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FOREWORD

We had the pleasure to welcome at Cadarache, from May 28th to May 30th, the

Satellite Workshop to the 9th PSI Conference. This workshop was devoted to the

"relevance, realization and stability of a cold layer at the plasma edge for fusion reactors".

Indeed the control of heat load on the wall is of highest importance to prevent the fuel

dilution by the impurity inflow.

The contributors to the workshop have allowed to review this field and we hope that

this report will help in benchmarking the way to the next step device such as ITER or NET.

We are most grateful to J. Tachon head of the Département de Recherche sur la

Fusion Contrôlée for his constant help and support in organizing the workshop.

The organizing committee, now editors.
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A Review of Experimental Data on Impurity Transport in
the Plasma Boundary of Tokamaks

GMMcCracken

AEA Fusion, Culham Laboratory, Abingdon, Oxon, 0X14 3DB, U.K.
(UKAEA/Euratom Association)

Abstract

Experimental data on impurity transport in the boundary plasma is reviewed.
Cross-field and parallel transport have been considered both inside and outside
the last dosed flux surface. Reliable experimental data are relatively scarce and
there are difficulties in interpreting data, frequently due to a poorly defined im-
purity source function. Nevertheless, progress is being made. Cross-field impurity
diffusion coefficients are generally of the same order as those of the main plasma
species. Parallel transport is consistent with classical collision rates and can be
reasonably well described as a diffusive process. There is evidence, however, that
under conditions of high impurity injection the background plasma is so perturbed
that impurity penetration is much increased.
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1 Introduction

Impurities result from energetic particle interactions at the walls and limiters in tokamaks.
Many impurity mechanisms have been implicated, such as physical and chemical sputtering,
desorption processes, arcing etc. The study of these processes has been a major activity in the
field of plasma boundary studies for many years [1, 2]. However, probably equally important
is an understanding of the impurity transport. To take an extreme example, an impurity atom
may be ionised in the scrape off layer (SOL), follow a field line to the limiter and stick there..
In such cases the residence time will be <C 1 ms and the amount of power radiated negligible.
Even if ionisation takes place inside the last closed flux surface (LCFS) the SOL acts as a
powerful sink and cross-field diffusion may cause a large fraction of the impurities to be lost.
The study of these processes has only recently been taken seriously. The problem is complex
owing to the three dimensional nature of the geometry. The limiter acts both as a source and
a sink. For some impurities, eg oxygen, there is a high probability of recycling, whereas for
others, eg carbon, it is expected to be small. However, new techniques, both experimental and
computational, have recently been developed. The study of deliberately introduced impurities
has been started and the picture is slowly becoming clearer. In the following we review some of
the main experimental features observed. The discussion mainly concerns tokamaks bounded
by limiters, and the emphasis is on the experimental results.

2 Simple Models

2.1 Cross field transport

In order to discuss the experimental results in context we must first consider the physical
processes occuring as an impurity atom or molecule enters the plasma. Collisions with electrons
and ions result in excitation, ionisation, dissociation and heating. If we consider a flux of atoms
F(r) moving with a velocity V0 across the magnetic field into a plasma with a radial profile
of density ne(r) and temperature Te(r),then considering only a ID picture the flux will decay
with distance as

F(r) = T0exp f- f1 —nc(x)dx] (1)
\ Jo V0 J

where ~av is the rate coefficient for ionisation of impurities and F0 is the initial impurity flux
entering the plasma. If we assume the density profile to be exponentially increasing in the SOL,
with an e-folding value of An, from a value of ne(w) at the wall, and that av is independent
of radius, we can write the neutral atom density as

T(X) = T0exp(-^[exp(x/Xn) - I]) (2)

where

d = v0/ffv.ne(w) (3)

The ionisation rate at any point x is given simply by

S(x) = dT/dx (4)

For arbitrary experimental profiles of rae and T6, similar calculations of T(x) and S(x) can be
carried out numerically.
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Given the source function we must now consider the transport of ions. These will diffuse
rapidly along the field and move slowly across the field. The experimental evidence is that the
cross field diffusion is anomalous rather than classical, with a rate which is comparable with the ,
main plasma species. This is one of the principle measurements which we wish to make. Inside
the last closed flux surface the ions are by definition on closed field lines. If we assume toroidal
uniformity then we can consider cross field diffusion as a ID process. .Outside the LCFS there
is parallel transport along field lines into the limiter or wall. This is a loss mechanism. If we
make the further assumption that there is no source function in the SOL then we can equate
the particle loss along a flux tube in the SOL with the net particle flow across the fled into
the flux tube. It is readily shown [3] that the particle density falls exponentially with radial
distance with an e folding length An given by

An = J^S. (5)
V "H

where Dj. is the cross field diffusion coefficient, Lc is the connection length to the limiter and
t)|| is the parallel velocity of the impurity ions.

Inside the LCFS a simple ID model has been proposed [4, 5], fig 1, which gives the central
impurity concentration n(o) in terms of Dj., the impurity influx Tm, and the ionisation mean
free path, Aj.

_/ . \ rm(A,- + An) ,,,•,

where Ap is the plasma surface area. The source is in this case considered to be a delta function
rather than the more complex function given in equation (4). The case of a distributed source
has also been analysed [6].

2.2 Ionisation and heating

When the impurities are ionised they travel predominantly along the magnetic field lines and
are subjected to further collisions with electrons, resulting in excitation and ionisation. They
are also heated by ion-ion collisions. We consider the time scales of these different processes.
The characteristic time for ionisation is

n. = -L= (7)neavi

The classical thermalization time is given by

1.4 x 10-13mB
where m/ and VIB, Zi and ZB are the masses and charge states of the impurity and background
plasma ions, ng and TB are the background plasma density and temperature and £n/\ is the
Coulomb logarithm. The thermalisation rate is

dT TB-T
dt ~ rth

 (9)

where T is the impurity temperature. Using equation (8) we can calculate the impurity ion
temperature attained in a given charge state, before ionisation to the next higher state

T = TB-(TB-T0)exp(-ri2/rth) (10)
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where T0 is the initial impurity temperature. The important factor determining T is thus the
ratio T^/Tth, which from equations (6) and (7) we see is independent of density and dependent
only on local temperature (assuming Te = Ti). Results for carbon as a function of background
plasma temperature are shown in fig 2. At low plasma temperatures the collision rate is high
and the impurity ion is rapidly thermalized. As the plasma temperature increases, the ionisa-
tion rate increases and the thermalisation rate decreases so that thermalization is more and
more unlikely to occur before ionization.

2.3 Parallel Transport

Parallel transport can be due either to free streaming of the impurity ions or through diffusion,
depending on the collisionality. This problem has been considered in detail by Pitcher [7], The
interesting conclusion is that the collisionality is always driven to the case where the impurity
ion mean free path (mfp) is approximately equal to the physical width of the expanding
ion cloud. This can be explained qualitatively by the following argument. If the expansion
is initially diffusive, collisions will increase the temperature and hence the mfp until Ay is
comparable to the width of the cloud. However, if the expansion is initially collisionless then
no heating will take place, the mfp remains constant and the cloud will expand until it is
comparable with the mfp. On approaching thermalisation the mfp becomes constant but
expansion continues to occur by diffusion. The diffusion model gives a good approximation to
expansion rate under most conditions. An analytical justification for this argument has been
published [7]. Taking the diffusive approximation for a short pulse impurity influx we can
write down the spatial half width of the pulse as a function of time by

w(t) = w0+ 2(£n2)1/2 '(7Ji)1/2 (11)

where W0 is the initial half width and 75 is the time average diffusion coefficient during heating.
Using equation (9) we can show that

/

t
"""'-

Evaluating the integral we obtain

(13)

where gis a function of time normalised to the thermalisation time, (t/Tth), and A(/l is the mfp
of the impurity when thermalised.

The function g has been plotted in fig 3. For t > rth the cloud width expands diffusively.

t V/2

AfA

Integrating over a train of pulses, taking into account losses due to ionisation, we obtain the
result

ezp(-f/ra)df

where N is the impurity influx rate and A is the area of the flux tube cross-section.
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3 Experimental Measurements
Each, of the models discussed above considers only one process, eg parallel diffusion is consid-
ered in the absence of cross-field diffusion and vice versa. The effect of temperature gradients
have been neglected. Any real experimental situation is much more complex and more sophis-
ticated models are necessary. However, in order to discover whether such models adequately
describe the real situation we have to obtain reliable experimental data. In the following sec-
tion we discuss some of the experiments on impurity transport already carried out. We will
consider the experimental data under the headings cross-field transport, parallel transport,
ionisation and heating.

3.1 Cross Field Transport: Outflux

There are a variety of ways of measuring cross-field transport in the boundary layer. Depo-
sition probes have been used in many tokamaks to obtain radial distributions of impurities
in the SOL. A clean, well diagnosed surface is exposed for a predetermined time and then
analysed using sensitive surface analytical techniques [8]. If the sticking coefficient is known
the impurity flux along the flux tube connected to the probe can be determined. However,
there are a number of problems interpreting this data including re-erosion and the uncertainty
in the charge and energy distribution of the incident flux. This results in a poor understanding
of the relationship between the surface concentration (atoms m~2) and the impurity density.
The sticking coefficient has been shown to be dose to unity for many of the cases of practical
interest [9]. However, re-erosion of the deposited material can be a serious problem unless the
total deposited fluence is kept to < 1 monolayer of the substrate surface concentration. This
generally means that rather short exposure times (< 1 sec) are necessary. Stangeby has given
a simplifiied interpretative model of these probes [1O]. They are useful for identification of
impurity species and for measuring the time dependence of the impurity outflux.

The results from deposition probes clearly depend on the source function. If impurities re-
leased from the wall or limiter are ionized on the way in, then the distribution is determined by
a function of the form given in equation (4). However, if the ionisation is inside the LCFS and
the impurity species diffuses radially outwards past the LCFS, then the cross-field flux can be
equated with the parallel flux to the limiter, obtaining equation 5. The impurities cannot be
assumed to have the plasma ion sound speed but they will be accelerated towards this value
by friction with plasma flow to the probe and limiter. Their limiting velocity will depend on
the local density and temperature and on the collection length of the probe [1O].

Measurements with collector probes for impurities injected inside the LCFS have been made
on TlO, [11], CASTOR [12] and MTl [13, 14]. Results are shown in fig 4 for MTl. It is
observed that the injected impurities have a much more regular behaviour than intrinsic im-
purities, with simple exponential decay times in the plasma and an exponential decay radially
in the SOL. Asymmetries are significantly reduced compared to the case for intrinsic impuri-
ties. Fig 4 shows that the decay length is the same within experimental error for 3 different
impurities whose masses range from 23 to 195 amu. The result is the same as for the hydrogen
plasma species. Thus, from equation 5, we may conclude at least that Di/vy is the same
for all of them. It seems unlikely that U|| would change in such a way as to exactly compen-
sate for changes in Dj_ with mass. If instead we assume that v\\ is approximately constant
for all species, due to friction, then we can conclude that Dj. is approximately the same for
all ion species from hydrogen to platinum. If we assume further that hydrogen plasma ions
are accelerated to their sound velocity then the velocity of the impurities is « 0.5c3. Such
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a velocity is consistent with the frictional forces. Further experiments are required in which
the local density and temperature are varied to test whether scaling of parallel velocity is as
predicted from the frictional force calculations. A further experimental programme is also
desirable where simultaneous measurements_ are made of the diffusion inside and outside the
LCFS under the same operating conditions.

The collector probe measurements do not give any information about the charge state or en-
ergy of the impurities in the SOL. Such information can be obtained by retarding field analysis
(RFA) and plasma ion mass spectrometry PIMS [15]. Measurements of the charge state dis-
tribution in DITE are shown in fig 5. It is seen that the most probable charge state for_ carbon
and oxygen is « 4. This is consistent with calculations taking into account ionisation, and
recombination rates [18]. —

3.2 Cross Field Transport: influx

By using a tangential viewing position focussed on the plasma boundary, the radial distribu-
tion of impurity concentrations can be observed. Using CCD cameras with optical interference
filters for a suitable transition, the radial distribution of impurity ions in different charge states
can be measured. Such measurements for intrinsic impurities [16] and for CO gas injection
[17] have been made in DITE.

The radial profile of the intrinsic CI emission is shown in fig 6. The maximum emission occurs
about 10 mm inside the limiter radius. Similar measurements of the radial distribution of
CI, CII and CIII have been compared with LIM code calculations and a cross field diffusion
coefficient of 0.5 m2/s deduced [18]. However, due to the rather broad ion source function the
code calculations are not very sensitive to the value of D±.

î

Results for the different charge states of oxygen and carbon resulting from CO impurity injec-
tion are shown in fig 7. The distribution of the intrinsic OI and CI are shown in thé same figure
for comparison. It is seen that there is little difference between the intrinsic and the impurity
injection cases, leading to the possible conclusion that the intrinsic impurities actually result
from CO production at the limiter in DITE. It is also clear that the oxygen penetrates about
10 mm further in than carbon. This is probably explained by the ionisation rate coefficient
being about a factor two lower than for carbon. Comparison of this data with recent LIM
code calculations gives values of D = 0.5 m2/s, but again with an uncertainty of a factor of 2.

3.3 Parallel Transport inside the LCFS

Diffusion parallel to the magnetic field can be measured most easily by optical techniques.
Using a 2-D camera with optical interference filters, as for perpendicular transport, ions in
different charge states can be observed as they move toroidally and poloidally. Since it takes
a finite time to reach the higher charge states, they tend to be more spread out than the lower
ones. The spatial distribution of the CI, CII and CIII during methane puffing into the DITE
tokamak at two different radial positions are shown in Ig 8 [19].

When the source of gas is moved into regions of higher electron temperature the mean-free-
path for ionisation decreases and so the CI distribution becomes narrower. It is clear that
the distribution of the higher charge states also narrows. This is probably due to the more
rapid ionisation of each state into the next highest state. When doing the experiments with
artificially introduced impurities it is necessary to subtract the background due to the intrinsic
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species. This is straightforward provided that during puffing the general recycling at the gas
puffing limiter is not significantly increased.

The distribution of the intrinsic impurities is shown for comparison in fig 9 [2O]. Carbon atoms
are released from the limiter by sputtering. The source function represented by CI is now much
broader, due to the geometry of the limiter, which means that the sputtering is occurring over
a range of toroidal positions. The broader source distribution makes the deduction of trans-
port coefficients in the plasma more difficult.

In all these measurements the experimentally measured signals are line integrals over the mi-
nor radius, through the emitting region. While in the case of these low ionisation states the
radial distribution is often narrow enough to draw qualitative conclusions, detailed measure-
ments require either the 2-D (radial-toroidal) distribution to be unfolded or for an appropriate
interpretive model, such as LIM [21], to be used.

Comparison of data from the TEXTOR tokamak with the LIM predictions is shown in fig
10 [22]. The agreement with CI, CII, OI and Oil data is very satisfactory. The agreement
with the neutral species simply indicates that the correct source function has been used. The
agreement with the singly ionised species shows that the classical parallel diffusion used in the
code is consistent with the experimental data. Because the diffusion rate depends strongly on
the ion temperature, it is also necessary to have the heating rates accurately modelled. This
is discussed in section 3.5. The lack of agreement between model and experiment in the case
of CHI may be due to the rather poor quality of the experimental data in this case, caused by
a low signal to noise ratio.

3.4 Parallel Transport outside the LCFS

In the previous section we have shown data with a gas source (ie the puffing probe tip) both
inside and outside the limiter radius. For the probe tip inside the limiter radius we can be
reasonably sure that most of the transport is along closed field lines (although there will in-
evitably be a small flow across the LCFS into the SOL). Where the gas source is due to radial
puffing in the SOL, ionisation can take place either inside or outside the LCFS depending on
the temperature and density profile. To overcome this problem experiments have been carried
out with the gas puff along the field direction, [19], see fig 11.

The spatial distribution along the toroidal direction through the maximum intensity position
for the carbon species from methane are shown in fig 12a. The CI and CII profiles are very
similar while the CIII distribution spreads much further. It also spreads slightly past the
probe in the 'wrong' direction suggesting that a small fraction of the carbon ions end up on
the closed field lines inboard of the leading edge of the probe. The plasma conditions into
which the gas is injected have been changed by changing the main plasma parameters. The
local temperature is increased from 15 eV to 30 eV. The CI and CII distributions are now
much narrower while the CIII is broader, streaming further away from the probe, fig 12b.

Because of the relatively constant value of Te along the field lines the mean free path for
ionisation of neutral carbon can be estimated. Using the ionisation rate coefficients and the
measured electron density the initial neutral carbon energy can be deduced [2O]. A value of «
0.1 eV is obtained.

To explain the results of fig 12 we have to note that the situation is quite different in the SOL,

- 22 -
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where there are open field lines, than inside the LCFS. Because of the presence of the limiter
or probe the plasma ions are accelerated to this sink. The fractional force of the plasma ions
on the impurities tends to accelerate them towards the limiter surface. In addition, theory
predicts there to be an electric field which also drives the ions towards the limiter [23]. On
the basis of simple analytical models taking into account both the frictional forces and the
electric field force it can be shown that for the low initial energy of the carbon atoms from
methane the CII is expected to be rapidly swept back to the limiter, in agreement with the
experimental results [19]. In fact the frictional force is sufficient without any electric field.
The large spreading of the CIII is consistent with the field predicted by the Emmert presheath
model [24] and inconsistent with that predicted with the simple fluid models [25].

3.5 Impurity Ion Heating

It is important to know the local ion temperature in order to determine the transport coeffi-
cients, partici-larly in the case of the parallel flow. We have discussed a simple model of ion
heating in sec.ior 2.2. Ion temperatures can be measured experimentally by observing doppler
broadening with a high resolution spectrometer [22]. In order to get reliable data it is impor-
tant to measure the instrumental resolution accurately and to take into account the Zeeman
splitting due to the tokarnak magnetic field. These difficulties can be minimized by choosing
a transition with a simple energy level structure and by using a polariser to eliminate some of
the Zeeman components. The line shape is modelled using a range of ion temperatures until
a good fit to the experimental data is obtained [26]. Measurements of the temperatures of the
injected impurities OTL1 CII and CIII have recently been made in TEXTOR when using CO
gas puffing [26]. The variation of the Oil and CIII temperatures with radial position of the gas
puffing position are shown in fig 13. Both ion temperatures decrease as the puffing position
moves into regions of higher electron temperature. The results for Oil agree both qualitatively
and quantitatively with the predicted values shown in fig 2. The agreement for the CIII is not
so good. The results in this case are seen to be rather sensitive to the gas flow rate, falling by
a factor of 2 when the flow rate is doubled. The variation of temperature with gas flow rate is
illustrated more dearly in fig 14. As the puff rate decreases the ion temperature increases.

The ion temperatures have also been found to vary with toroidal distance from the gas source.
Results are shown in fig 15 together with predictions form the LIM code using measured Te and
nc profiles [22]. The values obtained from the model depend quite strongly on the Zejj chosen.
No direct measurements of Ze/f in the edge are available in TEXTOR and it is probable that
the gas puffing itself affects the local impurity level. However, the spatial variation of ion
temperature agrees qualitatively with the model and the absolute values are also reasonable.

The change in ion temperature with gas puff is clear evidence that the incoming species are
disturbing the local plasma. In apparent contrast, measurements in DITE with a probe in the
gas flow showed that there was comparatively little perturbation of the electron temperature
[2O]. There is evidence both in DITE and in other experiments that injection of many impurity
gases frequently has little effect on the global properties of the plasma.

4 Discussion
In most of the experiments discussed there is little evidence of global perturbation of the
plasma. However the doppler broadening measurement discussed in section 3.5 shows that the

- 23 -
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impurity ion temperature decreases as the gas flow increases. This is a strong indication that
the background ion temperature is at least locally depressed. There is also evidence, largely
unpublished, that when the impurity influx is increased above a certain critical value the
plasma disrupts. This again implies strong local or perhaps more general perturbation of the
background plasma and a rapid change in transport behaviour. For intrinsic impurities such
as sputtered atoms there is natural negative feedback which controls the impurity influx, since
as the influx increases radiation increases and the ion energy arriving at the limiter decreases.
In the case of gas injection no feedback exists and so the system runs away and disrupts. Such
a process may make it difficult to control the radiation level when a high fraction of the input
power is radiated. It is interesting to speculate that this may-result in an upper limit on the
amount of edge radiation that can be tolerated.

5 Conclusions
There are a variety of experimental methods of measuring impurity diffusion in the edge.
However, they all depend on knowing the impurity source function accurately. In many cases
reported in the literature this is not considered carefully. Of the measurements where thought
has been given to this problem there is evidence that the cross Reid transport is characterised
by a diffusion coefficient « Im2S""1 which is independent of mass over a wide range. Impurities
are accelerated towards the limiter by friction with the background plasma, reaching values
which are of the order 0.5 times the ion sound speed. Cross field diffusion inside the LCFS
is less well studied. However, again diffusion coefficients of as Im2S"1 are consistent with the
data available. In this case because of the spatially distributed source function detailed code
calculations are necessary to interpret the data.

Parallel impurity diffusion is consistent with classical rates and impurity ion heating is in gen-
eral agreement with Spitzer collision times. The ions take times of « 100/js to heat up and
they are frequently in quite high ionisation state before they are fully thermalised with the
background species.

Experiments on impurity injection have so far indicated that impurity penetration is small and
that little contribution is made to the central impurity concentration. It is possible that above
a given impurity injection rate a significant perturbation of the background plasma occurs and
that this drastically modifies the fuelling efficiency.
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Figure 2: Calculation of impurity ion temperature for CII, OU and CIII ions as a
function of background plasma ion temperature. (Ti = T6, initial ion temperature
T0 = O assumed)
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Figure 3: The normalised expansion half-width (w — W0)/\th, as a function of normalised
time t/Tth for three different values of initial temperature T0 (normalised by the back-
ground temperature T{) [7]
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Figure 8: Toroidal (parallel) distribution of CI, CII and CIII measured during methane
puffing in the DITE tokamak from two radial positions (a) 0.23m (b) 0.255m. The lines
drawn are to guide the eye. [19]
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Abstract
It has been observed on TFTR that when excessive localized heating occurs at "hot spots" on the graphite
limiters enhanced impurity release results, ie "carbon blooms" occur. This enhanced production is thought
to be due to a thermally activated process (sublimation) which may be further enhanced by radiation dam-
age associated with the energetic particles striking the limiter. The large influx of carbon impurities '",- --_--_'
increases the radiated power from the discharge and consequently reduces the edge electron temperature
and the power incident on the limiter, thereby reducing the rate of sputtering and allowing the hot spots to
decrease hi temperature, both or which help to turn off the bloom. In long heating pulses, this may happen
several times, as the edge electron temperature and hot spot surface temperature increase and decrease in
anti-correlation to the radiated power. Full detachment of the discharge has been obtained during an Ohmic
discharge by inserting a carbon probe into the plasma. Such a situation, ie where most of the power is
radiated, may be desirable in future machines where excessive localized heating and sputtering of first-wall
components may be otherwise unacceptable.

1 Introduction
Future tokarnak reactors will have fusion alpha powers in excess of 200 MW [I]. Of this

power, only a small portion will be uniformly radiated to the vessel walls whilst the majority will

be exhausted from the plasma by the divertor. The latest estimates from the ITER conceptual

design study indicates that the divertor plates will receive an average power flux density of

~l5MV/m~2 [I]. The equivalent CIT design (Compact Ignition Tokamak) will have a similar

average power density on the dwertor of -16AfWm"2 [2]. While in theory these power fluxes

can be easily handled with present-day techniques, in practice, as present-day tokamaks demon-

strate, it is not the average power handling ability which limits machine performance, but small

isolated areas, typically defects, which fail and degrade the performance of the plasma as a

whole. In TFTR, for example, the average powei flux density on the graphite limiter with 20

MW of beam heating is ~4MWm~z, yet often such discharges are seriously degiaded by

over-heating of small regions (~10cm2), resulting in a phenomenon known as a "carbon bloom"

[3]. Similar observations have been made at the JET carbon limiters at high heating powers
[4,5].
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Clearly it would be an advantage in present-day machines and future reactors to increase

the amount of radiation, spreading the power more uniformly on the vessel walls, thus reducing

the power concentrated on the limiting surfaces. This is in fact what happens as a natural conse-

quence of a carbon bloom. That is, the radiation increases as the carbon influx increases result-

ing in a reduction of the edge electron temperature and power incident on the limiter/divertor.

These effects reduce the rate of sputtering and allow the critical hot spots to cool. The purpose

of the present communication is to characterize this behaviour in TKlR, ie the ability of the

bloom to be self-regulating with regard to power balance.

2 Experimental Details
TFTR has a major radius that is varied typically in the range R0 = 2.40m to R0 = 2.60m

with a plasma cross-section which is essentially circular with corresponding minor radii of a =

0.75 m to a = 0.95 m. The plasma is limited by a toroidally symmetric inner bumper limiter

composed of discrete graphite tiles covering an area of ~22m2, Fig. 1. The wetted area of the

limiter is typically -6m2. The four neutral beam injectors on TFTR are capable of applying an

input power of ~ 35 MW, but presently operate at powers of < 30 MW, In addition to the routine

diagnostics on the tokamak, TFTR has a number of edge-specific diagnostics, including a recip-

rocating Langmuir probe located approximately 37 cm above the outside midplane, an array of

interference filter/telescopes which obtain the poloidal Da and CII (657.8 nm) distributions,

infrared thermography cameras and a CCD camera plasma viewing system which obtains both

the poloidal and toroidal distributions of emission from the low ionization states of deuterium

and carbon.

The spectral intensities of the low ionization states are converted to particle influxes with

the aid of theoretical photon efficiencies [6], if the local electron temperature is known. In gen-

eral, because of over-heating problems with the Langmuir probe at input powers > 5 MW, Te(a)

is not routinely measured and it is assumed that the edge temperature is constant, Tt(a)~5QeV,

independent of beam power. An approximately constant edge electron temperature with input

power is found on TFTR in the limited Langmuir probe data obtained at low power [7].

3 A Typical Carbon Bloom in TFTR
It has been observed on TFTR that when excessive localized heating occurs on the graphite

limiter, enhanced impurity release results, ie above the level associated with physical sputtering

by deuterons and carbon ions. This phenomenon has been called the "carbon bloom" and is

- 36 -
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thought to be due to a thermally activated process (sublimation) which appears to be further

enhanced by radiation damage associated with the energetic particles striking the limiter [8].

Camera observations on TFTR with CI, CII and C III filters indicate that the enhancement

above the physical sputtering level is detectable at - 1600 C and rapidly increases as the hot spot

temperature rises [9]. The hot spots occur at carbon tile edges, where the incident power density

from the plasma is large, or at damage sites, where the carbon surface is thermally decoupled

from the bulk.
Figure 2 gives the time traces for a TKlR Supershot discharge which had a typical carbon

bloom. In this discharge the neutral beam power was Pm = 22.5MW starting at t = 3.0 s, the

plasma current was lf = 1.6AfA, the toroidal magnetic field BT = 5T, the major and minor radii

R0Ia = 2.45»i/0.80m. Shown in the figure are the Z^, the poloidally-averaged C n emission

from the bumper limiter, the D-D neutron rate SDD, the radiated power Prad and the temperature

of a hot spot as determined by infrared thermography. This hot spot, which was observed to per-

sist during the entire experimental run, consisted of an area of order ~10cm2 located at the mid-

plane of the inner wall bumper limiter. The hot spot location is approximately -125° toroidally

away from the C n measurement. Thus, the CII measurement is a global measurement of

carbon influx rather than a local measurement of influx from this hot spot.

Before the start of neutral beam injection, the Zcg of the Ohmic target discharge is high, ~

4, and the ratio of deuterium to carbon flux at the limiter based on the edge spectroscopy is

rc/TD~0.3. The Z^ decreases to a value of ~ 2 by t = 3.4 s, due primarily to the diluting effect of

the beam ions. Also on the application of power, the C n emission, the neutron rate SDD, the

radiated power P^ and the surface temperature all increase and by t = 3.4 s these parameters

have all reached approximately steady-state conditions which in the absence of a carbon bloom

would be maintained until the beam power is reduced. This behaviour, ie increasing carbon

influx, radiated power, etc, with increasing beam power, can all be explained using simple power

and particle balance considerations assuming only physical sputtering of the graphite limiter by

deuterons and carbon ions [10,11]. However, after t = 3.4 s the carbon influx starts to rise again

resulting in an increase in the Z^ and the radiated power and a decrease in the neutron rate. The

temperature at which this enhanced impurity production occurs is approximately 1600 C, well

below the temperature at which regular thermal sublimation is significant. By t = 3.7 s, the tem-

perature of the hot spot has reached ~ 2500 C and the carbon influx, which had been rising, starts

to increase at a faster rate. This second temperature threshold has been observed to vary, but
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typically lies in the range 2200 C to 2600 C. This increased rate of rise is also noticeable on the

radiated power and apparent in the rate of decrease of the neutron rate. By t = 3.9 s, the C n

signal and radiated power have peaked. A* this time the temperature of the hot spot has also

peaked at a value of ~ 3100 C despite the continued application of beam power. The peaking of

the surface temperature may be due to a reduction in the plasma power incident on the hot spot

as a result of the increase in radiation.

It is clear from Figure 2 that the carbon bloom suppresses the neutron rate which would

have otherwise remained constant over the period 3.4 to 4.0 s. The bloom starts after the peak

neutron rate, however, and thus does not play a limiting role in the maximum neutron rate in this

particular discharge. The importance of blooms in determining the maximum neutron rate is

demonstrated in Fig. 3, where the time (from the start of the beams) to reach the peak in the neu-

tron signal and the start of the bloom is plotted versus beam power. Typically, the neutron rate

peaks ~ 0.35 s after the start of neutral beam injection and as expected, the time for a bloom to

occur decreases as the beam power is increased. The two curves cross at - 25 MW and it is at

powers above this level that blooms occur early enough to suppress the peak neutron rate. These

results vary depending on the plasma shaping and on the history of damage sites on the bumper

limiter.

4 Multiple Carbon Blooms
In Fig. 2 the surface temperature peaks at t = 3.9 s, despite the continued application of

neutral beam power. Coincident with this, the C n signal and the radiated power also reach their

maxima. The decrease in the surface temperature may be due to the increase in the radiation, ie a

greater percentage of the input power (which is constant) is radiated uniformly around the vessel

rather than concentrated on the limiter. This scenario appears to be responsible for the multiple-

bloom behaviour demonstrated in Fig. 4. In this discharge the neutral beam power was

PNB = 22.5MW starting at t = 3.5 s, the plasma current was /p = 1.4AfA, the toroidal magnetic

field B1- = 57, the major and minor radii RJa = 2.45/w/0.80/n. Shown in the figure are the visible

bremmstrahlung (VB), the poloidally-averaged C n and£>a emissions from the bumper limiter,

the D-D neutron rate SDD and the radiated power fraction PrJPm.

The first bloom starts, as is typical, approximately 0.6 s (t = 4.1 s) after the application of

the beam heating. The visible bremmstrahlung, C H and radiated power fraction increase signifi-

cantly as the neutron rate drops. By t = 4.3 s the radiation has reached - 65% of the input power,

presumably reducing the power incident on the hot spot. As a consequence, the bloom appears
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to be "switched off", ie the signals return to the pre-bloom levels for a period of ~ 0.2 s. With

the radiated power now again at a low level (~ 30%), the hot spots are reheated, and by t = 4.8 s,

a second bloom appears, which lasts until it is switched off at t = 5.1 s. Finally, at t = 5.5 s the

neutral beam heating is turned off and the discharge parameters return to their Ohmic values.

This oscillatory behaviour could presumably be extended in time with longer beam pulses.

5 Probe-Induced Bloom
The effect of the carbon bloom on the plasma boundary was investigated in a controlled

way by inducing a carbon bloom in an Ohmic discharge by inserting the graphite reciprocating

Langmuir probe inside the last closed flux surface (LCTS), Fig. 5. In this discharge the plasma

current was Ip = 0.8MA, the toroidal magnetic field B7 = 4T, the major and minor radii

RJa = 2.45m/0.80m. Shown in thé figure are the position of the probe relative to the LCFS

(a -rf), the poloidally-averaged CII and Da emissions from the bumper limiter, the electron

density n, and temperature Tc obtained with the probe. As the probi moves into the plasma the

electron density ne and temperature T, obtained by the probe slowly increase; the measured

e-folding distances in the scrape-off layer are long, for density XB-10c/n and for temperature

Xj-16cm. Shortly after passing the LCFS the probe housing reaches a high temperature (not

measured) resulting in a large influx of carbon and a large increase in the radiated power. By t =

4.5 s the probe has reached its maximum extent into the plasma and the radiation is approxi-

mately 100% of the Ohmic input power. The discharge is effectively detached by this time as

demonstrated by the large drop in the CII emission at the bumper limiter (to 20% of the

pre-bloom value) and the Da to 30%. Similar behaviour is obtained from the probe data, ie the

density n, drops by 25% and Tt drops from ~ 80 eV to ~ 25 eV. After t = 4.5 s, the probe is

extracted from the plasma by a combination of plasma motion (R0 changes from 2.45 m to 2.40

m) and probe motion. As a result, the radiation decreases, the plasma reattaches and the dis-

charge parameters revert to more typical values.

The CII emission in this case is not a measure of the local enhanced carbon influx at the

probe, since C n emissions are quite localized and the probe is remote from the CII observation.

Instead, the C n emission is a measure of the average influx of carbon from the bumper limiter.

Thus, the drop in C n emission during detachment is a consequence of reduced global impurity

production which is probably tied to the decreased sputtering yields at the limiter at low electron

temperatures. When the photon efficiency is taken into account (it drops by a factor of ~ 4 from

80 eV to 25 eV [6]) the carbon influx actually drops by a factor of ~ 20 due to the detachment.
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6 Discussion

Carbon blooms originating from localized hot spots with an area of order ~10cw2 can seri-

ously degrade the performance of TFTR Supershot discharges. The enhancement in the carbon

influx above the physical sputtering level at a temperature of ~ 1600 C is not consistent with

regular thermal sublimation but may be explained by a radiation-enhanced process which effec-

tively reduces the sublimation energy of surface carbon atoms [8]. At higher surface tempera-

tures, in the range of 2200 C to 2600 C, the onset of regular thermal sublimation is observed, ;

It seems surprising that small areas can have such drastic consequences for a plasma that

has a volume of ~40m3 and a wetted limiter area of ~6mz. For example, at a surface temperature

of - 2500 C, the carbon influx from a single -10cm2 hot spot is of order -1O20Cs"1, which is

small compared with the total carbon influx which is of order ~6x 1O21C1J"1, obtained from the C

II emission and the theoretical photon efficiency [6] (for the discharge depicted in Fig. 2). It is

hard to see how a single hot spot can affect the performance of the plasma. One possible expla-

nation can be found if the carbon balance in the plasma is considered. The carbon sputtered from

the limiter Tc is equal to that originating from deuteron sputtering Y0T0 and carbon

self-sputtering Y0F0 and also that due to sputtering by the carbon originating from sublimation

1er*,
rc=YDrD+Ycrc+Ycî*c m

where Y0, Y0 are the sputtering yields. Solving for the carbon to deuterium flux ratio,

Tg Y0 [2]

If the edge electron temperature is Te~50eV, the incident deuterons on the limiter have an energy

of ~5re~250eV, and from physical sputtering yields in the literature, a yield of Y"D~0.03. Before

the start of the bloom, ie at t = 3.5 s in Fig. 2, sublimation is negligible (F^ = O) and the

experimental flux ratio is rc/TD-0.3. Using these values in Eq. 2 we can solve for the

self-sputtering yield, ie YC~Q.9. This value is considerably higher than sputtering yield data from

ion beam experiments would predict. For example, if the charge state of carbon ions striking the

limiter was - 4, the carbon energy would be ~147>700eV and the sputtering yield, Y0-QA. It

has been suggested that the higher value obtained in the tokamak environment is due to particle

angle of incidence effects [10,12]. With a self-sputtering yield close to unity, the production of
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carbon at the limiter is completely dominated by incident carbon ions with deuterons contribut-

ing approximately 10%. Inspection of Eq. 2 reveals that, because of the high value of Yc, the

influx of carbon is very sensitive to the additional amount of carbon entering due to sublimation

T3C, eg with rc~0-9 we get from Eq. 2,

Thus, an small additional sublimation influx of magnitude r£/rc~0,05 can as much as double the

total carbon influx into the plasma. This is the approximate magnitude of the thermal sublima-

tion rate expected from an area of ~10cm2 at a surface temperature of - 2500 C.

This scenario assumes that the additional influx of carbon does not change the sputtering

rates at the limiter, ie the edge electron temperature. Under very large influxes, we would expect

the radiated power to increase to the point where the edge electron temperature drops and poss-

ibly also the carbon self-sputtering yield. This may be responsible for the oscillatory behaviour

obtained in Fig. 4 rather than oscillations in the surface temperature.

The effect of the edge electron temperature on sputtering is clearly evident in Fig. 5 where

the drop in T1 from 80 eV to 25 eV results in a drop in the carbon influx Fc at the bumper limiter

by a factor of ~ 20. This is despite additional carbon entering the plasma from the immersed

probe. Such a detached state is highly desirable in that impurity production and heat loads on the

limiter surface are greatly reduced. However, to reach this state a large influx of carbon and an

increase in plasma contamination were required and it is unclear whether the detached state can

be reached and maintained without these deleterious effects.

These observations on ThTR are very similar to data reported during carbon limiter oper-

ation on JET [4,5]. Camera observations have shown on JET that at a hot spot temperature of ~

1600 C, the surface starts to emit carbon at a rate that is enhanced above the physical sputtering

level. This can lead to the formation of a MARFE, a drop in the neutron rate and a reduction in

the electron density and temperature at the limiter radius [S]. Similar oscillatory behaviour has

also been observed with several blooms occurring during long heating pulses.

7 Conclusions

Carbon blooms can seriously degrade Supershot performance in TFTR. At hot spot tem-

peratures of ~ 1600 C the enhancement in carbon impurity production is noticeable and at tem-

peratures of 2200 C to 2600 C the global rate of influx approximately doubles. This behaviour is

in rough agreement with a scenario in which carbon self-sputtering dominates impurity
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production before and during the carbon bloom. Self-sputtering yields as high as 7C~0.9 are

inferred from the spectroscopic observations and under such conditions even modest additional

influxes from hot spots can significantly affect the carbon balance in the tokamak.

