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Abstract

The characteristics of the highly radiative edge layers produced in the limiter configuration and with an open ergodic
divertor are reviewed, with emphasis on the results obtained in TEXTOR and Tore Supra. In these two experiments an
impurity injection technique is used to obtain highly radiating homogeneous peripheral layers. This requires that the
peripheral radiation capability be maximized, while at the same time avoiding plasma core contamination; it is also
necessary to insure the stability of the radiating layer. These physics issues, governing the success of the highly radiative

edge scenario, are discussed.
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1. Introduction

Energy and particle exhaust is one of the crucial issues
for the success of the next generation of high fusion power
tokamaks such as ITER. If all of the heating power in
ITER strikes the divertor plates, the peak heat flux on the
plasma facing components will be in the range of 20 to 40
MW /m?. Such heat loads are far too high for stationary
operation. For a safe divertor design, it is generally admit-
ted that the peak heat loads should be in the range of 0.6-4
MW /m? [1]. A large reduction of the peak heat loads on
the divertor plates can be achieved if a large fraction of the
heating power can be radiated either in the divertor volume
(‘radiative divertor’), or in the main plasma edge (‘radia-
tive edge layer’ or ‘radiative mantle’). During the past few
years, the radiative divertor scenarios have been tested in
most axisymmetric poloidal divertor tokamaks [2-4]. In
this paper, the concept involving significant radiation losses
from the main plasma edge is addressed. For this scenario,
the high radiative loss is triggered either by deuterium or
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gaseous impurity injection. Therefore the main difficulties
lie, firstly, in minimizing the plasma core contamination
by the injected species, and secondly, in maintaining the
thermal and MHD stability of the edge layer. High radia-
tion level in the edge, low contamination of the plasma
core, stability of the radiating boundary are the three major
requirements for achieving the success of the radiative
mantle scenario. These three requirements have been ful-
filled in the TEXTOR experiments where a stationary high
level of edge radiation has been obtained by using silicon
and /or neon as radiating impurities [5]. In Tore Supra,
stable operation has been demonstrated using neon injec-
tion, both in the limiter and ergodic divertor (ED) configu-
rations [6,7]. The goal of this paper is to discuss and
compare the global characteristics of the edge radiative
layers that have been produced in different tokamaks, with
emphasis on the results obtained in TEXTOR and Tore
Supra.

TEXTOR is a medium-size tokamak with a circular
plasma having a major radius R=1.75 m and a minor
radius @ = 0.46 m. The standard values are B,=2.25T for
the toroidal magnetic field and [, = 350 kA for the plasma
current. The toroidal belt limiter ALT-II is used as a pump
limiter. All limiter blades are made of graphite and the
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vessel wall is either boronized or siliconized. The working
gas is deuterium or hydrogen. Auxiliary heating with
neutral beam (NBI) co- or counter-injection (1.4 MW
each) and ion-cyclotron resonance heating (ICRH, 2 MW)
are available. The standard condition in this paper is the
NBI co-injection case in combination with ICRH, so that
together with ohmic heating (0.3 MW) a total heating
power up to =~ 3.7 MW could be applied. This corre-
sponds to an average power density of = 0.5 MW /m® and
a radial power flow to the edge of = 0.11 MW /m?, which
is relevant for ITER. Injection of gaseous impurities like
neon or silicon containing compounds (silane and di-silane)
is achieved via a gas puffing system with a fast piezoelec-
tric valve. Radiated fractions (y = P, /P,,) up to 0.9 have
been obtained in stationary conditions [8]. This corre-
sponds to a maximum radiated power of P, = 3.5 MW.

Similar experiments have been performed in Tore Supra,
a circular cross-section limiter tokamak, equipped with a
set of ergodic divertor coils. Therefore, Tore Supra gives
the possibility to compare the production of radiative
layers in limiter and divertor configurations. In the ED
configuration, the magnetic surfaces in the plasma edge are
destroyed with a weak resonant perturbation [9], thus
leading to an edge layer where the field lines are stochas-
tic. In fact, the most extended zone (the so-called laminar
zone {10]) consists essentially of an extended scape-off-
layer (SOL), where the physics effects are dominated by
the connection to the wall. The specificity of the ED
configuration is that it is an open divertor configuration,
with possible neutral sources distributed all around the
plasma edge. For the Tore Supra experiments analyzed in
this paper, the main plasma characteristics are: deuterium
gas, a=0.74 m, R=241m, B,=36T, [,=156 MA
corresponding to an edge safety factor g,(a) = 3. The
outboard carbon limiter is inserted 0.03 m radially ahead
of the ED modules. A total input power of up to 6.5 MW
is achieved by means of up to 5 MW of ICRH and 1.5
MW of ohmic heating. This corresponds to an average
power density close to 0.25 MW /m? and a radial power
flow to the edge of =~ 0.09 MW /m?>.

The paper is organized as follows. In Section 2, a
simple analysis of the power balance in the edge is used to
evaluate the maximum heat flux that is possible to exhaust
by radiation. The difficulties in the measurement of the
total radiated power are stressed. Section 3 is a review of
the main experimental results obtained in the highly radia-
tive edge scenarios. The experiments are classified accord-
ing to the spatial structure of the edge radiation. In Section
4, the issues governing the choice of the radiating species
are discussed: they include the radiation capability, the
contamination of the plasma core, and the desired tempera-
ture range. The physics effects having an influence on
these three issues are reviewed in Sections 4.1, 4.2 and
4.3, respectively. The consequences of the high edge radia-
tion on the energy confinement in the plasma core are
summarized in Section 5.

