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Abstract

Ergodic and axisymmetric divertor con®gurations are shown to follow identical physics insofar as parallel transport

is a dominant feature. As a consequence a unique 1-D model is used to model the divertor density regimes. This model

indicates qualitatively that impurity radiation will lower the threshold to detachment and that the Mach number ex-

hibits a maximum close to the ionization front. Experimental data corresponding to the density regimes, thermal bi-

furcation on a given ¯ux tube and Mach number pro®le illustrate the behaviour of the divertor states. It is shown that

closed divertors should exhibit sharp transitions to detachment, as reported on DIII±D, while open divertors are

characterized by a gradual detachment. Evidence of this behaviour is given for Tore Supra. Discussion of the rela-

tionship between the upstream SOL density of the model and the volume average density are discussed in the frame of a

comparison between open and closed divertors. Depending on the tightness of the divertor with respect to neutral

recirculation, it is shown that the e�ective control parameter, volume average density or gas injection, will

change. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Signi®cant progress towards high performance plas-

mas in fusion devices has been achieved by implement-

ing speci®c components dedicated to plasma±wall

interaction. The step from passive extraction compo-

nents to axisymmetric (or poloidal) divertors has opened

the way to controlled edge plasma transport and out-

standing results on con®nement, impurity screening and

power deposition [1]. These results, the number of de-

vices operating with the axisymmetric divertor, and the

level of understanding exempli®ed by the sophisticated

numerical modelling [2], have governed the choice of this

divertor for the ITER project. The very goals of the

latter project have led to a renewal in the interest in

divertor physics [3]. Indeed, the time scale of the fore-

seen experiments, typically 1000 s, impose steady oper-

ation of the heat extraction components and therefore

technological limitations in the energy ¯ux [4]. Com-

patibility between energy decon®nement in the divertor

volume and high core con®nement have led to decou-

pling core and divertor volumes by mechanical ba�ing

of the neutrals [5]. The tightness of such closed divertors

with respect to particle recirculation is weakened by

spurious recycling on the ba�es during ELMs or on the

ICRH and LH antennae in regimes of su�cient plasma±

wave coupling. The ergodic divertor, still on operation

on Tore Supra, can appear as an alternative divertor [6].

In the present paper, the comparison between these di-

vertors is focused on the issue of mechanical closure

versus open divertor operation. Indeed, the closure of

the ergodic divertor volume is ensured by the plasma

itself, and the issue of tightness is then raised in high

density operation as the screening capability weakens. In

Section 2, the principle and geometrical properties of the

two divertor con®gurations are recalled. Plasma edge

density scaling versus the volume averaged density is

presented in Section 3. Section 4 is devoted to the

overall particle recirculation and its impact on the lo-

cation of the ionization front. Results are discussed in

Section 5.
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2. Divertor geometry and operational window

The very ®rst aim of divertors is to remove the region

devoted to plasma wall interaction from the last closed

¯ux surface which we call separatrix for convenience.

This change of topology is governed by external mag-

netic ®elds and thus speci®c set of divertor coils. In the

case of the axisymmetric divertor a singular point with

vanishing poloidal magnetic ®eld (X-point) is generated

by an n� 0, m� 1 coil sustaining a current comparable

to the plasma current. The target plates are located on

the `legs' below the X-point with respect to the core

plasma. The singularity generates a logarithmic diver-

gence in the ®eld line connexion lengths and a speci®c

volume dedicated to divertor physics from the X-point

to the target plates. In the case of the ergodic divertor a

resonant magnetic perturbation is used to generate sin-

gularities in the magnetic ®eld topology. On Tore Supra

the coil system generates an n� 6, m� 18 � 6 pertur-

bation [6]. This external perturbation will destroy the

magnetic surfaces at the plasma boundary, typically

q P 0.8 (q� r/a, a being the plasma minor radius), and

above a threshold in the perturbation current. The op-

erational window is restricted to values of the plasma

current such that the main modes of the perturbation are

resonant at the plasma boundary, hence

q(r� a) � (18 � 6)/6.

Given the interplay between charged particles and

neutral particles in the plasma boundary, the relevant

geometry is governed by two di�erent metrics. On the

one hand, neutral transport is governed by atomic

physics scales, namely the ionization and charge ex-

change mean free paths, kI and kCX respectively. As a

result the typical scale strongly depends on the line in-

tegrated plasma density over the neutral line of ¯ight.