The large influx of carbon impurities from blooms increases the radiated power of the dis-

charge. This has two possible effects on the carbon balance. First, it will tend to reduce the edge

electron temperature and thus reduce the rate of further impurity production. Second, it may

allow the hot spots to cool thus reducing the sublimation rate. Either situation may give rise to -

the multi-bloom phenomena observed on both TFTR and JET. In the extreme case of the first

scenario, the discharge will detach and greatly reduce the rate of further impurity production. It

is unclear whether this detached state, which is highly desirable from the point of view of impur-

ity production and limiter power handling, can be attained without first contaminating the dis-

charge to an unacceptable level.
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Fig.l Schematic cross-section diagram of the TFTR vessel showing the arrangement of the toroidal
graphite bumper limiter, the reciprocating Langmuir probe and the poloidal Da, CII telescope
array.

Fig.2 Zeff, the CII emission, the DD neutron rate S00, the radiated power Prad and the temperature of a
hot spot for a discharge with a typical carbon bloom: PNB = 22.5MW, Ip = 1.6MA, BT=5T,
/?o/a = 2.45m/0.80/w. The two dotted lines indicate the times when the hot spot temperature has
reached 1600 C and 2500 C.

Fig. 3 The time delay Af after the start of neutral beam heating to reach the peak neutron rate and the
onset of carbon blooms: /,, = 1.6MA, BT = 57", RJa = 2.45m/0.80m.
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Fig. 4 The visible bremmstrahlung (VB), the poloidally-averaged CII and Da emissions from the

bumper limiter, the D-D neutron rate S00 and the radiated power fraction P,JPM during a dis-

charge with two carbon blooms: 1T = 1.4AfA, B7- = 51, R0Ia = 2.45wi/0.80«.

Fig. 5 The position of the probe relative to the LCFS (a - rp), the poloidally-averaged CII and Da

emissions from the bumper limiter, the electron density ne and temperature T, obtained with the

probe in a Ohmic discharge where the probe induced a carbon bloom: lp = 0.8AM, Br = 4T,

RJa =2.45m/0.80m.
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ABSTRACT:

Ergodic divertor experiments in TORE SUPRA have shown a large number of resonant

effects. In addition to large modification of particle exhaust and power deposition on the

various first wall parts, plasma edge is expected to be affected.

This paper will present the features of the radiated power in two configurations where

the plasma was leaning either on the ourboard limiter, or on the inner first wall. Both Helium

and hydrogen plasmas were studied.

In the first configuration, the carbon and oxygen impurity content decreases except in

the edge where the most peripheral Unes increase. Thus an increase of the radiated power is

noticed at the very edge. This is related to the observed changes of the plasma edge parameters

and possibly of the impurity transport there. In the second one, sharp increases of the metallic

impurity content was sometimes recorded, which allows the radiated power to climb from 0.3

to 0.8 of the total ohmic input. In other cases, the radiation increase is more likely due to the

larger density observed in this configuration.

The possible impact of the ergodic divertor in achieving some plasma decontamination

and a stable radiative layer is also discussed.

+ Permanent address : General Atomics POB 85608, San Diego, Ca. 92138-5608, USA.
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1- INTRODUCTION

The aim of the ergodic divertor experiment in TORE SUPRA is to generate a different

connection between the plasma and the wall. This diffuse connection associated to an

enhancement of both particle and heat transport coefficients will modify the plasma edge

and is likely to yield a bifurcation to a cold and dense edge plasma [I]. The latter effect

should reduce the impurity generation, while transport effects are expected to increase the

screening efficiency of the edge layer [2]. Heat load control will derive from the modified

heat transport and from the stable radiating layer triggered by the edge bifurcation. It is

important to note that the overall physics at stake are similar to that involved in the

poloidal pumped divertor of JET [3] or to that of the NET-ITER project [4]. The main

lines of the ergodic divertor theoretical results are recalled in section 2. Section 3 is

devoted to the experimental results. A short discussion and some conclusions are given in

section 4.

2- EXPECTED EFFECTS OF THE ERGODIC DIVERTOR ON RADIATION AND

IMPURITYCONTROL

2.1 - General physics of the ergodic divertor

In the TORE SUPRA ergodic divertor experiment, the magnetic perturbation is

created by six equally spaced ergodic divertor (ED) modules, 60° apart toroidally in

the plasma chamber, Fig. 1.

The radial component of the perturbation can be Fourier transformed in the 8*, 9*

space of the instrinsic poloidal and toroidal components :

SB1 = X [SBm,n(r) exp i (m9* + nc*) + cc] O)
m,n

Such a perturbation will create magnetic islands on the surface q = | - m/n |. The

width of these islands is determined by OBmin(r), while the distance between the

rational surfaces is a function of the shear. The geometrical configuration of the ED

coils yields n = 6 and m = 18 ± 3 as most significant harmonics. Such large

poloidal numbers ensure a rapide decrease of the components 5BmjIj(r) and locates

the perturbation at the edge. When overlapping is achieved an ergodic zone is

created which extends over 10 to 20 % of the minor radius. In this zone the field

lines diffuse radially and for sufficiently high perturbation levels, the quasilinear

diffusion coefficient can be applied :
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= JtqR(ôBr/BT)2 (2)

Where R is the major radius and where <5Br/BT>, which is averaged over the

stochastic zone, is of the order of 10~3.

The value of this diffusion coefficient is given in figure 2 for different values of the

plasma current Ip when BT = 3.1 T, pp + li/2 - 0.7 and a = 0.77 m.

This results in a drastic change of the heat conduction at the edge. A first order

estimate of the average radial heat transport coefficient Xcrg is n Vthe DQL. In TORE

SUPRA Xerg should reach 10 to 90 mV1 in the ergodic region.

For a large heat flux escaping from the bulk, a strong thermal gradient could be

created there, an important issue being the possible achievement of a dense plasma

at the edge. This should derive from the possibility of obtaining a particle transport

across the ergodic zone at constant pressure [1,5]. A dense and cold plasma should

in principle contribute to a minimization of the impurity production, especially that

produced by physical sputtering.

2.2 - Possible decontamination effects of the ergodic divertor

In addition to the impurity production decrease we have quoted above, we can

expect a decontamination effect with the ergodic divertor. As in a conventional

divertor, the decontamination stems from the friction force induced on the impurity

ions by the large hydrogen outflux in the ergodic region. In fact, this outflux should

be large enough to compete with the thermal force. It can be shown that this

corresponds to a Mach number M = u/Vthi (where u is the average velocity of

hydrogen ions) larger than 0.1. In fact, in an ergodic divertor, this kind of regime

could be reached in situations where the plasma is cold enough to allow a long

mean free path for hydrogen neutrals (of the order of the size of the ergodization

zone). In that case, the decontamination factor should become very large

(typically > 10) [2]. It should be stressed that such regimes can also be created by

injecting matter (pellets) in the bulk, of course this requires adequate pumping

(about 10 % of the total plasma efflux).

Finally some decontamination could result from impurity motion induced by the

electric field which will build-up in the ergodic zone. The latter simply reflects the

large electron loss along the open field lines.
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2.3 - The ergodic zone as a radiating laver

It appears necessary to create a radiating layer atjhe_edge to decrease the total

amount of conductive power to any kind of target plates (limiters, neutralizer plates

of the divertor, etc.). In fact, this is nearly equivalent to the obtention of a cold

plasma at the edge (for which Te ~ 10 eV). This case is difficult to obtain if the

impurity content is supposed to remain constant [6]. The thermal equilibrium

obtained will in fact take into account the heat transmission at the wall. In that case,

light impurity are better suited to achieve the thermal bifurcation to a lower ;

temperature state.

But this effect will be enhanced and eased if some kind of impurity profile is created

in the edge, for which the impurities will be retained near the wall ! This case is

investigated in this Workshop [7].

It is worthwhile to note that the physics included in sections 2.1, 2.2 and 2.3 are

interdependent, which adds to the complexity of prospective studies. The

experimental studies which are described below have been made with intrinsic

impurities. It would be relevant in the future to impose the type of extrinsic impurity

so as to create the radiative layer and/or to study the impurity penetration towards

the bulk.

3- RADIATIVE POWER and IMPURITY CONTENT in the TORE SUPRA ERGODIC

DIVERTOR EXPERIMENTS

3.1 - Main observations during TORE SUPRA ergodic divertor experiments

The first two sets of experiments with the ergodic divertor in TORE SUPRA have

been described in References [8,9,1O]. They will be shortly summarized here.

The ergodic divertor works according to the theoretical concepts that have led to the

actual design. In particular, the effects show maxima for adequate values of the

safety factor q at the edge.

The application of the ergodic divertor induces significant changes in the plasma

wall interaction. The scrape-off layer is affected and becomes inhomogeneous due

to the local effects of the periodic perturbation. Moreover, the location of the plasma

wall interactions is much more widely spread.

All this results in the obtention of very different phenomena in the two main types

of configurations we have used till now.
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In the first one (the "inboard" configuration) the plasma is leaning on the high-field-

side wall which consists of a toroidally symmetric graphite limiter of large area

(10m2).

In the other one (the "outboard" configuration), the plasma is leaning on the

outboard graphite (sometimes pump) limiter which is made of pyrolitic carbon tiles.

These two configurations are depicted in Figure 3. It is worthwhile to remark that

y the plasma facing components are water-cooled (T ~ 150-19O0C) and made of

graphite or carbonized stainless steel [U].

The results have been obtained both in helium and hydrogen plasmas in

experiments where the toroidal field BT was either 1.85 or 3.1 T.

The general trend of the experiments is a density increase in the inboard

configuration and a density decrease in the outboard configuration (in deuterium).

At the same time, the recycling pattern is varied. Its major feature is a reduction of
the Ha brightness measured on the inboard wall in the inboard configuration,

whereas it increases in the outboard configuration. Some periodic recycling

structures also appear. In the outboard configuration (D2) it could be shown that

within the ergodic region (radial width of the order of 0.15 m) the temperature is

depressed by a large factor whereas it remains unaffected in the bulk. At the same

time, the density gradient is decreased in this region.These effects exist above a

given threshold in the amplitude of the magnetic perturbation (fig. 4 and 5).

3.2 - Effects of the ergodic divertor on the impurities

A large variety of effects is observed ; the main differences are related to the

geometrical configurations and to the type of gas used (Helium vs. Hydrogen). The

spectral line brightnesses were recorded with a grazing incidence XUV

spectrometer ; radial profiles could also be achieved as described in Reference [12].

3.2.1 - Inboard configuration

Most of the shots studied were done in Helium. The first series of shots

done at BT = 1.85 T were characterized by a large increase of the metallic

impurities. This increase was proved to be maximized for "resonant"

values of the safety factor at the edge (Fig. 6) [12]. It was also observed

that the Fe XV and Fe XXIV brightnesses increase with the amplitude of

the magnetic pertubation. At the same time, tnc- bolometric power increased
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drastically from 0.3 to 0.8 of the ohmic power. The inverted radial profiles

showed a general increase with some enhancement at the very edge.

It must be remarked that these features were not found in a new set of

experiments done with By = 3.1 T. The low level of metal impurity in

these shots could be attributed to a better carbonisation of the wall. The

effects on light impurities follow in general the same trend as with the

outboard configuration, although they are attenuated : this could be

attributed to a lower effective perturbation for a given current due to the

increasing distance from the plama to the coil.

3.2.2- Outboard configuration

The first set of data (Bj = 1.85 T, He) showed two distinctive features :

- Metallic impurities were present but remained at the same level with and

without divertor.

- The CVI and CV line brightnesses decreased by a factor 2. No variation

of the oxygen lines could be seen. The most striking fact was the

modification of the radial profile shape of the CV line, whereas the CVI

line kept its shape. Figure 7 shows that the CV line is becoming

narrower and is moving radially inwards when the ED current is

increased above 15 kA.

In the second set of data (Bj = 3.1 T, DS), no metallic impurities could be

noticed.

A common trend for the light impurity lines which are emitted in the

"inner" radial region is a reduction of their brightnesses. This is true for

OVIII, OVII, CVI and CL XIV lines, which correspond to ionisation

potentials larger than 490 eV. This reduction appears only if a sufficient

perturbation is applied : IED > 10 kA ; a further decrease is achieved as the

divertor current is increased. The reduction factor can reach 2.5 for CVI,

OVHI and OVII (Fig. 8a).

The evolution of more peripheral lines shows in general an opposite trend.

The OIV (Ei = 77 eV) line brightness increases with the ED current and this

is also true for CIV (Ej = 64.5 eV) (Fig. 8c). Interestingly, CV

(Ei = 392 eV) presents an intermediate behaviour : its brightness begins

by increasing and then decreases for IED > 20 kA (Fig. 8b).
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It is important to note that these data were found in experiments where the

divertor current was raised by steps ; it must also be reminded that, in these

experiments the electron density decreased with the ED current (in the

reduction factors reported here this density decrease is fully accounted for).

Some experiments, in which the plasma current was ramped up at

BJ = 3.1 T show clearly that these effects are sensitive to the safety factor

q at the edge. The "inner" lines CVI and OVIII show some decrease

compared to non diverted shots, when Ip > 1.1 MA up to Ip = 1.4 MA.

The peripheral lines such as CIV show increase from Ip = 0.9 MA, the

effect being maximized for Ip ~ 1.1 MA. The "intermediate" lines show

intermediate behaviours, they increase from 0.9 MA to 1.15 MA and then

decrease from 1.15 MA to 1.4 MA, Fig. 9.

3.3 - Effects of the ergodic divertor on the radiative power

3.3.1 - Inboard configuration

In the case quoted above when the metallic impurities appeared, the

radiation power was increased by a large factor. Its ratio to the ohmic

power jumped from 0.3 to 0.8. Fig. 10 shows a radial profile of the

radiation power in this case compared to the one obtained without ED. It

can be noted that most of the increase is found in the edge regions.

3.3.2 - Outboard configuration

As noticed earlier, the plasmas proved to be a little different in helium and

deuterium. In addition to variations due to the impurity content [13], the

action of the divertor was a density decrease in the deuterium case and a

constant density in helium discharges.

A same trend is remarked, concerning the radiation power ; it stays

constant in Helium and is reduced in Deuterium. Figure 11 shows that in

deuterium shots, the radiation power reduction is proportional to the

density reduction. The inverted profiles show that the reduction of the

volumic radiation power is of 30 to 60 % in the bulk, but at the same time

an increase is noticed in the edge (i.e. the region > 0.70 m).
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4- DISCUSSION AND CONCLUSION

The effect of the ergodic divertor on the radiative power in a tokamak is complex. In

principle, the ergodic divertor is supposed to act on the impurity production, the density

and temperature profile at the edge and the impurity transport. This should lead to

impurity retention at the edge and to a reduction of the impurity concentration in the bulk.

All these factors can trigger the bifurcation to a cold and radiative edge layer.

In fact, till now, experiments in TORE SUPRA were done at low power and it was

difficult to obtain these global phenomena. Nevertheless, it can be noted that the ED

operation induced a strong decrease of T6 at the edge. If the total radiation power is only

slightly changed, a noticeable enhancement was recorded at the edge. These observations

are in agreement with the impurity evolution. The impurity brightnesses (mainly C and O)

decrease by a significant factor in the "inner" regions but the most peripheral lines-

increase. This is not yet well understood ; moreover the line-average Zeff measured by

bremstrahlung radiation seems to remain constant in deuterium plasmas. In fact, it is

difficult to distinguish between a possible modification of the impurity concentration in

the bulk, the effects of the Te decrease in the edge, and a possible change of the edge

impurity transport. Future experiments will be devoted to these points.

Helium shots showed a similar phenomenology, except that the reduction concerned only

the carbon lines. At that time, it was possible to observe that the CVI line profiles were

reduced but kept their shape whereas the CV lines were peaked and shifted inwards.

Once more, the lack of accurate temperature measurements prevents any straighforward

interpretation.

The shots in the inboard configuration showed very specific features which are now

under analysis.
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FIGURES CAPTIONS

Figure 1 : Cover page, photograph of one the 6 ergodic divertor modules in TORE SUPRA.

Figure 2 : Value of the diffusion coefficient of the field lines DQL in the edge region for

different values of Ip with a fixed toroidal field equal to 3.1T.

Figure 3 : Cross-section of the plasma, showing the "inboard" and "outboard" configuration.

Figure 4 : Evolution of the electronic temperature measure by Thomson scattering at different

radius when the ED current is varied.

Figure 5 : Evolution of the density gradient in the edge region measured by reflectometry

when ED current is varied. ;

Figure 6 : Evolution of Fe XV and of the bolometric power is an experiment with ED in

which, the plasma current is varied.

Figure 7 : Radial profile of CV and CVI lines in helium experiments with different ED

currents (note that they should be multiplied by 18).

Figure 8 : Evolution of light impurity line brightnesses (normalized to their value when IED =

O) as function of ED current :

Figure 9 : Evolution of CVI (9a), CV (9b), and CIV (9c) line brightnesses when the plasma

current is ramped up. The doted lines correspond to the case without divertor.

Figure 10 : Radial profiles of the radiation power with and without ED, in the inboard

configuration.

Figure 11 : Radial profiles of the radiation power with and without ED, in the outboard

configuration :

a) non inverted profiles

b) Abel inverted profiles
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A RADIATION ENHANCEMENT AND PLASMA MODIFICATIONS AT TOKAMAK EDGE

BY ERGODIC MAGNETIC LIMITER

S. TAKAMURA

Department of Electrical Engineering, Faculty of Engineering,
Nagoya University, Nagoya 464-01, Japan

1.Introduction
It has been recognized that the tokamak edge plasma has

important roles not only in the impurity control and the particle
exhaust but also in the core confinement characteristics. A

stochastic magnetic field is one of effective means for tokamak
edge modifications. This is known as a concept of ergodic magnetic

limiter (EML) . We have investigated the effects of EML from many
aspects.'- ' °

In this workshop, a hydrogen recycling due to a modification of
edge plasma transport, changes in edge plasma structure, impurity
behaviors, and a radiation enhancement at the edge are discussed.

IBO

- I B O
T 7 I l 13

(b) r (cm)
Fig. 1 Puncture plot of magnetic field lines on the poloidal

plane located at the section where an array of Langmuir probes
is installed. The dashed lines indicates the location of the
molybdenum limiter. /p = 15 kA, B1 = 0.4 T, /h = 0.4 kA,

A = -0.74, m/n = 6/2.

o
(U
tn

O

O 0,2 0.4
Ih (kA)

0.6

Fig. 1 Increases in
cross field diffusion
coefficient in the
SOL as a function of
helical coil current.
~n~l is O.SX 1O13Cm"3

without EML.
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2.Hydrogen Recycling due to Edge Transport Modification
A resonant helical magnetic field was applied on the HYBTOK-U

(R=O.4m, aw=0.13m, ap=0.11m, B1=O.4T, Ip~15kA) tokamak plasma with
local helical coils (m/n=6/2). Figure 1 shows a typical example of

puncture plot of magnetic field lines on a poloidal plane.5'6 A
stochastic magnetic field thus produced enhances the plasma

transport at the edge.
From the radial distribution of electron density in the SOL

shown in Fig.5, we can roughly estimate the diffusion coefficient

D across the main magnetic field, under the assumption that the

effects of ionization in the SOL and a spatial modulation
generated by the EML are neglected. As shown in Fig.2, the D

gradually increases with the helical perturbation. Therefore, it
is said that the plasma transport at the edge is increased by the

EML. A new physics to explain the increase of D was proposed,

taking account of a poloidal ErxBt drift due to a radial electric
field at the edge.9

The transport modification at the edge increased the hydrogen

recycling as indicated in Fig.3. A computed tomography imaging of
Ly <* hydrogen emission through a tangential port confirmed the
increase of hydrgen spectral line as shown in Fig.4.

(a)

O 0.2 0.4
In CkA)

3 Recycling properties represented by the increases in H0

(•) and Ly1 (*) emissions and line-averaged electron density
(•) as a function of the helical coil current. The insertions
show the traces of these quantities. The values at : = 5 ms are

plotted.

R(cm)

40
R (cm)

^ Emission profile of the Ly0 line on the poloidal plane ai
1 = 6 ms. Bc is 1.3XlO1 3 cm"3 without EML. (a) /h = 0.
Dashed lines show the location of the molybdenum limiter, (b)
One dimensional profiles in the equatorial plane (2 = 0) for

/h = 0.3 ItA (solid line) and /„ = O (broken line).
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3. Changes in Edge Plasma Structure
An array of Langmuir probes was installed in the SOL and

movable on a poloidal plane. A typical result on the profiles of

plasma parameters are shown in Fig. 5 obtained on the equatorial
plane. We had an increased electron density and a decreased
electron temperature there. However, such a tendency is not

uniform along the poloidal circumference. The reduction of
electron temperature was not observed at the locations where the

electron density decreases. Therefore, a poloidal modulation of

plasma property may be a feature of EML, which is also able to be
inferred from the structure of magnetic field very close to the

wall. Nevertheless, a reduction of TB and some increase of nB is
what is expected in the EML scheme. As shown in Fig. 5 we remind

you that the radial profile of ne was flattened by the application
of EML. This means that the cross-field transport increases, as

already discussed in Fig. 2.
In order to study more about the poloidal variation of plasma

parameters, an array composed of 32 Langmuir probes was set on a

poloidal plane. The ion saturation currents at the limiter radius
were detected for a relatively weak and a strong external helical

field. The edge density did not change. or somewhat increased for
the weak perturbation, while the strong helical field enhanced a
spatial modulation. It seems

that the magnetic field
structure affects such a

poloidal modulation.7-10

Although magnetic
fluctuations picked up with
Mirnov coils did not receive the

effect of EML, changes in a.c.

fluctuations of plasma potential

potential were detected with the

same array of multi-Langmuir
probes. These fluctuations comes

from the helical instability
n-i-t-u 4-u J L. .c i n i*Wirn the mode number Of m/n=2/1 ,

the resonance zone of which is

.
Fig- 5 Horizontal profiles of electron density and electron

temperature at the equatorial plane with (/„ = 04 IcA solid
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located inside and is not influenced directly by the external
helical magnetic field of high poloidal mode number. Nevertheless,

they were found to receive a poloidal modulation well correlated

with the magnetic field structure at the edge.10

4.Impurity Behaviors8

As shown in Fig.6, some intrinsic light impurities may be

increased by the effect of the EML. It is associated with an
enhancement of the following physical and chemical processes

caused by the increase in a contact of the plasma with the solid
materials. First, a physical desorption on the wall and the

limiter may be increased by the enhancement of photons and

energetic charge-exchanged neutral atoms due to the increase of

recycling. Second, an increase of chemisorption is also
responsible. Chemical reactions between incident plasma atoms or

ions and surfaca atoms lead to the formation of molecules, for
example, CH4, CO and H2O. These molecules can thus be desorbed

easily.
In Fig.7, changes in some spectral line intensities originating

from the intrinsic metal impurities with the application of EML

are shown. We should note that iron (Fe) and nickel (N1) are the
elements of vessel wall material, and that titanium (T1) is that

of gettering and the laser blow-off. The open symbols indicate
atomic lines (Fel, N1I and T1I), while the other symbols show
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O 0.4 0.60.2
In CkA)

" 18 • " Change in intensities of spectral lines from light impuri-
ties. The open symbols show results without correction due to
the increase in line-averaged electron density, while the solid
symbols are obtained with the correction. Symbols (O. •)
(i. A) and (D, •) show CII (426.7 nm). OV (278.7 nm) and NH
(463.1 nm), respectively. The values at ; = 5 ms are plotted. nc

is 1.OXlO13Cm"3 without EML.

O 0.4 0.60.2

Ih CkA)
Fig. 7 Change in intensities of spectral lines emitted by

metallic impurities. The correction due to the increase in
line-averaged electron density is made. The open symbols show
neutral atomic lines and other symbols show ionic lines. The
symbols O, » and • show line intensities of FeI, Fell and
FeIII; ù and A show those of Nil and NiII. and D. Q. • and H
correspond to lines of TiI, Till, TiIII and TiIV. The values at

/ = 5 ms are plotted. nc is 1.OxIO13Cm"' without EML.
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ionic lines. An opposite tendency between atomic and ionic lines
is clearly demonstrated. This tendency does not change even if the

correction for spectral intensities due to the density increase is
not "made. The reason for the increase of'-,-metal atomic lines is
-considered as follows: First, -a sputtering from..the wall .by an ion

bombardment may be increased by the density increase at the edge.
Secondary, a sputtering of these impurities at the limiter due to

the increase of the plasma density overcomes the effect of a
reduction of the electron temperature. Finally, an enhancement of

sputtering from both the wall and the limiter is thought to come
from an increase of energetic charge-exchanged neutral atoms due

to the increase of hydrogen recycling. On the other hand, the

spectral line intensities of metal ions were found to be reduced.
This implies a kind of impurity control function associated with

the EML, i.e., a loss of metallic impurities ionized at the edge

is large. They may return to the wall along the stochastic
magnetic field lines. A detailed discussions will be given below.

Now we would like to discuss a hydrogen penetration to the core
plasma, and possible reasons for the different behavior between

the light and the metallic impurities. In Fig.1 showing the
puncture plots of magnetic field lines with the effect of EML, the

plasma column is divided into two regions, A and B. The region A
corresponds to the core plasma region not influenced directly by
the external helical perturbation. Therefore, the impurity

transport there may not be modified much by the EML. The region B
is an ergodic magnetic layer, where the overlapping of magnetic

islands with different poloidal mode numbers makes the field lines
chaotic. In this region, a relatively low temperature and high

density edge plasma is generated by the enhancement of recycling
caused by an increasing plasma transport with the EML. The

resultant cooled edge is supposed to reduce an impurity generation

by sputtering and to provide a better screening, i.e., released
impurity atoms from the wall or the limiter are easily ionized in

this region, and the ionized impurities return to the wall along
the disturbed magnetic field lines rather than diffuse to the core

plasma. Furthermore, an increased flow of hydrogen ions due to the
recycling tends to draw impurity ions back to the wall. The
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positive potential with respect to the wall helps impurity ions

return to the wall.
Therefore, it is important to know where impurity atoms would

be ionized in order to infer the effect of the EML on the impurity

transport. Figure 8 shows the normalized influx F/F0 and the local

ion production rate S for the hydrogen, carbon and iron atoms. In
a descending scale of the penetration depth into the plasma, we

have hydrogen (the working atom), carbon (the light impurity) and
iron (the metallic impurity). Hence the light impurities (C, O, N)

and the working atoms (H) arrive at the core plasma (the region

A) . That is, these are not influenced so much by the EML. On the
other hand, almost all the metallic imputities are ionized at the

region B. Therefore, the metallic ions would tend to be reduced at
the edge by the enhanced transport to the wall and also reduced in

the core by these screening effects although the metallic neutral
atoms are increased at the edge because of the increase of the

plasma contact with the vacuum wall as well as the charge-
exchanged neutral atoms due to an accumulation of the hydrogen in

the core plasma.
In the EML experiment of TEXT, • ' the emissions from light

impurity ions of high ionic states were reduced, while those from
light impurity atoms and ions of low ionic states were increased.

The different behaviors

concerning the light impurity

between TEXT and HYBTOK-U are
caused by the difference of

plasma parameters (ne, T0,
etc.) between these two
tokamaks. In the TEXT, almost
all the light impurities are
ionized at the plasma edge

mainly owing to a higher
electron temperature, so the

behavior of which are similar

to that of metal impurities in
our experiment. Therefore, the
above-mentioned impurity

O 11 13
1 fr (cm) , . . , . , ,limiter wall

rig. o Results of a simple calculation on the penetration of
neutral atoms (hydrogen, carbon and iron) through the edge
plasma. Insertion shows an assumed radial profile of electron
density and temperature. The solid curves show normalized
inward flux of neutral atoms, and the broken curves show
normalized ion production rate. The energy of injected neutral

atoms is assumed 2 eV.
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control model in the EML can also explain the TEXT result.

5.Radiation Enhancement at The Edge
Three ports computed tomography using CCD line sensors gave a

radiation profile in a visible light region as shown in Fig.9. The
EML enhances the edge radiation rather than that at the central
part. These are thought to come from both light impurity emissions

and metal atomic lines as mentioned above. The radiation
enhancement at the edge could lead to the concept of radiative

cooled edge favourable to the plasma-wall interactions.

6.Conclusions
We have carried out experiments on the edge modification by the

application of a small resonant helical magnetic field in order to
investigate its effect on the formation of a modified edge plasma,
the hydrogen recycling, the impurity behaviors and the radiation
profile.

The results on the edge modification showed that a poloidally
nonuniform reduction of electron temperature was detected in the
SOL. The cross-field diffusion coefficient estimated in the SOL

was found to increase with the helical magnetic perturbation. An
enhancement of hydrogen recycling due to the increase of plasma

JO IS ID IS SO

R C C M l 4 m s 6 m s

5 m s
jo JS an ts

H C C H ) 6ms
Fig. 9 Radiation profile on the poloidal plane in the visible light region
obtained 3 ports CT. (a) a time-development without EML. (b) increment profile
of visible light emission due to EML applied at-t=4ms.
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transport at the edge with the EML was demonstrated by observing
hydrogen atomic lines, invoking the tangential computed tomography
technique. The MHD helical instability with the source in the core
was not affected in^ a direct manner. However, ~ a poloidal
modulation of a plasma potential fluctuation was detected at the

edge. It was found to be related to the structure of stochastic
magnetic field. Concerning the impurity behaviors, it was found

that the metal impurity was suppressed to penetrate into the core

by the EML, and it was made clear that what is most important for
the impurity control is that generated impurity atoms should be

ionized in the region under the influence of the EML. Finally an
enhancement of visible light radiation loss was detected with a

two-dimensional spatial resolution.
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RADIATION CONTROL IN LIMITER DISCHARGES
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Abstract

The re .irements for radiation cooling in a tokamak are discussed and experimental evidence for a plasma with
a cold radiating -undary - the detached plasma - ii presented ai an example. The radiation characteristic! is analysed,
and in particular the non-coronal conditions at the plasma boundary are considered by introducing the radiation potential
in order to express the radiation in terms of impurity fluxes rather than in densities. The possibilities for radiation control
by intrinsic and injected impurities are examined and some experimental examples are presented.

1. Introduction

One of the main problems for a fusion device is to optimize the spatial distribution of
power exhaust, in such a way that the lifetime of wall components is sufficiently long and that
the contamination of the plasma with impurities due to erosion of wall material remains below
a critical level. There are essentially two power loss channels with quite different spatial
distributions: a) the convective flow in the scrape-off-layer (SOL) leading to peak loads at the
limiter edge or divertor plate and b) electromagnetic radiation which distributes the heat rather
uniformly on the wall. The objective is to find methods for controlling the power sharing between
these different channels.

Significant radiation can only be obtained from impurity line radiation. Therefore, a
certain impurity level is the main prerequisite for radiation cooling. Furthermore, the radiation
should come predominantly from the plasma boundary in order to avoid a disliked influence on
the central plasma heating. This determines a critical value for the impurity density nic in the
plasma centre. In the case of low-Z impurities the limiting factor is the fuel dilution and for
higher Z it is bremsstrahlung. For example, 3% of Neon in a D-T plasma (ne=l O14Cm"3,
Te=20keV) causes a reduction of the a-particle heating to 50%, whereas radiation (mainly
bremsstrahlung) accounts only for1 less than 10% of the o-particle heating. Moreover, the radiating
boundary should be stationary, thus thermal stability and MHD stability are required.

The requirements listed above are to a certain extent conflicting. The general aim is to
optimize the conditions, in such a way that a maximum of radiation from the boundary and a
minimum of impurities in the centre is obtained, based on methods which allow to control the
type of impurity species and their concentration. Ideally, the radiation level should be controlled
by a feed-back system.

The main questions which have to be tackled are the following. Which impurity elements
fulfill the requirements for radiation cooling ? What are the main parameters which influence a)
the impurity transport and b) the radiation characteristics ?
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A type of plasma which may serve as an example for radiation cooling and allows for
systematic investigations of a cold radiative edge is presented in section 2. - The radiation
characteristics for the boundary plasma is discussed in section 3. Based on this description an
overview on the possibilities for radiation control is given in section 4.

2. Experimental evidence for radiation cooling in TEXTOR

Experimental evidence exists for a type of discharge which fulfills all the requirements
for radiation cooling listed in the previous section : the detached plasma [1][2][3]. In such a plasma
the radiation level, defined as if = Prad/?heat' becomes close to 1, a cold radiative layer at the
boundary develops, the discharge is quasi-stationary (t>2s) and the impurity concentration in the
centre remains below 3% (C and O). The following conditions are sufficient for obtaining a
detached plasma in TEXTOR :

- high average electron density; rather close to the ~n e-limit
- ohmic heating
- Ip<400 kA
- Carbon and Oxygen as main impurities
- graphite limiter, carbonized or boronized wall.

Of course, the properties of this type of plasma, in particular the densities and
temperatures in the plasma centre, are not sufficient for fusion, but under these conditions the
high reproducibility of detached plasmas in TEXTOR allows to perform detailed studies of the
physics of a plasma with a cold radiative layer. Other conditions are more difficult for
detachment because, for example, the impurity level may be too low for radiating high power
(e.g. with NBI) or instabilities cause a major disruption when the radiating layer coincides with
the q=2 surface (e.g. Ip>450 kA). Nevertheless, in all cases detached plasmas have been produced,
sometimes only marginal. But for the systematic studies we will concentrate on the ohmic case and
medium current.

Detachment is obtained at high densities, thus a density scan, i.e. an increase ofn~e from
shot to shot and data taking during the flat-top phase of the discharge, may exhibit the change
of plasma parameters for the transition to a cold radiating layer. An overview is given in Figs.l
and 2. Fig.l displays data for ohmic heating under carbonized conditions and standard current
(Ip=340kA, q(a)=3.9). In Fig.2. data from a boronized machine, i.e. with less impurities compared
to the carbonized case, are shown for ohmic heating in Deuterium and various plasma currents.
Furthermore, data for additional heating (NBI) and Hydrogen filling are indicated. Generally, T6

decreases monotonously with rising ~ne, whereas the edge density ne, the flux THD of recycling
particles at the limiter and the global radiation level 7 are rising. Beyond a critical density "n ec>

ne and Tgn start to drop. Then T8 is about 1OeV, the radiation level reaches values of 7>0.8. In
this edge plasma with low ne and Te the ionization length for neutral particles is enhanced
significantly. Thus the zone of ionization shifts to a smaller minor radius, as can be seen in Fig.3
from the radial profiles of H0 emission. The location of the peak of Ha-radiation rDP is
drastically shifted at the onset of detachment (Fig.4). The parameter rDP serves much better as
an indicator of detachment [4] than the radiation level i.
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Furthermore, the data in Fig.l show that the loop voltage, thus also the heating power,
is increasing (decrease of T6 in the centre) and the energy confinement time is decreasing with
detachment. The global particle confinement is increasing slightly (10-30%). More pronounced
is an increase of the local confinement time of injected impurities in the centre [5]. The impurity
concentration in the centre is enhanced to about 2.5% of C and O.

The c Uical density for detachment is mainly determined by the heating power and the
impurity level [3][6]. This is evident from the curves for different plasma currents (Fig.2). From
the simple assumption that with detachment Prad=Phe8t

 and Pr»d~^e% where ^i is tne impurity
level, we get the relation "n^-P^t/fj. Qualitative agreement with this relation is found
experimentally [6], but quantitative discrepancies are to be expected in view of these crude
assumptions, in particular the radiation is not described properly.

A pronounced variation of edge parameters associated with the isotope effect or with NBI
(Fig.2) is linked to the radiation characteristics of the boundary. With a changeover from D to H
the parameters ne, rHD and T8 increase [7]. A similar variation occurs, even more pronounced,
with the application of additional heating (NBI) [S]. Concurrently the radiation level 7 decreases
remarkably. The underlying mechanism for this change of edge parameters, common to both
conditions, is enhanced radial transport in the bulk plasma (isotope effect [7][9][10] and
confinement degradation with NBI). But the variations at the boundary are much stronger than
expected from enhanced transport alone (about factor 2). The additional variation is caused by
a non-linear coupling between radiation and edge parameters, in particular Te. In the next section
a description of radiation will be formulated which may help to elucidate these effects.

3. Radiation characteristics

For the understanding and discussion of the interdependence between radiation and
plasma edge parameters it is necessary to derive the relations between various processes and in
particular an adequate description of the radiation has to be formulated.

The power being emitted by radiation is given by the volume integral over the product
of electron- and impurity ion density and the radiation function PA

P r a d=/n e niP A dV . (1)

PA represents the sum of radiation parameters over all ionization levels

PA=^PA* • (2)

PA» contains contributions from line radiation (bound-bound), radiative recombination (free-
bound) and bremsstrahlung (free-free)

PA, = PLA* + PRA. + PBA. • (3)

At the plasma boundary only line radiation is relevant. PA depends on the impurity species being
involved. For the calculation of PA the population of ionization stages has to be known. In
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previous work on radiation in tokamak plasmas such calculations have been performed on the
basis of coronal equilibrium, i.e. it is assumed that the ionization rates equal the recombination
rates.

Results from calculations for coronal equilibrium are given in Fig.5 [11][12]. In this case
PA is essentially a function of Te. Obviously, medium-Z elements can radiate more than those
with low-Z under these conditions. In particular, the decrease of PA with increasing Te starts at
much lower T6 values for the low-Z elements and also full ionization is reached earlier. In the
region of full ionization the line radiation vanishes and bremsstrahlung dominates. The shell
structure of the electron configuration is reflected in the modulation of PA in the range of low
T6 values. For T8 values typical for the plasma boundary (T6=SO-15OeV) medium-Z elements (e.g.
Cr, Fe) radiate 2-3 orders of magnitude more than low-Z elements (e.g. C, O).

But at the plasma boundary the conditions for coronal equilibrium are not fulfilled due
to the rather short particle confinement time rp. The recombination times are much longer than
rp and the times for full ionization are in the same order as rp. As a consequence recombination
is practically negligible at the plasma boundary and the population of lower ionization stages is
enhanced compared to coronal equilibrium [13]. In the calculation of PA this fact can be taken
into account by considering the product nerp as a free parameter. An example of such a
calculation for nerp=1010 s cm"3 is given in Fig.6 [14]. It is evident from these calculations that
the decrease of PA with increasing T6 in the relevant range is significantly reduced for the !ow-
Z elements, in such a way that ths difference to the medium-Z elements shrinks to a factor of
2-3.

In order to take into account the actual radial profiles of ne and T6 and the realistic
transport of impurities at the plasma boundary, rather than a global particle confinement time,
the model calculations have to be performed at least in 1-d. Models of radial impurity transport
in 1-d [1S][16] provide information about the location of the radiative shell, the dependence of
radiation on edge parameters (profiles) and the radial profile of the impurity concentration.

relative
intensity

r of max.
intensity

T6 of max.
intensity

CII

12

46.