2. Power balance in the edge

The total power radiated by a species Z can be written
as

Prad=/nenZLZ(Te)dv’ (l)

where n, and n, are the electron and impurity densities,
LAT,) is the cooling rate, which depends on the electron
temperature 7., and the integration is over the radiating
volume. Assuming constant values for n,, n, and T, in the
radiating layer (n, = n, ., Ny =nz 4 T. = T, ) Eq. (1)
gives

Prad = Ne radM7 rad LZ(Te.rad)V’ (2)

indicating a linear increase of the radiated power with the
densities of electrons and impurities in the radiating vol-
ume, with the cooling rate, and with the effective volume
dedicated to radiation (V). From Egs. (1) and (2) we can
find out that the power radiated by a species Z is deter-
mined both by particle and heat transport, which govern
the density and temperature spatial distributions, and by
the shape of the cooling rate function in the plane (7, L,).
Therefore, the ultimate goal in the radiating layer scenario
is to be able, experimentally, to optimize these three
parameters (particle transport, heat transport, and shape of
L,(T.)) in order to maximize the power radiated by a given
species. More insight on the role of heat transport in
determining the maximum achievable radiated power can
be obtained by writing the radial heat flux balance equa-
tion [1,11]:

dQ
E = —n.nzL,(T,) 3
with
aT,
0= -« 4)

dr’
where « is the heat conductivity. From Egs. (3) and (4) we
have

T,
0i-02=2 fT 'nenykLy(T,)dT,, (5)
4]

where @, is the power flux from the plasma core, and Q,
is the conducted-convected power flux at the limiter sur-
face. T, and T, are the electron temperatures at the inner
boundary of the radiating layer and at the last closed
magnetic surface, respectively. Assuming that Q, = 0, the
maximum achievable radiated power corresponds to the
maximum heat flux that it is possible to exhaust by
radiation:

Prud=le= \/2_/;_TlnenZKLZ(Te)dTe XS’ (6)
0

where § is the plasma surface area. Therefore, enhancing
the heat conductivity also enhances the maximum achiev-
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able radiated power. However, Eq. (6) also shows the limit
imposed by heat conduction on the effectiveness of ex-
hausting the power by radiation. Indeed, assuming a con-
stant value of n, in the radiating layer now gives P,
& /Ry 40> t0 be compared to P, &y 4 Obtained from a
simple analysis. The effects of particle transport, heat
transport, and of the shape of L,(T7.,) on the radiation
capability (i.e., the maximum achievable radiated power)
of a given species will be discussed further in Section 4.

In analyzing the power balance in the edge, not only
radiation losses, but also hydrogen charge-exchange (CX)
losses, should be considered. CX losses are as effective as
radiation losses in reducing the power load on the target
plates since they generate a uniformly distributed power
deposition. Moreover, whereas radiation losses affect only
the electron heat flux by modifying the electron tempera-
ture gradient, CX losses reduce the ion heat flux. CX
losses can play a significant role in the power balance of
the edge region where the electron temperature is lower
than =35 eV, corresponding to a low ionization rate of
hydrogen atoms.

An experimental verification of the power balance
equation in the edge needs a measurement of both the
radiated, CX and conducted—convected power losses. The
radiated and CX losses are measured, without distinction,
by means of bolometry. Here, one has to be cautious that
the quantity measured by bolometry is not the radiated
power loss alone (although this is true in most experimen-
tal conditions where CX losses are negligible), but that it is
the radiated + CX power losses. An accurate measurement
of these losses should take into account their possible
toroidal and poloidal asymmetries. It means that several
bolometer arrays should be distributed around the torus,
and a tomography should be made in a poloidal section.
This has been the case only recently in most tokamaks. In
TEXTOR first experiments in 1990-1994, only half a
poloidal radiation profile was actually measured, and the
second half was deduced by symmetrization (following the
usual assumption, we now call ‘radiation’ the quantity
measured by bolometry, while keeping in mind the limita-
tion imposed by CX). Recently, a new tomographic
bolometer diagnostic has been installed on TEXTOR. This
diagnostic consists of three cameras with a total of 40
chords and allows a 2-D reconstruction of the radiation
pattern. This system shows for similar discharge conditions
a similar general behaviour of the radiation profile than
that measured with the old bolometer array. On Tore
Supra, a poloidal array of 16 bolometers located on a top
port at one toroidal location was used in the experiments
reported in this paper. A new poloidal array, identical to
the first one, but installed 120° away toroidally, is now
also available.

The conducted—convected power deposited on the lim-
iter is measured by infrared cameras. The heat flux to the
surface is deduced from the surface temperature evolution,
either by solving the semi-infinite wall equation for long

thermal time constant systems, or more directly by propor-
tionality to the temperature difference between the surface
and the coolant for actively cooled items with sufficiently
low thermal time constant.

3. Experimental results and spatial structure of the
radiation

In this section the main results obtained in the highly
radiative edge scenarios in different tokamak experiments
are reviewed, and classified by the spatial structure of the
radiation: poloidally symmetrical or asymmetrical layers,
radiation being attached or detached from the limiter.
Poloidally asymmetrical layers (such as MARFEs or low-
field-side radiation observed in the Tore Supra ED config-
uration) correspond to a region where the physics effects
are governed by parallel transport. On the contrary, per-
pendicular transport effects are dominant in poloidaily
symmetrical layers. Moreover, the nature of the radiating
species also plays a key role in determining the spatial
structure of the radiation. These issues will be further
discussed in Section 4, and we will now summarize the
experimental results.

3.1. Poloidally symmetrical laver: attached plasmas

The best example of a poloidally symmetrical radiating
layer in attached plasma conditions is given by the experi-
ments performed in TEXTOR at high heating power den-
sity (0.5 MW /m?) [12]. In these experiments, the tokamak
walls are either boronized or siliconized. With these wall
conditioning techniques, and at high power density, the
radiation level without impurity injection remains low,
even at the highest electron densities. The maximum value
of P4/ P 18 roughly 0.3 with boronized walls and 0.5
with siliconized walls [13]. Therefore, it is necessary to
inject impurities to enhance the radiation level. In TEX-
TOR, the high radiation losses are triggered by neon
(Z = 10) or silicon (Z = 14) injection, or both. Quasi-sta-
tionary operation is obtained by using a feed-back con-
trolled injection system allowing the radiation level to be
adjusted to a pre-programmed value. In the case of neon,
the sink is provided by the ALT-II pump limiter. In the
case of silicon, the tokamak wall itself acts as a pump,
since silicon is a non-recycling impurity. In these condi-
tions, a ratio y =P, /P, up to 0.9 can be obtained, in a
stable radiating layer with no sign of detachment. These
experiments are illustrated in Fig. 1 [8]. The plasma is
heated with a total of 3.8 MW of ohmic, ICRH, and
balanced neutral beam injection. The feed-back controlled
neon injection system (monitored by the brightness of a
NeVIII line) is ramped up on purpose in order to check the
radiation limit. The line averaged central electron density
increases from 5 to 6 X 10! m™* during the high radia-
tion phase, and the diamagnetic energy is close to 120 kJ.
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Fig. 1. (a) Time evolution of the diamagnetic energy E,, line
averaged electron density n—eu, auxiliary heating power, and NeVIII
spectral line brightness in a highly radiative edge experiment with
neon injection in TEXTOR. Also shown are the radial profiles of
the radiated power density (b), and electron density (c) at different
times during the rise of neon injection. Adapted from Ref. [8].