1 �
Z kI

0

df
nhrviI

v0

: �1�

In this de®nition one recognises the ionization rate hrviI,
the plasma density n, the neutral velocity v0 and the

abscissa along the line of ¯ight, 1 � ! 1:0=v0. On the

other hand, the plasma scale depends on strongly mag-

netized plasma transport properties. Provided transport

parallel to the magnetic ®eld is the largest, the equilib-

rium magnetic ¯uxes then de®ne the proper metric and

the transport radial step in real space is proportional to

the ¯ux expansion. Typical scales, such as the density e-

folding length kn � �D?L===cS�1=2
, are mapped to the

midplane. This scale depends on the particle di�usivity

D? (provided this is the proper transport process [7]), on

parallel transport at sound velocity cS, and on the rele-

vant parallel scale L==. Energy transport impacts particle

recirculation through the temperature dependence of the

ionization rate, the sound velocity and neutral velocity.

Geometrical control of particle recirculation is therefore

achieved via the launching point of recycling neutrals

(where 1 � 0), the wall to separatrix radial distance ddiv,

and the parallel scale L==. This geometrical control is

only e�ective insofar that plasma±neutral interaction is

signi®cant. The wall to separatrix distance ddiv thus ex-

hibits large poloidal variations in the axisymmetric di-

vertor. Neutral in¯ux must therefore be maintained in

the vicinity of the X-point where ddiv is maximum. Po-

loidal symmetry of ddiv in the case of the ergodic divertor

con®guration is thus compatible with a distributed

neutral source around the torus with no mechanical

ba�ing. The impact of the parallel scale is more di�cult

to analyse. The connexion length diverges from the wall

to the separatrix in both con®gurations. Results for the

ergodic divertor are characterized by a large region of

long connexion lengths, with signi®cant modulations

radially and poloidally. It could be argued that the

feature alone would lead to large density e-folding

lengths. However, transport analysis indicates that

plasma properties only depend on L== up to a limit in the

range of pqR, the standard limiter connexion length

[6,8].

3. Density regimes

Characterization of divertor performance is achieved

by analyzing the divertor density response to either a

core density or a gas injection scan. Three regimes are

routinely reported with the axisymmetric divertor [1,9]

and have been recovered with the ergodic divertor [10],

Fig. 1. At low density a linear dependence of the di-

vertor density, ndiv, versus the volume averaged density

hnei is observed. The high recycling regime is then found

once a critical temperature is reached. Following a

standard analysis [1], this regime follows the scaling

ndiv a hnei3. Finally detachment occurs, namely a roll-

over of the divertor density or more precisely a drop of

ndiv below the hnei3 scaling followed by a decrease of ndiv

as hnei is further increased. Let us consider a 1-D model

of plasma parallel transport to the target plates. Such a

model should capture the basic features of the involved

physics as long as transverse transport can be neglected,

typically for a connexion length bounded to L==� pqR

(the laminar regime in the ergodic divertor con®guration

[6]). At the present stage, the model is used as a quali-

tative guideline to analyze the experiments. The linear

regime allows one to determine the power in¯ux and a

crude model is used for the impurities. For the attached

regime, the mechanical balance leads to a regime at

constant pressure P � 2nT �1�M2�; T is the tempera-

ture for this single ¯uid approach (Te�Ti) and M is the

Mach number. It is also assumed that the conductive

¯ux is much larger than the convective ¯ux, this very

assumption being in fact the de®nition of the attached

regime. Control parameters are Qup the upstream energy

in¯ux into the given ¯ux line and nup the upstream
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density. Given the strong temperature dependence of the

ionization cross section and of the parallel heat con-

ductivity, j== � �j T 5=2, one ®nds two characteristic

temperatures, TD � 10 eV below which the ionization

rate decreases rapidly and T== which is the minimum

upstream temperature with no energy loss along the ®eld

line.

T== � QupL==
ÿ �� 2

7
�j

� �� �2=7

: �2�

In this equation Qup � q (q is the conducted energy ¯ux)

as would be expected for a large temperature low par-

ticle ¯ux regime. At constant energy ¯ux along the ®eld

line the temperature equation is readily integrated and

yields T �s� � T==��s=L==� � �Tdiv=T==�7=2�2=7
. Tdiv, the

plasma temperature at the target plate appears therefore

as a key parameter. Given the Bohm sheath conditions,

one ®nds that this temperature is de®ned as Tdiv �
Qdiv=�cCdiv�;Qdiv and Cdiv being respectively the parallel