25.

CIII

35

45.

25.

CIV

35

44.

42.

CV

9

33.

230.

CVI

9

27.5

360.

cm

eV

Table 1 Intensity and location of power being radiated from different Carbon ions calculated
with a 1 -d impurity transport code for a typical TEXTOR boundary plasma; limiter at r=46 cm.

Such calculations for the trace impurity approach have been performed for typical
TEXTOR profiles [16]. A transport coefficient of Dx=IO4Cm2S"1 has been used. The radial
distribution of radiation from the different ionization stages is shown for Carbon in Fig.7. The
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total radiation contains mainly contributions from the lower ionization stages below and including
the Li-like electron configuration C1+-C3+ (CII-CIV). This radiation comes from a rather thin
layer close to the separatrix (r=40-46cm) and accounts for about 80% of the total radiation (see
table 1). About 20% of the radiation comes from the He-like and H-like ions (C4+ and C5+). This
radiation is located at a smaller minor radius and is clearly separated from the main radiation
peak. This reflects the different ionization energies E1, in particular, the significant difference
of E; between the Li-like and the He-iike ions. The E; values for various low-Z atoms and ions
are listed in table 2 [17]. Excitation necessarily is linked to ionization, therefore, the E1 values may
be used for obtaining estimates about radiation characteristics. From a comparison of the T8

values, given in table 1, at which the radiation from the various ionization stages peaks, with the
corresponding ionization energies, we estimate that the peak radiation occurs roughly at Te»Ej/2.
This approximation may be helpful for the comparison of different impurities and the location
of their radiative shells for a given Te profile.

The contributions of radiation from these shells, i.e. the distribution of ionization stages,
determine Jhe total power being radiated. In contrast to the 0-d calculations with given nerp, the
population of ionization stages is now also a function of radius. Any change of the T6 profile, in
particular a variation of Te at which the particles start, must cause a modification of the
distribution of ionization stages. Considering an extreme case with very high Te at the boundary
(e.g. Te>200eV for C) the particles will be quickly ionized to the highly charged stages and the
contribution to radiation from the lower charged stages is suppressed. In contrast to this, the
contributions from the lower stages can even dominate with lower Te, as has been shown in the
example in Fig.7. Thus, we expect an increase of radiation with a decrease of T6 at the boundary.
The model calculations verify this behavior and furthermore they show that T6 at the boundary
is indeed the most important parameter.

Li

Be

B

C

N

O

F

Ne

A

3

4

5

6

7

8

9

10

electron configuration like . . .
Ne F O N C B Be Li He H

5 75 122

9 18 153 218

8 25 38 259 340

11 24 48 65 392 490

14 30 48 76 98 552 667

14 35 55 77 114 138 739 871

17 35 63 87 114 157 185 953 1103

22 41 63 92 126 158 208 239 1196 1360

SE i SE.
all -Li

202 5

398 27

S70 71

1030 148

1485 267

2043 433

2714 658

3505 949

Table 2 - lonization energies Ej [eV] for different elements and different ionization stages
(indicated as electron configuration) and the sum of ionization energies for a) full ionization and
b) ionization until the Helium-like state is reached [17].
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kinetic effects. It may be the case that in the critical region just
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In order to characterize the radiation for the 1-d case it appears to be reasonable to
introduce a parameter which represents all processes - edge profiles, transport, ionization and
radiation : the radiation potential EA. It is defined by the total radiation Prad and the total
impurity flux T1 into the plasma according to

Thus EA represents the average energy being radiated per impurity atom during the confinement
time of the particle (as atom or ion) in the plasma. The relation between EA and PA can be seen
from

,PAdV = E x J^dA . (5)

With the help of this equation the integral over the plasma volume can be replaced by an integral
over the impurity flux density ^1 at the limiter/wall surface A. With EA the radiation can be
related to fluxes rather than to densities, what may be useful for the characterization of impurity
species under certain plasma conditions.

The radiation potential EAcan be determined by theory and experiment. First results from
the 1-d impurity transport code for C and O for typical TEXTOR profiles as a function of Te at
the separatrix are shown in Fig.8. EA has values of the order of several keV/particle. Oxygen
radiates about a factor of 3 more than Carbon. As expected, EA shows a decrease with increasing
Te. The measured ratios Pf^/Fj for a density scan with ohmic heating are also displayed in Fig.8.
Because the bolometer measurements cannot distinguish between radiation from C and O we use
F1 as the sum of Carbon and Oxygen fluxes from the toroidal limiter. The fluxes are obtained
from spectroscopic measurements (CI and OI). These measured EA values are about a factor of
2 larger than the calculated ones for a mixture of C:O of 2:1. The main error in the determination
of EA comes from the extrapolation of several local impurity flux measurements to the whole
limiter/wall surface (uncertainty factor 1.5-2.). Within these uncertainties the data agree with the
code calculations. In order to compare the Te-dependence, the data have been fitted to the
calculation. Good agreement is found between theory and experiment, except for the detached
plasma with very- low^Te values (wlOeV). In the latter case the measured values of EA are
significantly larger than the theoretical ones, at least for the case C:O=2:1. This discrepancy is
mainly due to an underestimation of the total impurity flux. Additional impurity fluxes, mainly
Oxygen, are being released as a consequence of enhanced recycling at the wall in a detached
plasma. We estimate that EA varies for a non-detached plasma by about a factor of 3 within
EA=l-3 keV and may reach 5-8 keV in the detached state under these conditions.

A quite different method to determine EA is obtained by using relative impurity fluxes
rather than absolute fluxes. This will be done in the following based on equations describing the
balance between particle and heat fluxes and radiation in the quasi-stationary phase of a
discharge. The total heating power equals the sum of the radiation losses and the power
transported convectively to the limiter

Pheat = Pconv + Prad • (6)

- 80 -
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The total flux of ions to the limiter is given by the local flux density nec, (cg is the ion sound
speed C8=KT6+TjVm;)]1/2; we assume T6=T1) and the integral over the SOL. The latter we
approximate by multiplication with the e-folding length An for ne in the SOL and by the effective
poloidal width L8 of the limiter

THD = ne c. An L9 = ne (2/mj)1/2 T6
1/2 An L8 . (7)

The particle flux is linked to a heat flux. The energy per ion which is transported to the limiter
is described by the heat transfer coefficient S and depends e.g. on the ion mass, the ratio of T6/Tj
and the yield of secondary electrons [18], A value of S=B is used in this paper. The total heat flux
to the limiter is given by

Pconv - « Te ne c. Aq L8 = S ne (2/Hi1)
1/2 Te

3/2 Aq L8 (8)

where A is the e-folding length of the heat flow at the limiter surface. In previous experiments
we found that Aq and An at the limiter surface are rather small (0.5-0.8cm) and nearly constant
with the variation of discharge conditions [19]. Therefore, we will use Aq = An = A for simplicity.
If we relate the impurity release from the limiter to this recycling flux of D (H) by introducing
the proportionality factor Ct1

Ti = OiIW (9)

then we obtain the final link for merging all processes - heat and particle flux, radiation and
impurities - described in the equations (6)-(9). The resulting equation is

ph«t/ne = [« T6+ O1Ex]T6
1^M1)

1/2 A L8 . (10)

The factor Q1 represents the impurity level at the boundary. If the impurities are mainly
released by physical sputtering, then Ot1 can easily vary by one order of magnitude with T6

(acceleration of the ions in the sheath). In the case of chemical erosion, e.g. the formation of CO
or CHx, a mechanism which dominates in the all-carbon surrounding of TEXTOR, in particular,
with low T6 values, Qt1 varies only slightly (0^2-6%).

The parameter Ot1 can be obtained directly from flux densities <po, <pc and <pHD measured
by spectroscopy at the limiter. Because the error in the determination of O1 is much smaller than
the error in the total impurity flux T1, the parameter U1 allows for a quite different approach to
evaluate EA. For this purpose we replace the global parameters Prad and Pconv by the particle
specific terms, thus we get

aIEA

EA
(U)

The measurement of i, Oc1, and T6 allows to deduce EA. The results for ohmic heating are
given in Fig.9. The values for EA vary between 2 and 6 keV for non-detached plasmas and go up
to 16 fceV for detached plasmas. The variation with T6 by about a factor of 8 is similar to that

- 81 -
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obtained from the model calculation (Fig.8) under the assumption that in a detached plasma
Oxygen dominates in the additional impurity fluxes being released from the wall. The measured
flux ratios ro/rc at the limiter do not show such a strong variation, but nevertheless an increase
of the ratio from 0.35 to 0.65 when going from low average densities to a detached plasma is
observed. This may partially explain the pronounced rise of EA at low Te. The absolute values of
Ex obtained from the method based on equation ( 11) are a factor of 2 larger than the calculated
ones. However, we think that a rather good agreement is found between model and experiment
for the first attempt in determining EA.

Equation (10) can be used to study the behaviour of edge parameters with the variation
of specific terms. For example, a small distortion of T6 will be amplified due to the concurrent
change of EA (all other parameters are kept constant) and due to the fact that the derivative of
EA is negative dEA/9Te<0. Nevertheless, stable and stationary plasmas are possible, thus stabilizing
mechanisms are present. A discussion of the thermal stability would require a description in 1-d
at least, what is beyond the scope of this paper. The radiation potential is a 0-d parameter,
although it represents all processes occurring in 1-d.

However, the non-linear coupling between EA and Te explains the pronounced variation
of edge parameters occurring e.g. with the isotope effect or with NBI as was indicated in section
2. Also the rather abrupt change of ne, Te and particle fluxes with a transition to the detached
plasma is due to this non-linear coupling.

It has already been mentioned that an estimate about Te at which the peak radiation occurs
can be obtained from the ionization energies of the corresponding ion (Te«Ej/2). We may assume
that a similar estimate is possible for the radiation potential EA. The 1-d calculations have shown
that EA of Oxygen is about a factor of 3 larger than that of Carbon. From a comparison with the
EJ values shown in table 2 we conclude that EA scales similar to the sum of Ej over the different
ionization stages up to the Li-like ion inclusively : EA-SE; (0->Li-like). This are the ionization
levels which dominate the radiation in case of low T8 values at the boundary. According to this
scaling we expect for example that Neon radiates a factor of 6 more than Carbon. Preliminary
measurements of EA in detached plasmas obtained from Neon puffing in TEXTOR gave values
of up to 60keV. This is indeed about a factor of 4-6 larger than the highest values determined for
a mixture of C and O shown in Fig.9.

4. Radiation control

We will now discuss the possibilities for adjusting the radiation level by controlling
impurity fluxes and radiation potentials according to Prad=EA T1. Different methods for
influencing EA, T1 and non-linear effects are discussed separately.

1. Control of E1

The main possibility for adjusting EA is the choice of the impurity species. For example,
with different impurity elements in the plasma the radiation level may be controlled by adjusting
the corresponding mixture of species and thus the average radiation potential. The energy of
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injected impurities is also a free parameter which determines the location of the first ionization
and thus the starting Te. Other parameters important for EA like tranioort coefficients and plasma
profiles are essentially no free parameters and can only be influenced by non-linear effects, as
is discussed later.

2. Control of T1

We may distinguish two different types of impurity sources : a) intrinsic impurities
(limiter,wall) and b) external sources (injection). It is easier to control the flux of injected
impurities. Injected impurities can also provide an intrinsic impurity source in case these
impurities are deposited significantly in the machine.

Intrinsic sources are :
o sputtering
o chemical erosion
o evaporation
o sublimation (radiation enhanced sublimation, RES)
o arcing .

They can be influenced e.g. by the choice of plasma parameters, wall conditioning, wall and
limiter materials or the shape and alignment of plasma facing components. Two examples are
given in the following.

Example chemical erosion : It has been shown that chemical erosion can be relevant for the
generation of impurities in an "all-carbon" machine like TEXTOR [2O]. In particular, in the
presence of Oxygen and at low Te at the boundary (i.e. sputtering vanishes practically) chemical
erosion dominates. As a consequence even in detached plasmas with Te«10eV at the limiter edge
and enhanced recycling of particles at the wall, where T6 is much lower than 1OeV, the total flux
of impurities remains on a level comparable to or even higher than in the non-detached plasma.
Therefore, chemical erosion is an important factor for sustaining a high radiation level with a cold
edge plasma. This explains why the formation of detached plasmas became easy and reproducible
ever since an "all-carbon" surrounding has been introduced in TEXTOR.

Example carbon bloom : Carbon blooms are generated when graphite components (limiter tiles)
are heated up strongly [21]. Due to radiation enhanced sublimation (RES) increased carbon fluxes
are already produced at temperatures above 110O0C [22][23][24]. If the heated surface is large
enough, RES may cause a sufficiently high impurity flux for obtaining a detached plasma. This
mechanism of impurity flux generation is self-regulating, because strong detachment causes a
reduction of the heat load to the limiter edge and thus limits the impurity flux from RES. If the
heated area is too small, detachment will not occur, but even in this case a local self-regulation
of RES exists. Fig. 10 shows the surface temperature rise of a poloidal limiter segment in TEXTOR
during a discharge with strong additional heating. The temperature increases strongly with the
onset of NBI but saturates at about 200O0C. High local carbon fluxes have been measured but no
detachment occurred. It was not possible to obtain higher temperatures, although the limiter
segment has been moved further into the plasma in order to take a higher fraction of the total
power load and the auxiliary heating power has been increased [24]. The temperature rise time at
the onset of NBI became shorter but the saturation level did not change. Obviously, screening
effects in the vicinity of the heated limiter edge, possibly due to radiation and/or particle
collisions, limit the local heat flux und thus also the RES induced particle flux.

- 83 -
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External sources can be :
o gas puffing
o laser blow-off
o i ullets
o arcs

The various methods differ with respect to the time behaviour of injection, the possible type of
impurities and the energy of injected particles and their spatial distribution. Whether the
impurities are recycling (e.g. noble gases) or condensing (e.g. Carbon) requires quite different
methods for controlling - in particular removing - the impurities. For example in case of noble
gases the time constant for particle exhaust will be given by the pumping efficiency. Condensing
impurities are deposited in the machine und thus have to be compatible with other requirements
concerning material properties or conditioning. If the spatial distribution of injection is localized
to a rather small volume in connection with high impurity densities, then parallel transport is
important in order to obtain a reasonable distribution of impurities over the boundary plasma and
to avoid instabilities caused by strong local distortions.

Example Neon puff : Different amounts of Neon have been injected into OH and NBI discharges.
The electron density increases by up to a factor of 1.7 and the Neon concentration in the centre
amounts to 1.5%-2.5% in case of maximum Neon injection [25]. The variation of the parameters
ne, T8, Pn^, i with different amounts of Neon is shown in Fig.l 1. The edge parameters ne and
Te can be decreased significantly with Neon and i=l is reached in both cases, OH and NBI. The
detachment with NBI lasts only for about 100 ms because a stationary level of Neon has not been
obtained. Neon normally recycles on a stationary level after injection of a certain amount of gas,
but due to the effect of the active pump limiter the Neon concentration decreases with a time
constant in the order of 100ms. An improved programming of the Neon flow is necessary and
will be applied in future experiments.

Example how to suppress MARFE's : Experimental evidence of the influence of the feed-back
system for plasma position control on the development of MARFEs has been found in TEXTOR.
The magnetic system (MMD), as it is generally used on most tokamaks, is based on the
measurement of the poloidal magnetic field outside the plasma [26]. With a second system (HCN)
on TEXTOR the plasma position is determined from the density profiles measured by the HCN
interferometer [27]. The most important interferometer channels used in this method are located
at r=±30cm minor radius. The HCN method is sensitive to poloidal asymmetries, e.g. as they
appear with MARFEs [3]. A MARFE is a region of enhanced density and radiation normally
located on the inboard side of the torus. If a MARFE starts to develop the HCN feed-back system
moves the plasma column in such a way that the separation between plasma and wall is increased
in the regicn of the MARFE. As a consequence the particle recycling in this region is reduced and
the development of the MARFE is suppressed. The experimental proof is given in Fig. 12 where
we compare two subsequent discharges with NBI and Neon puffing. In both discharges all
conditions have been kept constant, only the method of plasma position feed-back control has
been switched from MMD to HCN. In the case with the MMD system a strong MARFE is formed
on the inboard side showing a recycling, evident from the intensity of H0, which is nearly as
strong as the recycling at each of the three main limiter segments (up, low, outboard, Fig. 12),
whereas with the HCN system no MARFE develops and with a further increase of average density
the plasma becomes detached. The good reproducibility of detached plasmas in TEXTOR is
essentially due to this unique feed-back control system for the horizontal plasma position.
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3. Non-linear effects
Pulsed injection of impurities may be a method to increase the radiation potential without

increasing the average impurity level. This is only possible if the non-linear dependence between
E. and T at the boundary becomes effective. In this case a modulation of the impurity flux

A c
leads to a strong variation of EA in such a way that the average value is increased compared to
the stationary case with the same average impurity flux. The viability of this methods has to be
shown experimentally.

Summary

The principal requirements for radiation cooling in a fusion plasma are the presence of
impurities, restriction of the radiation to the boundary zone, impurity concentrations in the centre
below a critical value and thermal/MHD stability. Under certain conditions a detached plasma
fulfills these requirements, thus providing the possibility for investigating the properties of a cold
radiating boundary. With the onset of detachment parameters at the boundary as weir as global
parameters vary, reflecting the complex interdependence between radiation, impurity release and
heat and particle transport. For a description of the radiation characteristics at the plasma
boundary the non-equilibrium of ionization-recombination has to be taken into account. A new
parameter, the radiation potential EA, may help to characterize these conditions, in particular the
r- J:ition can be related to impurity fluxes rather than to densities: Pn^=EArt. The Te-dependence
0.. t,A, in particular the negative derivative d£A/dTe<0, causes pronounced variations of edge
parameters, e.g. with the transition to detachment, the isotope effect or NBI effects. Nevertheless,
tntrmal stability is found usually, provided C and O are the dominating impurities. The measured
and calculated values for EA vary between 2-16 keV for C and O. Estimates about the variation
of EA for different elements and the location of radiation may be obatined from the ionization
energies of the differently charged ions.

The optimal radiation control.- ihs limits for the application of this method of power
exhaust still have to be found by furthei experimental and theoretical work. The main questions
are : Which combination of impurity elements can be used ? What are the best methods for
impurity injection and impurity removal and how can they be combined ? What are the
advantages and disadvantages of recycling and condensing impurities ? How does impurity
transport determine the impurity contamination in the centre ? To what extent non-linear effects
can be used in order to increase the radiation potential without increasing the average impurity
content ?
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Abstract

Most divertor impurity modelling gives the result that negligible
leakage occurs of impurities produced at the plates, to the confined
plasma and that negligible impurity radiation occurs, even in the
divertor plasma. This is not, however, found experimentally. A Monte
Carlo impurity code has been employed in exploratory studies aimed at
identifying possible leakage pathways to the main plasma. It was found
that for a substantial range of divertor plasma densities and
temperatures, the friction force dominated all other forces on the
impurities, including the temperature gradient forces which are
generally directed away from the plates. Thus, if it was assumed that
the deuterium plasma flow was everywhere directed toward the plates,
negligible leakage to the confined plasma occurred. The possibility of
deuterium flow reversal was also considered where it was assumed that
over some radial fraction of the SOL, the deuterium plasma flow was
directed away from the plates, starting at a distance from the plates
equal to the deuterium average ionization distance. The spatial
distribution of impurity (carbon) physically sputtered neutrals was
modelled and it was found that a fraction of the impurity neutrals were
ionized in the deuterium flow reversal zone. When these impurity
particles were then tracked through further ionization, and their
parallel and cross-field transport was followed, significant impurity
radiation resulted and a substantial impurity density was found in the
confined plasma with Zeff values of 3 or more. It was thus concluded
that flow reversal of the deuterium plasma is a promising possible
explanation of impurity radiation and of the leakage of divertor plate
impurities to the confined plasma.

1.0 Introduction

It is difficult to explain how impurity particles released at a
divertor plate can reach the confined plasma.
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This problem is in contrast with the limiter case where plasma
contamination appears to be-essentially explicable, at least to first
order [I]. The limiter is in close contact with the main plasma since,
by definition, the limiter tip "defines the periphery of the confined
plasma, the Last Closed Flux Surface, LCFS. The scrape-off lengths in
the Scrape-Off Layer, SOL, are typically of order one cm while the mean
free path of sputtered neutrals is typically also of this-order. Thus a
substantial fraction of the impurity neutrals are ionized within the
confine^ plasma. Even those particles ionized in the SOL can cross the
LCFS by diffusion before being transported back to the limiter since the
distance involved is short. Indeed quantitative analysis of the limiter
impurity case can explain central impurity levels to within a factor of
two or so [2,3], at least' in simple,operating-conditions, e.g., ohmic
heating, steady-state,: no pellets, etc.: :-_:-.--:-:;"::r.~_".."!."_~ :7~

Unlike'the limiter, the divertor plate is more or: less remote from"
the LCFS, i.e., the separatrix bounding the confined plasma. Plasma
densities are typically high, ne > 10

19 nr3, and the mean free path of
neutrals is generally too short to take them across the LCFS before
being ionized. lonization tends to occur in the SOL plasma just in
front of the plates where the force of friction (collisional coupling to
the background deuterium plasma flow to the plates) is quite strong -
particularly if the plasma temperature is low, ~10eV, which is also
often the case [4]. The frictional force on the impurities directing
them toward the plate is, to a degree, offset by other processes.
Generally, the electron and deuterium ion temperatures increase along ̂
away from the plate and the T6- and T-J- gradient forces on the
impurities are then directed away from the plates [5]. Typically,
analysis of the divertor impurity problem, however, shows that the
friction force is dominant and virtually no impurities can reach the
main plasma, according to the modelling [6,7]. The associated impurity
radiation is th'.!s also small. These calculated results are in contrast
with experimental results [8,9]. It thus appears that we do not at
present understand one of the most important aspects of cîivertor
operation - indeed one for which divertors were, in large part,
originally proposed, name;; - impurity control. In order to achieve a
credible level of plasma contamination and "impurity radiation, some
modellers have had to artificially enhance sputtering rates by 2 or 3
orders of magnitude [6], a fact which can perhaps be taken as a
quantitative indication of the deficiency of current understanding.

A full resolution of this anomaly will require substantial
improvement of the experimental data base since relatively little is
known about plasma conditions in the near-plate plasma region -
particularly regarding the magnitude and direction of the 2-D or 3-D
deuterium plasma flow field, and the T6- and T1-- gradients. Measure-
ments of the 2-D or 3-D impurity density distributions of different
charge states are also essentially non-existant. It is difficult to
conceive of a resolution of the divertor impurity problem in the absence
of such data. On the modelling front, a fully self-consistant treatment
of the deuterium together with the impurities is called for, including
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kinetic effects. It may be the case that in the critical region just
near the plates many of the controlling processes may be only slightly
collisional, and the use of fluid treatments, the most typical approach,
may be insufficient to resolve some of the principal issues.

Such an ambitious modelling enterprise is not attempted here.
Rather an exploratory investigation is undertaken of certain aspects of
the near-plate impurity transport problem in the hope of shedding some
light on the matter, and of providing some guidance regarding the under-;
taking of more complete modelling. A Monte Carlo impurity transport,
code DIVIMP (Divertor Jmpurity) has been developed as an extension of an
earlier LIM (Ljmiter Jmpurity\code) [I]. Both are in the spirit of the
impurity codes developed by J. N. Brooks [7,1O]; see also some early
work by Sengoku [U]. DIVIMP takes as ,input the. plasma background
conditions, namely, the 2-D (in the poloidal plane) ;ne, T6, T0+, the
deuterium flow velocity field and the electrostatic field. The code is
thus an impurity trace model, although the self-diffusion process,
across and along E, is included, i.e., impurity pressure-gradient forces
are simulated. A plasma background has been adopted which is an amalgam
of modelling results produced using the JET EDGElD plasma code [12] as
applied to JET X-point and (proposed) Pumped Divertor configurations,
the Princeton PLANET code as applied to a DMI-D divertor case [13] and
the Braams code, also as applied to DIII-D [U]. Background conditions,
however, were varied substantially in an attempt to identify impurity
leakage paths from the plates to the main plasma.

At the outset of the present undertaking a number of potential
leakage mechanisms were considered for investigation using a Monte Carlo
impurity code. Such a code readily accommodates regions of greatly
varying collisionality, and can therefore be used to assess a number of
possibilities:

(a) The sputtered neutrals have a range of energies (assumed here
to follow the Thompson distribution with appropriate maximum
energies for D+- and self-sputtering), and are released with an
angular distribution (here taken to be cosine). It is not
inconceivable that some of the neutrals could, in fact, reach
the LCFS - perhaps via transit through (a possible low ne, T6)
private plasma region (the region bounded by the X-point, the
two séparatrices and the part of the wall between the targets).
Self-sputtering can produce quite high average energy neutrals,
10's eV (even though the most probable energy is only a few eV)
[3].

(b) Once ionized seme fraction of the ions might be able to
collisionlessly travel along the main plasma channel of the SOL
plasma lying essentially along the separatrix). The collision
process is, after all, a statistical one, and it is conceivable
that some fraction of the ions created near the plates could
travel along the SOL to the region near the main plasma where
the SOL is thin and where cross-field transport could carry the
impurities into the confined plasma.
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(c) Ions created near the plate might reach the main plasma via
low-collisionality pathways lying along the outer periphery of
the SOL p'asma or through the private plasma (which might be
tenuous).

Two other leakage mechanisms were also considered for
investigation:

(a) The -magnitude of the temperature gradient, forces near the
plates might be greatly enhanced by a feed-back effect: if the
impurities radiate strongly enough just,near the plate then the
plasma cooling would be strong, creating large temperature
gradients. Such gradients could then explain how the
frictional force could be overcome so as to give the high
impurity levels and strong radiation in the first place. A
Monte Carlo analysis is convenient for dealing with the short
spatial scale lengths and the radiation release from the
partially - thermalized, incompletely-ionized impurities which
may also be only slightly collisional during their brief plasma
life-time.

(b) Leakage could, in principle, be explained by frictional forces
alone if the deuterium plasma flow experiences flow reversal in
the region near the plates where a signifcant fraction of the
impurities are first ionized. Such flow reversal has been
predicted to occur [15,17], although there is little
experimental confirmation [18], Reversal could occur because
the neutral deuterium re-cycling from a point on the plates is
not all ionized within precisely the same plasma flux tubes
that brought the deuterium ions to that particular point on the
target. Because of neutral deuterium spreading some plasma
flux tubes have a larger integrated particle source due to
ionization than their sink at the plate. For such a flux tube
the deuterium flow must have a "watershed" with some of the
deuterium plasma flow being directed away from the plates (the
particle flux circuit being closed eventually by cross-field
transport to the adjacent flux tubes which are understrength as
to particle sources). If such a process occurs one would
expect the flow reversal to start at a distance from the plates
(in the poloidal plane) of order the deuterium ionization
depth. That depth is likely to be greater than the average
ionization depth for the impurities - and so if all impurity
ions were treated as average ones, then they would all be
ionized on the near side of the "watershed", and would
therefore be conyected back to the plates by the strong
friction force. The'impurity ionization mean frea paths span a
range of values, however, and some of the impurity neutrals
will be ionized beyond the "watershed". The strong friction
force would then convect those impurities away from the plates,
taking them to the SOL adjacent to the main plasma where



- 81 -

cross-field tansport could carry them across the LCFS into the
confined plasma.

Each of these potential leakage mechanisms requires a fine-scale
focus on the region just near the plates. It may be that the impurity
situation of the entire plasma is largely controlled by processes
occuring in the first few mm's or em's from the target plates.-: A proper-
investigation^ requires: allowance for the spatial dis t r ibut ion . of
ionization, variable coil is ionali ty effects,- partial thermalization and~
partial ionization of impurit ies, non-coronal radiation etc. The
problem is thus well suited to a Monte Carlo , impurity transport
treatment. On the other hand, the backgrounci_plasma is not adjusted
self-consistently with the impurities and therefore no strong claims of
conclusiveness can be made for such an exercise. Rather, one
anticipates that some insights may be generated and some guidance should
arise for the formulation of more complete treatments.

2.0 The PIVIMP Code

The DIVIMP code is similar to the LIM code which has been described
in detail elsewhere [1,2,3,19,2O]. A magnetic geometry is generated
either artificially or as a construction from tokamak magnetic
measurements. Figure 1 shows the poloidal projection of the magnetic
geometry employed for most of the present study. It is an approximation
to a JET X-point plasma [12]. A plasma background is specified.
Typ ica l ly , in the present study, ne is set constant at 1019 m~3 a long
the separatrix with an e-folding length at the outside mid-plane of
about 1 cm. The density is taken here to be constant along field lines.
Typ ica l ly T6 = TQ+ is assumed with T = 100 eV on the separatrix at the
mid-point between the two plates (the bottom of Fig. 1). Radia l ly ,
temperature gradients correspond to Bl cm e-folding length at the
mid-p lane . Temperature gradients along 15 were varied considerably, see
below. In the absence of flow reversal the deuterium flow along 8, Vg,
("B" for background) in the SOL and the associated ambipolar electric
f i e ld , ESQL were taken from a simple f lu id model, Eqs. (3), (4) of Réf.
[1], which gives a non-linear increase of VB and EJQ^ along $ from zero
at the mid-point between plates to Vg equal to the local sound speed at
the plates.

The private plasma was assumed to be rather cool and tenuous with a
constant density of SxIO17 nr3 and T = 10 eV..

Particles are launched from the plates in a Monte Carlo way with
weight ing (spatially) according to the local D+ particle f lux density
( a l l o w i n g for the actual angle of t!total to the surface) and the local
ion impact energy (which governs the sputtering y ie ld) . In the present
study normal incidence ion yields were assumed to be doubled, both for
the D+ sputtering and for the self-sputtering [21], to a l low for the
possibility of yield enhancement due to glancing angles of incidence.
The constants used in the Bohdansky yield expressions for D+ on C were:
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E = 28 eV, ETF = 446 eV, Q = 0.14_; for C on C: Eth = 44 eV, ETF =
5680 eV, Q = 1.9 [J. Roth, Institut fur Plasmaphysik, Garching, private
communication (1989)]. The neutral particle was launched with a
velocity drawn from the Thompson distribution [22] with appropriate high
energy cut-offs for D+ and self -sputtering [21], and an angle to the
local surface drawn from a cosine distribution [21].

The neutral was followed, in the spatially non-homogeneous
background until ionization. The ion was then followed in its parallel
and cross-field motion. Parallel motion was taken to be classical and
cross-field, anomalous. The cross-field diffusion coefficient was set
in the present study at a constant, value of Im2 /s. Inboard of the LCFS
an inward pinch was assumed of V^ n = -2D1 r/a

2. Parallel motion was
governed by the momentum equation for the velocity v(t) of the
individual ion:

£ , ZI=E , m = , Pl U)

where m.jmD is the impurity ion mass (carbon target plates were assumed
in this study), Z^ is the current charge on the ion (further ionization
to higher states as well as recombination was followed in a Monte Carlo
way) , TS is the Spitzer stopping time, ae /p j are the electron/ion
thermal gradient force coefficients taken from Réf. [5], s is the
distance along ^total anc' ^eB/^iB are tlie imP°sed ("background")
electron and O+ temperatures.

Tho impurity ions are generally in the plasma for too short a time
to fully thermal ize to the local va lue of T j 3 . Therefore the
thermal izati on process was also followed, i.e., at each time step (At =
-;, lO"7 sec. ir: this study) the impurity ion temperature was updated by

Tnew _ Told . /T T°ld\ A+/»- i?\
TI - If + U .jg - TI ) At/Ty (2)

where T-J- is the Spitzer thermal ization time.
Parallel diffusion (corresponding to the impurity pressure gradient

force) was included by changing the s-value of the ion by ± /'Iu ̂ i ^ at
each time step if a random number chosen, uniformly on interval [O, 1],
fell within [O, At/T,,] where -C3 is the Spitzer parallel diffusion time
(which itself varies linearly as Tj) and D,, is the classical parallel
diffusion coefficient,

D = 1.22xl08 T T A n (3)

for D11 in [m
2/s], T|( [sec], T1 [eV], mj [asnu]. One may note, therefore,,

that the parallel diffusive step sizes a-.-a a strong function of Ty 1 and
thus the importance of following the thermal izati on process. Each
impurity ion is followed until it returns to the plates (or goes to the
walls). The location of impact of the impurity ion, its charge state
(hence sheath energy gain) its kinetic energy reaching the sheath edge,
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and its temperature are recorded thus permitting a self-consistant
calculation of self-sputtering based on individual values of total
energy of impact.

The total radiation released by the impurity while in each charge
state is recorded, and the total for its lifetime in the plasma.

-Two-dimensional plots are produced of the density of neutrals .and
each charge state, of ZeffY Prad, ionization rate for each stater etc.

~~The probability of a particle reaching the LCFS is recorded as well;
as the impurity density at the centre of the plasma core. Detailed code
diagnostics indicate the pathway by which impurities reached the LCFS,
showing whether they utilized peripheral parts of the .-SOL for any
significant fraction of their transit. The average parallel-diffusive
step size is recorded for each charge state indicating the degree of
collisionality of the transport. The average force on the impurities in
each charge state is recorded for the friction force, electrostatic
force, Te-gradient and T1--gradient forces.

3.0 Results

In Case 1 the frictional, electrostatic and thermal gradient forces
were included. Along the separatrix the temperature was assumed to drop
linearly from 100 eV at the mid-point (along s) between the plates, to
90 eV at s = 11.4 m from the plates, then linearly to 60 eV at the
plates. Near the separatrix the total distance between plates was
s = 114 m. The same s-sraling of temperature gradients was used
throughout the SOL, but'scaled by the radial decay length of about 1 cm
at the mid-plane. As expected, the carbon density in the main plasma
was very low; the central density nc = 5.9*1016 nr3 which, assuming
ne = 5xlo19 nr3, gives central Ieff = 1.04. Few of the neutrals were
ionized in the confined plasma: 0.36%. For those neutrals ionized in
the SOL, few were transported across the LCFS into the confined plasma:
0.34%. The average dwell-time in the plasma was quite short, ^dwen

 =

78 (is and most of the carbon ions were re-absorbed by the plates still
in low charge state: 16% C+, 42% C2+, 34% C3+, 8% C1*+. The ions were
only partially thermalized with average ion temperatures in the
plasma/at exit: 25/25 eV C+, 31/31 eV C2+, 44/41 eV C3+, 84/49 eV C4+.
The ions were, on average, turned around and returned to the plate
before making significant excursions along s: average s-value at
ionization of C° was 0,?5 m; average maximum s-value reached: 0.67 m
C+, 1.02 m C2+. 1.75 m C3*, 4.11 m C1*+. The impurities nevertheless had
a substantial average impact energy, 400 eV, which together with the
assumption that all sputtering yields were double the normal incidence
ion values, gave a high effective sputtering yield, Yeff (= total C°
production * total D+ flux to plates) = 0.213, with self-sputtering
contributing 70% of this total.

For those ions which reached the main plasma, most of their transit
was not by way of the periphery of the SOL, but more or less simply
along the main plasma channel lying along the separatrix.
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The average forces exerted on each charge state during its dwell
time in the plasma are given in Table 1. As expected, the friction
force dominates the other forces, explaining the inability of the ions
to reach the main plasma to any significant degree. Somewhat,
paradoxically,,: however, the collisionality is not very strong in the
sense that the average collision times are longer than the dwell times
for more than -half ; the ions returning to_the plates (the C+ and C^+).
The paradox is only apparent, however, since weak collisionality is
still sufficient to turn the impurity ions around owing to their small
velocity compared with the deuterium flow velocity.

Despite the short ^dwei11• tne to1;a1 radiation released is not
insignificant: 260 eV per C" on average. This, however, is not large
compared with the heat flux carried by the deuterium plasma to the
plates. There are 1/0.213 = 4.67 D+-e pairs per C° going to the plates,
for Tpiate = 60 eV and assuming a sheath heat transmission coefficient
of ~10 one has ~2800 eV of energy convected to the plates for each C°
released. Thus there is no significant impurity radiation cooling of
the plasma.

A Case 2a was then run to see the effect of simply turning off the
temperature gradient forces^ This caused nc to only dr.,; by a factor of
~2, to 3.8xl016 m-3 and lQff dropped to 1.02. On the other hand,
turning off the^ friction force, Case 2b (but keeping all the other
forces) caus'ed nc to jump up two orders of magnitude to 5.1*1018 m~3,
Zeff = 4.1. The dominant role of friction is therefore clear.

As discussed earlier, it is conceivable that high temperature
gradients may be created by the presence of the impurities themselves
via their radiation, i.e., a feed-back effect. In order to explore this
possibility the temperature profiles along s were changed with the
s-value at which (on the separatrix) the 90 to 60 eV temperature drop
occurred being moved toward the plates, from s = 11.4 m (Case 1) to
s = 2.85 mA (Case 3) to s = 1.43. m (Case 4) to s = 0.57 m (Case 5). The
effect or Zgff was not great: Z^ = 1.05 (Case 3), 1.11 (Case 4), 1.10
(Case 5) The reason that the large increase in the temperature
gradients did not result in a greater effect was that the average
temperature gradient forces were not altered substantially. The reason:
the forces were stronger but acted over a shorter distance. The only
way to make the average temperature-gradient forces stronger would be to
make the region of high gradients longer, thus driving the mid-point
temperature substantially above 100 eV. The amount of radiation per C°
was also not large: 380 eV (Case 3), 480 eV (Case 4), 470 eV (Case 5).
Thus, although only a limited scenario was explored, and general
conclusions are therefore unwarranted, this possible explanation for
impurity leakage to the main plasma did not look encouraging.

The possibility of an explanation based on flow reversal was
considered next. In order to establish where the deuterium ionization
would occur, i.e., as an indicator of the location of the "watershed",
the LIM code was run with various assumptions about deuterium neutrals
as the "sputtered" particles in order to match the deuterium ionization
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distribution calculated by a proper hydrogen neutral code, which allows
for molecular iom'zation dissociation, charge-exchange, etc. The latter
results were produced by the NIMBUS code [23] for the JET limiter shape
and assuming a constant plasma density (2*1018 m-3) and temperature
(50 eV) ,in the main plasma, with scrape-off lengths in the SOL of 15 mm
for T and 10 mm for ne. Results are shown in Fig. 2 where the LIM
results were obtained assuming that the deuterium was launched from the
limiter as a 50/50 mixture of 0.03 and 5 eV atoms, and with a, cosine
angular distribution. This fit was. considered to be close enough to
proceed with these same deuteron launch^assumptions in DIVIMP. For the
Case 1 "Standard" plasma background, this gave the average deuterium
ionization point as s = 0.87 m from the plates. The 2-D ionization
pattern is shown in Fig. 3 (see also Fig. 5 for expanded view). This
value of s was then taken to be an indication of where flow reversal
might start.