The radiated power density profiles are shown in Fig. 1(b).
A maximum radiated power density of 0.8 MW /m? is
reached in the radiating layer, corresponding to a total
radiated power of 3.5 MW. The radial extent of the
radiating layer is roughly 30% of the minor radius. The
central concentration of the injected impurity remains low:
ny./n. measured by charge exchange recombination spec-
troscopy or by visible ‘bremsstrahlung’ is lower or of the
order of 1%. In the case of silicon injection, the central
concentration ng;/n, is even lower. The electron density
profiles (Fig. 1(c)) are peaked, of the supershot type (due
to NBI auxiliary heating). A striking feature that has to be
noted is that, in these experiments, the g =2 surface is
located in the highly radiating region. However, the dis-
charge remains MHD stable.

Similar experiments are reported from Tore Supra,
when the limiter configuration is used [7]. In these experi-

ments, however, the heating power density is lower than
that of TEXTOR experiments (=~ 0.2 MW /m® obtained
through 3.5 MW of ICRH and 1.5 MW of ohmic heating).
The tokamak walls are boronized. The volume averaged
electron density is close to 4.5 X 10' m~?, and the radia-
tion level due to intrinsic carbon is P_,/P,, = 0.4. Neon
injection is used to enhance the radiation. The radiation
profile is poloidally symmetrical and the plasma remains
attached to the limiter up to P, 4/P,, = 0.7, corresponding
t0 9.0 X 10'° injected neon atoms. Only a small fraction of
the injected neon penetrates into the confined plasma
where the neon concentration deduced from spectroscopic
and visible ‘bremsstrahlung’ measurements is ny,/n, =
0.9%. For a higher neon injection level (up to 12 x 10"
injected atoms corresponding to P.,/P,, = 0.8) a high-
field-side MARFE is formed, and an even higher injection
leads to a disruption.

3.2. Poloidally symmetrical layer: detached plasmas

In the limiter configuration, detachment from the lim-
iter occurs when the edge electron temperature falls below
the threshold for ionization of all plasma species, including
deuterium. Consequently, a neutral shield is formed at the
edge, and the radiating layer is shifted towards a smaller
minor radius. In a detached plasma, most of the power
input is radiated in a poloidally symmetrical shell, and the
power and particle fluxes to the limiter are reduced by a
large factor. The first detached plasmas were reported in
TFTR in 1985 [14,15] in ohmically heated experiments. In
these experiments, the plasma is detached from the limiter
by reducing the plasma current while simultaneously in-
jecting cold neutral deuterium gas. All of the ohmic power
eventually appears as radiation. The influence of neutral
beam auxiliary heating on detached plasmas was then
investigated on TFTR from 1989 [16]. This is probably the
first attempt to produce a radiative mantle in a controlled
fashion, and with auxiliary heating power. The experiment
consists in producing a detached plasma, and then heating
the plasma with neutral beam auxiliary power. As the
heating power is increased above 2 MW and without
simultaneous gas puffing, the plasma radius expands until
reattachment occurs. However, deuterium or neon puffing
allows to maintain detachment at powers of over 5 MW.
Fig. 2 shows the radiated power density profiles for de-
tached plasmas with 1.75 MW of beam power and simulta-
neous puffing of deuterium, and with 4.85 MW of beam
power and simultaneous puffing of neon. Interestingly
enough, the maximum value achieved for the radiated
power density (0.8 MW /m?) is the same as that obtained
in TEXTOR high heating power density radiative plasmas.
Also, the plasma minor radius in the TFTR detached
plasma is decreased to a value close to that of TEXTOR
attached plasmas (= 0.46 m), so that the radiation profiles
are very similar in TEXTOR and TFTR. The higher total
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Fig. 2. Radiated power density profiles for beam heated detached
plasmas in TFTR [16]. Three levels of heating power are shown:
ohmic, Py =175 MW and P, =4.85 MW.

radiated power in TFTR (=5 MW compared to = 3.5
MW in TEXTOR) is only due to its larger major radius.
To our knowledge, the highest achieved total radiated
power in a detached plasma — close to 20 MW — has
been obtained in the JET limiter configuration [17]. In-
deed, using the carbon belt limiters, and with up to 20 MW
of ICRH and NBI heating power, the impurity influx can
be so large that detachment occurs spontaneously. How-
ever this detached phase is not controlled, and a transition
to a MARFE is eventually observed after typically 0.5 s.
This result, together with the TFTR experiments, shows
that as increased additional heating is applied, it gets
progressively more difficult to obtain detachment.

In TEXTOR, detached plasmas are obtained only at
low power density (0.035 MW /m?®, pure ohmic heating)
and in boronized conditions, the radiating species being
either intrinsic carbon at high electron densities, or injected
neon [18]. In these conditions, detachment occurs usually
before y reaches 0.5 to 0.6, compared to over 0.9 at high
heating power density. In Tore Supra, stable detached
plasmas are also obtained at low power density, close to
the density limit, when the ergodic divertor is activated
{19]. In this case, the radiating impurities are intrinsic
carbon, oxygen and /or chlorine.

