are

negligible) are recorded at times distributed over the divertor-current ramp, shot-to-

shot, in order to build a database intended to mimic a discharge with continuous

recording of the magnetic fluctuations. This is particularly useful in identifying a

threshold on the ergodic-divertor-induced dynamics of the observed modes. Such a

threshold is indeed observed in Figure 6, where the filtered m/n = 2/1 component of

the magnetic fluctuations is plotted for a few static levels of ergodic-divertor

perturbation. As far as parasitic oscillations (mostly induced by sawtooth crashes,

which tend to dominate the signal in the high-divertor-perturbation phase) allow one

to tell, the m/n = 2/1 mode behaves in a discrete manner with respect to the divertor-

perturbation level. This behaviour is coherent with the occurrence of discrete jumps

of the separatrix (which separates the ergodic region and the confined plasma) as the

divertor perturbation is increased. However, in the absence of any absolute

correlation with the width of the ergodic layer, one must conclude that any

interpretation of the observed MHD effects in terms of a current redistribution

cannot rely on a single parameter like the separatrix position. As discussed in

section 4, it is necessary to invoke a barrier on the current profile, in the vicinity of

the separatrix, which introduces additional parameters in the model.



3.2. Disruption stimulation at high divertor current

On Tore Supra, the ergodic divertor was designed with a resonance at q = 3

in low-(3 discharges (|3p+ CJ2 = 0.6-0.9 for the ohmic discharges considered in this

paper, but, for instance, the resonance would move up to q = 5 in discharges with

(3 + C/2 = 2 yet to be achieved). This implies high-plasma-current operations,

favourable to both increased energy confinement time and higher density limit, but

detrimental in terms of MHD stability. In such conditions, a careful adjustment of

the ergodic divertor current is required to avoid disruptions. For MHD safe

operations, particularly in the perspective of designing a new generation of ergodic

divertors, it is crucial to identify a robust criterion of disruption, in order to

determine the boundaries of a safe operating domain. Over the 1998 experimental

campaign of Tore Supra, a database was built with 17 disruptive shots, with a

toroidal field BT = 2T and a line-averaged-density nl ~ 4 1019 m'\ by varying shot-

to-shot the plasma current Ip and the major radius Ro (i.e., qY in the range 2.3-3.7 at

the divertor modules). In these discharges, the divertor perturbation was applied

before the plasma start-up phase, at a steady level above the threshold for

stabilisation of the m/n = 2/1 mode, and then slowly raised on the current-plateau

until a disruption was reached. The early stabilisation of the m/n =2/1 tearing mode

allowed to achieve low-edge-safety factor MHD-stable equilibria that would have

lead to earlier disruptions in a limiter discharge, as confirmed from attempting to

perform otherwise comparable discharges where a limiter was positioned as deep

into the plasma as to where the ergodic-divertor-induced separatrix was calculated to

locate. Eventually, a disruption occurred, at some critical divertor current, whose

signature closely resembles that of a so-called low-q disruption (except that the m/n

= 2/1 mode does not appear in the disruption sequence), as one may expect from the

proposed interpretation of MHD stabilisation/destabilization by the ergodic divertor

in terms of current-redistribution.



Some statistics were made on these disruptions, in order to identify a

disruption criterion of a better practical interest than the one based on a marginally

stable current profile. The 17 pre-disruptive states appear to have a common feature

shown in figure 6: the associated radial profiles of the Chirikov parameter (where

the radius is expressed in term of the related safety factor profile) all superimpose at

the position where the Chirikov parameter a is equal to 2 and the safety factor q is

equal to 2+1/6 (1/6 is a natural increment for the considered setup with n = 6).

First, it is remarkable that the Chirikov parameter is larger than 1 at the q=2 surface,

indicating that the latter lies into the ergodic region. Then, it is interesting to

consider the relationship between this empirical disruption criterion and the

interpretation in terms of a critical current profile. The latter is an unresolved issue

that challenges the assumption that the position of the separatrix (i.e., the magnetic

surface where the Chirikov parameter equals some number less than 1, hence far

from the observed critical value a = 2) is a leading parameter, like the limiter's

position in a limiter discharge.