A flow reversal pattern was then imposed on the magnetic
configuration; Fig. 4. In the flow reversal region the deuterium flow
speed starts at the local sound speed and drops linearly (with s) to
zero by the end of the reversal zone; E is neglected in the reversal
zone. Elsewhere in the SOL the usual VD and E profiles are imposed.

The result of imposing flow reversal was a dramatic increase in nc

and Zeff. For Case 6, "watershed" at s = 1.14 ,m, nc increased about two
orders of magnitude, to 3.3*1018 m-3, and Zeff = 3.0. Moving the
"watershed" caused significant changes: Case 7, "watershed" at
s = 2.28^m, nc= 2.OxIO18, Zfif£ = 2.2; Case 8, "watershed" at the plate,
s = O, n = 6.7xlQ1 8 m-3, Zeff = 5.0. The power radiated per C°
increased: 590 eV (Case 6), 420 eV (Case 7), 1730 eV (Case 8).

For deuterium flow reversal to be able to convect a significant
portion of the carbon ions away from the plate, it is necessary that the
ionization distribution of the deuterium not be greatly deeper into the
plasma than the C° ionization distribution. In Fig. 5 expanded views of
the D and C° ionization distributions near the outer target are shown.
As is evident, the patterns are not greatly different. The sputtered C°
can have a rather high average energy. For the conditions of Case 6 the
average C° energy from D+ physical sputtering was 12 eV, and for the
physical self-sputtering 31 eV, with self-sputtering accounting for 56%
of the C°. At ne = 1019 nr3 and T6 = 60 eV this gives ionization
distances of 13 mm and 19 mm respectively. As has been shown, the
deuterium ionization profile is reasonably well represented by a 50/50
mixture of 0.03 eV and 5 eV atoms. The lower energy presumably reflects
the existance of molecular ionization and the higher energy a
combination of Frank-Condon and charge-exchange atom ionization. The
ionization distances associated with these two energies are 6mm and 80
mm. One thus expects the D ionization to be somewhat, but not greatly
deeper than the C°; for Case 5 the average C° ionization location was at
s = 0.52 m from the plates, whil? for the deuterium it was at
s = 0.87 m. It therefore appears plausible that a deuterium flow
"watershed" could develop near enough to the plates that a significant
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fraction of the sputtered carbon could be ionized beyond the "watershed"
and thus convected toward the confined plasma.

Since the radiated power is increased by flow reversal it is worth
considering the combination of flow reversal with increased temperature
gradients. Plasma background was kept as in "Standard Flow Reversal
Case 6"_but with the point at which (on the separatrix) the 90 to 60 eV "
linear drop occured being^ moved from s = 11.4 m (Case 6) to s =A2.85 m
(Case 9). This caused nc to increase further to 5.OxIO18 m-3, Zeff to
4.0 and power radiated to 880 eV/C°. Thus flow reversal may be able to
bring about increases in the impurity radiation which will enhance the
temperature gradient forces and thus further increase the impurity_
leakage, radiation etc. in a feed-back effect.

Although^the Ieff value in the confined plasma can reach large
values, e.g., Z = 3.0 for "Standard Flow Reversal Case 6", the values
of Z ff near the plates can remain comparatively low. Figure 6 shows a
2-D plot of Zg^f near the plates for this Case (note that the high Zeff
values in the private plasma are not due to high levels of carbon there
but to the assumed low value of ne = 5*1017 m-3). It is evident that in
the critical transport zone just near the plates - where the controlling
processes occur - Zeff is _<1.5. Thus it may not be essential to include
impurity-impurity collisions and the trace impurity approach, as
employed here, may not be too bad. In order to gain some indication of
the effect of non-trace impurity effects, all the collision processes,
temperature gradient coefficients, etc. [24] were calculated assuming
Zef f= 2 for the "Standard Flow Reversal Case 6", thus Case 10. The
result wa^s only a small decrease in ̂  to 2.5*1018 m-3 (from 3.3*1018

m-3 ) and Zeff to 2.5 (from 3.0).
Shown in Fig. 7 are other 2-D contour plots for Case 6 including

the densities of the different charge state ionization rates and total
radiated power.

The role of parallel diffusion collisions as a mechanism for
transporting the impurities along the SOL was considered by turning off
this process, Case 11, conditions otherwise ^s Case 6. This resulted in
only a slight change in nc to 3.9xl018 m-3, Zeff = 3.3. Thus, for these
plasma conditions, parallel diffusion does not appear to be an important
leakage mechanism. A quite different result was obtained by reducing ne
everywhere by a factor of 10, thus nLCFS = 1018 m-3. In that case
turning off parallel -diffus ion caused the central impurity density to
increase by a factor of 4. Evidently parallel -diffusion can be more
important as a transport mechanism for taking impurities back to the
plates than out to the confined plasma. Parallel-diffusion in the
present modelling approach is the equivalent of impurity pressure
gradient forces in fluid models. The foregoing findings may explain why
such enormous. 102 - 103, enhancements of sputtering yields can be
required ir. order to obtain significant levels of plasma impurities
[6] (in the absence of flow reversal).

As discussed in the context of Case 1, Table 1, much of the
impurity behaviour is weakly collisional. The same type of information
is preserved in Fig. 8 for "Standard Flow Reversal Case 6", again
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indicating weak collisionality. As in Case I1 thermalization is also
only partial, see Fig. 8. The importance of a developing multi-
component kinetic models to deal self-consistently with impurity
behaviour,-while, at the same time dealing with weak collisionality. is
indicated.

_.: it is -not evident to what degree^the foregoing. findings., are.
configuration-specific. In order to gain some insight on this question
DIVIMP was applied to a rather different magnetic configuration, that of
the proposed OET Pumped Divertor, Fig. 9. For Case 12 the same plasma
background was imposed as in Case 6 (except with all gradients along t5~
changed by thj ratio 114/48). The fraction of ions reaching the main
plasma only changed moderately; from 11.1% in Case 6 to 6.6% in Case 12.
In Case 13 the temperature gradient near the plates was increased by
having the linear 90 to 60 eV drop occur between s = 1.2 m and s = O
(rather than between s = 4.8 m and s = O for Case 12). This caused the
fraction of ions reaching the main plasma to increase to 21%. Case 14
was the same as Case 13 but with flow reversal starting at s = 0.96 m
(instead of at 0.48 m as in Cases 12, 13). The fraction of ions
reaching the main plasma dropped slightly to 19%. In Case 15 the plasma
background was altered: \CFS = 3X1019 nr3, T6 at mid-point between
plates along the separatrix = 40 eV, dropping linearly to 30 eV at
s = 3 m, then linearly to 15 eV at the plates; T1- at mid-point = 90 eV,
dropping to 70 eV at s = 5.8 m then to 30 eV at the plates. Flow
reversal was also turned off in Case 15 with the result that due to the
higher friction (higher ne, lower T1-), none of the 1000 part ic les
launched reached the main plasma. Case 16 was as Case 15 but with flow
reversal starting at s = 0.48 m. The fraction of ions reaching the main
plasma was now significant, 1.9%, despite the strong frictional force
toward the plates for s < 0.48 m.

Thus the principal findings do no appear to be strongly sensitive
to the precise divertor configuration, nor to the plasma background
conditions - at least over the limited range of variation explored.

4. Discussion and Conclusions

Of the various possible impurity leakage mechanisms examined to
explain how impurities produced at the divertor plates can reach the
main plasma, the most promising possibility identified here would
require the existance of deuterium plasma flow reversal starting rather
near the plates, i.e., at a distance not too much greater than the
average depth of ionization of the impurity neutrals. Although such
reversal is theoretically predicted there is, as yet, little
experimental confirmation of it. In light of the possibly key role
which such flow patterns may play in divertor impurity behaviour,
greater experimental effort to measure divertor plasma flow patterns
would be warranted.

The steepening of T6- and T1-- gradients immediately in front of the
targets might accompany enhanced impurity transport away from the plates
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due to flow reversal, by way of strong radiative cooling. In that case,
a feed-back effect could arise in which the temperature gradient forces,
directing the impurities away from the plates, would enhance the leakage
process. Diagnostic methods to measure T6-.and..Tj- .gradients just_near
the plates would be valuable.

"High central "Values of Zeff do not necessarily imply-high:Zeff
values near the plates where the critical transport processes occur.
Trace impurity models may therefore provide a reasonable first
approximation.

The impurity ions can be weakly collisional in that their life time
in the plasma can be short compared to their collisional times.
Thermalization is therefore only partial, low ionization states
dominate, radiation is non-coronal etc. Development of a multi-
component kinetic model is indicated, one which would deal with
impurities self-consistently while at the same time including kinetic
processes.
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Table 1: Results for Case 1 ("Standard"). Average forces on each
charge state during its dwell time in the plasma, T^well-
Also, average time to absorption, T g , average ionization
time T.JZ, the Spitzer stopping (frictional coupling) time
TS and Spitzer parallel diffusion time T, . Forces in aN
(= 1018 N). Negative sign: toward plates. Times in

1. Friction force
2. Electric force
3. Te-gradient force
4. T.J -gradient force

R -SOL
a> !dwell
6> Tabs

7. T i z

8. T\Z

_s
9. ÏB

C+

-2.6
-1.4
0.2

0.57

9.6
11.9

9.3
420
380

C2+

-9.3
-2.4
0.87

2.5

24
35

32
110

98

C3+

-13
-2.3
2.0
5.7

45
75

93
50
56

C"+

-15
-1.8
3.5
10

113
214

550
29
37



plasma position.

- 90 -

Fig. 1.
R In)

Poloidal projection of the magnetic
divector configuration used for most
o f t h e p r e s e n t s t u d y . A n
approximation to JET X-point discharge Comparison of deuterium ionizat ion

spat ia l d i s t r i b u t i o n in t eg ra t ed
poloidal ly to give a radial prof i le ,
for the case of the JET toroidal belt
l imiter , as calculated by the NIMBUS
Monte Carlo neutral code [23] (sol id
l i n e ) and the Monte Carlo LIM code
[1-3] t rea t ing d e u t e r i u m as an
impurity (points). Plasma background
assumed: ne = 1018 m ~ 3 , T6 = 50~eV
constant inside LCFS, Xj = 15 mm, Xn =
10 mm in the SOL. LIM assumes 50/50
mixture of 0.03 eV and 5 eV D-atoms
released with cosine distribution from
the limiter surface. NIMBUS includes
a l l r e l e v a n t a t o m i c / m o l e c u l a r
processes of deuterium re-cycling.

Fig. 3.

R(m)

T h e 2 - D d e u t e r i u m i o n i z a t i o n
distribution calculated using DIVIMP
for Case 1 plasma conditions and
assuming 50/50 mixture of 0.03 eV and
5 eV D-atoms.
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Zeff constant contours
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Fig. 4.

15 20 2,5 ID 3.5 4jO 45
Km)

Imposed flow reversal pattern for Case
6, etc. Location of "watershed" at
which reversal starts is, for clarity,
shown to be further from plate than is
actually the case.

Fig. 6.

Zeff contour plot near the targets for
C a s e 6 w h e r e central Zef f = 3.
Values of Zeff in plasma near plates
£1.5. (The high Zeff in the private
zone is artificial, the result of
assuming
there.)

small np = 5*10
17 m-3

N

in IM in &* im

R(m) R(m)

Fig. 5. Expanded views of the D-ionization and C° ionization spatial
distributions near the outside target for the conditions of
Case 6, showing that iom'zation distributions do not differ
greatly. Figures identifying contour are based on one
particle entering the plasma per sec per m of toroidal length.
(The apparent existence of ionization inside the solid
divertor plates is just due to the coarseness of the
orthogonal grid employed.)
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2. K-M
7. IE-W
I.4E-05
Î.6E-05

C4+
4.4E-05
1,7E-W
S. JE-O*

R(m)

Fig. 7. Contour plots for the different charge states ionization rate
and for total radiated power for Case 6. Figures identifying
contours are based on one particle entering the plasma per
sec. per m of toroidal length.
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0.1
C* C2+ C3* C4+ C5+ C6*

Charge State

Fig. 8.

For Case 6 the average Spitzer
stopping (ffictional coupling) times
for each charge state, the average SOL
dwell times and the fraction of the
total C-ion flux to the plates
integrated up to that charge state. T
is the average ion temperature in the
plasma. Texi- t is the average ion
temperature as the ions enter the
divertor plate sheath. Most of the
ions are therefore seen to be only
weakly collisional.

Ll U t» Ll it

Fig. 9.

Magnetic configuration simulating
proposed JET Pumped Divertor.
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RADIATION AND THE TOKAMAK DENSITY LIMIT

B. LIPSCHULTZ
M.I.T. Plasma Fusion Center
Cambridge, Ma. 02139, U.S.A.

ABSTRACT. In tokamaks, the maximum density is most commonly limited by a major disruption.
These disruptions are caused by impurity radiation; high-Z radiation from the plasma center can
directly create an MHD unstable temperature/current profile. Low-Z radiation from the plasma edge
causes the temperature profile to contract, again leading to a current profile that is MHD unstable
(leading to a disruption). In the case of low-Z radiation from the plasma edge, the temperature profile
becomes unstable to contraction at or slightly before the condition where the radiated power equals the
input power. The cause of the rise in edge radiation is most likely due to the nonlinear rise in edge
density resulting from a loss in central plasma particle confinement as the density limit H6/KJ=I is
approached. This edge-radiation-limited density limit is reduced by a high Zeff and increased by the
addition of auxiliary input power.

1. INTRODUCTION

The density limit is an important factor in determining the maximal performance
of a tokamak. Achievement of the highest densities can affect nTt, (3, plasma
transport, plasma radiation, species dilution and various edge properties. Clearly,
one is interested in increasing the tokamak density limit, and thus, its operational
space.

In the process of studying the various aspects of the density limit, we hope to reap
other benefits as well. For example, if the trajectory of the tokamak discharge
through its operational space can be stably guided close to where the density limit
disruption would occur, not only are the measures of plasma performance increased,
but a radiative region at the plasma edge can be created. The heat efflux from the
main plasma which is destined for the first-wall (limiter or divertor surfaces) can be
either fully or partially redirected and spread around the much larger tokamak
vessel surface. The resulting reduction of erosion and impurity generation at the
first-wall can be far out of proportion to the reduction in first-wall heat loads.

Another, less obvious benefit, can be gained through these studies. We know, from
descriptions of H-mode plasmas [1-3], that edge conditions are linked to central
confinement. The density limit is another example of this link. Although the density
limit most often manifests itself through edge atomic physics (by the appearance of
increased radiation there), it can be predicted in terms of central parameters.

In any event, radiation can play a decisive role in determining the survival and
characteristics of a tokamak discharge. The chief aim of this paper is to clarify that
role. Section 2 contains a general review of density limits. Section 3 covers the various
phases leading up to the density limit. A discussion of the various density limit
models and the effects of impurity levels and auxiliary heating on them are
presented in section 4 with a summary in section 5.
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2. REVIEW OF DENSITY LIMITS

Any discussion of the density limit must include some background on the major
disruption, which is the most common 'final' manifestation of this limit. Numerous
papers [4-11] have been written in an effort to characterize disruptions and the
particular conditions leading up to them (and thus the density limit). In particular,
recent papers by Greenwald et al. [12] and Wesson et al. [13] provide complimentary
descriptions of the events and conditions leading up to the density limit (Greenwald)
and the disruption itself (Wesson). I will try to provide the framework within which
both these descriptions can be discussed.

The 'density limit' appears to be composed of several !units, all of which refer to
various portions of the well-known Hugill plot [14-15]. For this discussion, I refer to a
conceptual version of this plot in figure 1. The first limit, here denoted as the low-q'
limit, is really a limit on the magnitude of the plasma current which indirectly
limits the density: The itigtimnn) plasma current is determined by the limit in safety
factor; qv-2. The location of the q«=2 surface near the plasma boundary (and thus
steep gradients in T6 & Ip) drives an m=2 MHD mode unstable which leads to rapid
loss of plasma energy and current (MHD instabilities and a disruption can also be
excited by too fast a current rise [13]).

The second limit, which will be referred to here as the 'Hugill' limit, is
characterized by the maximum line-averaged density He«Ipt the plasma current.
Greenwald et al. [12] have shown that this limit corresponds to H6XKJ=I across a
broad range in tokamaks. K is the elongation, J the average current density (MA/m2)
and H6 the line-averaged density (10*0 m~3). This expression can also written as
ng/dp/ica2)=! where a is the minor radius. There is evidence that impurities and
auxiliary heating can modify, in a limited fashion, the slope of this boundary. See, for
example, figure 2 (reproduced from reference 16) which includes data from both
ohmic and neutral beam shots.

The third limit is known as the Murakami limit [17]. This limit corresponds to
ne~Bt/R or a vertical line in the Hugill diagram. In general, the constant of

proportionality for the Murakami limit depends on the concentration of high-Z
impurities (radiating from the central region of the plasma) in the plasma. For
plasmas with low levels of high-Z impurities, this limit recedes into the intersection
of the Hugill and low-q limits in the ASDEX experiment.

The Hugill and Murakami limits are real density limits, in the sense that an
increase in density causes a trajectory in the Hugill diagram to cross one of those
boundaries. The low-q limit is only indirectly a density limit in that it limits the
plasma current which in turn limits the density through the other two limits. The
Hugill and low-q boundaries appear to be a fairly consistent across many tokamaks.
The trajectories of discharges in the Hugill plot do not appear to travel far beyond
those boundaries. On the other hand the Murakami limit is not a hard and fast rule
but depends strongly on the impurity concentration and the plasma geometry. The
path to the limiting density is different for each of the cases described above. This is
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illustrated by figure 3. The Z of the dominant radiating impurity and its density,
relative to E6, determine the operational limits of the discharge.

3. PHASES IN THE APPROACH TO THE DENSITY LIMIT

The density limit appears to be at least a three-step process as E6 is increased:

1) The radiation at the plasma periphery increases as a function of E6AcJ. The
concentration of low-Z impurities (Zeg), determines whether this radiation increase
is nonlinear Gow-Zeg) oi~ linear (high Zeg) as the limit E6AcJ =1 is approached.

2) The edge plasma becomes thermally unstable in the form of a poloidally
asymmetric (MARFE [18-3O]) and/or evolves into a poloidally symmetric radiating
edge (Detached plasma [27,30-36]). The MARFE, if it occurs, causes a quantum
increase in the radiated power, Pra<j.

3) If E6XiCj is increased past the point where Prad~pin (detachment), the plasma
radius, defined by the radius of the radiating layer, shrinks. The amount of radius
reduction allowed before the qv=2 surface is located in a region of large
temperature/plasma current gradients (and thus MHD unstable to a major
disruption) is dictated by the initial limiter or separatriz safety factor.

ai Disruptive Density Limit

In most cases, the arrival of the plasma at its density limit is signaled by the onset
of MHD followed quickly by a major disruption. The process whereby the MHD leads
to a disruption is covered quite well by Wesson [13]. I will quickly review it here. A
steep current gradient is produced in the region of the q^=2 surface. This gradient
drives the m=2 tearing mode unstable. The m=2 island growth is followed by a minor
disruption, redistributing the plasma energy. This cycle of island growth followed by
a minor disruption occurs repetitively until, finally, the major disruption occurs.
Virtually all of the plasma energy is then lost and the input power, although greatly
increased, can rarely overcome the radiation and the plasma current quickly decays.

The route to the MHD unstable state is different for the three disruption limit
cases listed above. For the low-q case, the q™=2 surface is close to the plasma edge
and thus already situated in a region of steep temperature (and current gradient).
For the Hugill limit, radiation at the plasma edge reaches a point where it is
unstable to a contraction in radius (Detached plasma). If the plasma contracts to
where its effective radius (as defined by the location of the ionization radiation layer
and thus the edge of the temperature/current profile) is near the qv=2 surface, the
plasma becomes MHD unstable as in the low-q case. The amount that the plasma
must contract in order to position the current gradient at the (ty=2 surface is
determined by q at the plasma edge (limiter or separatrix radius). This dosing of the
gap between EjJ6430J1 and E^g^pj. as the safety factor, q, is lowered, is illustrated by
figure 4 (reproduced from reference [35]).

In the Murakami limit, high-Z impurity radiation at the plasma core drives MHD
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modes (not necessarily m=2) unstable. Murakami [17] points out that B1TR -J0, the
current density (and input ohmic power density) at the plasma center. The limit he
describes is where the local radiation exceeds the local input power. The plasma
cools locally setting up gradients in the current profile which then becomes MHD
unstable.

&2 Non-disruptive density limits

The path to the maximum density in a particular tokamak does not necessarily
end with a major disruption. Various other circumstances can restrict the plasma
characteristics from being advanced to the standard Hugill limit. The simplest case
is that of a fueling limit caused by some combination of nonoptimum first-wall
conditioning and fueling from the plasma edge. The limit, in this case, is determined
by the amount of the injected gas which penetrates far 'enough* into the main
plasma. For the case of a carbon first-wall, the injected gas, instead of going into the
plasma, can be absorbed by the enormous reservoir presented by the carbon first-
wall. In addition, the energy-reflection coefficient for neutrals recycled from a low-Z
material first-wall are significantly lower than for higher-Z; their penetration is
correspondingly reduced. When the fueling method is switched to pellets, the results
can be dramatic. See figure 5, which is reproduced from reference 12.

3.2.1 Detached plasmas (stable to disruption)

A more relevant (to this paper) case of a non-disruptive density limit is
represented by the 'Detached plasma' [27, 30-37]. More complete descriptions of the
characteristics of these discharges can be found elsewhere [30-31, 34-35]. The plasma
is considered 'detached' since the thermal connection to the first-wall is reduced
(often effectively to zero) and the effective edge of the plasma (defined by the radial
peak in ionization light) is less than that of the limiter or separatrix. The peak in
radiation emissivity is approximately uniform in toroidal and poloidal angle. The
source of emission is low-Z impurities.

The method of producing a Detached plasma is straightforward: either
increase ne for a fixed plasma current, Ip, or lower Ip for a fixed ne. À combination
of the above will also suffice. All of these recipes correspond to a trajectory of the
plasma discharge on a Hugill diagram towards the Hugill limit (increasing Hg/icJ).
As the plasma discharge 'approaches' the Hugill limit, the radiated power from the
plasma edge rises to approximately equal the input power (figure 6a from
Wesson[13]). The radius of the radiative layer then shrinks inward from the plasma
edge. This reduction of the plasma radius can be controlled [33-35] or uncontrolled
(see Wesson [13] figures 10-12). The latter leads directly to a disruption. The precise
combination of ne and Ip ( Hg/Kj) that is needed to produce a Detached plasma,
relative to the disruptive limit, is dependent on the impurity species, its
concentration and the amount of auxiliary input power.

Given the above discussion on MHD stability, it is clear that the Detached plasma
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that is formed will be less likely to disrupt at the highest safety factor, q. If ne is
increased after the Detached plasma is formed, the emission radius shrinks in order
to keep the radiated power constant: The local emissivity is rising, due to the increase
in density. Therefore to keep the total emission constant, the radiative volume, - rS,
where 8 is the thickness of the radiating layer, must be reduced. This reduction
manifests itself in a reduction of the minor radius. The temperature, and thus
current, profiles also shrink (see figure 6b). This brings the qv=2 layer closer and
closer to the large gradient in T6, and thus MHD unstable.

In reality, the Detached plasma is not a stable limit. Further increases in ne will
eventually lead to a disruption.

3.2.2 Stable MARFE

A new example of a non-disruptive density limit is exemplified by data from JET
[38]. With Beryllium limiter operation, a MARFE can form such that all the input
power is radiated. Lowry [38] finds that ne cannot then be raised further. Because
prad=pin« the Plaama is effectively detached. The reason for this 'density-clamp'
may then be that the MARFE is an inefficient 'recycler*. Gas injected into the plasma
edge is ionized and travels along field lines to the 'recycling surface'. In the case of a
standard limiter, those ions are reflected as neutrals with a significant fraction of
their incident energy. Those that are reflected at the proper angle are aimed into the
main plasma. It is hard to imagine that the energy and particle reflection
coefficients for an ion on the MARFE or from the vessel surfaces, that are now
farther away, can be significant.

S^StabiKlyofaRadiativeEdgetoContraction

Although the final steps of a disruption (section 3.1) are well accepted, the process
leading up to the contraction is not. There are a number of models which assume
that the density limit is determined by the condition Prad=Pin [39-42]. At this limit
these models predict that the plasma thermally collapses. This thermal collapse then
drives the plasma MHD unstable with an ensuing major disruption. We now know
that the plasma can 'collapse' before the magnitude of the radiated power reaches
Pjn; the Detached plasma (see, for example, reference [34-35]). Wesson [13],
recognizing this shortfall in early models, has studied the problem from a different
perspective; radial stability. His simple model provides a general picture that
illustrates the essential points of the contraction. I will reproduce and expand on his
model by the addition of some new terms, but try to keep the same notation.

Assuming that all the radiation originates from a thin (radial width 5) cylindrical
layer at radius 3p. The energy equation, normalized by the major radius, is

s = -(KVT0+TDvn0)2nap + I2p(ap) - Cnj^Ttap
(1)
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where e is the total energy within radius ap per unit length, C is a constant
dependent on the local temperature T0 and impurity fraction in the radiating layer,
K is the radial thermal conductivity, D is the radial diffusion coefficient, n0 the
density in the radiating layer and p is the average plasma resistance per unit length
for r<ap defined as follows:

px2itRxI2= J nJzx2rcRx27trdr
o (2)

T) is the local resistivity. The first term on the right hand side of eq. 1 represents the
conducted and convected power from the radiating layer to the first wall. The second
term represents the total input power within radius ap and the last term the radiated
power within the radiating layer. To examine the stability of this equilibrium to a
reduction in ap we perform a linear expansion of ap, n, and p about that
equilibrium. The following assumptions are made:

The temperature profile shrinks with ap but the density & current profiles do not.
The growth rate of the instability is y.
The stored energy decreases as the plasma shrinks.
The validity of the assumption that the current profile shrinks slower than the

temperature profile (i.e. doesn't change on the stability timescale) is dependent on
the local edge conditions and growth rate. The resulting stability equation is

-U-<p)a lt
Dap(a-apo) an

(K+n0D)a
îpo

PQ

«po
H0 da.

POj

(3)

where a is the minor radius and i the energy confinement time. <p represents the
equilibrium (before a radial perturbation) ratio of radiated to input power. It follows
that (1-9) is the equilibrium ratio of conducted/convected power to input power. The
right-hand-side of this equation must be greater than zero for this radial instability to
grow. The obvious destabilizing terms are those containing the logarithmic derivative
of the density, which is negative. To derive an expression for the logarithmic
derivative of the resistance we assume the following temperature profile:

T(r) = T0exp(-r
2A4) where ^- = q

2aT (4)

Using this form of T(r) we find:

apo dp| _ 4qexp(-q)
,.-«*-„> - * (5>

Making the further simplifying assumption that nD and K are equal, the stability
criterion can be written:
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(l-q>)a
2(p(a-ap)

> 1 + 1Ci 2 qe*p(-q)] + (!-1P)2812P
2 9^ (l-exp(-q)J 8rcapo9T0K (6)

The destabilizing terms are on the left hand-side of equation 6; the first due to
radiation, the second to convection. On the right-hand-side, the terms due to the
ohmic input and conduction from the radiating layer are stabilizing. There are
several things to note here:

1) The plasma can contract for (p<l. Using an expression similar to equation 6 ,
Wesson shows that this condition holds true for JET parameters.
2) The density gradient is the principal driving force behind this growth. This is
because as the plasma shrinks the radiating region moves to higher density, and
thus, higher radiation and convective losses.
3) Under the assumption that the density profile remains fixed while the
temperature profile shrinks, it is unlikely that the plasma will not contract when
9=1.
4) This equation is principally intended to illustrate the stability process, not
predict actual stability boundaries.

It is interesting to note that the resistance term in equation 6 becomes less
stabilizing at high-q. When the radius of the radiating layer contracts, the local
resistance at the edge increases rapidly. The local input power induced by this
change, which is stabilizing, is dependent on the local current density. Thus, high-q
plasmas with lower edge current densities will be less stable to radial contraction.
This may play a part in explaining the ease of obtaining detached plasmas at high-q
[33-34]. We already know that the plasma is less likely to disrupt upon detachment
with high edge q (section 3.1).

The above discussion, per equation 6, implies that once the plasma starts
contracting it will continue until it becomes MHD unstable. We know that this is not
necessarily true. In fact the density profile of a Detached plasma is not stationary in
time. It does shrink with the radiating layer (see, for example figures 5 & 6 from
reference 35). This suggests a modification of the stability model to reduce the
destabilizing effect of the density gradient. The 'amount' that the density profile lags
behind the temperature profile in both a linear and nonlinear regime of this equation

" determines the amount of destabilization it can cause.

3.4 Radiated TV>WPT Depp"«fan» nn B6

In section 3.1 it was established that the density limit disruption is derived from
destabilization of MHD as the temperature (and current) profiles contract. In section
3.3, we discussed how radiation at the plasma edge leads to this contraction. The
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relationship f Prad
 to ne can ta^£e many forms. Examples of nonlinear dependence

of P j on ne are shown in figures 6a, 7a & b. In the cases shown, the occurrence of
a MARFE has added to the total radiated power. This increase in radiated power can
often be 'quantum' in nature which steps the plasma that much closer to the
radiative limit. In other cases, the MARFE can be avoided [35], The dependence of
P J on ne is quite varied: nonlinear or linear dependence on ne, quantum jump in
magnitude with a MARFE or not. The main unifying factor is that Prad~Pin

 at

detachment, and thus, as the density limit is approached.
The strong increase in Pra(j with ne which is often seen near the density limit is

somewhat puzzling. If one assumes that the radiated power comes from a thin shell
of thickness 5r at radius r, then

Prad=nenzLz(T)x27CRx2ïCrx6r (7)

For most tokamaks, Zeff « 1/ ne. This indicates that the impurity fraction is
decreasing; nz (for a single impurity) is constant or not increasing very much
with ne. As ne is increased, the temperature in the radiating layer (just inside the
limiter or separatrix radius) decreases, hut not very strongly. The effect of this might
only be a shifting of the location of the radiating layer to follow that temperature
where the the cooling function, L2(T), is peaked; the result being that L2(T) term
would have little contribution. If one further assumes that the local density in the
radiating layer is proportional to ne , then the radiated power would only increase
proportional to ne. If one examines figures 6a, 7a & b one finds that there does seem
to be a linear dependence of the radiated power on ne at densities significantly below
the density limit.
There are several possible explanations for the nonlinear dependence of radiated
power on ne which often occurs: 1) ne in the radiating layer is nonlinearly dependent
on ne; 2) At low densities, the temperature corresponding to the peak in L2(T) is not
located within the limiter or separatrix radius. This situation changes at the highest
densities; and 3) nz increases nonlinearly (and ZegO as the radiative limit is
approached. There does not seem to be supporting evidence for the #3. The relative
importance of #'s 1 and 2 in not clear.

4. DISCUSSION

4.1 Density Limit as an Input Power Limit

The implications of a model of the density limit which is based solely on atomic
physics (e.g. explanation #2 in the previous section) are the following: For a fixed
impurity density, the density limit can be increased indefinitely as the input power is
raised. Conversely, as the impurity density is reduced (Zeg- -> 1) the density limit
should also increase without limit.

This argument is illustrated by the models of Gibson [39] and Ashby & Hughes
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[41]. These models rely on a balance between input power and radiation to explain the
density limit. In particular there is an underlying ad hoc assumption that when^the
magnitudes of the radiated and input powers are equal, thermal equilibrium is lost
and the plasma disrupts. The scaling of the limiting density as predicted in reference
41, under the assumption that the input power is strictly ohmic, is

1
BtI Y(Zeff) 12

(8)

j
:eff)_p

where T is some average (over the whole plasma) temperature and 'j\Zefj) is a slowly
varying function of Zeg-. Gibson proffers a more general (not necessarily limited to
ohmic) prescription for the limiting density:

_ Pjn(Z
2-Z)

Hedge"
(Zeff-l)ZeffT^ (9)

Here, Z is the charge of the dominant impurity and Te
m is an average edge

temperature to a power, m (of order 1). As discussed above, the advantage of this
approach is that the density limit can, in theory, be unlimited. On the negative side,
there is no experimental evidence that lowering Zeg- to near one would have such a
strong, resonance-like effect. In fact, data from Alcator C indicates otherwise [12].
Another negative aspect of this approach is that these models predict the limiting
density in the radiating shell, not the line-averaged density, ne. In reality, the
relationship between U6^g6 and ne can vary from from linear to to quite nonlinear.
In addition, because these models predict the limiting density based strictly on the
violation of the equilibrium condition Pin~Prad» thev d° not exp^3"1 the dependence of
Pradonne.

4J2 Density Limit as a Loss of Central Particle Confinement

An alternative approach to explaining the increase in radiated power as the
density limit is approached involves invoking a loss in central particle confinement
[12]. Greenwald and coauthors, in their description of density limits, argue that
as Hg/tcJ=! is approached this degradation in central particle confinement leads to a
fueling limit. This argument is based on the Alcator C data with pellet injection; the
density decay time ( as measured by an exponential fit to ne) after a pellet is injected
was found to decrease nonliuearly at the density limit. The data is reproduced in
figure 8. The plasma is not able to contain ligher ne than that prescribed
by ng/KJ=l. The end result is a nonlinear increase in edge density with respect to ne.
The magnitude of edge radiation, as discussed in section 3.4, increases accordingly.

The arguments of reference 12 can be carried further. The dependence of ne(jge

on ne resulting from a decrease in central T is illustrated in figure 9. Note that I
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have assumed a linear dependence of ne(jge for n.^*J«l. From figure 9 it is clear
that increasing Z6Jf results in a decreased ne(jge at the density limit (consistent with
eq. 7). This density limit is a fairly hard Emit; reducing Zegr -> 1 leads to a
nonradiative limit determined by the rate at which particles can be put into the
discharge. Also, it is clear that an increase in Zeg-has varying effects depending on
what region of figure 9 the plasma is operated; for low* Zeff, the density limit occurs
where ne(jge «( a^Kj)a (2<ct<4), and the effect of increasing Zeg-is small. For 'high'
Zgff', the density limit occurs where ne<jge« ne, and the effect of increasing Zeff is
much stronger. The effect of increasing input power is opposite to that of increasing
Z6Jf. Additional input power can balance the radiation due to impurities and shift the
density limit towards die Zeg=l case.

There are several positive points to a radiation-derived density limit based on a
degradation in central particle confinement: One expects a fairly 'hard' limit which
a number of experiments see. The Zeg-> 1 limit is handled properly. On the negative
side, there has, so far, been no direct corroboration of the particle confinement
degradation at the limit, Hg/tcJ=!. The indirect evidence of this degradation from
measurements of ne(jge is not complete.

The above arguments indicate that the dependence of B6^g6 on ne should be
determined by the level of Zegi This is borne out by some experiments. In the case of
Alcator C, Zeff was, in general, quite low (1.25-1.5). The corresponding edge density
data is shown in figure 10. The best fit to this data is a linear dependence on ne

(rat ng/icJ ) for low density, with a nonlinear dependence on ïïg/icJ as the MARFE
threshold is approached. The data from the FT tokamak [44] is similarly nonlinear in
nature.

An example of the effect of increasing Zefj-is shown in figure 11. This complete set
of data from Textor (reproduced from reference [45]) shows data from both deuterium
and hydrogen operation. At the lowest densities, one can see that the values of the
edge parameters (lia & b) are the same. However, the fractional radiated power (lie)
is different for these two cases. This indicates that the Zeg-was quite likely higher for
deuterium operation than for hydrogen. In both cases, the plasma detaches at
Pra{j/P|n~ 80-90%. It also appears that Zeg- is decreasing as a function of ne for
hydrogen and deuterium. The hydrogen case is much like Alcator-C; the edge
density nonlinearly increases as the detachment limit is approached. The radiation
follows, modified by the decreasing Ze£p.

With higher Zeg\ the deuterium radiated power data starts at much higher levels.
The edge density & Pra(j have a more linear dependence on central density than the
hydrogen data. Even though Zegf decreases as ne is raised, the radiation eventually
causes the plasma to detach. The increase in Zefffrom H to D essentially shifts the
dependence of radiation on ne(a) from a nonlinear (hydrogen) to a linear dependence
(deuterium). At low ne, the ne(jge dependence is linear for both hydrogen and
deuterium cases. This data shows that the approach to the density limit (in this case
through detachment) can have many forms.

There are other examples of correlations between Ze£p and the density limit. In the
JET tokamak, the dependence of ne(jge on ne was linear or slightly stronger for
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operation with carbon limitera [46] and a Zeff ranging upwards from 2.5. When the
limiter material was changed to beryllium, this dependence changed [47]: The linear
relationship between ne<jge and ne persisted at low ne. But at high ne, the
relationship becomes very nonlinear. This is correlated with a significant drop in
Zeff, which now ranges upwards from approximately 1.0.

A similar reduction in Zeff was found to increase the density limit in ASDEX [48].
When the wall conditioning technique was changed from carbonization to
boronization, the Zeg- was lowered from 2.7 to 1.6 for the standard ASDEX fiducial
shot. The corresponding increase in the density limit was significant. It is
interesting to note that the increase in the density limit (factor of 1.7) is consistent
with the power limit models; the change in (Zefp I)"0-5 is also approximately 1.7.

In limiter tokamaks where Zeff is 'high', U6^g6 appears to have a linear
dependence on ne over most, if not all the operating range. In these cases, changes
in Ze£f can have significant effects on the density limit. In fact, the reasoning of
Gibson [39], represented by equation 9, applies quite well to those conditions.

As Zeff is lowered, a nonlinear relationship between n^gg and ne becomes more
evident at the highest ce. Changes in Z6n? now have less or an effect on the density
limit.

43 Differences between limiter and divertor configurations

The foregoing discussion dwelt on aspects of limited plasmas. The characteristics
of a diverted plasma as the density limit is approached are quite similar. The
detachment behaviour appears to be the same; more stable detached plasmas at
higher q, total radiation (divertor + plasma edge) 'approaching1 Pfn at detachment
[37,49].The principal difference is in the dependence of density limit on the edge
density. For limited plasmas, ne(a) plays an important role. For divertor plasmas,
the plasma parameters in the divertor are the more dominant factors. In figure 12,
ASDEX data, which is reproduced from reference 50, illustrates this point. As the
main chamber density is increased, the divertor density increases nonlinearly. There
is a corresponding decrease in the divertor chamber T6. When the divertor electron
temperature drops to 5 eV, the plasma disrupts. The addition of auxiliary heating
(see figure 3 of réf. 50), shifts these curves to higher density. The disruption still
occurs when the electron temperature drops below 5 eV.