3.3. Poloidally asymmetrical layer: stable MARFE

A MARFE (multifaceted asymmetric radiation from the
edge) is a toroidally symmetric, poloidally asymmetric
luminous band occurring within the last closed magnetic
surface at the high-field-side edge of the plasma [20].
MARFEs are generally observed close to the density limit,
in high power density plasmas. The radiated power in a
MARFE can be approximately equal to the input power,
the radiated power density in a MARFE being several
times higher than in a detached plasma [16,21]. However,

MARFE phenomenons are generally not stable. They are
the manifestation of a thermal instability, with impurity
radiation being the main energy loss mechanism out of the
MAREFE volume. Yet, a stable MARFE has been observed
in JET discharges run on the beryllium belt limiter with a
beryllium evaporation coating on the walls [22,23]. This
MARFE appears when the density limit is reached, and it
prevents any further increase in density. Almost all of the
10 MW input power is radiated in the MARFE volume,
chlorine being the dominant radiating species. The specific
feature of these discharges is that they are almost never
disruptive, and in many cases the MARFE extinguishes,
after which the bulk plasma density recovers to its pre-
MAREFE value, and the entire cycle is repeated once or
several times.

3.4. Poloidally asymmetrical layer: low-field-side radia-
tion

In Tore Supra ED configuration plasmas, stable opera-
tion with a high radiation level in the edge is obtained
when radiation is located on the plasma low-field-side
(LFS). Experiments are reported in Refs, [6,7,24]. We will
summarize here the main results. A radiated fraction y=
P.4/ P in the range 0.8-0.9 is obtained with neon
injection. The radiated power can be as high as 5.5 MW
for a total input power of 6.5 MW achieved by means of 5
MW of ICRH and 1.5 MW of Joule heating. The volume
averaged electron density is 3.2 X 10" m~*. The radiated
fraction before neon injection, is P,,/P,, = 0.5. However
the effective charge is low, close to 1.3. Less than 2.0 X
10" injected neon are enough to bring the radiative frac-
tion in the 0.8 range. The line integrated radiation emissiv-
ity profile is shown in Fig. 3. This line integrated profile is
not straightforward to interpret because of the ergodicity of
the edge layer. Indeed, a high line integrated radiation on a
given edge chord can be due to the fact that the chord

Radiation emissivity (MW/m?)

1 T I T T T T T

16 20 24 28 3.2
Rchord (m)

Fig. 3. Line integrated radiation emissivity profile in Tore Supra
highly radiative edge experiments in the ED configuration with
neon injection. In this particular discharge, P4 / P\, = 0.8 corre-
sponding to a total radiated power of 3.5 MW. Radiation is
located on the plasma low field side (LFS).



P. Monier-Garbet / Journal of Nuclear Materials 241-243 (1997) 92-104 97

intercepts a flux tube connected with a short connection
length to one ED module. A model including the descrip-
tion of the exact magnetic topology in the edge should be
used to unfold an accurate two dimensional map of the
radiation emissivity. However, one can say that, globally,
radiation is located on the plasma LFS, close to the ED
modules where the main plasma—surface interaction takes
place. The maximum value of the radiated power density
can be estimated to be close to 0.7 MW /m?>, which is of
the same order of magnitude as that measured in TEX-
TOR. The plasma remains attached for y up to 0.8-0.9.
The neon concentration (ny,/n,) in the plasma core re-
mains low, close to 0.8%.

For higher values of y, the plasma detaches from the
LFS, and a radiation ‘swing’ is observed: a high-field-side
(HFS) MAREE is formed, and a disruption generally oc-
curs. This observation shows the limitations of the forced
radiating edge scenario: the stability of the radiating layer
is controlled as long as the radiation remains confined to
the ED proximity. As soon as the HFS MARFE develops,
the stability of the layer is lost. The same observations are
made in radiative divertor experiments in JET or DIII-D,
when the divertor MARFE extends close to the main
plasma [25]. Experiments have been performed in Tore
Supra, demonstrating that it is possible to prevent the
radiation swing to occur. In these experiments, a highly
radiating edge plasma is produced using neon injection,
together with deuterium injection. The deuterium injection
is feed-back controlled by the LFS radiation signal. When
this signal drops under a given threshold, the deuterium
injection is stopped and the radiation remains located on
the plasma LFS.

4. Issues governing the choice of the radiating species

The conditions for obtaining a highly radiative region
at the plasma edge are tied closely to the density limit
conditions. The goal of the radiative edge scenarios is to
run a stable plasma at a point in the operational space
close to where the density limit disruption would occur.
This is why the question of the stability of the highly
radiative edge layers is so crucial. The ultimate symptom
that the density limit is reached is always a very high
radiation level in the edge. This causes the temperature
profile to contract, leading to a current profile that is MHD
unstable. Experimentally, there are two methods for ap-
proaching the density limit conditions. The more straight-
forward path consists in increasing the electron density
through deuterium injection. The other path is to operate at
a given electron density, and adjust the density limit value
through the low-Z impurity level. This is the technique
used in TEXTOR and Tore Supra in the neon injection
experiments. In both cases, radiation comes either from
impurity line emission (intrinsic or injected impurity), or
from hydrogen line emission.

If the choice is made to use an impurity injection
technique, the question is raised of what impurity species
is the most appropriate. The issues that should be consid-
ered for the choice of the impurity species are discussed in
the following: radiation capability (Section 4.1), contami-
nation of the plasma core (Section 4.2), and desired tem-
perature range (Section 4.3).

4.1. Radiation capability

Impurity line radiation and hydrogen radiation are the
two potential atomic processes that can be used to radiate
the power in the edge. Charge exchange losses through the
H*-HY collisions are also generally considered as a
promising process to spread out the heat at the plasma
edge. However, radiation is not involved here, but momen-
tum transfer between the energetic H* ions and the cold
hydrogen neutrals. Therefore this process is not under the
scope of this paper. In this section, our goal is to discuss
what atomic species is the most appropriate to maximize
the radiated power in the edge, and to discuss the physics
effects governing the radiation capability of a given species.