energy and particle ¯ux to the target plate. The sheath

transmission factor is c � 6. The large particle ¯ux

which characterizes divertor operation thus governs low

divertor temperatures. At low fuelling e�ciency, any

density increase will thus induce a further lowering of

the divertor temperature. Particle recirculation is there-

fore the key feature of divertor operation. Another ef-

fective means of lowering Tdiv is the reduction of Qdiv

due to impurity line radiation [11]. At low density, and

therefore at high divertor temperature, impurity radia-

tion is small so that one ®nds Tdiv P T==�T== � 30 to 40

eV in ohmic shots). The parallel temperature gradient is

small so that upstream (nup) density is a factor 2 larger

than the divertor density, ndiv. The transition from linear

to high recycling regimes thus occurs when Tdiv � T==.
Below this temperature, another feature modi®es the

behaviour of the divertor parameters, namely impurity

radiation. In the following equation, the temperature

pro®le is de®ned following the calculation of Ref. [12].

Impurity radiation is introduced via a given impurity

concentration cz and the radiation rate Lz(t). It is as-

sumed that cz is constant, of the order of 3%, and unless

speci®ed independent of Tdiv.

T 7=2

== �
7

2

ZTup

Tdiv

T 5=2dT

1ÿ P2

2Q2
up

czW �T �
� �1=2

;

W �T � �
ZTup

T

j==Lz�T �dT
T 2

: �3�

Radiation is assumed to occur at low Mach number so

that density is expressed in terms of the temperature and

the constant pressure P.

P � 2nupTup � 2ndivTdiv�1�M2
div�: �4�

In the attached regime it is possible to relate the pressure

to the energy and particle ¯ux at the sheath boundary so

that the pressure is de®ned for a given upstream energy

¯ux.

P
Qup

� c2M2
div

2 1�M2
div

ÿ �2

Tdiv

mi

� cz

2
W �Tdiv�

( )ÿ1=2

: �5�

This expression clearly shows that the impurity radia-

tion, typically cz W(Tdiv) in Eq. (5), lowers the available

plasma pressure P at given injected power. However

this e�ect must be larger than the sheath energy con-

vection (other term on the RHS of Eq. (5)) to induce

strong e�ects. In practice, one ®nds that intrinsic im-

purity radiation becomes signi®cant for temperatures

lower than � 40 eV. The transition from linear to high

recycling induces in fact a transition into the radiating

divertor regime. For su�ciently peaked radiation rates,

multiple steady state solutions are found [12], with two

branches such that dndiv=dnup P 0, Fig. 2. One also ®nds

that the divertor density increase versus the upstream

density is much sharper than the cubic scaling which

corresponds to the experimental regime of Fig. 1. It

Fig. 1. Experimental evidence of the divertor density regimes

achieved with the ergodic divertor when the volume averaged

density is increased. Top, divertor density, linear regime up to

fG � 28% of Greenwald density and detachment at fG � 33%.

Stable detached regime in this ohmic operation is achieved up

to fG � 41%. Lower, divertor temperature data and 1-D model

results. The experiment was performed with a mixed gas in-

jection, deuterium and nitrogen, to enforce a constant impurity

content.
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must also be underlined that bifurcation points are as-

sociated to in®nitely long relaxation processes to equi-

librium. As a consequence, density ramps can depart

from adiabatic variations of the control parameter, and

the measured data correspond to transient states with

little relevance to equilibrium states, see Ref. [13]. This

might explain why there is no clear evidence of a bi-

furcation in the experimental data displayed on Fig. 1.

Finally, since impurity line radiation is still large in the

10 eV range, one ®nds that the radiating divertor regime

(the high recycling regime) leads to the detached regime

after only a minor increase of the upstream density. This

is also readily observed in the experimental data of

Fig. 1, with the roll-over of the density increase at

hnei � 3� 1019 mÿ3, typically 35% of the Greenwald

density. Using the JET de®nition of the degree of de-

tachment (DoD) [14], one can associate to this roll-over,

a progressive increase of the divertor detachment related

to a pressure drop along the ®eld lines [14]. On Tore

Supra, the increase of the DoD is shown to be related to

a shift of the radiation front [15,16], a feature also re-

ported in axisymmetric divertor experiments such as

JT60-U [17], DIII±D [18] and C-Mod [19]. Bifurcation

like behaviour of the divertor parameters has been ob-

served in a speci®c set of experiments with a very low

level of intrinsic impurities dominated by carbon. As the

volume averaged density is increased, one observes an

exponential decrease of the carbon content of the dis-

charge which one readily interprets in terms of a lowered

sputtered yield as the divertor temperature is lowered.