The geometry of the divertor region may play an important part in determining
this limit The 2 curves shown in figure 12 are for a gettered (DP) and ungettered (D)
divertor chamber. Recycling clearly is important in determining the relative
placement of these curves along the ne axis. The nonlinear behaviour could be tied to
an increase in particle flux to the divertor (tp degradation in central plasma) or the
plasma dynamics inherent to this divertor geometry.

For the open divertor configuration of DIII-D1 the characteristics are similar
There is no direct measure of the divertor temperature. However, the radiation in the
x-point region increases strongly as the detachment limit is approached [37]. This
radiation is toroidally symmetric and poloidally asymmetric. These characteristics
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are similar to that of a MARFE; perhaps forced into this location by the magnetic
geometry.

44 Use of radiative edge

The preceding discussions have all dealt with understanding the density limit
and the negative consequences associated with it. There are benefits or a 'silver
lining* to this problem. If the auxiliary input power and the magnitude of the
radiation from the plasma edge can be raised in parallel, a stable radiative 'mantle'
can be maintained which would distribute the plasmas heat efflux over the vessel
walls. However, this decrease in the limiter or divertor first-wall loading must not
come at "he expense of central plasma dilution.

Unfortunately, the radiative emissivity of the Detached plasma is not high enough
to accomplish this purpose. Bush [36] reports the first attempt to produce a radiative
mantle in a controlled fashion. He starts with a Detached plasma to which neutral
beam heating is added. He finds that as the heating power is increased, the plasma
radius expands until reattachment occurs. The minor radius increase is
approximately 20-30% for a doubling of the input power indicating a«P^n

a, where
0.25 £ a £ O.S. This is close to the range reported by Strachan [33]. This dependence on
Pjn is too strong to support a Detached plasma with large amounts of auxiliary
heating. Bush reports that heavy neon puffing must be introduced to keep the plasma
detached up to Pjn - 6 x POQmic> ^e was not successful in keeping the plasma
detached at higher values of Pjn.

Bush correctly points out that the radiation emissivity of the poloidally symmetric
Detached plasma is too low to achieve the hoped for result. In contrast, the radiation
emissivities measured in the MARFE region are 10-100 times higher [21,27,30,33]. To
raise the local emissivity of the Detached plasma further, higher impurity densities
at the plasma edge must be realized. Unfortunately, this would simultaneously
result in higher, impurity densities in the central plasma. The MARFE has the
advantage that high emissivities can be realized without the injection of large
amounts of impurities.

The data from JET [38] indicates that the MARFE fulfills the criterion of radiating
all the input power even with auxiliary heating. During JET operation with
beryllium limitera, the magnitude of the radiated power, which is primarily from the
MARFE region, quickly rises to Prad=Pin- At this P°int. there is evidence of
detachment, even though the radiation is poloidally asymmetric. The radiation then
subsides, reattachment occurs and the MARFE decays. Apparently this cycle can
repeat itself a number of times until the MARFE reaches some stationary state. At
this point, the MARFE can be radiating -10-15 MW of power. Perhaps the MARFE, by
itself, may be sufficient to carry Prad=Pin at even higher input powers.

From the viewpoint of plasma cleanliness, the radiative region should be located
where the associated impurities have the least chance of entering the central
plasma; the divertor region. As discussed above, a poloidally asymmetric, toroidally
symmetric band of radiation is observed to be located in the divertor region of DIII-D
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[37]. A similar phenomena is reported from JT-60 [51] as well. Although at this point
the magnitude of radiation from this region is not equivalent to the input power, the
heat loads on the divertor plates are quite low. On the basis of the foregoing
discussions, this radiative region should be further examined and developed.

5. SUMMARY

The tokamak density limit is tied closely to radiation. Radiation from the plasma
core can affect the central temperature profile directly and thereby destabilize MHD
modes which then lead to a disruption. This Murakami, or central radiative limit, is
dependent on Bj/R. It can be increased with the reduction of high-Z impurities within
the limits of the window created by the low-q and Hugill limits.

The Hugill density limit is driven by the appearance of low-Z radiation from the
plasma edge. It can be approximately predicted by the expression H6XKJ = 1.
Although the obvious characteristics of this limit are that of the edge radiation,
Pra(|~P|n, it appears that the underlying physics is most likely determined by the
decrease in particle confinement (Tp) as the central plasma approaches H6AcJ = 1.
Because the degradation in ip is such a strong function of H6AcJ, major differences
in edge density, impurity levels and atomic physics across different experiments are
reduced to small modifications on this density limit.

The approach to the density limit can be affected by a number of factors or events.
The existence of high impurity densities (low Z, high Zeg) and/or a MARFE can
speed the increase of Pra(j towards Pjn. The addition of auxiliary heating can offset
these effects due to the ability to support more edge radiation. For high-Z6gf ( > 2.5)
plasmas, the addition of auxiliary heating appears to increase the edge density at the
disruptive limit; ne(jge«Pjn^-^[38]. As Zeg is lowered, this dependence should
become weaker.

Once the radiative limit is reached, the mechanics of the density limit disruption
are fairly straightforward: The plasma loses close thermal contact with the first-
wall (detachment) and contracts. This Contraction process continues as H6 is raised
further. When the temperature profile has shrunk to the point where the qv=2
surface lies in a region of large plasma current gradient, the m=2 instability is
driven unstable. This leads to a major disruption.

There are cases where the plasma reaches a density limit (the density cannot be
raised) without a major disruption ensuing. Of particular interest are the 'density-
clamp' plasmas obtained in JET [38]. These beryllium-limiter plasmas appear to
have a poloidally asymmetric radiating edge (MARFE) with Prad~pin- ne cannot be
raised once this radiative limit is reached. A second type of non-disruptive limit is
predicted to occur at Zeg=l where the fueling efficiency, by any method, becomes
inefficient.

The achievement of a radiative mantle that will redistribute the input power
uniformly around the vacuum chamber is closer to reality. At the moment, the
Detached plasma does not achieve this goal. However, the MARFE, with higher local
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emissivity, may be able to be utilized for the quest for Prad
=pin UP to laree values of

input powers. The JET 'density-clamp' plasmas, described by Lowry, are evidence of
this. If this radiative balance can be achieved simultaneously with clean central
plasmas, the concerns over reactor first-wall lifetimes will be reduced. A cleaner
(central plasma) alternative to the above approaches is the radiative divertor.
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Abstract

The radiation behaviour close to the density limit (DL) of ohmically and NI-heated D2
discharges in the old and the new ASDEX divertor configuration, with uncoated and with
boronized vessel walls, is investigated. At Cj3 > 3, the DL is usually preceded by a Marfe. At
the onset of the Marfe, the Marfe limit (MaL), main chamber radiation RAD is about 40 % of
the heating power and divertor radiation DIV is about 20 %. During the Marfe, RAD reaches
70 % and DIV falls to about 10 %. With boronized walls and only at very high O12 Oq3 = 6.0),
the Marfe can become quasi-stationary. The DL is influenced but not caused by radiation. At
(J3 < 2.6, the DL is presumably connected with MHD instabilités. A frequently observed DL
minimum at q^ = 2.1 is not due to radiation.

1. Introduction

The understanding of the behaviour and control of radiation power losses in discharges close
to the density limit (DL) is of considerable interest. It has been reported from other tokamaks
/1/ that the DL is associated with 100 % radiation power losses. Though ASDEX discharges
exhibit only small radiation losses, usually in the range 30 to 40 % of the heating power,
their DL varies with impurity content and, thus, plasma radiation. Therefore, this paper
investigates plasma radiation losses in the main chamber as well as in the divertor chambers
in more detail and with regard to the DL. Wall conditioning, such as carbonization and
boronization, allows to reduce and change the impurity composition and, thus, to compare
discharges at different radiation levels. Modifications in the divertor configuration also
change the power balance. The DL of ASDEX discharges is an edge density limit /2/. An
essential quantity determining plasma edge density and temperature is the heat flow into the
scrape-off layer, that is total heating power minus main chamber radiation. For the radiation
scaling studies (Sec. 3), the heat flow has been varied by neutral-beam heating.

2. Density Limit and Marfe Limit

Fig. 1, in the form of a Hugill diagram, compares the DL of ohmic D2 discharges in the
original ASDEX divertor configuration DV-I with three different types of D2 discharges in
the new, hardened divertor configuration DV-II (each double-null) /3/:
(I) Ohmic discharges with uncoatod (non-bor.) vessel walls (B1 was varied at Ip = 460 kA);
(H) Ohmic discharges with boronized walls (L, and B1 were varied shot by shot: B1=Ip-0-64);
(HI) NI heated discharges (Pj0 = 1.15 MW, H°) under identical conditions as (II).

It is obvious from Fig. 1 that we must distinguish between low-qg and high-q,, discharges.
At qa < 2.6, when the q = 2 surface comes close to the plasma boundary, the DL is
presumably determined by MHD instabilities and its q& dependence becomes quite complex.
With boronization, we get a DL minimum at O^ = 2.1 and a subsequent steep rise at qa close
to 2.0 (see Sec. 6). The phenomenon has already been obtained in ohmic D2 discharges in
the old DV-I configuration with titanium gettering in the divertor chambers /4/. In contrast to
low Q ,̂ at qa > 2.6 the DL is a limit to edge density governed by the power balance in the
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scrape-off layer and divertor plasma. In this Q3 range we observe the usual DL behaviour
(O6EL0Cq3-I-B1TR-). The DL of discharges with wall boronization is significantly higher than
with uncoated stainless-steel walls. The DL of NI heated discharges is above the correspon-
ding ohmic one, but increases much less than linear with heating power /5/.

In ASDEX, the density limit (DL) is determined in discharges where ne is linearly ramped up
by feedback controlled gas puffing (Fig. 3). The DL is defined as the maximum obtainable
density before the discharge disrupts. On the Q3 > 2.6 branch of the Hugill diagram, the DL
is always preceded by the fomation of a Marfe, a poloidally asymmetric, cold high-density
plasma near the inside boundary with high radiation capability. The Marfe begins when main
chamber radiation (RAD) sharply rises and deviates from the more or less linear increase
with H6. At medium (J3 values (the discharge with Q3 = 3.0 in Fig. 3 is a typical example) the
Marfe lasts very shortly and leads to an unstable discharge which disrupts after only a few
milliseconds. Therefore, it makes sense to define the Marfe Limit (MaL) as that critical
density where the Marfe starts to develop and the plasma becomes unstable. Fig. 2 compares
the MaL and the DL of ohmic D2 discharges with boronization in a Hugill diagram.

The MaL is reached when the CHI-line emission (977 A), monitoring the divertor plasma
temperature, continuously falling has dropped to almost zero intensity and the Da signal in
the divertor has saturated (Fig. 3). This means that a cold and dense plasma has established
in the divertor chambers. Shortly prior to the MaL, the loop voltage and thus the ohmic input
power, the line-integrated density ne and the volume-integrated main chamber radiation
(RAD) start to increase nonlinearly in time. However, at the MaL main chamber radiation
never exceeds 45 % of heating power,

3. Power balances and radiation scaling at the Marfe Limit

Fig. 4 gives the global power balance for a density scan in ohmically heated deuterium
discharges in the original so-called DV-I ASDEX divertor configuration. The ne plateau
value has been varied from shot to shot. At ne = 6.2 x 1013 cm'3, very close to the MaL (at
this low qa value of 2.7 identical with the DL), RAD is just 33 % of the heating power.
Since 35 % of the heating power are accounted for by the sum of divertor radiation (DIV)
and power deposition onto the target plates (DEP), the major fraction of the energy losses is
still guided into the divertor chambers (RAD and DIV are measured by bolometer arrays and
DEP by time-resolved thermography). The missing power in the balance becomes
substantial at the MaL and reaches 32 % of the heating power.

Fig. 5 presents the scaling of main chamber radiation (RAD) and divertor radiation (DIV)
with total heating power (PQH+PNI)- Heating power has been varied by changing Ip in
ohmic discharges and by adding neutral-beam heating. Three types of D2 discharges in the
DV-n divertpr configuration are compared (their DL has been shown in Fig. 1): ohmic
discharges with uncoated and with boronized walls and NI-heated discharges with boroniza-
tion. Data from three distinct levels of ne during ne-ramp shots are selected for Fig. 5: (1) ne
at the beginning of the ne ramp very far from the MaL, (2) ne at the middle of the ne ramp far
from the MaL8 (3) ne at the MaL. Only discharges with q,, > 2.6 are used because relation-
ships are different at lower Q3, as we will see in Fig. 10. At qa > 2.6, the power balance is
independent of the Cj3 value.

The DL campaign in the new divertor configuration and at different wall conditions con-
firms completely the results gained in the old divertor configuration. Both main chamber
radiation RAD and divertor radiation DIV scale linearly with total heating power (cf. Réf.
/6/). But, RAD increases from less than 30 % of the heating power at ne levels far from the
MaL to about 40 % when the MaL is approached. Reversely, DIV decreases from about
40 % far from the MaL to almost 20 % at the MaL for two reasons : firstly, the fraction of
heating power flowing into the divertor is smaller due to the larger part of main chamber the
larger part of main chamber radiation and, secondly, the fraction of this power flow lost by
divertor radiation becomes smaller, too, at the MaL.
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In Fig. 6, the data from Fig. 5 and total heating power are plotted versus density ne. The ne
variation has been obtained by taking three data points during each ne-ramp shot and by
changing the upper ne value at the MaL through Q3 variation from shot to shot. RAD increa-
ses almost linearly with ne. The RAD values at the MaL are slightly enhanced as compared to
far from the MaL. DFV over ne falls significantly when the discharge runs into the MaL. This
must be seen in conjunction with the power missing in the global power balance (Fig. 4).

The values of RAD over heating power for ohmic non-boronized discharges are only slightly
above those for boronized ones, because in the first case RAD and PQH are higher to the
same degree. The fact that DIV is a smaller fraction of PQH under less clean conditions (non-
boronized walls) is in agreement with our earlier findings that the bolometrically measured
divertor radiation DIV cannot be attributed to impurity radiation but mainly to neutral particle
emission by Franck-Condon dissociation and resonant charge-exchange /7/. Indeed, at that
time when the non-boronized discharges were performed, the built-up of neutral gas
pressure in the lower divertor chamber was reduced because by-passes to the main chamber
had not yet been closed.

4. Poloidal radiation asymmetries

The small over-proportional rise of main chamber radiation RAD with H6 at the MaL (Fig 3)
can be correlated quantitatively with poloidal radiation asymmetries. The radial cho 1-
intensity profile of an horizontally looking 19-bolometer array develops up/dov n
asymmetries during the ne-ramp of a DL shot ( Fig. 8(a) ). The profile then consists of a
symmetric and an assymmetric component with radiation enhancement in the lower plasma
half. In Fig.7, RAD of those ohmic discharges, for which the global power balance is given
in Fig. 4, is separated into three parts: (1) RADcentre (volume-integration over the inner
plasma half-radius); (2) RAD64Jg6 (volume-integration over the outer half-radius using only
the symmetric component of the chord-intensity profile); (3) Radiation enhancement in the
lower plasma half (obtained from the asymmetric component of the chord-intensity profile).
At ne = 6.2 x 1013 cm-3, very close to the MaL1 RADcentre is 5%, RADedge is 23.5 % and
local radiation from the lower plasma half is 4.5 %, alltogether 33 % of the heating power.
The symmetric part of edge radiation (RADe,jge) scales strictly linear with ne and, because
changes in the ne(r) profile shape are below 10%, also linear with edge density.

Further measurements employing bolometer arrays with different poloidal orientation and at
different toroidal position locate the radiation enhancement of ohmic discharges inside a =
40 cm and at the bottom of the main plasma and around the entire toroidal circumference.
Though it is observed in the plasma interior, the asymmetry is connected with the X-points,
because the asymmetry vanishes when the plasma is shifted from the lower X-point. In this
context, it is important to note that the viewing-chords to the X-points pass through the main
plasma, so that neutral particles from the X-points are absorbed on the way to the
bolometers. The divertor necks are not monitored at all by bolometers. Therefore, it cannot
be excluded that the measured radiation enhancement at the plasma bottom is only the 'tip of
the iceberg', the small evident part of large power losses due to high recycling in the X-point
region. This could explain part of the missing power in the global balance.

5. Marfes

Poloidal radiation asymmetries play an essential role in the formation of Marfes. In Fig. 8,
the chord-intensity profile of an horizontally looking bolometer camera indicates con-
tinuously growing radiation enhancement in the lower plasma half during the ne-ramp of a
DL shot. When this process has proceeded far enough, the asymmetry spreads and moves
from the plasma bottom to the plasma inside (centre-chord of the bolometer array) within
60 ms and, finally, a very strongly radiating Marfe builds up at the inside of the main plasma
within a few milliseconds. The thermal instability tenninates the discharge. Fig. 8 makes
evident that the origin of the Marfe is the poloidal radian >n enhancement, which is small as
long as it is located at the plasma bottom, but which steadily develops until it triggers the
Marfe.
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Since ASDEX is boronized, we observe more frequently discharges in the very high qa
range developping a quasi-stationary Marfe phase with high main chamber radiation and low
energy flow into the divertor. Fig. 9 shows the time history of such a discharge at qa = 5.9.
Prior to the Marfe, the CHI line intensity in the divertor decays indicating that the divertor
plasma cools down with rising density. When divertor plasma reaches temperatures of only
several eV, a sudden transition into a discharge phase with Marfe occurs. The transition is
characterized by a steep rise of main chamber radiation RAD and a sharp drop of the energy
flow into the divertor, as can be seen from the divertor radiation signal DIV. But, the
subsequent Marfe phase is quasi-stationary, ne grows steadily and reaches much higher
values (at the DL) than in the pre-Marfe phase (at the MaL).

In the Marfe phase, the discharge is in a different state than before the Marfe. The plasma
parameter scalings presented in Figs. 5 and 6 for the pre-Marfe phase are rid more valid, as
can easily be seen from the signal jumps in Fig. 9. Main chamber radiation RAD, measured
by bolometer tomography and thus corrected for poloidal radiation asymmetries, is about
70 % of the heating power during the Marfe and thus twice the value of the pre-Marfe phase-
But it is not 100 % as reported from other experiments /1/. Divertor radiation DIV is 9 % of
the heating power during the Marfe and is more than halved as compared to the value at the
MaL. However, the energy flow into the divertor is not zero, there is still a rest energy flow.

The DL of discharges with Marfe fits quite well to our understanding of the DL, that it is an
edge density limit. An edge model / 8,9 /, describing satisfactorily the general behaviour of
the ASDEX DL, is based on one-dimensional classical heat conduction along field lines in
the scrape-off layer. Boundary conditions are given by the heat flow into the scrape-off layer
(PSOL) and by the power deposition onto the target plates, which is described by an
electrostatic sheath model. Energy losses due to divertor radiation and ionisation reduce the
power deposited onto the target plates. Considering also the momentum balance along field
lines, one gets an expression for the separatrix density (nes) at the plasma midplane as a
function of the plasma temperature in front of the divertor target plates (Ted)- m tms relation,
there is a maximum nes defining the DL at low Tecj in the 5 eV range. This nes cannot be
exceeded without violating the power balance of the divertor plasma. Enhanced radiatioa
power losses at the plasrru. edge by the Marfe reduce strongly PSOL (heating power minus
main chamber radiation), \ccording to the equations of the edge model, a reduction of PSOL
results in a decrease of ne, /10/. And indeed, experimentally the ratio nes/ne is found to be
considerably lower during Marfes as compared to pre-Marfe phases /11/, i.e. the ne pro'''e
exhibits strong peaking during Marfes. In line with the results of Réf. /2/, the reduced edge
density and the ne profile peaking during the Marfe are correlated with higher ne values than
before the Marfe.

6. Low-qa discharges at the Density Limit

The minimum of the Murakami parameter at qa = 2.1 (Fig.l) has been found over a large
parameter ranges: in ohmic D2 discharges in the old DV-I configuration with titanium
gettering in the divertor chambers, but also in D2 discharges in the new DV-II configuration
with boronized vessel walls under ohmic and NI-heating conditions /12/. It is obtained in
both cases ofqa variation, in Ip and Bt scans, i.e. it is a q,, effect.

Fig. 10 shows that the minimum of ne is associated with a minimum of heating power PQH
and main chamber radiation RAD. At Cj3 < 2.5, i.e. including the minimum, the scalii.:; of
RAD with H6 is the same as at qa > 2.7, in particular when for the high-qa discharges values
far from the MaL are considered. The RAD versus PQH diagram demonstrates that the qa <
2.5 discharges terminate already at a relatively low RAD / PQH level corresponding to that
obtained in qa > 2.7 discharges on the way but still far from the MaL. Obviously, the qa <
2.5 discharges disrupt before they reach the edge i^nsity limit. There is no indication in the
behaviour of global plasma parameters why discharges at low qa terminate so early and,
thus, cause a minimum in the Murakami parameter.
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7. Summary

With regard to the density limit (DL) in ASDEX, we have to distinguish between 1Ow-Cj3 and
high-Qa discharges. At Cj3 < 2.6, the DL is presumably connected with MHD instabilities. At
O3 > 2.6, the DL is a limit to edge density which again is determined by the power balance in
the scrape-off layer. Radiation power losses in the main chamber (RAD) reduce the power '
flow into the scrape-off layer (heating power minus RAD) and thus decrease the DL.
However, the DL is not caused by radiation power losses.

At q- > 3, the DL is usually preceded by a Marfe. Its onset defines the Marfe limit (MaL)
which is below the DL. The radiation behaviour at the MaL has been investigated in
ohmically and Nl-heated D2 discharges in two ASDEX divertor configurations with
uncoated and boronized vessel walls. Main chamber radiation RAD and divertor radiation
DIV scale linearly with total heating power. RAD increases from less than 30 % of the
heating power at ne values far from the MaL up to 40 % at the MaL. Contrarily, DIV
decreases from about 40 % far from the MaL down to 20 % at the MaL. The missing power
in the global balance becomes considerable at the MaL and can be of the order of 20 to 30 %.

At the MaL, RAD is slighdy enhanced over the linear scaling wiuTne observed far from the
MaL. This enhancement can be correlated quantitatively to poloidal radiation asymmetries.
The radiation enhancement in the lower plasma half close to the X-point region can be the
origin of a Marfe.

With boronized walls and only at extremely high qa values of about 6.0, ASDEX discharges
develop quasi-stationary Maries. During such Marfe phases, main chamber radiation is
almost doubled as compared to the pre-Marfe phase and attains values up to 70 % of the
heating power. The energy flow into the divertor is strongly reduced, divertor radiation is
more than halved to less than 10 % of the heating power. The DL of discharges with Marfe
is in agreement with our understanding of the DL as an edge density limit. Enhanced
radiation power losses by the Marfe reduce the power flow into the scrape off layer to such
an extent that it results in a decrease of plasma edge density and a peaking of the density
profile.

We do not find any indications in global plasma parameters why discharges around q, = 2.1
terminate before they reach the edge density limit and, thus, exhibit a minimum in the
Murakami parameter. The minimum is not caused by radiation losses.
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Fig. 1: Hugill diagramm for different .types of
ASDEX discharges: Ohmic D2 discharges in the
original divertor configuration DV-Iand and in
the new configuration DV-H, each with uncoated
walls, in DV-n with boronized walls and, under
identical conditions, with NI heating (for plasma
parameters see Fig. 5).

Fig. 2: Marfe limit (MaL) and density limit (DL)
for ohmic D2 discharges in DV-n wim boronized
walls (DL curve is identical with Fig 1.).
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Fig. 4: Power balance versus ne for ohmic D2
discharges in DV-I with uncoated walls: main
chamber radiation (RAD), divertor radiation
(DTV) and target plate deposition ODEP).
(Ip = 42OkA, qa = 2.7)

Fig. 3 (left): Time history of various plasma
parameters during a DL shot with ng-ramp.
(Do, Ip = 380 kA, qa = 3.0, carbonized walls)
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walls, Bt was varied at I_ = 460 kA;
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0-64 ;
(3) Neutral-beam heated D2 discharges (P^ =
1.15 MW, H°) under identical conditions as (2).

Data from three distinct levels of ne during
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Only discharges with O41 > 2.6 are used.

Fig. 7 (right):
RAD from Fig. 4, separated in RADcentre (O to
22 cm), RAD6Jg6 (22 to 44 cm) and local
radiation enhancement in the lower plasma half.
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profile during the ru-ramp shot from Fig. 3:
(a) Development or up/down asymmetries;
(b) Growth of a Marfe on the plasma inside,
observed on the central bolometer channel
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Fig. 9 (left): Evolution of plasma parameters
during a discharge forming a Marfe at 1.18 s.
(D2, Ip = 227 kA, (J3 = 5.9, boronized walls)
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BIFURCATIONS AND THERMAL STABILITY

OF A RADIATING DIVERTED PLASMA

H. CAPES - PIvGHENDRIH, A.^SAMAIN, LP.JMORERA

Centre d'Etudes Nucléaires de Cadarache
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ABSTRACT

Bifurcations between thermal equilibria are shown to occur for a ID radiating layer

at constant pressure profile. The thermal stability of such equilibria is discussed in

connection with the radiative condensation instability. The influence of the impurity

density profile on the stability domain is also investigated.

1- INTRODUCTION

The topic of the paper is to determine every equilibria of a radiating edge plasma in

the frame of a simple ID model using fluid equations and without neutral sources. The

main objective is to trigger the onset at the edge of a cold and dense layer able to radiate a

strong fraction of the incident power flux coming from the hot plasma. The key

parameters are the incident fluxes (power flux from the plasma core and particle flux from

the wall), impurity species, concentrations and the boundary conditions used at the wall.

The basic equations are presented in section 2 both for ergodic divertor (ED)

configuration and axisymmetric divertor (AD) configuration. The possibility of

bifurcation is discussed in section 3 for equilibria labelled either by the particle flux or by

the pressure at the wall. The thermal stability of such equilibria is next investigated in

section 4. We show in section 5 the influence of impurity density profile on the thermal

stability. Though the formalism is applicable to ED and AD configurations, the numei ical

applications are only devoted to ED configuration of TORE SUPRA.
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2- MODEL

We start from steady fluid equations describing particle, momentum and heat

consewatiorTalongfand perpendicular to the field lines

V. (nV/ / -DVjn) = 0 (1)

mn V//. V//V// + 7//P-VjT]V1V// = O (2)

V - fan + <t>J = - Prod (3)

Here n, T are the plasma density and temperature, P = 2nT is the total plasma pressure ;
V// is ';he ion velocity along field lines ; D arid TJ are respectively the transverse particle

diffusion and viscosity coefficients ; Prad is the power radiating by impurities ; ̂ j. is the

perpendicular heat flux ; for the parallel heat flux we take <|>// = - %// V// T were %// is the

classical heat conduction coefficient ; m is the ion mass. For an ED configuration, the
previous equations must be averaged due to the field line ergodiciry [I]. In the case of a

subsonic fluid, Eqs.(l, 2) lead to a ID particle conservation equation

Vx(-DergVxP-DVxn) = 0 (4)

where Derg = Vthi DQL (v^ = 2T/m ; DQL = 2rcqR (d B/BJ 2 ). If Derg > D Eq. 4 is

reduced to V1 P = cte. This case is similar to the usual situation for open field lines (AD

for instance) where if there are no particle source, the plasma pressure stays constant
along field lines.

The energy equation for ED case is reduced after averaging to the following ID
equation

(5)

where the transverse heat flux is expressed in term of an effective transverse heat
conduction coefficient %erg taking into account both the perpendicular and the parallel

diffusion [2]

For the AD configuration, 2D equations are involved. However if the perpendicular heat

flux can be neglected compared to the parallel one, we recover an equation similar to the

one valid for ED configuration but with a different heat conduction coefficient

(to/ = -111 V// T).
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Finally both for ED and AD configurations a ID transport model can be used. Then

we consider a ID plasma layer where the flux lines are diverted from the core plasma

(x = xi) to the wall (x = XQ) with the following equations

P(x) = cte (7)

-1 -Vp

— <|>(x) = -Pray, <t>(x) = -ax//— (8)
3x dx

Here x is the radial coordinate for ED configurations and the abcissa along the field line
for AD configurations ; (a = 2jt (S B/B)2 for ED and a = 1 for AD). The boundary

conditions consist of a given heat flux at the plasma core <|> (x = XI) = <)>i and of the sheath

conditions at the wall

<t> (x = X0) = (I)O = Yr0 T0 (9)

(10)

where MQ = M, the Mach number in AD case and MQ = M SBfB in ED case ; y is the

sheath potential.

As particle sources are neglected, the ionisation mean free path is assumed to be
smaller than the width of the radiating layer. In that case, the particle flux FQ is given by a

particle balance relation TQ = rext/(l - R) where rext is an external gas puff and R the wall

recycling coefficient.

3- EQUILIBRIUM

Integrating Eq.8 between the last closed magnetic surface and the wall, we get a

moving body type equation which links the temperature and the heat flux at the wall.

1(J)0
2+ W(T0) = 1(J)1

2, (U)

{
Tl*= xi)

Prad(T)x//(T)dT (12)

'o
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The function W(To), which can be interpreted as the potential energy of a moving body at
the velocity (J)Q, depends both on the radiation losses and on the conduction coefficient. It

depends also on the temperature at the last closed magnetic surface T(x = KI) which in

turn must be determined by performing a second quadrature. However it can be easily

seen that when T(X = KI) is sufficiently high, Prad (T = T(XI) ) is vanishing and W(To)

becomes independent of T(X = XI). This case which corresponds to the limit of a radiating

layer with an infinite width is of practical interest to understand the structure of
Eqs (9,11) which form a closed set of equations for TQ. As for a given value of (To, fyo)

the solution of Eq. (8) is unique, the number of solutions of the algebric equations

(9,11), gives in fact the number of steady solutions of Eq.(8).

Let us investigate the limit of an infinite radiating layer in the case where the

impurity density is proportional to the plasma density. Assuming HIMP = CRH and using

the coronal expression for the cooling rate function FR(T) we get, taking account of

Eq.(7),

Prad = CR P0
2FRdYTZ (13)

where PO is the plasma pressure at the wall. Due to the boundary condition (10), PO and
TO are linked together. Moreover FQ is an external parameter which can be fixed

arbitrarily. It can be kept at a constant value when TQ varies or adjusted in such a way to

keep constant any combination (no TQ) when TO varies.

Let us first assume that FQ is kept at a constant value when TQ varies, then Eq.(l 1)

becomes

aCRmT0
2T0 I FR(T)x(T)/T2dT (14)i

The structure of Eq.(14) is seen on Fig. 1 for a single peaked radiating function. At least,

always one equilibrium exists and if the profile of the cooling rate junction is sufficiently
peaked, three equilibria can occur for the same value of the input flux <j>i. This case has

been extensively discussed in [3] for oxygen and carbon impurities. The values of TQ for
oxygen are plotted on Fig. 3, in function of T* = <h/7Fo, for several values of

a* = CR %/(My)2. (Note that if there were no impurity we get TQ = T*). The curves

show that above a critical impurity concentration two bifurcation points occur. It is
interesting to remark that 0i and TQ play a similar role, since a transition between a cold

and hot plasma can be carried out either by increasing <j>i, or decreasing TQ. Such a

behaviour is experimentally observed in a Detached-Attached transition [4,5].
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The Fig. 3, shows also that the exisisnce of a bifurcation allows to keep a low edge

temperature even at high power flux or low particle flux. The bifurcation points depend
on a* andjire plotted on .Fig._4 in the plane (a*, T*)._ The space is divided in two

regions. Between the two curves representing the bifurcation points, three solutions are

found while only one solution is found outside this domain.

Let us now assume that TQ is adjusted such that PQ is kept at a constant value when
TO varies. In contrast with the previous case where equilibria were labelled with TO,

equilibria are now labelled with PQ. The structure of Eq.(ll) is shown on Fig. 4. No

equilibria exist if

<t>2<2P0
2ccCR | FR(T)x(T)/T2dT?0

2aCR

JO

but as in the previous case, three solutions can occur, depending on the shape of the

cooling rate function. Numerical solutions of Eq.(l 1) are plotted on Fig. 5. The steady
solutions depend on two parameters a** and T** which have basically the same physical
meaning as the previous parameters a* and T*. For a given value of

a** = CR %/(My)2A (with A = PQ/P, where P is a reference value) there exist two

bifurcation points. Between these two points three solutions are found. Below a threshold
value of T** no equilibria exist. Bifurcation and threshold points depend on a** and are

plotted on Fig. 6. The plane (a**, T**) is divided in 4 regions labelled I, H, III, IV with

respectively 0,1,2,3 solutions. We note that region IV exhibits one steady solution with

a low temperature at tue wall even for high T** value.

In the general case where the radiating layer has a finite lenght, the shape of the
equilibrium curves To(T*) or To(T**) is not drastically changed. This point is illustrated

on Fig. 7 where two equilibrium curves are compared for two different layer lenghts

L = 0.1 and L = oo. The temperature profiles are plotted on Fig. 8 for two values of the

wall temperature TO corresponding to the point (1) and (2) of the Fig. 7. It is interesting

to note that the profile (2) for which the derivative dTo/dT** is positive, exhibits a strong

edge gradient, compared to the profile (1) for which dTo/dT** < O. As we shall see in the

next session the case (1) is thermically stable and case (2) instable.
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4- THERMALSTABILITY

The knowledge of the number of thermal equilibria partially determine their stability

by specifying the possibility of bifurcations. At the bifurcation point, the growth rate of

the perturbation is zero and then the stability is marginal. No general statement can be

done away from the bifurcation points except if the linearized perturbed equation is

hermitian. It is possible to show that if the conduction coefficient does not depend

explicitly of x and if the pressure perturbation is negligible, then the linearized perturbed

heat equation is hermitian. We then investigate the thermal condensation instability [6] for

which the perturbation growth rate is smaller than the sound wave frequency. In that case

sound waves flatten the pressure along field lines and the pressure perturbation can be

neglected. In order to study this instability, it is convenient to start from our previous

equilibrium classification where equilibria were labelled by PQ. For these equilibria it can

be shown that the sign of the growth rate 7 of perturbations such that SPo = O is given by

Sign y= Sign (dTo/dT**) (16)

As a consequence the cold solutions of region IV in Fig. 6,7 are stable and the stability

domain is delimitated in one side by a condition of equilibrium existence (see Eq. 15) and

in other side by a bifurcation condition.

5- EFFECT OF THE IMPURITY DENSITY PROFILE

Let us now investigate the role of the impurity density profile on the stability

domain. In addition to the constant density profile two different density profiles with the

same average value in the layer have been used successively

HIMP = (5 -4 (X0 -X) /L) /3,

and . H1MP = (1+4 (X0 -X) /L) /3.

The curves plotted on Fig. 9, 10 show that the cold, stable solution becomes accessible at

high power only if the impurity accumulates at the wall. In the contrary (Fig. 9) if HIMP is

assumed to decrease to the wall, the cold and stable solution vanishes at high power,
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6- CONCLUSION

We have shown that an edge radiating layer exhibits generally multiple steady states

with possibilities of thermal bifurcations. The number of equilibria depends on the

parameters (particle flux, pressure at the wall...) which are controlled when the wall

temperature varies. The main result is the existence at high power of a cold, radiating

solution, stable to the radiative condensation instability. The calculation shows that this

solution becomes accessible at high power only if a strong impurity accumulation occurs

at the plasma wall.
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FIGUREl

Structure of Eq. 11 when FO is fixed.
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FIGURE 2
Variation of TQ (T*) for a* = O ; 0.1 ; 0.25 ; 0.5 for oxygen when TQ is fixed.
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FIGURES
Bifurcation point TQ (T*), versus T* when FQ is fixed.

Inside ihe two branches the heat equation admits three steady solutions.

FIGURE 4

Structure of Eq. 11 when PQ is fixed
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FIGURE 5
Variation of TO (T**) for a = O ; 0.05 ; 0.15 for oxygen when PQ is fixed

(A = P0 /n T with T = 10 ev and n = 1019 nr3).
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FIGURE 6
Number of steady solutions in the plane (a**, T**) when PQ is fixed.

The region I, H, HI, IV have respectively 0,1, 2 and 3 steady solutions (oxygen impurity).
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Comparison of TO (T**) for oxygen impurity for two lenghts of the radiating layer ;

L = OO ; L = 0.1m
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FIGURE 8
Temperature profile in the radiating layer for two different edge temperatures

(see points (1) and (2) on the Fig. 7).
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FIGURE 9

Variation of TO (T**) for oxygen with different impurity density profiles :

(1) niMP = CR n ; (2) nmP = CR n (1 + 4 (X0 - X)/L)/3 ;

(3) HIMP = CR n (5 - 4 (X0 - X)/L)/3 (n = 10« m-3)
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FIGURElO
Number of steady solutions in the plane (a**, T**) for HIMP a (1 + 4 (X0 - X)/L)/3
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Boundary Radiation and Plasma Stability in

Currentless Confinement Devices*
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The stability of plasmas in currentless confinement devices, such as stellarators, is strongly

dependent on edge radiation1. In general, when the radiated power in the Advanced

Toroidal Facility (ATF) exceeds approximately 30% of the input power the electron tem-

perature begins to decrease to the point where plasmas become radiatively unstable. The

radiated power rapidly increases to almost 100% of the input power, and a marfe-like

feature develops at the inner wall. Several studies of the radiation, with emphasis on the

peripheral emissions, have been performed to understand these phenomena. Extensive get-

tering has also been performed to reduce the low-Z radiation and to improve the plasma

performance. The gettering has reduced the low-Z impurity content to the point where it is

possible to inject controlled amounts of neon, which is then the dominant radiating species,

in order to study the dynamics which lead to the collapse. Changes in electron temper-

ature profiles, density and temperature fluctuations at the edge, and impurity transport

have been documented during neon puffing. Analysis of the interplay among these several

phenomena promises to aid in understanding the viability of strongly radiating edge layers
in toroidal devices.

* Work sponsored by the Office of Fusion Energy, U. S. Department of Energy, under

contract No. DE-AC05-840R21400 with Martin Marietta Energy Systems Inc.