High Z impurities would be the best suited to maxi-
mize the radiated energy per impurity particle. But radia-
tion should be restricted to the plasma edge, which means
that the impurity should be either completely ionized, or in
the H-like or He-like ionization stages in the plasma
center. For the central electron temperatures typical of
present tokamaks, this criterion limits the impurity charge
number to that of argon. Practically, C, N, O, Ne, Si, Cl
and Ar have been tested. For a given impurity species,
atomic processes and transport effects in the plasma edge
determine the maximum achievable radiated energy per
impurity particle.

4.1.1. Coronal equilibrium

The power radiated by a species Z is given, to first
order approximation, by the coronal equilibrium calcula-
tions for the cooling rate L,(T.). In the coronal model,
particle transport effects are neglected, and the impurity
charge state distribution is determined by the balance
between ionization and recombination. A review of recent
developments in the computation of the atomic rate coeffi-
cients needed to calculate L,(7.) can be found in Ref. [26].
The maximum value of L,(T,) increases from ~ 3 X 10~
W m® for beryllium, to =3 X 107" W m? for argon. A
specific feature of the cooling rate functions from the
coronal equilibrium model is that they are peaked at a
given electron temperature, corresponding to the existence
of ionization stages equal or lower than the Li-like ions.
This temperature is = 2-3 eV for beryllium and = 30 eV
for neon. Therefore, in the coronal model approximation,
radiation is restricted to a narrow temperature range, and
this temperature is higher for higher Z elements. However,
for the experimental conditions prevailing at the edge of
tokamak plasmas, two important physics effects have to be
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included and modify the coronal equilibrium predictions:
transport and charge exchange processes.

4.1.2. Edge particle transport processes

In the plasma edge, the typical time to approach coro-
nal equilibrium (7, ) is longer than the particle transit time
due to diffusion processes (7,). Indeed, the latter is of the
order of A%/D | = 1-10 ms, where 4 is the typical radial
dimension of the edge region and D, is the particle
diffusion coefficient in this region. The time constant to
reach coronal equilibrium (7,,,) is larger than T, because
of the slow recombination processes. Depending on the
precise edge conditions, 7., can be 0.1 s or longer.
Therefore the impurity charge state distribution is deter-
mined by the balance between ionization and transport
processes. The result can be quite distinct from that found
in the coronal model: the dominant charge state at a given
electron temperature is generally lower than that given by
the coronal equilibrium, because ions are rapidly trans-
ported from colder to hotter regions of the plasma. In these
conditions, the following expression for the total radiated
power is introduced [27]:

Prad = Erad FZ’ (7)

where I, is the total flux of the impurity particles of
atomic number Z entering the plasma, and E_, is the
radiation potential. E_,, like the coronal equilibrium cool-
ing rate L(T,), represents the radiated energy per impurity
particle, with the difference that E,_; includes edge trans-
port effects. The relation between E,_, and L, can be
derived from a simple one dimensional model [28]. Indeed,

the impurity density in the radiating layer can be written as
Yo I

: (8)

Ngpd = >3
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where v, is the velocity of the incoming neutrals, (o o
their ionization rate coefficient, ., the electron density in
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Fig. 4. Radiation potential versus edge T, measured in TEXTOR
for neon and silicon impurities [13].
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Fig. 5. Radiation capability of neon in the limiter (open circles)
and ED (closed circles) configurations in Tore Supra.

the boundary layer where ionization of impurity neutrals
occurs, and D | , the particle diffusion coefficient in this
layer. The radiating volume is V = 47w2aR8, &
=yDL/Cov >ine‘md being the radial width of the radiat-
ing shell (D | is the particle diffusion coefficient in the
radiating layer, and (o ¢)' is the ionization rate coefficient
of the radiating ions, i.e., generally the Li-like ions). Eq.
(2) can then be written in the form

Vne.rud U() VDL
Mev  (ooYol(ov) Dis

=El7 (%)

rad

P =4m’aR LT,

E,,q has been measured in TEXTOR for several impurities
by measuring both P, and I,. Fig. 4 gives the radiation
potential for neon and silicon as measured in the TEXTOR
experiments. Whereas, as already discussed, the coronal
equilibrium cooling rate functions L,(T,) are sharply
peaked for a given electron temperature, the radiation
potential increases steadily as 7, is decreased. This can be
understood from Eqs. (8) and (9): a decreased edge tem-
perature corresponds to a decreased ionization rate coeffi-
cient (o v)y, thus an enhanced penetration of neutral
atoms producing, in our model, an enhanced impurity
density n, 4. A reduced electron temperature also corre-
sponds to a wider radiating shell (larger value of 8). Also,
whereas the cooling rate for silicon is higher than that of
neon, due to a higher charge number Z, the radiation
potentials of the two species are almost the same. Again,
this is due to the larger penetration of neon compared to
that of silicon, producing a larger neon density for a given
flux in the edge I,.

Evidence of the effect of particle transport in the edge
on the radiation capability of impurities is also found in
Tore Supra, when comparing highly radiative edge experi-
ments in the limiter and ED configurations. In these exper-
iments, the measurement of the total neon flux at the
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plasma edge (I'y.), and thus the measurement of the
radiation potential of neon is not available. Consequently,
the radiation capability of neon is defined by the volume
integrated cooling rate function:

P q(neon)
— = [I(T,)dV, 10

oGy~ H 0
where (n,,,” is the volume averaged total neon density in

the plasma core, deduced from spectroscopic, soft X-rays
and visible ‘bremsstrahlung’ measurements. P, (neon) is
the power radiated by neon in the edge, estimated from the
peripheral NeVII (55.8 nm) line brightness. The radiation
capability of neon has been measured both in the ED and
limiter configurations. The result is shown on Fig. 5 where
the radiation capability of neon is indicated by the slope of
the two lines. It is three times higher in the ED case than
in the limiter one, i.e., for a given neon density in the
plasma core, the neon radiation is three times higher in the
ED configuration than in the limiter one. This increase of
radiation for a given amount of impurity density in the
plasma is the signature of either a strong decrease of the
confinement time in the divertor volume (thus indicating a
departure from the coronal equilibrium model), or a more
favourable edge temperature profile for NeVII line emis-
sion. The latter is possible from the theory of the stochastic
edges which predicts a flattening of the edge temperature
gradient in the ergodic region [10]. However, the measure-
ment of the actual edge electron temperature profile is not
available in the neon injection experiments. In order to
further distinguish between the two possible causes for the
enhanced radiation capability of neon in the ED configura-
tion, the experiments have been modelled with the trans-
port code RITM [29,30]. This code computes self-con-
sistently the density and temperature profiles of electrons
and of background and impurity ions. Transport processes
in a stochastic boundary are described on the basis of