Similar behaviours are found in helium plasmas where

the density can be increased up to the Greenwald density

with no detachment the temperature remaining above 10

eV and the carbon content decreasing steadily. This

behaviour with no pressure drop along the ®eld lines is

also reported for DIII±D helium operation [20]. This

variation of the impurity concentration is equivalent to a

strong decrease of the radiation rate as Tdiv approaches

10 eV. This sharpens the radiation peak but also allows

the plasma to remain in the attached regime at a larger

volume averaged density. In the sequence of two shots

with di�erent density ranges, one observes that the high

temperature branch followed by the low temperature

branch is measured at one location of the target plates,

Fig. 3. Matching of the temperatures is observed at

another location, the steady decrease of Tdiv being fol-

lowed by an increase of Tdiv as the volume averaged

density is further increased, Fig. 3. The latter behaviour

is reported in the C-Mod divertor experiments, the so

called `death ray' e�ect [9]. Modelling of the coupled

e�ect of impurity radiation and decay of the impurity

source allows one to recover qualitatively the behaviour

of the bifurcated regime and in particular the clamping

of Tdiv to the 15 eV range despite the increase of both ndiv

and nup, Fig. 3. The `death ray' regime cannot be ana-

lysed in terms of the 1-D model, since it appears to be

related to a speci®c increase of the energy ¯ux on several

¯ux tubes as the density is increased so that the divertor

plasma appears to reattach, Tdiv increases and ndiv de-

creases. Similarly to C-Mod observations, the death ray

is observed prior to detachment which is not reached in

this low impurity content plasma up to 41% of the

Greenwald density.

4. Particle recirculation and location of the ionization

front

Modelling the detached regime requires to properly

account for the coupling between mechanical and par-

ticle balance:

dC
ds
� nnNhrviI � nN

hrviI
T
�nT �;

dP
ds
� ÿminNhrviCXC: �6�

At large increase of the particle ¯ux C along the mag-

netic ®eld (curvilinear abscissa s) quenches the conduc-

tive energy ¯ux inducing the strong reduction in the

temperature gradient required for the detached regime.

The rapid variation of the right-hand side of the balance

equations governs signi®cant changes in the Mach

Fig. 2. 1-D model result for the divertor density against the

upstream density, results for the divertor temperature with the

same parameters are plotted on Fig. 1. Impurity radiation in-

duce a bifurcation of the divertor plasma state with very long

relaxation times (at the bifurcation points) and unstable equi-

librium states. Note that the divertor density departs from the

linear scaling before the transition point even with no impurity.
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number. Let us introduce M � �2jM j�=�1�M2� such

that:

M � 4T jCj
PcS

;
dM

Mds
� 1

2LCX

LCX

T
dT
ds

�
ÿ M� 2hrviI

hriCX

1

jM j
� ��

�7�

The scale LCX is the charge exchange mean free path

LCX � cS=�nNhrviCX� where cs is the sound velocity

cS � �2T=mi�1=2
. Two sets of terms govern the parallel

variation of the Mach number, the positive temperature

gradient induces a reduction of the Mach number as one

approaches the target plates while the parallel pressure

drop towards the target plate and the particle ¯ux in-

crease to the target plate generate the standard increase

of the Mach number towards the target plate. The se-

quence of changes of the dominant processes governs

the modi®cation in Mach number parallel pro®le. As s

decreases towards the target plate, one observes a ®rst

regime at low Mach number where ionization is the

dominant process in the variation of the Mach number,

the Mach number follows the standard behaviour [21],

Fig. 4. In the vicinity of the ionization front, the tem-

perature gradient becomes very large and the ionization

process is strongly reduced as Tdiv6 10 eV. The Mach

number then decreases until the reduction of the tem-

perature gradient in the detached plasma allows for a

Mach number increase to the target plate driven by the

parallel momentum loss, Fig. 4. Neglecting variations of

the energy ¯ux, one can relate the location of the max-

imum of the Mach number DM to the location of the

ionization front D which also labels the detachment

front [22,23].

DM � D� 2LCX

7 M� 2hrviI
hrviCX

1
jM j

� � : �8�

One thus ®nds that the front of the Mach number

maximum stands just ahead of the ionization front,

LCX=L== � 0:04 with nN � 4� 1018 mÿ3, Fig. 4. While

Fig. 4. 1-D analysis of the Mach number pro®le along a ®eld

line from the wall s� 0 and M� 1. The density pro®le and the

ratio of the conductive energy ¯ux q over the total energy ¯ux Q

are plotted on the lower graph. Detachment, characterized by

the sharp decrease of the ratio q/Q is shown to occur in the very

vicinity of the local maximum of the Mach number.