* Permanent address, CIEMAT/EURATOM, Madrid, Spain
1 R. C. Isler, E. C. Grume, L. D. Horton, H. C. Howe, and G. S. Voronov, Nucl. Fusion

29 (1989) 1381.
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AUXILIARY HEATING IN DETACHED PLASMAS IN TEXTOR.
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1. INTRODUCTION

Well below the density limit, the plasma in a limiter tokamak leans onto, i.e. is

attached to, the limiter. When, for otherwise constant machine conditions, the density is

increased, the plasma starts to detach, i.e. a pronounced reduction in ne and T6 at the edge

develops resulting in penetration of wall released neutrals to smaller plasma radii leading to

an inward shift of the ionization and, possibly, of the radiation layer surrounding the

plasma. Earlier work can be found in [1-7]. The present paper compiles a number of

observations made when applying ion cyclotron heating in TEXTOR under detached plasma

conditions.

Section 2 is devoted to the characterisation of detachment and a description of the

conditions under which it occurs. It is shown that gas puffing is quite efficient in provoking

detachment. It is found that the sensitivity of various "detachment monitors" in quantifying

the phenomenon can be quite different, especially during transition phases.

The profound changes in the density profile and, to a lesser extent, in the electron

temperature profile are discussed in section 3. Here, the importance of the relative timing

of the heating and gas pulses is also indicated.

Section 4 deals with confinement aspects. It is found that, like in ohmic plasmas, the

energy confinement time is found to be lower than in attached plasmas with the same limiter

radius and the same line density.

A concluding discussion is finally given in section 5.

Research Director at NFSR, Belgium
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2. CHARACTERISATION OF DETACHMENT.

The first part of the present paper describes the main features of detached plasmas

obtained on TEXTOR with ion cyclotron heating (ICRH). The tokamak runs under all-carbon

conditions : carbon limiters and a carbonized Inconel liner. The device parameters for the

experiments reported here are: limiter radius a = 46 cm, R = 175 cm, BT = 2 T1 Ip = 260
kA, 1.5 x 1013 < ne < 4.5 x 1013 cm-3 , OB < Te,o <15 keV. The limiter and liner

temperature is 350 C.

Detachment is obtained in all cases by controlling the gas puffing rate. This is

illustrated in Fig. 1, where 1.0 MW of ICRH is applied to an already detached ohmic

discharge from t » 1.1 s on, while the gasfeed rate Q was changed as shown. Henceforth we
refer to this as discharge I. Also shown is the time evolution of ne , PRF and the diamagnetic

energy E<jia- Figure 2 shows different signals which have previously been invoked to

characterize detachment: (i) y =Prad/Ptot. where Prad is the radiated power, mainly

emitted from the boundary region, and Ptot the total input power (PRF + the remaining
POH); (ii) CRP > the radius of the maximum of the radiation profile [3]; (iii) rpp, the

position of the maximum of Da emission [5,7]. Contour plots of the normalised ne and Te

profiles, still for the same discharge, are finally shown in Figs. 3, (a) and (b) respectively.

The limiter in this discharge is a poloidal one, situated at the bottom of the machine.

One can identify several phases in this discharge:

(i) The detachment of the ohmic phase can be recognised from the location deep inside the

plasma of both the radiation and Da peaks.

(ii) At switch on of the ICRH (t = 1.1 s) the plasma detaches further, presumably as the

result of gas influx from the walls. Prominent is a central flattening of the density profile,

(iii) By means of the gas puff, the plasma is maintained in a more or less stationary state of

detachment until t = 1.7 s. The characteristics are low values of TRP and rop and a

contraction of the density profile. Note, however, the central flattening of ne(r).

(iv) After closing the gas, the plasma reverts to attachment according to TDP and the

fanning out of the contours of ne. Judging from TRP, the plasma merely transits to a

somewhat less detached state.

The last phase in particular illustrates that detachment is a complex phenomenon,

having various degrees of intensity which are hard to quantify by a single parameter. A

further example is shown in Figs. 4 to 6, showing the same material as presented in Figs. 1-

3 for another discharge (referred to as II), the only difference being a shift in the timing of
the gas injection which now occurs from 1.5 to 1.9 s. The traces of ne and Edia display a

positional instability which will be discussed below. One can recognize several phases
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positional instability which will be discussed below. One can recognize several phases
already found in the previous discharge. The ohmic detachment is followed upon RF switch on
by an even stronger one. After this transient phase, the plasma attaches to the limiter
according to all monitors. When the gas puff is applied, there is an immediate response
revealing several characteristics of detaching: decrease of rpp, contraction of the electron
temperature profile, and flattening of the central density profile. However, rpp and the
outer ne profile only exhibit the equally characteristic rpp decrease and ne contraction with
a 250 ms time delay. After closing the gas, the plasma reverts to attachment as seen from
the density contours and rpp, but less convincingly from T6 or rpp.

These two examples show that going to or coming out of detachment can be quite
differently appreciated by the detachment monitors. The reaction of the density and
temperature profiles appears also to differ both in character and in time at the edge or in
the centre of the plasma.

3. PROFILES AND FUELLING RELATEDTODETACHMENT.

Characteristic differences, also observed in OH plasmas, exist between the density
profiles of detached and attached plasmas. Figure 7 shows the normalised profiles at t =
1.16 s, 1.48 s and 1.88 s for discharge II. The density scale length, defined as the ratio of
half of neo over the mean gradient between 0.1 neo and 0.9 neo, increases from typically
17.5 cm at the HFS and 13 cm at the LFS in the detached states to resp. 29 cm and 20 cm in
the attached ones. These results are not only the consequence of the profile contraction
typical for detachment but also of a concomitant flattening of the central part. Also clearly
shown is the density depletion in front of the limiter in the case of detachment. It should be
noted however that in these same discharges the density deep in the scrape-off layer (r > 50
cm) can be significantly larger in detached plasmas then in attached ones.

The electron temperature profile exhibits similar, though weaker (constraint by
profile consistency), tendencies towards higher scale lengths in attached plasmas. Maximal
changes of about 20 % have been noted.

Gas puffing appears as a convenient means to provoke detachment. The exact timing of
the gas injection might be important. In Fig. 8 we compare for instance the total number of
electrons in the torus N|0t for the two previous discharges ( (a) = I and (b) = II) and a

third one (c) where no extra puff is applied. Also given are the related rRP data. A difference
of about 70 % in the density gain relative to case (c) is found between cases (a) and (b).
Achieving the higher density of discharge I also in case Il would have required a higher
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gasfeed rate and presumably would have led to a stronger detachment. The discrepancy might

be due to a difference in wall fuelling on account of the different time histories of both

discharges. The existence of more than one states of density per (Q, input power) pair is also

found in OH plasmas, e.g. in connection with the IOC regime [6,8].

4. DETACHMENT AND CONFINEMENT.

In an earlier study [7] it was shown that detachment lowers the confinement time TE of

OH plasmas with respect to the optimal one that can be achieved for a given limiter aperture

at the same line integrated density. The optimum tends to correspond to an unsaturated Neo-

Alcator scaling. Practically this means that the TE of detached plasmas in a (TE , n~e) plot lie

below the straigth line corresponding to the NA-scaling at a distance which is proportional to

the intensity of the detachment.
For auxiliary heated plasmas it is more handy to use an (E - E0-J3, ne) plot, since the

effect of the loop voltage on the value of the confinement time is now dwarfed by the much

higher auxiliary power. Possible dE/dt corrections to TE amount to less than 10 % for the

discharges treated here. Figures 9 and 10 show in such a (E, ne) diagram the trajectories of

discharges I and Il respectively. Time markers are indicated every 100 ms to ease the

cross-reference to Figs. 1-6. The interrupted line denotes the contour of the maximum

energy obtained at the same ICRH power in these and similar discharges of the same series.

The difficulties indicated in § 2 concerning the identification of detachment tend to obscure

the causality between detachment and decreased confinement and might be the reason for

sometimes conflicting conclusions. However, the intervals t = 1.3 to 1.7 s in discharge I and

t = 1.8 to1.9 s in discharge Il correspond to stationary phases of unambiguous detachment

and lie nearly equidistantly below the optimum energy line. Conditions close to the

interrupted contour are all attached according to the rrjp critérium and correspond to less

detached plasmas following rpp.

The deterioration of the confinement by detachment might be related to the observed

changes in density and temperature scale lengths. A quantitative study remains however to

bemada.

5. DISCUSSION.

The application of ICRH to an already detached plasma leads first to a transient phase of

stronger detachment followed by relaxation to attachment. Gas puffing is more beneficial

when done before the reattachment is complete (see § 3). Gas feed coincident with the RF
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switch-on leads however quite often to disruption because of a destructive interference with

the initial transient leading presumably to q(edge) = 2. With the above proviso, it is

appears feasible to sustain detached auxiliary heated plasmas in which a substantial fraction

(60 % or more) of the input power can be uniformly radiated away. In this respect further

work appears to be needed to establish the relation between the amount of contraction leading

to say 80 or 90 % of radiation and the concomitant amount of confinement reduction. A

limited contraction and TE reduction might be an acceptable price for rendering the exhaust

of power more uniform.

A further operational difficulty in TEXTOR appears to be the occurrence of a positional

instability. The horizontal plasma position control is usually made interferometrically by

maintaining roughly speaking equal densities at R - 175 -t 30 cm. During the transition

phases where the density profile undergoes the changes described in § 3 and which mostly

affect this control zone, an oscillation of the position is quite often encountered.

Learning to operate under detached conditions appears also useful to achieve attached

plasmas at densities which are only accessible by passing through a detached phase of strong

gas puffing as is the case e.g. in the later stages of discharges I and II. Confinement times as

high as 1.6 times Kaye-Goldston are achieved in these particular discharges.

Finally, it is also important to recall that, when a plasma goes from detachment in an

ohmic phase to attachment during auxiliary heating, a substantial amount of extra

incremental energy can be obtained [6].
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FIGURE CAPTIONS.

Rg. 1 Time evolution of tho gasfeed rate Q, the line density n e and the diamagnetic energy

Edia for ICR heated discharge (PRF - 1 MW).

Fig. 2 Time evolution of the radiated power fraction y> tne radius of the maximum of the

radiation profile rpp and the radial position of the maximum of DOC emission rpp,

or the discharge of Fig. 1. The trace is interrupted at the RF switch-on because of

lack of relevance of the parameter in this transient phase.

Fig. 3 Contour plots of the normalized density (a) and electron temperature (b) profiles

pertaining to Fig.1. For Te only the inner half of the profile is available.

Rg. 4 Time evolution of the gasfeed rate Q, the line density n~e and the diamagnetic energy

EdIa for ICR heated discharge (PRF - 1 MW). The oscillation on the signals is the

result of a positional instability.

Fig. 5 Time evolution of the radiated power fraction y, the radius of the maximum of the

radiation profile rpp and the radial position of the maximum of Da emission rDp,

for the discharge of Fig. 4.

Fig. 6 Contour plots of the normalized density and electron temperature profiles pertaining

to Fig.4.

Rg. 7 Density profiles at t = 1.16 s, 1.48 s and 1.88 s in discharge described by Figs. 4-

6.

Rg. 8 Time evolution of the total number of particles in the plasma volume Ntot and of rqp

for discharges only different by the gas feed programming.

Rg. 9 Trajectory in (E, Tf6) diagram of discharge I (Figs. 1-3). Time markers are given

every 100 ms.

Fig.10 Trajectory in (E, ne) diagram of discharge Il (Figs. 4-6). Time markers are given

every 100 ms.



- 149 -

60-

40-

e-

20- 2 Q[Q-Uj
*-l

\ Q ICRH

0.6 10 1.4
t[s]

1.8

-4

-3

m
-2 1E

m

IC

rO

2.2

Figure 1



ana ono o

- 150 -

rRP

[cm]

1.0
.8-

.6-

A-
.2-

25-
30-
35"

45-

rDP

[cm] 40-

45-

0.6 1.0

H 1 1-

1 1 h

1.4

Ms]
1.8 2.2

Figure 2



Structure OfEi1,11 when PQ is fixed

- 151 -

R
[cm]

[cm]

CONTOSjRLINES OF

120

0-

-10-

-20-

-30-

0.6

CONTOURLINES OF T6/T60

1.0 1.4
t[s]

1.8 22

(Q)

(b)

Figure 3



- 152 -

J£

O

Figure 4

- 167 -



- 153 -

1

1.0

,8

.6

.4-

.2-

25-
30
35-
40-
45-

35
1DP

[cm] 40

1RP

[cm]

45-1

0.6 1.0
I

1.4

t [S]

Figure 5

- 168 -



- 154 -

CONTOURLINES OF ne/neo

Ri
km]

240-

20OH

160-1

120-
0.6

Hs]
1.0 ' U ' IB ' 2.2

[cm]

CONTOURLlNES OF T6/T60

0.6 1.0 1.4 1.8 22

Figure 6

- 169 -



- 155 -

1- neo

_ L_
—1.16s

1A8s
1.88s

OS-

120 140 160 180 200 220
Rlcm]

Figure 7



- 156 -

25-
30-

JS-
40-
45-

2-

(Q)

^v y
(U

(Q)

0'.6

Q —
r

,(Q) (bMd

IS" 1.4
t[s]

(b)
n

1JB

q
d

22

Figure 8



- 157 -

50-

40-

E
IkJ]

30-

20-

Figure 9



- 158 -

50-

40-

E
IkJ]

30-

20-

Figure 10



- 159 -

MARFES AND DETACHED PLASMAS ON TORE SUPRA

J.C. VALLET A.L PECQUET J.L. BRUNEAU H. CAPES B.DeGENTILE
T. FALL C. GIL W. HESS P. LECOUSTEY P. MONIER B. PEGOURIE

LRODRIGUEZ M. TALVARD

Association EURATOM-CEA sur la fusion
CEN Cadarache 13108 Saint-Paul lez Durance

ABSTRACT:

On TORE SUPRA the radiative losses, mainly due to carbon and
oxygen line emission ,are dominated by the edge conditions.So
far, ohmically heated helium and deuterium plasmas, limited by
the graphite inner first wall, are investigated. In these cases
three types of phenomenon are described:
- Attached plasmas,characterised by a strong asymmetrical
bolometric profile,
-Marfes located on the high field side above the midplane
-and detached plasmas with a symmetrical bolometric profile.
The signature of these phenomena is analysed on various space
resolved diagnostics. In particular the transition from attached
to detached plasma is accompanied by a strong peaking of
electron density, electron temperature and soft X-rays profiles
and by the reduction of H-alpha line emission in the region of
plasma-wall interaction. In Marfe and detached plasma phases
the radiated power is approximately equal to the ohmic power.
The thresholds for the various transitions (attached, Marfe,
detached plasmas ) are depending on the safety factor, the
Murakami parameter and the Zeff value. Detached plasmas are
obtained during dynamical phases i.e. gas puff, current rise or
current decay. Detached plasma.with an effective radius equal to
half the radius identified by magnetic code analysis, are
sustained for several hundred milliseconds.
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MODELLING AND
EXPERIMENTAL STUDIES OF

IMPURITY CONTROL IN JET X-
POINT CONFIGURATIONS

P J Harbour. R Simonini, J A Tagle, -
N Gottardi, M von Hellermann, M Keilhacker,
K Lawson, D O'Brien, J O'Rourke, R Reichle,

J Spence, DDR Summers, A Taroni, M L Watkins

• INTRODUCTION
t

• EXPERIMENTAL DATA

• BASIC PLASMA TRANSPORT MODEL

• COMPARISON BETWEEN EXPERIMENT
AND MODEL

• SUMMARY

Cadarache Workshop, 28th-30th May 1990
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INTRODUCTION

The aim of the study is to establish
consistency between JET experimental
data and a model for the edge plasma

The particular application is to JET Pulse
No. 15797 which has a short H-mode

This represents a first small, but essential,
step towards model validation

Cadarache Workshop, 28th-30th May 1990
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EXPERIMENTAL DATA

JET Puise 15797
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Cadarache Workshop, 28th-30th May 1990
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GEOMETRY

M It

1.5.

I. C

reciprocating
ngmuir probe

JET Puise 15797
at t = 51.51 s

Cadarache Workshop, 28th-30th May 1990
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W
v\ PROBE DATA

\
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Cadarache Workshop, 28îh*30th May 1990
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POWER BALANCE

Total Input

NBI
dW/dt

X-Point Radiation

Bulk Radiation

Total Radiation

Outer Target

"3rd Strike"

inner Target

Pfn/MW

nbi/MW
Wdu/MW

p°al/Mwd

3rd

7.3 + 0.7

7.0 + 0.7
2.2 + 0.5

1 .3 + 0.4

2.6 0.6

0.6 + 0.3

0.5 + 0.5

0.2 + 0.2

Test of Power Balance
— W 4. Dbu Ik
- ™dot ^ rrad target

7.3+0.7 = [2.2+0.5] + [2.6+0.6] + [(0.6+0.3) + (0.5+0=5) + (0.2+0.2)] MW

= 6.1+1.0 MW, which agrees to within the stated uncertainties.

Power to the SOL

- P3rdstr .1 MW

= Ptarget(inner+outer) + Pjjd = 2.1 + 0.5 MW

We have used PgQL = 3.0 MW and 4.0 MW as Input to the model.

Cadarache Workshop, 28th*30th May 1990
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BASIC PLASMA TRANSPORT
MODEL

• 1-1/2D model geometry (EDGE1D)

• classical transport model along magnetic
field with fluid equations for conservation
of particles, momentum and energy
(electrons, douterons, average/multi-ion
impurity species)

• impurity transport and radiation with a full
multi-species, non-coronal model

• Bohm boundary conditions at targets

• temperature and density profiles are
specified transverse to magnetic field

• 2-D Monte Carlo methods (NIMBUS) used
for neutral deuterium and impurities (C)

Cadarache Workshop, 28th-30th May 1990
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FORCES ACTING ON
IMPURITIES

• pressure gradient V p2

• electron thermoelectric Z2nzVTe

• deuterium thermoelectric 22 nz VTj

• deuterium friction n\ nz Z2 Te-3/2 (Vj - V2)

Impurity retention for:

ni Te-3/2 (V1 . V2) > (VTj + VT6)

-» high density
high flow
low temperature
low temperature gradients

Cadarache Workshop, 28th-30th May 1990
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ALTERNATIVE FORMULATION

Heat Transport Equation

__,
- + -n v T

Convection dominates conduction

~n v T I -r*n dT
> [-KOT5/2 -

k)

Cadarache Workshop, 28th-30th May 1990
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COMPARISON BETWEEN
EXPERIMENT AND MODEL

reciprocating
gmuir probe

JET Pulse 15797
at t - 51.51 s

Cadarache Workshop, 28th-30th May 1990
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TEMPERATURE PROFILES

Ion températures, T. / eV

électron température, T8 / eV

10 .

100 200 300 4« 500 600 700 800 700
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target

poioldal distance / cm Inner
target

Cadarache Workshop, 28th-30th May 1990
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DENSITY PROFILES
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IMPURITY DENSITY PROFILES
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RADIATION PROFILES

70-

45-

40-

55-

50

45

«0

B

30

25

20

15

IO

H H

Radiation / 1010 W m'2

•4- -4—
700

—4—

800

outer
target

100 200 KO «00 SOO 600

poloidal distance / cm
700

Inner
target

Cadarache Workshop, 28th-30th May 1990



- 177 -
JET

COMPARISON BETWEEN
EXPERIMENT AND MODEL
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DEUTERIUM FLOW

JET
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FORCE BALANCE ON
IMPURITIES

JET

SOO

thermal force due to Ions

thermal force due to electrons

electric farce

Impurity pressure gradient force
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Power Radiated from ITER and CIT by Impurities
J. Cummings, S. A. Cohen, R Hulse, D.E. Post, and M. H. Redi

Plasma Physics Laboratory
Princeton University, Princeton, NJ 08543

J.Perkins
Lawrence livermore National Laboratory

Livermore, CA
Abstract

The MIST code has been used to model impurity radiation from the edge and
core plasmas in ITER and CIT. A broad range of parameters have been varied,
including Zeff, impurity species, impurity transport coefficients, and plasma
temperature and density profiles, especially at the edge. For a set of these parameters
representative of the baseline ITER ignition scenario, it is seen that impurity
radiation, which is evenly divided between the edge and the core, can make a major
improvement in divertor operation without compromising core energy
confinement. Scalings of impurity radiation with atomic number and machine size
are also discussed.

I. Introduction

Though the presence of impurities in fusion plasmas is generally considered
detrimental because of adverse effects on global energy confinement and fuel
dilution, in at least one way, by radiating power from the edge, 0.9 < r/a < 1.0, and
scrape-off layer (SOL), r/a > 1.0, impurities can play a key positive role.* For
example, the ITER2 design specifies power deposition in the plasma of about 200
MW by alpha particles and up to 150 MW by auxiliary heating, burn-control,
current-drive or MHD stabilization systems. This power must be exhausted from
the plasma, either by highly localized charged-partide conduction to the divertor
plates or by more widely distributed radiation and charge exchange to the tokamak
walls and divertor plates. Simulations^/4 of the operating parameters for divertors
show a high sensitivity of the peak power load, the peak electron temperature at the
sheath, and the divertor erosion rate to the exhausted power, particularly that in the
ion conduction channel. Two-dimensional plasma edge simulations of the present
ITER design typically show that less than -100 MW of the power deposited in the
plasma must reach the double-null divertor plates (via conduction) to avoid
intolerably high power loads^ and erosion.6

Therefore, consideration must be given to exhausting energy by radiation.
Radiation from the core of the plasma, whether by bremsstrahlung, line radiation,
or synchrotron radiation, must be minimized because of the degradation of central
energy confinement time. But a large fraction of line radiation from impurities in
plasmas as hot and as large as ITER or CTT may be expected to originate in the edge
and SOL, where the lower ionization states predominate. The detailed effects of

May 17,1990
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various plasma parameters on the fraction of impurity-radiated power which
originates from the edge region are important.

To assess whether the impurity concentrations expected (and tolerable) in ITER
are adequate to cause greater than 100 MW of radiated power from the edge, we
have simulated impurity-radiation processes using a 1-d multi-species impurity
transport code.? Two generic ITER plasma conditions were studied: high density
and low density.8 These conditions are representative of ignited and steady-state
operation, respectively. Particle transport coefficients spanning the expected range
for ITER9/10 were used. These include diffusivities independent of radius, as well as
those monotonically increasing with r/a. Impurity convection (inward) was also
varied. A few simulations were made of neoclassical-type .impurity transport
commonly associated with the notion of strong impurity peaking on axis. For a
standard set of diffusion and convection coefficients, separate studies of radiated
power versus machine size and edge plasma temperature were made. A similar, but
more limited, study exploring impurity radiation from CIT was conducted as well.

We find that, in the ITER low density case, on impurity mix corresponding to
Zeff - 2.26 can radiate ~50 MW. High density operation, typical of ignition scenarios
in ITER, increases the radiation to ~250 MW. In both cases, about half of the
radiation comes from the small amount of Fe (0.05%) specified. For low inward
pinch velocities, a sizable fraction, typically 50%, of the radiation from each element
(except helium) does come from the edge. Larger pinch velocities yield greatly
reduced edge radiation. Edge temperatures below ~50 eV increase the line radiation
of carbon dramatically. CIT, with a Z^f of 1.65, radiates ~25 MW in our simulations
(as compared to 100 MW of expected alpha heating power), with roughly 30-40% of
that coming from the edge region.

The MIST simulations do not include a 2-d model of the SOL and divertor
regions. Because of the intense recycling, large impurity release rates, and low
plasma temperatures expected in these regions, further increases in impurity
radiation may be expected, as described in interim ITER reports, e.g., réf. 11. These
will, no doubt, make an impact on divertor operating conditions and plasma
stability, particularly near the density limit.*2'!3'1*

II. Methods and Inputs

Simulations of the radiation of various impurities were performed using the
MIST (Multi-Ionic Species Transport) code/which models radial transport of
impurity ions in a plasma with a cylindrical, axisymmetric geometry. The types of
impurity radiation processes included in MIST are recombination (including
dielectronic), bremsstrahlung, and bound-bound transitions. Charge exchange and
synchrotron radiation were not included. Though rate coefficients for the ionization
processes have been updated21, no new estimation of the associated accuracy of the
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radiated power has been made.

The fluxes of the various impurity ionic species are determined by the
equations T-. = - D Vnj + v HJ , and 3nj/9t = - VTj + Sj , where Tj and n, are the flux and
density of the jth ionic charge state of the impurity, respectively, and Sj is the net
source and sink caused by ionization and rr combination. The diffusion coefficient
for all charge states is D(r) = DAc + DAR OYa)DAREXP, where a is the separatrix radius
and also the radial position of the impurity source, (see figure 1). DAC, DAR and
DAREXP ^6 input parameters. For the HER simulations, they were varied in the
following matrix: DAC = 0.1, 0.3, 1.0, 3.0 m2/s; DAR = O, 2DAC; and DAREXP = 1.0. A
diffusion coefficient of ~0.4 n~/s is expected for ITER.9 For the OT runs, a constant
diffusion coefficient of 0.1, 0.3 or 1.0 m2/s was used.

The "pinch" velocity is described by v(r) = Cvr {-2D(r)[r/a2]}, where Cvr is an
input parameter. Cy, was set to either O or 0.1 for most ITER cases, although some
high convection runs were made, with Cn ranging from 1 to 10. CIT simulations
were made with Cvr set to 0.1 or 1. Experiments show a broad range of Cy1. values,
with the range 0-1 being typical,15 though values as high as 20 have been
observed.16 Generally, quiescent H-mode discharges have a large Cvr, while L-mode
and H-modes with grassy ELMS have a low Cyn Neoclassical transport theory results
in a value for Cy1. which is roughly equal to Z, the ionic charge of the impurity. 17
Our reference case for the ITER machine size and edge temperature studies was D(r)
= 0.3 m2/s and v(r) = O m/s, and our standard CIT choices were D(r) = 0.3 m2/s and

. The radial temperature and electron density profiles of ITER? required as input
for MIST were provided by the BALDUR code. ̂ 8 These were calculated using a
simple model of impurity radiation that assumed about 30% of the power being lost
as radiation from the edge region. The ion (both hydrogenic and impurity) density
profiles were determined by transport equilibrium of the impurity and
quasi-neutrality of the plasma. Two different BALDUR cases were selected: a high
density (ignition) case and a low density (non-inductive current-drive) case. For the
high density case, the ITER physics phase configuration (pre-August 1989) was
chosen. The low density case was chosen to simulate current-drive in the ITER
technology phase configuration. (The geometric size of ITER has since grown about
3% in major radius. The scaling of impurity radiation with changes in R and a is
discussed later.) The density profiles of both scenarios are flat, as is typical of
edge-fuelled H-mode plasmas. Since* the plasma cross section in MIST is circular,
the minor radius is chosen to give the correct pîssma volume. The parameters
describing the two FTER cases are as follows:
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Table 1. ITER Parameters

Parameter High density
R 5.8 m
a 3.18 m
V 1160 m3

Te(r) 24.9 [l-(r/a)2]i-5 +0.1 keV
<Tg> 10 keV
Tt(r) 29.9 [1 - (r/a)2]!-5 + O.l keV

12keV
1.67el4 [1 - (r/a)2]^ + 4.2el3 cm-3

1.4el4 cm'3

B 5.0 f
q(a) 3.2

Low density
5.5 m
2.72 m
800 m3

49.8[l-(r/a)2]i-s+0.2 keV
20 keV
69.8 [!-(r/a)2]!-3* + 0.2keV
SOkeV
8.3el3 [1 - (r/a)2]0.7 + 2.iel3 cnv3

7.0el3 on-3

5.3 T
3.1

There were two different plasma scenarios for CIT as well: normal H-mode
confinement and a peaked profile case corresponding to pellet injection. In either
type of run, R = 214 cm/ a = 93 cm, B = I lT and q(a) = 3.2 were used. The density
profiles of the two types of runs are described by:

= In6(O) - 1I6Ca)][I - (r/a)2]"+ ̂ (a), where

Parameter
u

Table 2. CTT Para

H-Mode Confinement
0.6
7.5614cm-3

5.25el4 cnr3

Pellet Injection
2.5
1.6el5 cm*3

9.5el3 cm-3

5.25614cm-3

The temperature profile for both CIT cases is described by the equation Te(r) =
[T6(O) - Te(a)][l - (r/a)2]1-5 + Te(a), where T6(O) and Te(a) were varied in the following
matrix: Te(0) = 15,20,25 keV; and Te(a) = 20,100,300 eV.

In both ITER cases, the 1/e decay length of the density in the SOL region was
Xne = 10 cm for the electrons and Xni = 15 on for the impurity ions. The electron

temperature decay length (see figure 1) was much shorter, A.Te = 0.24 for the low
density case and= 0.36 cm for the high, consistent with predictions from modeling.5
Below T6 = 7 eV the carbon radiation rate drops precipitiously.20 This results in a
very narrow region of line radiation in the scrape-off layer. For CIT, the scrape-off
layer parameters were XnI = X116 = 3 cm and Xq-e = 0.5 on.
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A higher resolution radial mesh was used in the outer plasma region (roughly
r/a > 0.8 where line radiation from the impurities is dominant,) than in the plasma
core. Scans over mesh size, described later, showed that our element-dependent
choices were adequate to discriminate individual ionization charge states near the
plasma edge, i.e., to Z = 4 for Fe.

Seven different impurities were studied for HER: helium, carbon, oxygen,
aluminum, iron, molybdenum and tungsten. In 1989, Al, Mo and W were not
planned for use in ITER; we chose to include them in this study because of potential
future applications. (W is now specified as the first option for the Technolgy Phase
divertor plate material.) The 1988ITER Z6Jf specification was 2.26, comprised of:

Table 3.1988ITER Zgff specification

Element
D/T
He
C
O
Fe

Conc(nj/ne)
.66
.10
.015
.005
.0005

Zeff
.66
.40
.54
.32
.34

The present Z6^ specification in ITER, described in Section IV, is density
dependent, ranging from about 1.7 in the high density case to 2.1 in the low density
case.

The elements He, C and Fe were included in the CIT studies. However, the CIT
design calls for a Zeff of 1.65, composed of D/T and 2.17% C only. But even in the
short pulses of OT, significant He buildup may occur, as has been studied in earlier
BALDUR simulations. 19 Radiation enhancement via Fe or Ne injection, examples
of non-recycling and recycling impurities respectively, is not currently planned for
CTT.

»
The impurity radiation calculations are done without ragard to concentrations

because the plasma profiles are fixed in the MIST code. All MIST code simulations
were run to steady state. Parallel losses and losses to the wall, both in the SOL, are
allowed by the code, and all losses are replaced by an influx of singly-ionized
impurities from a source at r = a which is adequate to maintain the prescribed
impurity concentration.

May 17,1990



- 188 -

III. Results

A. ITER
Figures 2a and 2b show an example of the steady-state radial profiles of

individual charge state and total impurity ion distributions for iron in HER. This
case used CVr = 0.1 and D(r) = 0.3 m2/s. The density profile is only slightly peaked,
since the impurity source is at the edge and the inward pinch is small. As expected,
the lower charge states show up only in the cooler edge region, the most abundant
ones being the He-like (+24) and Ne-like (+16) states. Figures 2c and 2d shows the
effect of altering the mesh size on total radiated power as well as that in the high
resolution area only. In all runs, the total number of mesh points is fixed. For most
runs, C a mesh size of 0.9 mm was used; for Fe a value of 1.8 cm was adequate.

Figures 3a and 3b show the radiated power for He, C, Al, Fe, Mo and W as a
function of diffusion coefficient and inward pinch for the two densities. The
volume-averaged impurity concentration was 1%. (The radiation from O, which is
not plotted, is nearly a factor of 2 times that of C and behaves similarly as a function
of diffusivity.) The general trends are described and explained below:

1. The higher Z impurities radiate more. As shown in figure 4, the total
radiated power is proportional to Z3, confirming, at higher electron
temperature and for non-coronal equilibrium, the Z3 dependence of
impurity radiation implied in Fermi's golden rule and noted earlier by
Ashby and Hughes for coronal equilibrium.14

2. Radiation is greater at higher D (when D(r) = constant), mainly because a
larger impurity influx is needed to balance the more rapid loss rate. A lesser
reason is that lower ionization states, which have more bound electrons
and are better radiators, are transported into hotter parts of the plasma.

3. The radiation level intercepts the D = O axis at the coronal equilibrium value.
A few extremely low D cases with carbon and iron impurities were run to
check the MIST code against coronal equilibrium models.20 C radiation
levels off when D < .01 m2/s at about 2/3 of its value at D = 0.3 m2/s, while
Fe radiation is constant for D < 0.1 m2/s. The values obtained are within
10% of the analytic evaluation of reference 20's coronal equilibrium
radiation rates when those models for collisional ionization were used. For
D = O, the newer rates21, employed in all the studies reported here, give
50% less radiated power for C but 10% more for Fe than the analytic
calculation.

4. Radiation when D(r) monotonically increases with radius is greater than
when D(r) = constant for the same reasons as in 2. Specifically, D(a) is three
times bigger in the monotonically increasing case, which means the
impurity influx from the odge source will be stronger.

5. The weak inward pinch slightly lowers the radiated power, since fewer
impurities are present near the edge.

6. The power radiated at low density is less than that of the high density case,
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mostly because the numbers of both impurity ions and electrons are fewer.

An additional consideration with respect to the sixth trend is that the smaller
plasma volume of the low density case will obviously contribute to the lower
radiation yield as well. This motivates the study of how radiated power levels will
scale with major and minor radius. In order to evaluate the dependence of core and
edge radiation on machine size, we performed additional simulations using C and
Fe in which the major and minor radius were varied in the following matrix:

R = 550,600,650 cm
a = 250,300,350 on

To approximate the amount of power radiated as bremsstrahlung versus line
radiation, a simple criterion was selected based on the location of the minimum in
radiation power density. All power radiated from the region outside that point is
called line radiation (Pi) and all radiation from within that radius is assumed to be
bremsstrahlung (PB). Thus, the dividing point between the bremsstrahlung and
line radiation regions is different for each impurity and depends upon the
temperature and density profiles of the plasma, although it is usually at r/a - 0.85.

One might expect that bremsstrahlung, emanating from the plasma core,
would be volume-dependent and thus scale as R a2 , and that line radiation, coming
mostly from the plasma edge, would depend on the amount of surface area
available and hence be proportional to R a. Of course, this second approximation
may not be good if the region of line radiation is fairly thick. But we can reasonably
expect that PT, ~ R ab, where Pj = PL + P8 and 1 < b < 2. Empirically, we found the
following scalings of radiated power with machine size:

Table 4. Scaling of radiated power with minor radius

High Density Low Density
Impurity Radiation Type Value of b
C PL 1.08

PB 2.05
PT 1.62

Fe PL 2.14
PB 1.85
PT 2.02

In general, medium-Z impurities like Fe radiate power levels which are
volume-dependent (PT - R a2). The line radiation region for C is confined more
closely to the wall, giving PT a weaker dependence on the minor radius. The high
density case has a plasma volume which is roughly 1.5 times that of the low density
case, but it yields radiated power levels which are about four times higher for C and
eight times higher for Fe, (see figures 3a,b). This indicates that the density and
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temperature profiles - as well as transport rates - are more important than machine
size in the comparison of impurity radiation from the two ITER configurations.
Figure 5 show the dependence of (total radiated power/major radius) for carbon
versus minor radius for both high and low density ITER. Results from CIT
simulations, to be described later, are also shown for comparison.

Figures 6a and 6b show the power radiated at each radius (dotted lines) and the
integrated power from r = O outward (solid lines) of He, C, O, Fe and W, for both
density cases, a ciiffusivity D = 0.3 m2/s, and zero convectve velocity. The radiation
from r ~ O is nearly all bremsstrahlung, with the exception of that from W in the
high density case. Radiation from the edge is essentially line radiation. Elements
with few electrons, e.g., helium, radiate little from the tjdge. From this type of data
we can extract the power radiated from various regions. There are three regions for
which we have performed calculations: the plasma core region defined by r/a < 0.3,
the edge region (0.9 <r/a < 1.0), and the scrape-off layer (SOL), Le., r/a > 1. In figure 7
are plotted, for D(r) = constant, the fractions of power radiated by each impurity from
r/a > 0.9, i.e., the edge and SOL regions. (These fractions differ little from the D(r)
monotonically increasing case.) For the ITER mix of impurities and a small inward
convection, the radiated power from the edge is -50% of the total radiated power.

Figures Sa and 8b show the effect of pinch velocity on edge and core radiation
for D = 0.3 m2/s. Edge radiation decreases and core radiation rises with stronger
impurity pinch velocities. Fe radiation decreased as a result of convection,
producing only 60-75% of the power at Cvr = 10 that it had without a convective
velocity. It is significant to note that the desired edge radiation of C and Fe falls
below 25% of the total power when Cvr is -2 or greater.

Figure 9 shows the radiation from the scrape-off region, again for D = 0.3 m2/s
and no inward convection. In these MIST code simulations, the fraction of impurity
radiation from the SOL is seen to be only a few percent of the total radiated power.
However, this model ignores the complexities of 2-d flows in the scrape-off and
divertor regions and is likely to be an underestimate. For example, intense impurity
recycling anû broader electron temperature profiles could increase carbon radiation
dramatically, as predicted recently.11 In addition, the choice of plasma edge
temperature can have a dramatic effect on the amount of power radiated from the
SOL. To illustrate this, simulations with C and Fe were made in which separatrix
temperature was varied in the range 20-300 eV, but maintaining both the same
sharp temperature falloff in the SOL and the slower rise towards the core (see Table
1). The graphs in figure 1Oa show that carbon radiation is much stronger with an
edge temperature below 50 eV, increasing about 50% above its level at Te(a) = 200
eV. Edge radiation increases at lower temperatures because inflowing impurities
can exist in rather low charge states, which are favorable for line radiation. Since
this radiation will cool the plasma, this could lead (in a study with time-dependent
temperature profiles and the associated time-dependent impurity generation
processes) to either a periodic variation or steady-state behaviour of impurity
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generation, impurity radiation, plasma edge cooling, and enhanced edge radiation,
depending on the feedback processes. Note, in figure 1Ob, that the total Fe radiation
increases < 25% when the edge temperature is lowered to 50 eV. This smaller effect
is due to the broader region from which Fe radiates. The drop in Fe radiation at the
lowest electron temperature studied is due to the combined effects of the sharper
electron temperature profile and the radiation rate as a function of temperature.2^

Using the 1988 ITER specified impurity concentrations, the radiation from the
impurities has been calculated. Figures lia and lib show histograms of the
radiation from each element for two values of D. Additionally, a bar has been put in
for W to show what a 0.1 increase in Zgff from W would contribute. In the ITER
plasma, Fe would create roughly half the impurity radiation and.C would contribute
about one-fourth. Figure Uc shows the predicted total radiation for the ITER using
the 1989 Zeff specification. Again, a trace amount of W, A Z^ff = 0.1, is included for
comparison.