4. Modelling : current profile evolution and MHD stability

The following discussion is largely inspired from a previous analysis [11],

which is revisited in order to include some important, but previously omitted,

effects. In reference [11], the stability analysis was based on comparing two radial

current profiles: the initial (Idiv = 0) one with outer minor radius a = rED, and a

profile presumably reached after complete relaxation of the current expelled from the

ergodic region of inner minor radius rsep, with the however strong hypothesis that

the shape of the original profile is retained (the so-called "similarity hypothesis")

together with the total current carried by the plasma (the considered discharges are

operated at constant plasma current Ip). In addition, at a time when equilibrium

reconstructions were more limited, reference [11] considered model analytical

profiles. In the present analysis, the initial current profile is obtained form an



IDENT-D equilibrium reconstruction (with interfero-polarimetric and magnetic

data), and the complete evolution of the profile is numerically modelled by a

current-diffusion equation [14], in toroidal geometry, where the only free parameter

is a model for the change in the resistivity profile induced by the ergodic divertor at

the plasma edge (the core resistivity is not significantly affected). In addition, the

above mentioned "similarity hypothesis" is released, which has a significant impact

on stability considerations. Indeed, this hypothesis is found to lead to too large an

increase (resp., decrease) in the on-axis current-density (resp., safety-factor) to be

compatible with sawteeth (by a volume effect, the apparently small change in edge

current density leads to a large increase in the core current density). Thus, a

sawtooth model is introduced, which consists in transiently raising the resistivity

inside the large q = 1 surface (typically 45% of the plasma radius a) when required,

in order to limit excursions in the on-axis safety-factor to a realistic range (typically,

0.7 < q0 < 0.8). This, of course, leads to a broader final current profile, as

illustrated in figure 8, which generally corresponds to a less stable equilibrium than

that prescribed by the "similarity hypothesis". The stability index A' (including

toroidal metric corrections [15]), for the m/n = 2/1 and 3/2 tearing modes, is

calculated at each step of the current diffusion and plotted in figure 9. The evolution

(were the time unit is normalised to the global resistive time xR = u.oa r|(r = 0),

of order a few seconds) consists of various phases :

- The first phase corresponds to the fast transient when the edge current is

expelled from the ergodic layer, then forming a bump on the current density profile,

which diffuses towards the plasma core through the q = 2 (resp., q = 1.5) surface

where the m/n = 2/1 (resp., m/n = 3/2) mode is resonant. This phase occurs on a

specific resistive time scale which is short (typically 3-4 orders of magnitude shorter

than the global scale TR) owing to the combined effect of a high resistivity and a

small radial scale associated with the considered region. The size of the ergodic

layer (rED - rerg of order 10 cm) can be evaluated from the radial profile of the



Chirikov parameter, calculated with the DivergQL code [7]. The increase in the

resistivity through the ergodic layer can be adjusted so as to reproduce the change in

the internal inductance Ct and the loop voltage Vloop measured experimentally, in the

steady divertor phase. Throughout this first phase, the narrow bump in the current

density profile, which is observed to diffuse from the edge towards the plasma core

in figure 8, produces large oscillations in the A' stability index of the m/n = 2/mode

resonant at the q = 2 surface it diffuses across. Regarding this particular phase, it is

important to note that the typical time scale for the current-bump transit across the

resonant q = 2 surface (typically 1 msec in figure 9), is shorter than the actual time

required for ramping the divertor perturbation (typically 30 msec in figure 3). This

indicates that the present numerical procedure, where there is no progressive

penetration of the ergodic layer (i.e., the current is flushed out of an ergodic layer of

fixed width, in one single step) cannot account for the proper experimental

dynamics. With progressive ergodic-layer penetration and current expulsion, it is

expected that the excursion in the A' stability index throughout this first phase

should be considerably attenuated (with no subsequent effect on the completely

relaxed state, though).

- The second, slower, phase corresponds to the transient regime when the

current-density bump diffuses down to the core, while broadening. This diffusion

takes place on the conventional resistive time scale (of order 1 sec), and leads to

some slow (and generally weak) variation in the A' stability index.

- The third and last phase, is associated with the model sawtoothing-regime,

when the current is prevented from diffusing further in towards the plasma core.

This phase interrupts the steady variation in the A' stability index observed at the

previous stage and leads to oscillations in the evolution of the A' stability index.

The magnitude and average value (with respect to the initial A', i.e., at Idiv = 0) of



these oscillations depend on both the sawtooth model and the model for the

resistivity increase at the plasma edge. The sensitivity to the resistivity model is the

clear indication that there is a need for an accurate modelling of the effect that the

ergodic divertor has on the current profile, along a line similar to that considered for

the electron temperature [9].