2 4 6 8 10 12
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Fig. 6. Time evolution of the carbon line intensity ratios p and G,
in Tore Supra ED experiments. The ED is switched on at t=35.5
s. The decrease of the p ratio indicates an increase of the particle
diffusion coefficient in the ergodic region. The increase of the G
ratio is indicative of a large neutral deuterium atom density in the
same region.

simple analytical models. The main result of the analysis
with RITM is that both an increased particle transport in
the ergodic region, and a flattening of the edge temperature
profile are needed to explain the observations, and that
they produce the same contribution to the enhancement of
the neon radiation capability. An increase of the particle
diffusion coefficient in the ED region (by a factor of
approximately three, roughly within the completely
stochastic region where a flat T, profile is expected) is
also required to correctly simulate the intensity ratio of
two carbon spectral lines, p= Lya/R.y, with the Tore
Supra impurity transport code [31] (Fig. 6, see following
section).

4.1.3. Charge exchange processes

Charge exchange recombination, as edge particle trans-
port, modifies the coronal equilibrium cooling rate func-
tions L,(T,) by altering the ionization distribution toward
lower charge states which radiate more strongly [26]. For
charge exchange recombination to be high enough, a large
hydrogen neutral density is required in the edge. In Tore
Supra, although no direct measurement of the edge hydro-
gen neutral density is available, evidence of the importance
of CX processes in ED plasmas is demonstrated by spec-
troscopic measurements. Two carbon spectral line intensity
ratios, p=Lya/Rcy and G =ley/Rey (Lya=CVI
33.74 A Roy =CV 40.27 A, resonance line, and Iy =CV
40.73 A, intercombination line) are measured both in the
limiter and ED configurations [32]. Fig. 6 shows the time
evolution of the two ratios in an experiment where the ED
is switched on at = 5.5 s. The p ratio is an indication of
the relative amounts of H-like and He-like carbon ions.
Therefore, it is mainly sensitive to the particle transport in
the edge, and it decreases as a consequence of increased
particle diffusion coefficient (Section 4.1.2). The G ratio
is, at tokamak electron densities, an inverse function of the
electron temperature, if electron collisions are the domi-
nant process populating excited states. For a given electron
temperature, it is increased by CX recombination of H-like
carbon ions. The G ratio has been modelled in the ED
configuration (experimental value G,,, = 0.6) with the Tore
Supra impurity transport code [31], and using the measured
value of the edge electron temperature. The calculated
value, if CX is neglected, is in the range 0.3-0.4, depend-
ing on the exact electron temperature at the radial position
where the CV ion emitting shell is located. In order to
approach the experimental value of 0.6, it is necessary to
assume the existence of a large peripheral neutral deu-
terium density n,, in the 10'® m™? range at the CV
emitting layer (r/a = 0.85), and in the 10'” m~? range at
r/a=1.

Charge exchange processes are beneficial for the highly
radiative edge scenarios because they can extend the radia-
tion to regions with much higher electron temperature
values, thus increasing the effective volume available for
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radiation, as far as the hydrogen neutral density remains
large in this volume. In this respect, the spatial localization
of hydrogen neutrals is a key issue. It is determined by the
geometry of the device, limiter, open divertor (such as
ED), or X-point divertor configurations, open divertors
being probably the best suited to maximize CX effects
since the corresponding neutral sources are widely dis-
tributed on a large surface area.

4.2. Contamination of the plasma core

The second issue controlling the success of the highly
radiative edge scenarios is that the impurity concentration
in the plasma center should remain below a critical value.
Above this critical value, ignition is not possible, due to
too large ‘bremsstrahlung’ losses or fuel dilution. The
maximum allowed impurity fractions for ignition decrease
with increasing Z. For ITER, it is estimated that the central
impurity fraction must be strictly limited to give Z < 1.6
[33]. Therefore, the impurity level should be as high as
possible in the edge to obtain a high radiation level there,
and as low as possible in the plasma center. Screening
effects, radial particle transport in the edge and pumping
effects determine the impurity density radial profile and
the induced contamination of the plasma core.

4.2.1. Screening effect

The screening effect is defined by the fact that ioniza-
tion occurs in the edge low confinement region, i.e., the
SOL of the limiter configurations, or the laminar zone of
the ED configuration. Ionization in the low confinement
region is possible if the radial extent of this region exceeds
the impurity ionization length. For the screening effect to
be beneficial for the highly radiative edge scenarios, not
only impurities have to be ionized in the low confinement
region, but also they have to radiate as much as possible in
this region. The screening effect can be investigated by
comparing the ionization length for a given species and the
width of the low confinement zone. This has been done for
comparison with Tore Supra experiments, the width of the
low confinement zone (A,.,) being taken equal to the
width of the laminar zone = 0.06 a [10]. The ionization
length is

Yo

A =—7"T—, (1)

(o u)'(,ne

where ¢, is the velocity of the incoming neutral, {o v)}
the ionization rate coefficient for the given species, and ne
the local electron density. The results are shown in Fig. 7
[10] where the ratio A.../A; is plotted as a function of
T.. for an electron density n, = 1 X 10" m~?. The impu-
rity species for which )\wwl/)\i > 1 are efficiently
screened. In evaluating A, various neutral energies have
been used in relation to the most likely generation mecha-
nism. In the case of noble gases, He, Ne and Ar, we have
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considered that the backscattering energy is the most ap-
propriate. This energy is in the range of T;+ 3T, hence
very dependent on the plasma edge conditions (the term
= 3T, is the energy transferred from the electrons to the
ions in the sheath). In fact, it has been observed for neon
that only a small fraction of the neutrals are characterized
by these energies [34]. The measured velocity for the
largest fraction of neon neutrals is typically 0.3 eV. For C,
O and N, both backscattering and chemical production
mechanisms can be important. In the case of chemical
production, the chemical energy of the molecule is shared
on the separate atoms during the dissociation process. This
ensures a minimum energy of about 3eV to the neutrals. In
Fig. 7, the chemical generation is illustrated by C and O
while the backscattering mechanism is given by N (the
ionization rate coefficients of C, O and N are roughly
equal, so that the ionization length of backscattered nitro-
gen is roughly the same as that of backscattered carbon or
oxygen). Regarding chlorine, only the backscattering pro-
cess allows for values of A,,.../A; within the range of
interest. Fig. 7 shows that only backscattered impurities
exhibit a significant penetration probability. The impact of
the production mechanism on the impurity penetration
depth has also been analyzed in Ref. [35].