Figure 12a shows, for the 1988 fixed impurity concentrations specified for ITER,
the expected radiated power for the range of diffusivities considered. Low density
discharges radiate 30 - 130 MW, depending on the transport coefficients. This
radiation, by itself, is inadequate, especially considering that low density discharges
are likely to use more extensive amounts of auxiliary power to accomplish their
goal of steady-state operation. Perhaps recycling, synchrotron radiation, or the
addition of small amounts of high-Z materials would improve this situation
sufficiently. Figure 12a also shows that high density discharges radiate >200 MW, far
more than necessary or desirable. The controlled reduction of impurities in this
case is seen to ,be -squired. Figure 12b shows the effects of the 1989 Zeff specification.
The reduction in radiated power at high density is beneficial; but the increase at low
density is insufficient to reduce the divertor heat load.

B. CTT
Using the parameters in Table 2, a study of impurity radiation from CIT was

made. With diffusivities in the range 0.1 - 1.0 m2/s (see figure 13), impurities in CIT
would radiate about 20 - 30 MW. This is to be compared with the 100 MW of alpha
heating wer which is expected from the ignited plasma. Figures 14, 15 and 16
show that the impurity radiation of CIT, which is produced solely by carbon, acts
qualitatively like that of ITER. Edge radiation is enhanced by higher values of D and
by lower edge temperatures. A higher central temperature slightly increases the
fraction of core radiation. For the standard values of D, Te(a), and T6(O), edge
radiation represents between 30% and 40% of the total power.

H-mode discharges, with broader density profile and cooler edge than
pellet-fueled discharges, would benefit most from higher radiated power and a
larger fraction from r/a -> 0.9, especially if there were no inward convection.
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In Figure 5, the minor radius scaling for CIT impurity radiation is compared
with that found for ITER. Two CIT cases are shown, one for H-mode at the standard
density, <n> = 5.25 x 1014 an_3, and the other for H-mode at a lower density, <n> =
1.4 x 1014 on'3. Both use the same diffusivity, D = 0.3 m2/s and C^ = 0.1 m/s. With
the same <n> as ITER, CIT radiates less power because the region of low
temperature is narrower and because a lesser influx is required to maintainthe same
C concentration. Both are due to the smaller minor radius of CIT. Thus, the scaling
laws decribed in table 4 are only valid locally, near a ~ 3 m.

IV. Discussion

These calculations have corroborated the importance of impurity radiation on
the operation of reactor-like tokamaks. "Clean" tokamaks, with Zeff < 2, may be
able to operate in a borderline region, where impurity radiation is sufficiently large
to reduce power loads on divertors and limiters, and small enough to avoid
disruptions or quench of ignition.

The accuracy of these predictions depends upon the accuracy of the atomic
physics inputs. Experimental data, though limited, do give confidence that the
accuracy of the atomic physics data is better than a factor of 2. However, this is
insufficient to assess the full impact of impurity content on fusion reactors and
reactor-prototypes. Also important to the accuracy of the radiated power calculations
are the exact temperature and density profiles in the edge plasma. These, in
conjunction with the transport rates, determine the radiated power, particularly in
the edge region. Hence, a full self-consistent treatment of the SOL, edge region and
plasma core is necessary.
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a wall

Minor radius

Figure 1. Schematic of the density and temperature
profiles in KER and CIT. Also shown are the
regions defined by the terms core, edge and
scrape-off layer (SOL).
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RADIUS(CTi)

Figure 2a. Calculated density profiles for Fe ions in ITER, for a particular set of
transport and plasma parameters.
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Figure 2b. High resolution display of the Fe ion densities in the edge region for the
same parameters as in figure 2a.
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Effect of High-Resolution Mesh Size on
Fe Radiation; D = 3.0e4 cmA2/s, V = O cm/s
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Figure 2c. Effect of mesh size on radiated power for Fe in both
high (H) and low (L) density discharges. Both total radiated
power and that from the high resolution region are shown.

Figure 2d. Effect of mesh size on radiated power for C in both
high (H) and low (L) density discharges. Both total radiated
power and that from the high resolution region are shown.
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Figure 3a. Calculated radiated power from low density ITER plasmas as functions of
transport parameters and element. The volume-averaged plasma parameters are
<ne> = 7 x 10^3 cm"3 and <Te> = 20 keV. The volume-averaged impurity content is
fixed at 1% of the electron's.
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Figure 3b. Calculated radiated power from high density UER plasmas as functions of
transport parameters and element. The volume-averaged plasma parameters are
<ne> = 1.4 x 1014 on"3 and <Te> = 20 keV. The volume-averaged impurity content
is fixed at 1% of the electron's.
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transport coefficients were: D = 0.3 m2/s and v = O m/s.
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Comparison of Scaling of C Line Radiation
in ITER and CIT with Minor Radius
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Figure 5. Scaling of impurity radiation with minor radius for high and low (HD, LD)
ITER plasmas and for CIT plasmas, also of 2 different densities. The GIT simulations
with the higher radiation have parameters described in the text (H-mode
confinement/Table 2). Thé CTT simulations resulting in lower radiated power have a
lower density, <n> = 1.4 x 1014 on'3, which is the same as the HDITER runs.
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Figure 6a. Radiated power ( ) and volume-integrated power out to r ( ), both
as functions of r for He, C, O, Fe, and W in low density ITER plasmas.
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Figure 6b. Radiated power ( ) and volume-integrated power out to r ( ), both
as functions of r for He, C, O, Fe, and W in high density ITER plasmas.
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Figure 7. Fraction of power radiated from the edge and SOL regions of ITER for both
high and low density cases, for 4 diffusivities.
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Figures 8a and 8b. Power radiated by impurities from different regions of low (a) and
high (b) density ITER discharges, as functions of impurity inward convection
velocity.
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Scrape-Off-Layer Impurity Radiation
D=0.3e4 cmA2/s V=O cm/s

8.0%

<u
o
O.

TJ
(O

IE

"5

O

C

6.0% -

4.0% -

2.0% -

0.0%

• High Density

13 Low Density

Atomic Number of Impurity

Figure 9. Fraction of power radiated by impurities in the FTER SOL. This fraction is
expected to be a lower limit because MIST code simulations do not include 2-d
effects known to increase impurity radiation.
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Figure 10. Total radiation from C (a) and Fe (b) as a function of separatrix
temperature for ihe two ITER cases studied. In both, the radiation is normalized to a
1% volume concentration, which is greater than the expected concentrations.
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Figure 11. Total radiated power for each impurity element,
predicted for HER, based on impurity concentrations specified: a)
and b) in 1988 for two diffusivities; c) and in 1989 for a single
diffusivity.
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Figure 13. Predicted total impurity radiation from CIT as a
function of difusivity.
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CIT Edge Radiation vs. Diffusivity
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Figure 14. Predicted edge and SOL impurity radiation from CIT as
a function of diffusivity.
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Figure 15. Predicted edge impurity radiation from CIT as a
function of separatrix temperature.
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Figure 16. Fraction of edge plus SOL radiation from CIT, as a
function of central electron temperature.
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The removal and helium exhaust are important problems

of the ITER design. The divertor plates from the carbon tiles

and berillium for the-heat-removal are proposed at the ITSR " " -

physical stage. In this connection^ two principal problems-arise, i

The first one: what fraction of energy entering to the dirertor

can be radiated by light impurities, i.e. under what conditions

.1 the heat loading onto the divertor plates can be expected to

be reduced? The second one: can a strong erosion of carbon or

berillium plates be avoided? In the proposed mode of operation

"_ of the ITER with the electron temperature.near the carbon --"

divertor plates Ted=(30-50) eV the gross erosion rate due to

sputtering and self-sputtering nay lead to the carbon catsstrophy

is S #j> 1. However, this result has been obtained when the

radiation of the carbon atom and ions which retirculate near the

divert or plates has not been taken into account. In this report

it is shown that the light impurities radiation may be a signifi-

cent parts of ingoing divertor power If we take into account the

departure from the corona model due to the finiteness of the

light impurity Ion residence time.

1. The possibility of the ehancement of the radiation
of light empurities

The radiation power per volume unit is given by as expression;

(1)

where ng is an electron density, n is a density of different

impurity Jons of nuclear charge k, ̂  is a radiation power of

impurity ion of charge Z. Usually, for plasmas with

ng = 10
12 - 1014 cm~3, Te=10-100eV the corona model is used to

calculate the function I*ra(i« In the considered range of the

electron temperature the agreement between results of different
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authors is very well. It is assumed in the corona model that the

spatial effects are negligible comparatively with the atomic

processes. This condition is not valid near the divertor plates

due to the ion leakage and the sputtering of divertor plates. So,

it is necessary to take into account the effects due to the

*,initeness of ion residence time, when we will calculate the distri-

bution over the ionitation stages. It should "be noted that this

effect is negligible, when we will calculate the function Q (Te)

due to the radiative transition probabilities are much greater then

an inverse residence time. So, the radiation power of an ion of

charge Z is given by an expression:

< 2r<r> A/ (2)
where < °̂**> is an excifation rate of a level £ (for ion Z) from

the ground state, &c£. is the excitation energy of the

level "ft. ' To calculat

model balance system:

level "ft. ' To calculate the ion density n* we must solv.e the next

(3)

Here S2-1 is an ionization rate of Ion of charge (z-1), *£+/ is

a recombination rate of ion of charge (Z+1), f is 'the ion resi-

dence time (it is assumed that the residence time is a charge-

independent). It is assumed that the total density of impurity

(atoms and ions) is Constant. Hence, the density of neutral impuri-

ty atoms obeys the equation:

H° = _ atn. S0 + ̂ u1 R1 + ZJb (4)
It is evident that the corona model is valid if 2" = °« . The ex-

pressions for different atomic process rates have been given

The bremsstrahlung and recombination radiation are negligible.
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from [1 J . The equations (3) and (4) have been solved for the

different f-values for carbon-seeded and berillium seeded plasmas.

Table 1 shows the relative abundancies of different carbon ions

Cz = R-Z/Zn^eu ne=10
l3cnT3 and Tg = 10 eV for the different

•î'-values. Table 2 shows the same values at Te=IOO eV. Table 3,4

shows the analogous results for berillium seeded plasmas.

The spectroscopic data analysis shows that the next transitions

give the main contribution to the line radiation power of carbon-

seeded plasmas:

CII: 2 s22p 2p - 2 s23 s 2S E = H.45eV

2 s22p 2P -2s23d 2D E = 18.OSeV

CIII: 2s2' 1S - 2s 2p 1p E = 12.6'9eV

2s2 1S- 2s 3p 1P E = 32.1 eV

CIY: 2s |s - 2p|p E = 8' eV
28 S ° 3P P E = 39.68 eV

CY: 1s2 1S - 1s2p 1P E = 307.9 eV

CYI: Is -'2p E « 367,5 eV

The next transitions give -the main contribution to the line radiation

power of berillium-seeded plasmas:

BeI: 2s2S - 2p2p B - 5.27 eV

BeII: 2s2S - 2p2p E = 3.96 eV
2s2S - 3p2p E = 11.96 eV

Belli: 1s2 1S - 1s1p1p E . 123.6 eV
Is2 1S - 1s3p1p E = 140.4 eV

BeIY: Is - 2p E = 163.2 eV

The data set for the excifation rate for carbon ions are presented

in f2, 3 ] • The agreement o'f the results is very satisfactory.
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For the excitation rate of berillium ions the formula given by

Van-Regemorter has been used.

In. the frame of above considered radiation model the calcu-

lations of reduced radiation power of carbon-seeded plasmas and

berillium - seeded plasmas (so called the ooolina rate)

Q = 22 CZ QS fa) have been performed at the electron tempera-

ture range Te = 5-100 eV for the different n^ -values (Fig.1,2).

The Fig. 1,2 show that the enhancement of reduced ratiation power

Q is very essential at Te > 10 eV due to the increasing of the

number density of impurity ions with lower charges comparatively

with the results predicted by the corona model-.

2. The simple model for the calculation of radiation
power from the ITER divert or

Let us consider the processes in the vicinity to the

divert or plates on the fixed background of DT plasmas which have

been obtained from 2B-calculations [ 4 "I . The simple equations

of particle and energy balance may be used for the qualitative

description of the processes:

* (5)

»

Here fl is a total number density of impurity ions, 'or
r A*

is a DT-plasma flux entering into the divert or, 'DT =

= Ŵ v , /£ -<£ - P^)/^ , Vd±v is a divertor

plasma volume which gives the main contribution to the light
et

impurity ratiation, P is a o< -particle power in the main

• plasma,̂  is a radiation power from the main plasma,
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•Se'/ = Ser/O-Jù/J^ëît i3 the eflective sputtering yield, ._.

S , r is the sel-C-sputering yield; SM is the averaged sputtering

yield "by D/T ions; /Ẑ 7. is D/T ions density. Fig.3 shows the

SDm versus Te, Pig.4 shows the Se;ff versus Te. This simple model

gives the possibility to estimate the role of the radiation power

near the divertor plates in the case of the strong sputtering of

the divertor plates.

3. A steady-state consideration :

The steady-state temperatures and densities are found from

the condition

„_. /T»
ntt • iDr

The light-hand of this equation (for carbon-seeded plasmas) as

function of Te is represented in Pig. 5. The dashed-line represents

the left-hand of this equation. At /̂ 7- "= 2.10
24 s £«2~-

5= IO "em's , ~V*tiv — 4-10 Cm tha steady state temperatures

are the cross-points of two curves. Thus, at the

we have three modes of operation at different temperatures. All

these operating conditions provide a complete energy radiation

by light impurities. The first point of intersection seems to be

more convenient. It is stable and corresponds to the temperature

below 30 eV. The last point is also stable one. However, it

corresponds to a higher temperature. It is easy to show that

a low-temperature steady-state is a stable one, when the

ollowing inequalities are satisfied:

(7)
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> " (8)

Here all the quantaties are taken at densities and temperatures

at the crossing point. In this case, the crossing point corres-

ponds to a stable focus. The first condition is easily satisfied,

when the. plasma flux to the divertor is rather large and the

residence time is not very small. It means that all singularities

are of the focus-type. The second condition is satisfied only

there where radiation power rises when the temperature increases.

This point correspond to a stable focus.

4. Non-stationary results

The equation system (5) has been solved by numerically»

Figs. 6,7 show the time-dependence of Te and ^e ( ̂ c is a den-
•( « -,

sity of carbon ions) for case: ' etfv — 120- W-Cm ^ In. ̂ .

nt
KI=I-IO tm~* ( f= IO S one can see the relaxation oscilla-

tions of Te and ^e. t which can be explained by -a- next manner.

During the time 2̂  ̂. n **/[•&• $ ^.Jo^,/o j the carbon
or' ff

atom density and hence .carbon ions density due to divertor plates

sputtering increase. The estimations show that the ion escape

time from the radiating region is fsr 1(T-̂ s. The electron cooling

time may be estimated from the relation: €^T_ - P. ,
ecc ^a*

7- -s- -y
t-cce/ ~ 1° -I0,f. At the begining of the process

the energy of DT-ions which bombard the divertor plate correspondr

the 'e (°) - 5~0e.y . The accumulation of carbon ions cui.d"thi.

increasing of the radiation power occur during the time ̂  .
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-It leads to the fast electron cooling up to Tg~5 eV during

the"time~~ 2~ -,. The snuttering yields S D_ and" S s
:
e/r~~ decreasecoox »i T cri£

and the carbon density also decreases (Pig.7). At ng <• nc the

sharp electron heating occurs and the erosion rate increases.

Then one can see the process repetition. Pig. 8 shows the phase

pattern ( T , n r̂elaxation: oscillations." One can see that the [

low-temperature regime with the small-sputtering yield S6̂ -SM

contains the main part of-the--oscillstion period. The analogues ;

calculations have been performed for berilïium-seeded plasmas.

Pigs.9,10 show the result for the next case: T6(O) is 5 eV,

ne is 1O
13Cm"3, T is 10~3s, pd±v = 15 UW1 nBe(0) = 10

Scm~3.

One can see that the relaxation oscillations of T6 and nSg also

present. It should be noted that the relaxations oscillations

are only at Q =^ g 15 Mff. At larger values of the thermal power

entering into the ITER divertor the radiation power of Be-seeded

plasmas can't provide the total reradiation of the eni&rîng'incre-

ases ( up to sevetal "̂ eT).

The value of the Yolume V.. which gives the main contribution

to the radiation to the radiative losses is important to calculate

correctly the radiation power from tlie divertor. The self-consis-

tent 2-B problem must be solved to determine this volume by pre-

cisely manner. However, the estimation of Vj,. -value may be ob-

tained from the simple arguments: V.. = 2ïï^A7- •£„ where

B. is a tokamak major radius, AIg is a half width of the electron

temperature distribution, ^n is a 1-fold length of impurity ion

density from the divertor plate in a poloidal plaxe. The tvjo-di-

mentional calculations [4] shov that A Te is 0.1 m. NoftTths

An-value is rather undertermind. If we assume that for carbon

divertor plate A^ is 0.05 m, ng ̂  0.05 ng, ned= 2'10
14cm~3,



- 221 -

then we obtain that the radiation power of carbon-seeded plasms

in the ITER divert or is about 40 !Iff» This value is a substantial

contribution to the power entering onto the divertor ( 80%). Such

conclusion for the Be-seeded plasma is not valid due to the coolin

rate of such plasmas is substantial lower that one for carbon-

seeded plasmas.

5. Above analysis have been performed without taking into accoun -

the effects due to e heat conduction and impurity localization

along the magnetic field lines. For the more accurate estimations,

the energy losses related with an electron heat condition as well

as the spatial impurity distribution are taken into account. TpLe.

analysis has shown that there is a region of steady-state modes •

of operation corresponding to low electron temperatures in the

vicinity to the plate with relatively high rediative losses in this

case too. In this case the energy balance equation is reduced to

the form:
= d- WS-QX T .

where V̂ (I )*, V ̂ k- Seff(Tw>. Here V is a con-
W IfMf'

veetive heat flux onto the plate, qQ is the input heat flux into

she divertor throat,, T0 and TW are the temperature at the divertor

input and at the divertor plate, correspondingly. Taking into

account of the fact that the temperature drop towards the plate,

the positive ^ - values in the impurity distribution low cor-

respond to "bad" localization, the negative 1J - values corres-

pond to "good" localization of impurities in the vicinity to the

plate[5,6] .

Pig. 11 shows the radiative power as a fanction of particle

flux to the divertor plate. Each line corresponds to some level

- 235 -
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of plasma temperature near the plate, when almost all Input po-

wer completly radiated. It's clear, that the less boundary tempe-

rature the high particle flux;is necessary-to-provide-such a-

regime.-The-relative-fraction of radiative losses vs 0 is

depicted in the fig.12. • . - _ • • ; ;

- - - '•_'•- Conclusions

1. The considered self consistent model has show that in the non-

corona model a substantial fraction (up to 60$) of the power

entering onto the ITEE divertor region can be reradiated at the
raeUaàÈe/

case of carbon divertor plates._The creation of strôngïŷ layer :

at the berillium divertor plates_is practically impossible if

the heat power entering onto the divertor is large enough.

2. The performed calculations have shown that -the time-relaxa- .

tion mode of the ITTSR divertor region operation can be possible

for the Be-seeded plasmas and C-seeded plasmas. However,the level

of input heat power for Be-seeded plasmas must be substantial

lower than one for C-seeded plasmas ( up to several times).

3. The gross erosion of divertor plates can be reduced in the

relaxation mode of the ITER operation ( for carbon divertor

plates up to 5-10 times).

- 236 -
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Table 1
Te = 10 eV

,ms Cz C0 C1 'C2: C3

0,1 0,03 0,49 0,45 0,03

0,003 0,09 0,57 0,32 0,01

10 0,0003 0,01; 0 ,15 .6 ,7 . . . 0,13

Table 2
Te = 100:eV

mg
 Cz Co C1 C2 C3 °4 C5 C6

0,1 G,01 0,07 0,11 0,2S '0,52 0,003

1 0,001 0,008 0,013 0,048 0,87 0,055

10 0,0001 0,0008 0,0013 0,005 0,68 0.3 0,01

Table 3
Te B 10 eV

ins z Co C1 S2 °3
 C4

1 2.10"3 0,03 0,96

10 1,8'10~4 2.10"3 0,99

- 237 -
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Table 4

Te = 100 eV

ms g Co C1 C2 C3 C4

1 B'1U~2_ ,4,7'10'3 0,21 0,78

10 - 4'10"4 0,02 0,97

- 238 -
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Figure captions

Fig.1. The cooling rate for Be-seeded plasmas at the different

•', .'.• values of n£C'• -'---- , J :

Fig.2. The cooling rate for C-seeded plasmas at the different

values of nef.

Fig.3- SDT versus Tg.forG-

Fig.4. Sgff versus TeCor C.

Fig.5. Spff Q versus Tfi (for C-seeded plasmas).

Fig.6. Tg-versus time ""(foi; C-seeded plasmas).

Pig.7. n - versus time (forTC-seeded7plasmas).

Fig.8. The phase plane (Tg, nfi).

Fig.9. T6 versus time (for Be-seeded plasmas).

Fig.10. n̂ g versus time (for Be-seeded plasmas).

Fig. 11. The radiative power Q versus particle flux on the

plate.

Fig.12. The relative fraction of radiation power Qo/Q̂  versus

particle flux on the plate.
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* SESSION 5 * RADIATION CONTROL IN DIVERTOR EXPERIMENTS

• Radiation control in poloidal divertor tokamaks
J. Neuhauser, K. Lackner

•Analytical solution of divertor plasma transport equations with
neutral panicles and radiation cooling
M. Shimada

•Radiative divertor experiments on DHI-D
D. HiU

• Experimental simulation of the gaseous divertor concept in
Pisces-A
L. Schmitz

• Novel techniques for edge plasma particle and energy flux
control : scrape-off layers modified by electrostatic barriers
and RF ponderomotive forces.
A. Grossman
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Radiation Control in Poloidal Divertor Tokamaks

J. Neuhauser

(with contributions from the ASDEX and Theory 3 groups)

Max-Planck-Institut fur Plasmaphysik, Euratom Association, D-8046 Garching, FRG

Abstract

Radiation control in poloidal divertor tokamaks is considered on the basis of experimental and
theoretical work done at Garching. The divertor benefits with respect to impurity control aie
outlined, and 'closed' and 'open' divertor configurations are compared. ASDEX experimental
results concerning impurity transport and radiation effects are summarized together with
appropriate theoretical models (closed divertor). Two-dimensional multifluid simulations of the
impurity and radiation behavior in the edge region are presented for an open model x-point
geometry. Various edge scenarios assuming nickel as wall or target material are investigated
and active divertor radiation control by external neon puffing is demonstrated. Problems arising
from poloidal and toroidal asymmetry are discussed.

1. Introduction

Various concepts have been proposed to solve the energy removal and particle control
problems in toroidal magnetic confinement fusion experiments /1, 2/. In the tokamak line,
axisymmetric poloidal divertor configurations, operating in the high divertor recycling regime,
are presently favored for next generation machines. In principle, this concept offers significant
advantages compared to limiter solutions with respect to plasma-wall interaction and, in
addition, it seems to guarantee routine access to the high confinement regime (H-mode /3/). By
appropriately shaping the poloidal field component and creating a magnetic separatrix, magnetic
field lines from the plasma edge are diverted away from the hot plasma into a separate volume
and onto specific target plates. It is in this remote divertor region that the most intense plasma-
wall interaction occurs.

Ions and electrons striking the targets recombine and are re-emitted as neutrals. If the divertor
volume is mechanically separated from the bulk plasma by appropriate poloidal field, vessel
and aperture design (closed divertor chamber), then these neutrals are captured and re-
ionized by the divertor plasma, finally driving an intense diyertor particle recycling loop with a
turn-around time roughly given by the thermal ion transit time over a typical field line length
across the divertor chamber. In a geometrically open divertor configuration (typical of
distant poloidal field coils as required for reactor conditions) high divertor recycling is still
feasible, provided that the divertor plasma density is high enough to capture and re-ionize the
neutrals before they can escape into the bulk plasma. The recycling is then confined to the
immediate neighborhood of the target plate and the turn-around time may be even shorter.
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There are in principle a few quite obvious benefits of such a high recycling divertor scenario:

- the power entering the divertor is distributed over many particles, resulting in a low
divertor plasma temperature (energy dilution) and hence low target sputtering;
a high neutral gas pressure may be achieved in the divertor region, which facilitates fuel
particle control and helium removal by external pumps;
the plasma-wall interaction in the main chamber is strongly reduced;
residual impurities sputtered from the target are swept back to it by frictional drag with
the sonic hydrogen flow and those originating from the main chamber (including helium
ash) are pumped by the divertor, provided that the net (subsonic) plasma flow into the
divertor is not too low (i.e. some divertor particle loss is required).

Altogether, the described scenario is obviously aimed at minimization of impurities and their
effects, i.e. radiation should finally play a very minor role in such an ideal divertor tokamak.
On the other hand, it is obvious that, especially in the most relevant case with localized target
recycling, most of the outgoing power is finally deposited in a rather narrow, axisymmetric
ring on each target plate. The recycling process close to the target causes only a moderate
widening of the power deposition profile, and even about 50% of the hydrogen recycling
radiation appears there. Typical data for future experiments such as ITER /4/ indicate a severe
or even intolerable local power load even if the plasma temperature, and hence physical
sputtering, can be kept low in the above-mentioned way. Recipes to overcome this problem are
for instance magnetic sweeping of the separatrix hit point across the target plate, extreme target
inclination, or reduction of the conductive power loss by impurity radiation.

Another problem inherent in the divertor scenario is less obvious and requires some model
calculation to become evident: Simple scrape-off layer relations for nearly radiation-free
divertor tokamaks show that, at given divertor power input, there is a close correlation between
divertor and main chamber plasma parameters in the sense that low divertor temperature is
inevitably related to high main chamber edge density, which in turn seems to be related to the
global density limit. To break up this correlation, especially when the edge density has to be
lowered for some reason (e.g. for current drive scenarios in ITER) an additional free parameter
is needed. According to the model an obvious way is to reduce the power flow to the target
plates, and again impurity radiation is the most obvious candidate for that

Of course, inherent radiation problems ought also be present in a diyertor tokamak even under
otherwise optimal conditions, if there is, for instance, bulk impurity accumulation or strong
non-thermal impurity production by some heating method (e.g. sheath rectification and ion
acceleration during ion cyclotron resonance heating /5/) or insufficient impurity pumping and
retention by the divertor, e.g. because of nearly stagnating plasma flow in the divertor throat
region together with a backward thermal force acting on the impurities.

In this paper we try to give an overview of some of the results and problems relating to
inherent and externally controlled edge radiation in divertor tokamaks, witîj ;J;3 emphasis on
work done theoretically and experimentally at Catching. The edge topology for closed, as well
as geometrically open divertor configurations, and the conditions for significant scrape-off
layer and divertor radiation are first discussed. ASDEX results (closed divertor) and
corresponding theoretical models are then reviewed, with the emphasis on edge density limit,
impurity transport and retention, radiated power fraction, radiational instability (marfes) and
toroidal asymmetries. Next, two-dimensional multifluid simulations for an open model divertor
geometry relevant to ASDEX Upgrade, ITER, etc are presented. The transport of impurities
generated at various locations as well as active radiation control scenarios will be considered.
Finally, problems arising from poloidal and toroidal asymmetry are discussed.
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2. Edge topology and radiation characteristics

In fig. 1 we show the polpidal cross sections of ASDEX (here in double null configuration,
which under ideal conditions decouples the high and low field side scrape-off layers) and
ASDEX Upgrade /6/ (here in standard single null arrangement and with high BpOi) as typical
representatives of 'closed' and 'open' divertors (same scale and approx. same major radius of
1.65 m). The closed divertor chamber and the circular plasma in ASDEX are possible because
of die divertor coil triplet (with zero net current) very close to the plasma. The coil currents
provide a substantial compression of the divertor plasma fan, allowing narrow divertor
entrance slits, but reducing at the same time the plasma divertor fan volume and the intersection
area with the target plate.

In contrast, for distant divertor coils as in ASDEX Upgrade (and as required for a fusion
reactor) an elliptical plasma shape and a quite extended x-point and divertor region follow,
which excludes mechanical closing of the divertor chamber, but provides a much larger
divertor volume and wetted target area. There is also a significant scrape-off layer volume
around the x-point and at the top (where the second x-point is not far away) and at the high-
field side (enhanced flux surface widening because of the Shafranov shift dependent on BpOj).
In both cases the energy loss into the scrape-off layer is believed to be largest towards the
outside. A radial decay length of a few centimeters was assumed there at the midplane (fig.l).
Starting from that point, we applied mapping along flux surfaces (which are still approximately
constant pressure surfaces) to define the edge volume.

ASDEX ASDEX Upgrade

DV-I

DV-n

O-

Fig. 1. Poloidal cross sections of ASDEX ('closed' divertor) and ASDEXUpgrade ('open' divertor; highfipo[).
For ASDEX, the original divertor chamber design (DV-I, before 1986; uncooled titanium targets) is shown in
the upper dome, while the lower part shows the present, water-cooled divertor (DV-II, since 1987; copper targets
plus stainless steel shields). Of course, upper and lower divertor dome had always the same basic structure at a
time (except for minor, partly up-down asymmetric modifications, e.g. throat inserts, bypass blocking etc).
The scrape-off layer volume is indicated in both configurations, on the assumption of a widthof a few
centimeters on the low field side midplane and a poloidal variation according to the local flux surface distance
(motivated by about constant pressure along flux surfaces).
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g. 2. Magnetic field line topology of the ASDEX Upgrade edge (compare fig. 1). The equilibrium (fig. 2a)
* 33 on the last closed flax surface shown. The distortion of a flux bundle, when followed along the

field line direction, is indicated by the black regions. The first open flux surface offig.2a is then selected and the
shape of a specific field line on it is presented in detail by thepoloidal (fig. 2V) and radial (fig. 2c) projections.
R, phi (here in some specific code units) and z are the radial, toroidal and axial coordinates. The approximately
inverse variation of the pitch angle with the distance between flux surfaces is easily seen. Accordingly, the field
line length between the outside midplane (where the radial power loss from the bulk is maximum) and both
target plates is strongly different. To give an absolute measure, the length according to one toroidal revolution (~
10 m) is indicated.
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The scrape-off layer plasma volume in a tokamak, i.e. the volume between the separatrix and a --.
flux surface about one plasma decay length farther put, can be discussed also in terms of the
field line length together with an appropriately defined area perpendicular to these field lines.
The reason is the following: Because of the large and nearly constant toroidal field, the cross
sectional area of a flux bundle is nearly constant along field Unes, while the shape of this area
changes significantly: The extension of a flux bundle perpendicular to flux surfaces varies in
proportion to the local distance between neighboring flux surfaces. Consequently, the mean
poloidal extension varies inversely proportional to the flux surface widening. This is consistent
with the local poloidal field (or pitch angle), which also scales inversely with the local flux
surface distance. The latter means that, when we follow a field line continuously in the toroidal
direction, it proceeds slowly in the poloidal direction where flux surface separation is large,
e.g. near the x-point, and vice versa. The strong shear around the separatrix causes further
distortion of a flux bundle cross section, but the general picture remains valid. Fig. 2
summarizes this behavior, showing equilibrium flux surfaces and the distortion of a flux
bundle in the edge, together with the poloidal and radial projection of a specific 'open' field
line. ~"~ : r

The concept of a flux bundle of nearly constant area as outlined above is convenient for
comparison with one-dimensional (along field Unes) edge code simulations, where the detailed
cross field variation is neglected and just enters via an effective area. The latter is determined by
the radial decay length at some point together with the pitch angle at that location. Therefore it
is not just the field line length alone, which determines the volume.

Of course, apart from the available volume, the local radiation loss depends on the product of
electron and impurity densities and the radiation characteristic of the respective impurity. As
widely discussed in the literature and at this workshop, edge radiation wiU be dominated by
low to medium-Z materials and strongly depends on the background plasma profiles and the
impurity production and transport in this region. Typical materials of interest are carbon,
oxygen, neon, silicon etc., depending on the experimental scenario envisaged.

Various results on edge radiation and thermal stability are already available in the literature, e.g.
/7,8/. For constant impurity concentration and specific assumptions on the background plasma
and energy transport laws, one can obtain radiating equilibrium solutions for the edge and their
stability /9/. The specific case of the radiation loss in the scrape-off layer along field Unes with
classical heat conduction and constant plasma pressure and impurity concentration was already
considered by Lackner and Lengyel/10/. More general cases usually require numerical
simulations like those reported below.

Because of the low residence tine T of impurities in the edge it is important to use non-coronal
radiation characteristics. Figure 3 shows such curves for a variety of elements, source charge
states and nr values, including one case with a rather crude charge exchange recombination
model. These results were obtained on the basis of Behringer's atomic data sets /11/ and are
partly pubUshed in /12/.

3. ASDEX results on impurity control, transport and radiation effects

The benefits of divertor operation for impurity control as discussed in the introduction are
demonstrated by the results of a decade of ASDEX experiments with various heating methods,
divertor modifications and wall conditioning (for a review on impurity production and transport
in ASDEX see /13/). Boronization has recently further improved the plasma performance.

Radial profiles of Z eff have been measured via continuum radiation in the main chamber.
GeneraUy, the absolute value depends on wall conditioning and shows a strong increase
towards the edge, where, however, the method becomes less accurate. A rather convenient and
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Fig-. 3. 'Non-coronal' radiation characteristics and average charge states calculated from atomic data of
Behringer 111 I. In (a)-(c) data for selected materials are shown for different m, the source necessary for stationary
conditions being singly charged ions (n is the electron density, T is the impurity residence time in the considered
edge volume element). In (a) the charge state of the source ion is varied for oxygen, resulting in low radiation for
a helium-like oxygen input (e.g. diffusing from the hot bulk into the edge), because of the low recombination
rate. Charge exchange recombination with neutral hydrogen can strongly increase the radiation level again as
indicated.
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useful interpretation of the available Zeff data to be used for edge studies seems to be as
follows: For given wall coating and without bulk accumulation, the shot-to-shot dependence as
well as the radial profiles indicate an absolute low-Z impurity concentration, which is nearly
constant over the radius, as shown for ohmic conditions with boronization in fig. 4 /14/. This
result fits with simple diffusion models and, if correct, allows a more reliable extrapolation of
the measurements into the scrape-off layer.

Zeff OH

10" cm-3
o ne•

' * np

n7*
(XlO)

Zeff OH

1Q13 cm-3

• S
np

(X10)

•50 -40 -3D -2D -10 O 10 20 30 -50 -40 -30 -20 -10 O 10 20 3'

radius/cm radius/cm

Fig. 4. Zeff profiles for ASDEX ohmic discharges at different line averaged density. Electron and proton

density profiles as well as a calculated fictitious 7+ ion density distribution (representing oxygen and carbon as
dominant edge impurities) are also shown, the latter being roughly constant in space and for different electron
densities 1141.

Except for regimes with strong density peaking and subsequent central impurity accumulation,
the fraction of radiated power is rather moderate and mainly from the plasma edge region /15/.
Without specific wall conditioning (no carbonization or boronization), intrinsic edge impurity
radiation in the main chamber can be strong enough to have a remarkable influence on
confinement by changing radial gradients, specifically in ohmic discharges (improved ohmic
confinement regime /16/). This is confirmed under clean conditions by puffing various gaseous
impurities with different radiation characteristics /17/.

Divertor impurity line radiation, on the other hand, is usually not significant. Early experiments
with partially shielded divertor bolometers indicated that a substantial contribution to the
divertor volume power loss comes from neutral particles /18/. The strong poloidal and toroidal
inhomogeneity of divertor parameters to be discussed below, however, makes a quantitative
analysis in the various operational regimes rather difficult

The radiation behavior in ASDEX discharges at the density limit (including maries) and results
concerning the total power balance are presented at this workshop by Miiller/15/. The results
confirm the existence of an edge density limit as predicted by simple models including just
hydrogen recycling losses /1/. Including impurity radiation, this model seems to fit nearly
quantitatively /19/. First numerical two-dimensional simulations with a crude carbon radiation
model confirm the basic features except for some peculiarities at very low divertor temperature
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Maries appearing in ASDEX close to the density limit /15/ as in many other tokamaks are
understood as thermal edge instabilities driven by edge radiation cooling in competition with
finite heat conduction into the respective region/21,22,23/.

Various experiments have been done in ASDEX to investigate the bulk and edge impurity
transport in different plasma regimes, and also the long-term migration of impurities in the
vacuum vessel /13/. Of particular interest in the present context is the impurity behavior in the
scrape-off layer and divertor. The impurity retention of gaseous (recycling) impurities such as
neon, argon," etc. was investigated by external gas puffing, spectroscopic measurements and
numerical simulation /24,25/. Moderately improved divertor retention via plasma plugging of
the divertor throat was found for ohmic conditions (a factor of about four lower effective throat
conductance compared with vacuum), but a drastic breakdown of the retention during neutral
injection. Both the absolute retention and the tendency from ohmic to neutral injection heating
are in clear contrast to neutral impurity backflow from the divertor into the main chamber,
especially for argon.

This result, when observed for the first time, led us to the development of an impurity transport
model parallel to field lines which included the classical collisional interaction between
impurities and the hydrogen background to sufficiently high order /26,27/. This is necessary
to get the correct force on an impurity ion for the strongly subsonic plasma flow expected in the
throat region and upstream in the case of high divertor recycling. For subsonic flow towards
the divertor the thermal force, which points towards high temperature, i.e. away from the
divertor (associated with the asymmetry of the local background velocity distribution at finite
temperature gradient), can overcome the forward factional drag force (shift of the velocity
distribution). A qualitative criterion is that impurity flow reversal in a forward streaming
plasma is obtained if the hydrogen Mach number is smaller than the ratio of the hydrogen ion
mean free path to the ion temperature decay length along field lines (the ion values are used
only in this estimate since for equal gradients the electron thermal force is a factor of three
smaller). In addition, the impurity pressure gradient along field lines (corresponding to parallel
collisional diffusion) can become important for high divertor impurity concentration, making
impurity backflow even more likely. Numerical simulations on this line with a one-dimensional
multifluid code for ASDEX-type profiles can qualitatively explain the inert gas puffing
experiments mentioned above. The model just requires that neutral impurities be ionized in the
divertpr close enough to the throat, where the Mach number is already low /27/. These
impurities can then quickly reach the main plasma as ions, being driven by the thermal forces
described above.