The resistivity profile, initially taken as the inverse of the current density

profile obtained from EDENT-D, is left unchanged inside the separatrix (arbitrarily

defined by the radial location where the Chirikov parameter, as calculated by the

DivergQL code [7], is equal to 1). On the contrary, it is significantly enhanced in

the ergodic layer, typically by a factor 100, as specified coherently with both the

increase in the internal inductance Ct and the loop voltage Vloop and electron

temperature profile measurements (ECE and Thomson scattering, with a modest

radial resolution). In the presence of a divertor perturbation, the resistivity profile

exhibits a rather sharp transition in the vicinity of the separatrix (where drastic

continuity conditions must nonetheless be satisfied to allow later coherent

calculations of the A' stability index). The latter transition is reminiscent of the

intrinsic transport barrier associated with the ergodic divertor [2]. Such a barrier can

be identified on the electron temperature profile [9] [16], as shown in figure 10(a).

Although the present resolution on the edge temperature profile measurements is not

sufficient to constrain our model for an accurate comparison with experiment, it is

clear that an edge barrier on the current density profile, as shown in figure 10(b), is

required to account for the observed stabilisation of the m/n = 2/1 tearing mode.

5. Discussion

The ergodic divertor allows safe (MHD quiet) operations at high plasma

current (safety factor of about 2 at the separatrix). The observed effects on the MHD

stability are interpreted in terms of the current redistribution induced by the ergodic



divertor perturbation. Key ingredients for interpreting changes in the MHD stability

are the intrinsic transport barrier associated with the ergodic divertor and sawteeth.

The change in the A' stability index, after complete relaxation of the current

expelled from the ergodic layer, as compared to the initial value (i.e., Idiv = 0),

depends on the balance between two contributions. The first one, destabilising,

results from an increase in the current density gradient inside the resonant surface,

owing to the current profile broadening induced by sawteeth. The second one,

stabilising, results from an increase in the current density gradient outside the

resonant surface, owing to the formation of a transport barrier in the vicinity of the

separatrix. While the latter dominates the former in the case of the m/n =2/1 mode,

thus leading to the stabilisation of this mode, an opposite situation characterises the

m/n = 3/2 mode. On the one hand, the separatrix does not extend as close to the q =

1.5 surface as it does to the q = 2 surface (owing to the width of the poloidal

spectrum of the ergodic divertor perturbation), thus limiting the beneficial effect of

the barrier. On the other hand, the q = 1.5 surface, closer to the q = 1 surface, is

more affected by the current profile reorganisation through sawteeth than the q = 2

surface, which increases the detrimental effect of sawteeth. As a result, the fragile

balance between the stabilising effect of the barrier and the destabilising effect of

sawtooth-induced current profile broadening turns out to be in favour of a

destabilization for the m/n = 3/2 mode, for a large enough divertor perturbation.

This is though to be the reason why disruptions occur in divertor operations

optimised for edge-plasma control (i.e., with a large ergodic divertor perturbation).

Error bars in the modelling (or estimate, on the basis of the available experimental

data) of both the barrier and the sawtooth-induced current-profile-broadening do not

presently allow safe extrapolation to either a next-generation setup or operations in a

regime with increased performance (with additional power, for instance).
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Figure 1. MHD mode envelop during ergodic divertor operations in Tore Supra.

Figure 2. Typical poloidal spectrum of the ergodic divertor perturbation.
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Figure 3. Evidence of current profile reorganisation at divertor ramp up/down.
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Figure 4. Evolution of magnetic fluctuations during divertor ramp up/down.
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Figure 5. Power spectral density of magnetic fluctuations with and without

divertor perturbation.
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Figure 6. Threshold upon the ergodic divertor effects on MHD activity
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Figure 7. Empirical criterion for ergodic divertor induced disruptions.

(a) The Chirikov parameter profiles (with the radial co-ordinate expressed in terms of the safety

factor q) just prior to disruption superimpose at a specific location: the Chirikov parameter is

equal to 2 at the q = 2+1/6 surface, leading to a disruption criterion with little dispersion (b).
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Figure 8. Current redistribution induced by ergodic divertor current ramp-up.
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Figure 9. Evolution of the A' stability index for the m/n = 2/1 mode ( fast transient phase).
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Figure 10. Ergodic divertor intrinsic transport barrier, with a the separatrix at r/a = 0.8. (a)

Electron temperature profile, and associated model resistivity profile calculated from a simple

T~3/2 law. (b) Typical current profile before and after complete relaxation.