Let us now compare the predictions of this simple
model to the experimental results obtained in Tore Supra.
In Tore Supra, the central carbon density is reduced by a
factor of 5 in the ED configuration with respect to the
limiter configuration [10]. The decrease of the edge elec-
tron temperature due to the stochastic boundary can con-
tribute to this result both through a lowering of the source
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Fig. 8. Fuelling efficiency (ratio of the bulk content to the total
injected quantity) of nitrogen, argon and neon in Tore Supra
limiter (open symbols) and ED configurations (closed symbols),
as a function of the volume averaged electron density. Triangles
deuterium plasmas, carbonized walls. Circles: helium plasmas,
carbonized walls. Squares: helium plasmas, boronized walls.

and a lowering of the energy of the backscattered neutrals.
The same results are found for oxygen, but only when the
oxygen density is normalized to the hydrogen flux given
by H, measurements. Chlorine, as predicted by the high
value of A .../ A;, is strongly reduced in the ED configu-
ration. However, it is difficult, through the analysis of the
behaviour of intrinsic impurities, to determine whether the
observed decontamination effect in the ED configuration is
due primarily to a reduction of the source of impurities or
to a reduced ionization length corresponding to a high
value of A ..../A;. Therefore, short puffs of gaseous
impurities have been injected in Tore Supra [36]. The
fuelling efficiency measured for N, Ar, and Ne are plotted
in Fig. 8. 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 mea-
sured penetration probability is large. The results for nitro-
gen agree with the predictions of Fig. 7, i.e., nitrogen is
efficiently screened, provided that chemical generation is
the dominant generation process for nitrogen neutrals. Ar
also is strongly screened as expected from Fig. 7. On the
contrary, the results for Ne indicate that only the back
scattered neon atoms determine the neon penetration. As a
conclusion for this section, one finds that as far as the
screening effect is concerned, the most appropriate impu-
rity species for the highly radiative edge scenario is the
one that maximizes the ratio A .,/A;, for example N or
Ar.

4.2.2. Radial particle transport

Radial particle transport processes inside the separatrix
determine the radial distribution of impurity ions. This
distribution can possibly be hollow, which is the best
achievable for the purpose of highly radiative edges. The
effect of the transport processes inside the separatrix are
illustrated by the neon density radial profiles obtained in
TEXTOR during the radiative edge cooling experiments
[8]. These profiles are flat, in strong contrast with what is

predicted by the neoclassical theory. The neoclassical the-
ory predicts that the impurity density radial profiles should
be of the form (n;)%, where n; is the main plasma ion
density and Z is the impurity charge number. However, in
TEXTOR, hollow Z.; profiles are obtained, due to the
very peaked electron density profiles. Also in JET, hollow
neon and carbon density profiles have been reported both
in L and H mode [37], the profiles remaining hollow even
during substantial edge fuelling. These flat or hollow
impurity density profiles are attributed to a convection
velocity directed outwards in the major part of the profiles.
The physical reasons for the existence of this convection
velocity are not yet well understood.

4.2.3. Pumping

The recycling properties of the impurity species, con-
nected with the pumping capabilities of the device, have
also an influence on the contamination of the plasma core.
Indeed, a not pumped impurity (i.e., completely recycling),
eventually contaminates the plasma core. Stationary dis-
charges with a high radiation level in the edge are only
possible with a very well controlled impurity level. In the
case of TEXTOR, the ALT-II pump limiter is used as a
sink for neon impurity. A feed back system on the neon
injection is used [5} to maintain a constant neon level in
the plasma. In Tore Supra, active pumping is not yet
available for neon.

4.3. Desired temperature range

The third issue for the success of the highly radiative
edge scenario (the first issue is a high radiation in the
edge, Section 4.1, the second one is a low contamination
of the plasma core, Section 4.2) is to be able to control the
temperature range in which radiation will occur. This issue
is closely related to that of the control of detachment. In
the coronal equilibrium approximation, the radiated energy
per impurity particle is sharply peaked for a given value of
the electron temperature, indicating that, for a given impu-
rity, radiation is restricted to a narrow temperature range.
In fact, as already pointed out, edge particle transport
processes and CX recombination processes both contribute
to increase the size of the temperature window in which a
given Z impurity radiates strongly. The choice of the
impurity species determines the choice of the temperature
window. Neon, for example, radiates at higher T, than
lower Z impurities like carbon and oxygen do. The discus-
sion of the appropriate temperature for radiation is further
complicated by the fact that radiation also lowers the
temperature. So, the relevant point is to know at what
value will radiation bring the temperature in the edge. This
value is determined by the power balance in the edge. It is
important to predict this equilibrium value of the edge T,
since a very low edge temperature gives rise to detachment
phenomena. Detachment is attractive because most of the
power input to the plasma is then radiated in a poloidally
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symmetric shell, and the power and particle fluxes to the
limiters are reduced by a large factor. However, detach-
ment presents three major drawbacks: (1) a detached state
is generally not stable, because the radius of the radiating
layer shrinks, and when the g =2 surface is perturbed
MHD instabilities are generally excited; (2) when auxiliary
heating is achieved with waves (as in Tore Supra, where
ICRH is mostly used), the wave coupling efficiency is
highly affected by the neutral ‘shield’ in the edge; (3) the
particle exhaust capability by means of throat devices is
strongly reduced when the plasma detaches [38]. It results
that the best possible scenario is one in which 100% of the
power input to the plasma is radiated in a poloidally
symmetrical shell, without detachment. It means that the
radiating impurity should be chosen such that the equilib-
rium temperature in the edge is large enough to allow
ionization of deuterium neutrals.