Fig. 3. Experimental data of the divertor temperature for two

Langmuir probes at di�erent locations toroidally and poloi-

dally. The top graph with data from a midplane probe (®eld line

leaving the probe in the counter direction) is characterized by a

smooth decrease of the temperature followed by a shoot up

near the detachment limit, a behaviour which is reminiscent of

the C-Mod `death ray'. On the lower graph, data is taken from

a probe slightly above midplane from an adjacent module for a

®eld leaving the probe in the co direction. The strong bifurca-

tion behaviour is recovered with the 1-D model by introducing

a strong lowering of the impurity content below 20 eV. The

strong decrease of the intrinsic impurities (carbon and oxygen)

is also reported experimentally as the volume averaged density

is increased.
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such a measurement is impossible in the axisymmetric

divertor con®guration, the ergodic divertor o�ers a un-

ique opportunity since the radial scan of the recipro-

cating probe is equivalent to a parallel scan along the

®eld line, Fig. 5. Although the exact matching between

the radial location and the parallel connexion length is

di�cult to unfold, the measurement of the Mach num-

ber [24,25] displays a marked maximum at jM j � 1 in-

side the plasma when detachment occurs, Fig. 5. The

measurement thus allows one to monitor the inward

shift of the ionization front as the volume averaged

density is increased. The relationship between the max-

imum of the Mach number and the ionization front is

reinforced by the measured temperature near the maxi-

mum of jM j; Te � 10 eV (sudden drop in Te at r� 0.75

m), Fig. 5. The gradual inwards radial shift of the ion-

ization front is equivalent to a progressive shift of the

ionization front along the ®eld line, Fig. 6. This agrees

with the notion of a degree of detachment [14] which

di�ers strongly from the bifurcation like phenomena

reported for DIII±D [26]. In the latter experiment, the

sudden changes of the divertor behaviour [27], at critical

neutral pressure in the private ¯ux region [26] is inter-

preted as a sudden change in the location of the ion-

ization front [22]. This striking di�erence in behaviour

appears to originate from two schemes of particle re-

circulation control. The analysis of the DIII±D detach-

ment emphasizes the existence of a controlled neutral

population which builds up in the private ¯ux region

with no leakage out of the divertor volume. Further-

more, this experiment is characterized by strong neutral

beam fuelling and no feedback control of the core den-

sity [27]. Integration of Eq. (6), in the attached region

(P� constant and jM j � 1) and in the detached region

(P decreases and jCj � constant) at constant neutral

density yields the location of the ionization front which

is characteristic of the balance between the particle ¯ux

build-up and the pressure drop over a ®xed total parallel

extent of the ®eld line LN where neutrals are present [22].

LN ÿ D� �D
LD

CXLD
I

� LN ÿ D� �
LD

I

ÿ 1 � 0; �9�

where the ionization and charge exchange mean free

path are computed at the ionization front between the

attached and detached region at TD � 10 eV,

LD
I � CD

S

��nNhrviDI �, LD
CX � CD

S

��nNhrviDCX� with

CD
S � �2TD

�
mi�1=2

. Replacing Tdiv by T and Mdiv by M �
1 in Eq. (5) yields PD � 2nupTup, which only depends

on the upstream energy ¯ux and on the radiated power

in the radiating region. Beyond the radiating regime the

energy ¯ux is constant so that Tup�T== (1 ÿ DR/L==)
2=7,

where DR is the boundary of the radiating front. As-

suming that the radiating region is not a�ected by the

detached region, hence DR ÿ D is constant, one ®nds

that Tup and nup are monitored by D provided that D/L==

is not too small. This analysis thus indicates that in a

divertor con®guration with low neutral control, hence

LN � L==, the feedback control of nup allows one to

control D and the required neutral density to achieve nup.

This scheme does not yield bifurcations although a large

variation of D and nN are likely to occur as nup is

Fig. 5. Radial pro®le of the Mach number and of the temper-

ature ®eld obtained with the reciprocation Langmuir probe. In

the ergodic divertor con®guration such a radial scan also cor-

responds to a scan in the connexion length to the target plates.

Note the relative stability of the divertor state highlighted by

the similar pro®les obtained during the back and forth move-

ment of the probe.

Fig. 6. Radial inward displacement of the M � 1 front DM as

the volume averaged density is increased. Right-hand side scale,

ratio of DM to Ddiv where Ddiv is the estimated extent of the low

particle con®nement region.
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increased into the detached regime. Conversely, bifur-

cation like behaviour must be expected when neutrals

are con®ned to a reduced fraction of the connexion

length, LN � L==, and/or when the e�ective control pa-

rameter is the neutral density nN governed by the pro-

grammed gas injection. Finally, one must address the

relationship between the nup and hnei. Results of the 1-D

model, Fig. 2 plotted against the hnei are based on the

following simpli®ed expression.

hnei � apeaknup � aRjCdivj k
sep
I

D?
exp ÿ �Ddiv ÿ D�

kdiv
I

 !

� acorejCcorej kp

D?
: �10�

The volume averaged density thus appears as a function

of the boundary density, namely nup with a prescribed

peaking factor, apeak, of the fuelling e�ciency of the re-

cycling particle ¯ux in the divertor, and of direct core

fuelling characterized by a penetration depth kp, and a

particle ¯ux Ccore. In the ergodic divertor con®guration,

the latter fuelling is not used, acore� 0, so that feedback

on the volume averaged density will determine the bal-

ance between the upstream density and direct core fu-

elling by the recycling ¯ux. In the model, Fig. 2,

apeak � 3:5 and direct core fuelling is only e�cient during

low density operation, typically the linear density re-

gime, in agreement with the reported low fuelling e�-

ciency of gas injection, typically 1% [6]. The screening

factor of the recycling ¯ux in Eq. (10) depends on the

ratio of the active divertor volume Ddiv ÿ D, where Ddiv

is the extent of the low particle con®nement region, to

the ionization mean free path at the ionization front,

kdiv
I . Following experimental observations [13], the fu-

elling e�ciency increases as detachment occurs, hence as

Ddiv ÿ D is reduced.

5. Conclusion

The comparison of the divertor density regimes in

both the axisymmetric and ergodic divertor con®gura-

tions demonstrates that similar physics govern the

transition from linear to high recycling and from high

recycling to detached regimes. Common features are a

plasma state controlled by parallel transport associated

to high particle screening leading to a large ¯ux ampli-

®cation in the divertor volume. It is shown that impurity

radiation modi®es the high recycling regime leading to a

sharp increase of the divertor density, and, for a small

increase of the volume averaged density, to divertor

detachment below Greenwald density. Other common

features which have been found are the e�ect of a re-

duction of the carbon source at high densities, in both

helium and deuterium plasmas, which allows one to

reach high densities with no detachment, i.e. no decrease

of the electron pressure. In these deuterium shots, two

plasma states are observed on ¯ux tubes which exhibit

large energy ¯uxes in the linear regime. Some ¯ux tubes

exhibit a sudden decrease of the divertor temperature

following the model prediction of bifurcated states as-

sociated to the high recycling regime. In this case, the

lowering of the carbon source leads to a state of nearly

constant divertor temperature despite the increase of the

volume averaged density. The other plasma state, so

called `death-ray' in C-Mod, is characterized by an in-

crease of the divertor temperature prior to detachment.

The analysis of the location of the ionization front

shows that open divertors, where plasma-neutral inter-

action is only bounded by the plasma, is characterized

by a gradual detachment which is well characterized by a

degree of detachment. Furthermore, these open con®g-

urations with large particle screening can be feedback

controlled on the volume averaged density since the

upstream plasma density can be increased in all regimes

of density operation. Conversely, tight control of parti-

cle recirculation and in particular plasma ba�ing of

neutrals in the private ¯ux region or mechanical ba�ing

of the neutrals in the divertor volume lead to an upper

bound in the upstream density as long as ba�ing is ef-

®cient. Core density is then governed by direct core fu-

elling, i.e. no fuelling from the divertor as with strong

NBI heating. These experiments are characterized by

abrupt transitions to detachment when critical neutral

densities are achieved. Present axisymmetric divertor

experiments are working along this line to provide the

experimental backing of the ITER divertor design.

Given the signi®cant hardware requirement to achieve

mechanical ba�ing, these experiments cannot provide

versatile con®gurations to estimate the bene®t of tight

control of particle recirculation. In this framework, the

ergodic divertor o�ers a unique opportunity to operate

an open divertor con®guration with neutral ba�ing by

the plasma itself.
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