5. Consequences on energy confinement in the plasma
core

In Tore Supra, no influence of neon injection on the
global energy confinement is recorded. The kinetic energy
stored in the electrons is in good agreement with the
Rebut-Lallia—Watkins predictions, both in limiter and ED
configurations, and with or without neon injection.

On the contrary, in TEXTOR, improved confinement
conditions are obtained at high electron densities (central
line averaged density n_e”z 4.0x 10" m™?) in the radia-
tively cooled plasmas, with respect to the results obtained
in similar conditions without radiation cooling. This is
shown on Fig. 9 where the diamagnetic energy is plotted
as a function of n_e“, for discharges with and without
radiation cooling. Note that in the discharges without
radiation cooling, the diamagnetic energy decreases with
increasing Ee_“ whereas it is roughly constant in discharges
with a highly radiative edge. For a line averaged density of
5.0 X 10'° m™?, the energy confinement is improved by a
factor up to 1.5 in the radiatively cooled plasmas as
compared to non-radiatively cooled discharges. Transport
analysis [39] show that the enhanced confinement is due to
a peaking of the current density profile, resulting from the
decrease of the edge electron temperature in the presence
of radiation cooling. The improved confinement is also
generally linked to a peaked electron density profile. How-
ever, experiments in TEXTOR show that two identically
peaked density profiles can correspond to different con-
finement times.

Recently, the compatibility of a radiative boundary with
high energy confinement in the plasma core has been
demonstrated in ASDEX-upgrade, an X-point divertor
tokamak. In these highly radiative edge experiments, new
confinement regimes, such as CDH (completely detached
H-mode) or improved L-mode, have been established [40].
A key element for entering these regimes is simultaneous
puffing of neon and deuterium gas, both carefully feed-
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Fig. 9. Diamagnetic energy versus central line averaged electron
density for discharges with radiation cooling (siliconized walls,
closed squares) and without radiation cooling (boronized walls,
open circles) in TEXTOR. The discharges are heated with 3 MW
of balanced neutral beam injection. The predictions of the
ITERLS89-P scaling are also shown. Adapted from Ref. [8].

back-controlled by the radiated power and the divertor
neutral gas flux. Whereas the CDH mode is linked to a
modification of the ELM characteristics, and therefore is
more specific of X-point divertor experiments, the radia-
tive edge improved L-mode observed in ASDEX-upgrade
is probably closely related to the improved confinement
mode observed in high density radiatively cooled plasmas
in TEXTOR.

In conclusion, all these improved confinement scenar-
ios are generally obtained in conditions of peaked electron
density and current density profiles, when auxiliary heating
is achieved, at least partly, by neutral beam injection. The
fact that improved performances have not yet been ob-
served in Tore Supra highly radiative edge experiments
can be due to the use of ICRH for auxiliary heating,
instead of neutral beam injection.

6. Conclusion

It is now generally recognized that the next tokamak
generation (ITER) will require, because of technological
limitations of the acceptable power loads on the plasma-
facing components, a highly radiating scenario (having the
advantage of a more homogeneous power load). It is also
clear that this cannot be obtained by intrinsic impurities
when using low-Z plasma-facing components. Although
most of the present tokamak work addresses the physics of
axisymmetric divertors, TEXTOR and Tore Supra experi-
ments have shown that the required conditions can possi-
bly be achieved also in the limiter configuration and with
an (open) ergodic divertor. In this paper, we have reviewed
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experiments aimed at obtaining highly radiating plasmas in
these last two configurations; this requires the injection of
extrinsic impurities. Indeed, the obtention of highly radiat-
ing homogeneous peripheral layers requires that the pe-
ripheral radiation capability be maximized, while at the
same time avoiding the plasma core contamination. It is
also necessary to insure the stability of the radiating layer,
which generally requires that its extension does not reach
the g =2 radius (but TEXTOR has shown that this is not
apparently an absolute requirement), thus limiting the use-
ful radiating volume. Note that there is a subtle interplay
between the radiation capability and the peripheral T,
value, since they influence each other (an increase of the
radiation losses decreases the peripheral temperature).

The necessity of an homogeneous radiating layer re-
stricts the use of intrinsic impurities in present day carbon
plasma-facing component tokamaks, since low-Z impuri-
ties not only need peripheral temperatures which are prob-
ably too low, but also have their radiating ions (Li-like)
not yet spread out sufficiently to assure a poloidally and
toroidally homogeneous radiating layer. On the other hand,
high-Z impurities require large 7, values for maximum
radiation (thus resulting in large sputtering yields), and
also result in large central line radiation, and ‘bremsstrah-
lung’, losses. For these reasons, the range of useful radia-
tors is probably limited to argon, neon being one of the
best suited (and more used) elements (note that given the
T, value needed by neon, even in the axisymmetric config-
uration the added radiation extends inside the separatrix;
the issues discussed in this paper are therefore relevant
also for this configuratton).

Tore Supra and TEXTOR plasmas have achieved radia-
tion levels up to 80-90% of the injected power, in steady
state conditions. Both experiments have pointed out the
necessity of an efficient pumping system to control the
radiating layer, and have shown no loss of the plasma
confinement properties (even improved confinement in
TEXTOR). In Tore Supra, the ergodic divertor has resulted
in a three times higher neon radiation capability (for the
same central plasma contamination), and permitted to radi-
ate up to 5.5 MW. While the experiments discussed here
have shown that the radiating scenario can be obtained in
the limiter and ED configurations (with relevant values of
the edge heat flux), further confirmation of the possibility
to radiate large amounts must wait for the use of more
relevant additional power levels (as in Tore Supra, where
the ED neutralizers have been modified to permit the
extraction of larger conducted—convected powers).
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