The same model, if applied to target-produced, non-recycling impurities, would predict rather
high impurity retention because of the short impurity ionization length. Good divertor retention
of copper sputtered at the ASDEX target plates is in fact found for high densities, while for low
densities a substantial fraction of these particles is finally found in the main plasma (fig. 5
/13/). At first glance, this disagreement seems to question our model as a whole, but there are
several arguments in favour of it, as long as some conditions are fulfilled. In fact, the
disagreement occurs with decreasing density in a regime where the divertor recycling breaks
down and the divertor temperature increases towards midplane values, where Zeff increases
strongly and where the plasma becomes more and more collisionless with consequences on the
mean free path of impurity neutrals and charged particles, relaxation times etc. The fiuid model
becomes inapplicable there, and the required kinetic multi-species code is not yet available. In
contrast, at high density the fluid model seems to provide a fair description. Simulations
relevant to this situation have also been done with a two-dimensional edge multifluid code (see
below) and simplified geometry, which, however, indicated an even higher retention than the
experiment /28/. The hope is that even quantitative agreement might be obtained if the correct
geometry, detailed Monte Carlo hydrogen and impurity neutral simulation, etc. could be used
in the numerical simulation.
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Up to nowwe have still assumed that the plasma is exactly axisymmetric, which nevertheless
allows strong poloidal variations in the edge plasma because of slow poloidal exchange
compared with typical scrape-off layer time constants of the order of milliseconds. In practice
toe situation is much more severe since there are always more or less localized hydrogen and
ÎSE2^Sl?^mi etse- 51^tion,extemal magnetic perturbations distort the magnetic
configuration and altogether the edge becomes a basically three-dimensional problem. Target

•nmetry has recently made it possible to quantify the toroidal variation of the power
on each of the four target plates /28,29/. Variations by a factor of two are frequently

i twice that value during lower hybrid heating, probably owing to a
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Fig. 6. Model x-point geometry for 'open'
divertors. The absolute dimensions roughly
represent part of an ASDEX-Upgrade double-
null configuration.

Two scenarios were considered: a neutral nickel source at the main chamber wall, e.g. from
hydrogen charge exchange neutral sputtering, and nickel neutrals sputtered at the target plate by
impinging hydrogen ions. Apart from the complex flow pattern of the individual charge states
and other details, the importance of thermal forces parallel to the field lines for pumping of
wall-produced impurities by the divertor and the retention of target-produced impurities in the
divertor chamber as outlined above was qualitatively recovered:
Impurities produced in the main chamber are ionized at the outer edge and diffuse across and
along field lines (forming roughly a radial shell structure of ionization stages as known from
ID radial codes), but only a few per cent are finally pumped by the divertor because of the
backward thermal force parallel to field lines. Most main chamber impurities finally return to the
main chamber wall.
In contrast, target impurities are ionized in the immediate neighborhood of the plate and are
nearly all swept back to the target because of dominant friction with the sonic hydrogen flow.
The nickel density is highest at the target plate (mostly Z < 4). Charge states with Z a 6 have a
density maximum near the x-point or deeper in the main chamber, but the absolute nickel
density there is about four orders of magnitude lower than in the immediate vicinity of the target
plate. One should notice that both cases described above are still in the impurity trace limit. As a
first approach to nickel self-sputtering, the hydrogen sputtering was arbitrarily multiplied by a
factor of one thousand. In this case a self-controlled low-temperature hydrogen plasma at the
target is obtained, and practically all the power input is radiated in the divertor. The edge
radiation in the main chamber (as far as covered by the computational volume) is still tolerable,
but the divertor retention is now significantly lower because of the strongly changed divertor
parameters.
Though the width of the first few numerical cells near the target was already only a few
millimeters, the quantitative result still depends on it. A submillimeter grid was therefore

- 266
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applied in the following runs, yielding less radiaiion and higher divertor retention, but also
more numerical problems.

A specific problem, raised in early ENTOR discussions on charge exchange sputtering in the
divertor throat region and by recent discussions at JET in connection with a new JET divertor,
is the behavior of impurities launched in the x-point vicinity in parallel to a local hydrogen
neutral influx (which is assumed to produce the impurities by charge exchange wall
bombardment). Figure 7 shows contour plots of the background plasma density and
temperature (a typical cold divertor solution near the target) together with the total nickel density
distribution and the nickel radiation (on a logarithmic scale). The absolute nickel concentration
is irrelevant here since no quantitative link with the hydrogen influx was established. The
spatial distribution, however, indicates a substantial penetration of metal impurities from the
throat into the main chamber. The physical mechanism responsible for that is clearly the same
as discussed above in the context of ASDEX argon retention experiments: The forward
frictional force on the impurities near the throat is not high enough despite the local gas puff, to
overcome the backward thermal force and impurity pressure gradient. A more quantitative
presentation is given in fig. 8, which shows the deuterium, electron heat and nickel charge
state fluxes integrated radially as functions of the normalized poloidal distance from the
upstream end (x = O) to the target plate (x = 1; see fig. 6). The x-point hydrogen puff and the
divertor recycling source enhance the primary plasma influx from the bulk by an order of
magnitude and the electron heat flux is reduced in the diyertor mainly by hydrogen recycling
losses to about 20% of its maximum at the throat. The nickel flux pattern shows a significant
flow of higher charge states into the main chamber. The fact that higher charge states dominate
in the backflow is primarily correlated with the electron temperature distribution and not so
much a result of a Z-dependence in the force balance.
A rather general conclusion for future divertor tokamaks may be drawn from that: High divertor
recycling together with small divertor pumping will cause a highly subsonic flow (or even local
hydrogen flow reversal in the divertor throat region). Impurities penetrating into that region by
repetitive wall recycling or local release of wall material have a good chance of reaching the
bulk plasma. Attempts to increase the hydrogen flow Mach number by increased divertor
pumping as discussed for the new JET divertor /31/ may improve die impurity pumping and
retention. But if the corresponding increase of upstream hydrogen refuelling is done by gas
puffing (near the x-point or in the main chamber), then a charge exchange wall sputtering
source may result with practically the same spatial distribution along field lines. Since the Mach
number increases continuously over the source region, a substantial part of the impurities is still
generated on the highly subsonic upstream wing and is not well pumped by the divertor. Deep
refueling, e.g. by pellets, and careful optimization with an experimentally validated, at least
two-dimensional model will be necessary to establish an acceptable compromise.

Our final scenario, which is not at all optimized in any direction, may be considered as an
example of what could be thought of in terms of active radiation control and what the related
problems could be. We return to the nickel target case and choose the initial conditions such that
the target plasma is hot enough to cause sputtering of any type at the target. This situation
would prevail in experiments according to the density limit model above if for some reason one
has to run the plasma far below the edge density limit. Divertor wall and throat sputtering is
being neglected for the moment, but should be included in future. The corresponding sputtering
avalanche at the target causes some self-regulation by radiation cooling and other, highly non-
linear changes in the target plasma. But usually the simulation ends numerical disruption after a
short time since we started too far away from a possible final equilibrium.
To cure the situation, we puff neon into the divertor (using a simple, but adequate recycling
model) in order to enforce radiation cooling of the divertor plasma. In a way similar to that in
fig. 7, fig. 9 shows contour plots of the background plasma, the total neon and nickel densities
(the latter highly peaked in a few cells at the target and hence practically invisible on the plot)
and the total neon plus nickel radiation cooling (the latter again restricted to the immediate target
vicinity). In accordance with our previous results, the target-produced nickel is practically
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confined there, while the recycling neon is still leaking into the main plasma and the numerical
solution is not yet stationary (in the present code version, which in principle runs time-
dependently, a slowly varying equilibrium cannot readily be distinguished for lack of final
numerical convergence).
Figure 10 compares two cases with a fixed neon puff rate, but a factor of ten difference in
absolute flux. As in fig. 8, the total fluxes along the normalized poloidal coordinate are given
for the deuterium and electron and ion heat fluxes. For low neon puff a major fraction of the
input power is deposited at the target by charged particles. At the end of the run, nickel
radiation at the target accounts for a quarter of the input power, a similar amount is consumed
by hydrogen recycling, while neon radiation is only a few per cent. In turn, with a factor often
more neon, neon radiation takes over and reaches one-third of the input power, while nickel
radiation falls to the per cent region because of reduced temperature and hence weak target
sputtering.
A feedback-controlled neon puff linked to the electron temperature at the target seems to work
reasonably, too, but there is a stronger initial dynamic phase when starting from some arbitrary
plasma state. Since we included all ten neon and the first eleven nickel stages (i.e. 22 fluids
including deuterium), a fully converged state, if it exists for a specific feed-back loop chosen,
needs already more than an hour on a CRAY XMP. Therefore, the required parameter studies
have not yet been done.

5. Discussion and problems

As pointed out in the introduction, the high recycling divertor was. originally considered mostly
as a concept which allows impurity effects to be minimized, making them a minor issue for
fusion reactor design (except for helium ash, of course). In fact, there are parameter regimes in
ASDEX and other divertor tokamaks where quasi-stationary discharges with quite low radiated
power are routinely obtained. For high confinement regimes (e.g. quiescent H-mode),
however, bulk impurity accumulation can occur and even careful wall conditioning can usually
only retard a bulk radiation collapse. It seems unlikely that the wall and divertpr technology will
evolve towards a state where the total radiation remains tolerable despite bulk impurity
accumulation. Bulk radiation would be a severe problem in view of energy confinement and
helium pumping even if the impurity accumulation and radiation level saturated at a high level.
High-Z target material seems to be intolerable for all such cases despite the optimistic target
impurity retention in numerical simulations. In practice, long-term migration of impurities,
including nonstationary phases such as plasma build-up and shut-down, edge localized modes
(ELMs) or disruptions, will distribute the material in the torus and finally reach the bulk. Fast
repumping of these spread-out impurities by the divertor is not to be expected in view of the
numerical results on main chamber wall sources. Reasonable radiation control, be it active or
passive, must rely on plasma regimes with no or weak bulk impurity profile peaking. It
depends on the detailed design whether high-Z targets can be tolerated in this more optimistic
case.

Edge and divertor radiation from low to medium-Z materials are acceptable from the bulk
plasma side. Problems may arise from edge physics, for instance in connection with helium
pumping, if the power flow into the divertor becomes too low to drive the required recycling
and to buildup sufficient pressure in the pump chamber. The stability of radiating layers is
another issue discussed in the literature and also at this workshop. Nevertheless, in principle
there seems to be enough room for some compromise, as indicated by the numerical
simulations in the model geometry.

New problems will appear, however, at a high radiation level as a consequence of poloidal and
toroidal asymmetry. Strong poloidal variations are to be expected routinely in a divertor
tokamak even with perfect axisymmetry. An obvious example is the difference in power flow,
geometry, etc. between the inner and outer target plates in a single-null divertor, which may
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result in rather different divertor plasmas. If we try to restrict the power flow to each target to
the maximum tolerable value by externally controlled radiation, we would have to do that
separately. However, with recycling impurity gases, both chambers would be strongly linked
through the main plasma even if the divertor dome were subdivided into two chambers (the
latter would eventually raise new difficulties with respect to pumping and impurity retention in
one or both chambers).

A similar problem arises for toroidal asymmetry in the case of localized sources and sinks or
with external magnetic perturbations: It will be rather difficult to get, say, 90% power radiated
everywhere around the torus by puffing impurity gas at a few toroidal locations in the presence
of a toroidal power variation by a factor of two as frequently observed in ASDEX. Toroidal
and poloidal transport in the edge is far too low to flatten or remove such asymmetries. A
strongly stable, locally self-adjusting radiation zone in the edge or divertor region would be
required to get a satisfactory approximation to the desired state.

The appearance of strong toroidal variations in power flow raises the question whether there
exists a significant three-dimensional plasma flow. If so, then two-dimensional models are
clearly inadequate to describe the reality. There is no definite answer to this from experiments.

6. Conclusions

The theoretical and experimental results outlined above have shown the potential of divertor
tokamaks for minimizing impurity and radiation effects, and also the chances offered by
actively controlled edge and divertor radiation cooling for reducing the target load and, equally
important, for decoupling the divertor and bulk plasma parameters. Problems connected with
poloidal and toroidal asymmetry may arise, but have not yet been studied hi sufficient detail.
Certainly more refined models and more detailed model validation under conditions as similar
as possible (e.g. in terms of dimensionless quantities like mean free path to field line length,
poloidal gyroradius over scrape-off layer width) to future experiments like ITER are necessary.
ASDEX Upgrade, Din, JET divertor, etc. should be able to extend the experimental basis
significantly beyond that obtained in ASDEX. Together with improved models, more
quantitative predictions will be possible.
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Abstract

Plasma fluid equations(equations of continuity, pressure
balance and heat conduction) of the divertor plasma are
solved analytically with the neutral particle. Radiative
cooling can be also included. With this model, we discuss the
feasiblity of dense, cold and radiative divertor plasmas in
present and next-step devices.
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1. Introduction
Divertor models are useful in understanding high density, low

temperature divertor plasmas observed in experiments. Analytic divertor
models were developed by number of authors. Ohyabu[l] and Mahdavi[2]
solved heat conduction equation and pressure balance equation along the
field line. Post[3] and Sugihara[4] solved equation of continuity along the
field line and demonstrated multiple solutions. Sugihara reproduced the
multiple solutions by solving two dimensional plasma transport code
coupled with Monte-Carlo neutral transport code. No attempt has been
made yet: to solve the three fluid equations (equations of continuity,
pressure, and heat conduction) consistently with neutral particle or with
radiative loss.

In this paper, we report the first analytic solution of; the three fluid
equations solved consistently with neutral source and radiative loss. By
using this solution, we discuss feasibility of dense, cold and radiative
divertor in present and next-step devices.
2. Analytical Model
2.1 Assumptions

We solve steady state equations of one fluid plasma in one
dimension. Effects of momentum loss by charge exchange are neglected.
Neutral particles are assumed to have reflection energy given at the
divertor plate. These processes neglected in this paper for simplicity might
be important for more quantitative comparison with experimental results.
The effects of these processes therefore will be discussed in the future
work. Omission of these processes, however, should not affect the
qualitative features of the discussion.
2.2 Transport Equations
x coordinate is taken along the field line. Suffix 's' corresponds to
separatrix point(x = O). Suffix 'd1 corresponds to divertor plate (x=L).

|-(2p+mv<|>) = Sp (2-2)

IL SE (2-3)

In eq. (2-1), <t> is the particle flux density along the field line,

-————"——-—(2-4)
n is plasma density, v is flow velocity, and Sn is particle source.
In eq. (2-2), p is electron pressure,

T is plasma temperature, m is ion mass, and Sp is the momentum source,
which is neglected in this analysis.
In eq. (2-3), q is heat flux density along the field line,

K is electron heat diffusivity along the field line,
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»™-~— (2-7V
SE is the energy source, and convection loss is neglected except at the
sheath.
2.3. Boundary conditions
at x = O (separatrix point)

q = qs

- ---- — ------ (3-1)

at x = L (divertor plate),
- v = Vd = Csd ----——— ----—-(3-3)

T = T, _Zd_ _qd

In eq. (3-1), <|>s is particle flux density from the main plasma, F8 is total
particle flux from the main plasma,

T5=- ---------------- (3-5)
TP

N is total number of particles in the main plasma volume, Tp is particle
confinement time of the main plasma, A is effective cross section of the
scrape-off layer,

A = 2JtR 5 Q ---------- (3-6)
R is major radius, 8 is scrape-off layer thickness, and Q is pitch of the field
line,

6= -------------- (3-7)

Bp is poloidal field, and BT is toroidal field.
In eq. (3-2), PS is total power from the main plasma,

Ps = Pin-Prad --------- (3-8)
Pin is input power, and Prad is radiation and charge exchange loss power
in the main plasma.
In eq. (3-3), Csd is sound velocity at the divertor plate,

e is electronic charge.
In eq. (3-4), 7 is heat transmission coefficient at the sheath.
2.4. Solution of the transport equations
From eqs. (2-1) and (3-1),

x
<t» = <!>s + J Sn dx ------------ (4-1)

From eqs. (2-2), (2-4), (2-5), (3-3), (3-9),
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(4-2)4ndTd - 2nT
v = -

From eqs. (2-3), (2-6), (2-7),

2 3 7/2 L. (4.3)
-— ix Q ~ _ i — ug T IJ ti UA ^ '

I OX J

By integrating this equation from x to L, we obtain

7/2
T = Td

V

can be neglected,

T =

J-.
2K0

C[S(L-X) +
X

dx: [SE d\'
O

L X j

1

J1V r r(4_4\

— I „_-.___.-— (A-I^)

0L

\.
2.5. Neutral Transport

Sn = nn0<ov> = f% n nod<°~v>exp(- —- ) (5-1)

w/v

In eq. (5-1), no is neutral particle density, fg is particle reflection coefficient
at the divertor plate times the geometrical factor, nod is neutral particle
density at the divertor plate, <o~v> is the ionization rate coefficient of
electron impact, C is the coordinate normal to the divertor plate( ^ = 6x ), X
is ionization mean-free-path.

n0d = vod
(5-2)

is neutral particle velocity, which is assumed to be a function of ion
speed accelerated at the sheath.

[SeTd
VOd = REA/-^ (5-3)

where RE is the energy reflection coefficient at the divertor plate.
1 v°d KA.,u _ .—_——._......^.<fj

n<ov>
With eq. (5-1), (5-4), and (5-2), we obtain

x L
• <ov> F
JSndx= fg $d ( exp(- 6 — Jndx) -exp(-6
O x

<oy>
vod

Jndx) ) - (5-5)
O

m order to evaluate this integral, we find an approximate solution of n.
Assuming that v«Cs, which is valid for most of the divertor volume, we
obtain from eq. (4-2),
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From eqs.

Using eq.

nT - 2ndTd
(2-4) and (3-4),

nd-csd-
-*

<Dd
/27fd~

\l m
(5-7), eq.(5-6) becomes

/n«nr i

-~ - (5-6)

- (Wi- — w ')

/^dju
J 2e *d

m
Using eq. (4-5), we obtain

7/2 qs (L-x)
id + o

V

which can be integrater'.
Let us define I(x) by:

f
L IK°

Kx)= Jndx= —-—<î»d
x ^s

7/2 qs (L-x) >5/7 5/2

7 K O
-Td

<ov>
Kx)) - exp(- 9 - - 1(O))

Using (5-9), eq. (5-5) becomes

. , . . ( , n<W>
Sndx = te q>d exp(- 6d B ^ Vod

=fg«dl(x)
<ov> <o"v>

where Kx) = exp(- 6 -̂ - i(x)) - exp(- 0

(5-9)

Ni
J- (5-10)

(5-11)

From eqs.(4-l), (5-10), and (5-11), we obtain
$ = <t>s + fg (frd J(x) (5-12)

41S
1 - to J(L)

^C-I q\
\\J l«J/

v= 1-f T(L) ^5 (5-14)
From eqs. (3-1), (3-3), (3-4), (4-5), (5-8) and (5-13), ns, vs, Ts/ nd, vd, Td can
be calculated.
The radiative cooling rate was calculated in a similar manner described in
[5]. All the rate coefficients and radiative cooling rates for each ionization
state are calculated by ADLHAX code.

After calculating the ionization equilibrium, radiative cooling rate
L(T) was computed. Figure 1 shows a comparison of two cases; neutral
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particles 1% of electron density, and with neutral particle density 10% of
electron density. For these cases, g factors discussed in the previous
chapter is cakulated(Fig. 2). These figures indicate that radiative cooling
rate is significantly enhanced with particle recycling and charge exchange
recombination[6].
3. Comparison with JT-60 Results[7]

We would like to discuss the experimental result in JT-60 with this
simple divertor model. The divertor characteristics obtained in the
experiment are: ncdiv = 2.4 x 1020, TcdiV = 26 eV, Fdiv = 4 x 1023 /sec,
Prad(div,bolometer) = 4_MW,Tra

:d(div, H°) = 2 MW, Prad(div,_C)_-_ 1.5 MW, ^
and carbon concentration f c == 0.3 %. -: rr ^ ^ ; . ^
Input parameters were: Ps = 16 MW, fg = 0.96, volume average density = 3
x 1019 nr3,5 = 0.05 m. We used divertor length of 0.2 m, since radiation is
enhanced well above the x-point. Figure 3 shows Prad, ̂ div, Tediv, "ediv as

a function of tp. If we assume that particle confinement time inside the
separatrix is 50 msec, we can fit all the experimental data consistently. The
particle confinement time of 50 msec is close to the values previously
obtained in JT-60[8].
4. Extrapolation to ITER

Figure 4 shows predictions of divertor characteristics with ITER
parameters: power outflux from inside the separatrix to the outer divertor
channels:91 MW, Zcff = 1.66(main plasma), connection length=44 m, pitch
of the field line: 0.11, particle recycling coefficient=0.9875. These
parameters were taken from the ITER guideline for the ignition phase.
The figure 4 indicates that with sufficiently short particle recycling time(<5
sec), it is possible to radiate more than 50% of the power from the mai:
plasma, and to make the divertor dense and cold.
5. Summary

Analytical solution of the divertor fluid equations is presented. The
divertor parameters are solved consistently ivith neutral particles and
remote radiative cooling. This simple code is demostrated to be adequate
in analysing the JT-60 experimental results. Extrapolation to ITER
indicates that if the particle confinement time is kept reasonably short(<5
sec), it is possible to radiate significant amount of power in the divertor,
and the divertor plasma can be made dense and cold.
Reference
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Figure Captions
Figure 1. Radiative cooling rate of carbon, (a) neutral particles 1 % of

electron density (b) neutral particles 10% of electron density.
Three curves represent:dash line: coronal equilibrium, thick line:
the product of electron density and particle recycling time nt of

7 1017 nv3sec, thin line: nt of 1016 nv3sec. ~"~ ~"~j
Figure 2. g factor for remote radiative cooling calculation. The same

notation was used as in Figure 1.
Figure 3. Coparison of JT-60 Experimental data "with calculation of divertor

transport model.
Figure 4. Predictions of ITER divertor characteristics. HR indicates high

recycling(neutral particles 10% of electron density), and LR
indicates low recycling(neutral particles 1% of electron density).
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Abstract

The concept of the reentrant divertor (or gaseous divertor) has been suggested as a

possible solution to the divertor heat load problem in next generation tokamaks. The idea of

the reentrant divertor is to redistribute the divertor heat flux over a large surface area by

radiation and/or elastic and inelastic collisions with neutral particles. Simulation experiments

are performed in the PISCES-A linear plasma device to test the basic concept and to evaluate

the axial and radial particle and heat transport. To date, data have been obtained in steady state

hydrogen and argon plasmas at densities of up to 2xl013 cm-3 and electron temperatures of 5-

30 eV. With moderate gas feed (10 mtorr) to a simulated divertor slot (length 90 cm) we have

observed the electron temperature to decrease axially from 25 eV to 3 eV. At higher neutral

pressure (>25 mtorr) a neutralizer regime is : >und, where the plasma density at the simulated

divertor target can be reduced by up more than two orders of magnitude. Radial plasma loss is

proportional to the neutral pressure and greatly enhanced as compared to the Bohm rate and the

classical diffusion rate. The axial plasma heat flux to the divertor target is reduced by a factor
of up to 103.
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I. Introduction

Management of the divertor heat load deposition is a critical issue for the design of next

generation fusion devices such as HER and CIT. The heat load to the outer divertor region is

estimated to reach values on the order of 50 MW/cm2 in ITER during the technology phase.

The severe erosion and impurity control problems at these power levels have stimulated

research on alternative divertor concepts. If the scrape-off layer plasma outside the tokamak

separatrix interacts with cold neutral gas of sufficiently high density, the heat flux can be

redistributed over a large surface area by elastic or inelastic scattering off neutrals. The

gaseous divertor concept was first proposed in the Princeton Reference Reactor Design in 1974

[I]. A successful experimental test of the concept in a low temperature plasma (kTe < 3 eV)

has been reported in 1982 [2]. In this experiment inelastic processes such as ionization,

excitation, and charge exchange were not important and the radial particle and energy loss was

attributed to elastic ion-neutral collisions. At realistic tokamak edge temperatures (>100 eV) the

energy loss is primarily determined by inelastic processes such as excitation, ionization, and

charge exchange. Recent calculations indicate that a neutral density of 2xl014 cm-3 is required
over an appreciable path length (= 15 m) along the field lines to reduce the plasma temperature

f;om 100 eV to value of about 10 eV [3]. An annular slot with a transverse dimension close to

the width of the scrape-off layer has been proposed to confine the required neutral gas. The

poloidal depth of the slot can be quite small since the magnetic field is primarily in the toroidal

direction. Since the plasma at typical densities is opaque to low temperature neutrals, fast

neutral atoms and/or anomalous neutral transport are required to maintain an adequate neutral

density inside the plasma column. The particle source due to the neutral gas is expected to

increase the local plasma density similar to a high recycling divertor regime. If the electron

temperature can be decreased below 5 eV, however, ionization is less important and the plasma

density is expected to decrease towards the diverto- target (neutralizer regime) as a results of

axial and radial particle losses. We report simulation results obtained for characteristic tokamak

boundary plasma parameters both in the high recycling and the neutralizer regime. In contrast

to previous experiments [2,4] the neutral gas is confined in a cylindrical neutralizer tube and

multiple collisions between neutrals and plasma ions are likely to increase the neutral energy

and penetration depth. Simultaneously, high neutral pressure can be maintained inside the tube

while the leakage of neutrals towards the plasma source is greatly reduced. Also, the plasma

plasma radius in our experiment is much larger than the ion gyroradius and, thus, radial

transport can be studied more realistically. We present axial profiles of electron temperature,

density, and neutral pressure, and discuss axial and radial particle and transport. Anomalous

neutral gas penetration has been observed in experiments with a high density argon neutralizer
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plasma. A dramatic reduction of divertor heat load is found both in hydrogen and argon

plasmas.

II. Experimental Technique

The basic set-up of the gaseous divertor simulation experiment in PISCES is shown in Fig. 1.
The PISCES-A facility is described in more detail elsewhere [5]. A hot cathode (LaBg) reflex

arc discharge is employed to simulate the scrape-off layer plasma. Downstream at a distance of
about 1 m from the source, the flowing plasma is accepted in a water-cooled circular neutralizer
tube of 4.5 cm diameter, aligned parallel to the magnetic field. The transverse width was
chosen close to the width of a typical tokamak scrape-off layer in the divertor region. The

length of the neutr;ilizer tube is 90 cm. The axial magnetic field can be varied from 0.4 -1.7
kG. The simulated divertor target is located at the downstream side of the tube (z=0). The
tube is made of anodized aluminum and is electrically floating. Neutral gas (H2, D2, He, Ar)

can be fed from the end of the divertor tube. The neutral pressure in the plasma source can be
kept well below 1 mtorr even at high secondary gas feed rates. In the experiments reported
here, the source plasma density was between SxIO11 cm-3 and 2xl013 cnr3 and the source
plasma electron temperature was 5-30 eV. An axially moveable Langmuir probe provides
measurements of the electron temperature, plasma density and floating potential profiles along
the length of the divertor tube. The chamber neutral pressure is measured with an ionization
gauge, and the neutral pressure at two axial positions inside the tube (at distances z =1.5 cm
and z = 41 cm from the divertor target) is recorded with ionization and baratron gauges. A CID
camera as well as a 1.3 m Czerny Turner spectrometer with a photomultiplier tube is used to
analyze plasma and neutral line radiation. A fast scanning, pneumatic Langmuir probe is used
to obtain radial profiles of the plasma density and the space potential at select axial positions. A
multitip radial probe is used to obtain the density and potential fluctuations n and <{> as a

function of plasma radius. The radial particle flux driven by fluctuating electric fields is
evaluated from the probe signals (4).

Ill Results and Discussion

The results reported here were obtained in hydrogen and argon plasmas. Argon was
chosen for the proof of principle experiment because the rate coefficients for ionization and
excitation are considerably larger than in hydrogen and, thus, the energy transfer from the
plasma electrons to the neutral gas is very efficient. Also, we can obtain a plasma density of
Ne > 2xl013 cm-3 in argon, while the limit in hydrogen is presently 3xl012 cm-3. Detailed
transport studies, however, were conducted in hydrogen since the neutral density and
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temperature inside the plasma can be determined more easily by calibrated H01 line intensity

measurements.

Typical axial profiles of the electron temperature, the plasma density and the neutral

pressure in the high recycling regime are presented in Fig. 3 for a high density argon plasma.

The magnetic field is 1.7 kG. Here, the Ar neutral pressure at the target is about 20 mtorr,

maintained by a secondary gas feed at the end of the neutralizer tube (z=0). The neutral

pressure averaged over the length of the tube is about 7 mtorr. For reference, the neutral

pressure measured with the plasma shut off is also shown. The pressure difference (about

40%) is due to plasma pumping effects. The electron temperature is observed to decay from
kTe=15 eV close to the tube entrance (z=90 cm) to kTe =3 eV at the divertor target. The

density increases towards the divenor target and the product of the local density and electron

temperature is roughly constant, as observed in high recycling tokamak divertors. If the

secondary gas feed is increased (averaged pressure about 14 mtorr), ? neutralizer regime is

found (Fig. 4). The axial density increases again in the upstream part of the neutralizer tube.

The density reaches a maximum at z = 35 cm and decreases rapidly towards the divenor target

We interpret these results as follows. The electron energy loss is primarily caused by

inelastic collisions (ionizadon and excitation) with Ar neutrals. In the high recycling regime the

electron energy loss in the upstream part of the neutralizer tube is moderate. The density

increases towards the target due to ionization. In the neutralizer regime, the electron

temperature decreases from 15 eV at the tube entrance to below 8 eV at z = 35 cm. The

corresponding decrease of the ionization rate coefficient is a factor of five.. lonization is

therefore less important for z < 35 cm and the density decreases rapidly towards the target as a

result of radial transport.

Fig. 2 shows the normalized ionization mean free path (ionization mean free path

divided by the plasma diameter) for H and Ar neutrals for a typical electron temperature of 10

eV. In the recent argon experiments reported here, the plasma density is Ne > IQ'3 cm-3 and the

plasma is opaque to cold Ar neutrals, but partially transparent to energetic (>1 eV) neutrals. It

should be pointed out that the electron-ion energy equilibration time is very large (30 ms), so

that the energy transferred to the ions by Coulomb collisions is negligible. Neutral heating can

however occur by charge exchange and elastic ion-neutral collisions if the ions are heated by

fluctuating electric fields. We have detected strong broadband low frequency turbulence
(ec|>/kTc = 1, N/<Ng> = 0.6) in the frequency range 1-300 kHz throughout the plasma column.

The associated fluctuating ExB drift can transfer considerable energy to the ions and, in turn,
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produce energetic Ar neutrals. Also, the penetration of cold neutrals is possibly enhanced by

local fluctuations of the plasma density and the associated convection. Direct spectroscopic

measurements of the argon neutral temperature inside the plasma will be made in future

experiments.

At low neutral pressure, the density at the divertor target is increased as compared to the

tube entrance as a result of the additional particle source. Fig. 5 shows the density ratio as a
function of neutral pressure. The neutralizer regime is reached for pN > 5 rntorr. In this regime

the target density can be decreased more than two orders of magnitude. Fig. 6 shows the

parallel plasma heat flux transmitted to thr. divertor target as a function of the averaged neutral

pressure. Q is calculated from the expression

Q = ncsykTe, (1)

where n is the plasma density, cs is the ion acoustic speed, and y =7 is the sheath heat

transmission factor/6) Shown is the normalized heat flux Q1318C1/ QQ, where Q0 is the equivalent

heat flux at the tube entrance. A dramatic reduction is observed if the averaged neutral pressure

exceeds 5 mtorr. The largest reduction factor observed so far in the experiment is 2XlO3.

A detailed study of radial a;,-! axial particle transport has been carried out in lower
density hydrogen plasmas (Ne < 2xl012 cnr3) at a magnetic field B =0.8 - 1.7 kG. In this

case, the plasma is transparent to neutrals (Fig. 2). The axial profiles obtained are very similar

to the argon results, and the high recycling as well as the neutralizer regime are observed. The

average neutral pressure required to achieve a similar decrease in the target heat load typically

higher by a factor of five as compared to the argon results. The particle balance equation can

be written

nn0<GiVe> = -acs3n/9z - D 32n/3r2. (2)

Here, n0 is the neutral density, r is the radial coordinate, and D is the (ambipolar) perpendicular

diffusion coefficient. The term on the left represents the particle source due to ionization, the

first term on the right is the divergence of the parallel plasma flow, and the last term describes

the radial particle loss due to cross field diffusion. It has been assumed that the parallel flow
velocity is a fraction a = 0.5 of the ion acoustic speed. The neutral density n0 is obtained from

the Hn line intensity and from pressure measurements using the measured neutral temperature

inside the plasma column (0.2-0.5 eV). We have solved equation (2) using the experimentally
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measured density and temperature profiles. At low neutral pressure (<2 mtorr), we find D =
(l-2)x DBohm. This value is in agreement with the measured fluctuation driven particle flux. At

high pressure, D is larger than the Bohm diffusion coefficient by a factor of up to 20. Here, D

is proportional to the neutral pressure and almost independent of the magnetic field over the
range B = 0.8 - 1.7 kG. We find the empirical scaling D (cm2/s) = 0.03 kTe (eV) x v^ (s-i),

where V1n is the elastic ion-neutral collision rate [7]. It should be pointed out that this value is

also much larger and scales differently than the classical ambipolar diffusion coefficient Dcl =

kTe Vjn^m1 wci
2, where m; is the ion mass and tociis the ion cyclotron frequency. This

anomalously large diffusion coefficient causes the density reduction at the divertor target and

is very advantageous for the gaseous divertor concept. Further work is needed to clarify the

underlying transport mechanism.

IV. Conclusions

We have demonstrated a drastic reduction «. : the parallel plasma heat flux in a gaseous

divertor simulation experiment. In an argon plasma opaque to cold Ar atoms, anomalous

neutral penetration was observed. The target electron temperature is typically decreased by a

factor of five. A neutraliser regime is accessible with moderate secondary gas feed. Li this

regime, the density at the divertor target can be decreased by more than two orders of

magnitude. Anomalous radial transport is found both in argon and hydrogen plasmas. The

transport coefficient is proportional to the neutral density within the plasma column but much

larger than the classical (ion-neutral) and the Bohm diffusion coefficient. The closed

neutralizer configuration prevents excessive backstreaming of neutral gas to the main plasma

and might be beneficial for particle and fueling control of the main plasma. In future

experiments, we will directly determine the axial and radial heat flux, including the contribution

from energetic neuaals, with a calorimetric technique.
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VI. Figure Captions

Fig. 1: Experimental set-up for the gaseous divertor simulation in PISCES-A.

Fig. 2: Normalized lonization mean free path (ionization mean tree path divided by the
plasma radius) for atomic hydrogen and argon neutrals with kTn = 0.1-1 eV vs.

plasma density. The electron energy is 15 eV.

Fig. 3: Axial profiles of electron temperature, plasma density, and neutral pressure in

the high recycling regime (Ar plasma; B = 1.7 kG), The divertor target is

located at ^=Q, and the tube entrance is at z = 90 cm.

Fig. 4: Axial profiles of electron temperature, plasma density and neutral pressure in

the neutralizer regime (Ar plasma; B = 1.7 kG).

Fig. 5 Density ratio FN = N[argeI/No as a function of the neutral pressure averaged over

the length of the neutralizer tube (Ar plasma; B = 1.7 kG, kT^ = 15 eV).

Fig. 6: Heat flux reduction factor Qtargei/Qo as a function of the averaged neutral
pressure (Ar plasma; B = 1.7 kG, kT,̂  = 15 eV).
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Novel Techniques for Edge Plasma Particle and
Energy Flux Control: Scrape-Off Layers Modified by

Electrostatic Barriers and RP Ponderomotive Forces *

A. Grossman, L. Schmitz.-R.W-. Conn

R. Doerner, Y. Hirooka, R. Lehmer. Y. Ra, G. Tynan

Insitute of Plasma and Fusion Research. University of California. Los Angeles.

T. Shoji

Institute of Plasma Physics. Nagoya University.

Particle and heat fluxes from the core region of many tokaraaks are often observed to

be poloidally asymmetric, with largest cross field transport occurring on the large major

radius side. These localized particle and heat fluxes can directly affect the lifetime of

plasma facing components. Using a two fluid codef which includes cross-field diffusion and

mobility, it is suggested that this asymmetry can be controlled by application of potential

biases on the order of the electron temperature so as to set, up an electrostatic barrier

in the scrape-off layer. Previous experiments^ in the PISCES linear edge simulation

facility have confirmed that a strong radial electric field, set up by electrically biasing the

scrape-ofF-layer, reduces fluctuation induced cross-field plasma transport. Moreover, the

cross-field transport is further reduced by this biasing with the formation of a mobility

limited electrostatic barrier to the cross-field diffusive flux. Radial electric fields are

enhanced, which in turn strengthens E :< B flows so that they may be used to supplement

or replace magnetic divertors and liiniters. Similar flows can also be generated using RF

ponderomotive force. The perpendicular component of this force in the vicinity of an

RF antenna can create drift surfaces in which particles are diverted off magnetic surfaces

and drift around the antenna structure until intersecting; a divertor plate well away from

the main plasma. The antenna structure itself is protected from plasma by an axial

ponderomotive potential barrier, ^RP of the order of the temperature of the plasma.

The flow of plasma from the ^^RF x B drift is sufficient to protect plasma facing

components and may be used to supplement or replace magnetic divertors and limiters.

Experiments demonstrating limiter action and reduced fluctuation levels as a result of

applying RF ponderomotive forces in PISCES are analyzed using numerical particle orbit

and fluid drift calculations. Possible application to tokamak edge particle and energy flux
control is discussed.

* This work supported by U.S.f'.o.E.
t B. LaBombard, A. Grossman, PSI Conference, Bournemouth. UK 1990
t B. LaBombard, R.W. Conn. Y. Hirooka et al., J. Nucl. Mater. 162-164(1989) 314.
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EDGE TURBULENCE

André Saihain
DRFC - CEN/Cadarache

13108 Saint Paul Lez Durance, Cedex - France

The possible mechanisms of edge turbulence are discussed. In the
scape off layer, interchange modes may be driven by the unfavourable
curvature of the flux lines, because the presence of limiters prevents the
magnetic shear to play its stabilizing role. Within the plasma, the only
reasonable possibility seems to be a regime of drift waves in a highly non
linear state : longitudinal trapping of electrons by the turbulent potential and
large transverse convective motions. The strong variations of the
diamagnetic and electric drift velocities influence the radial propagation of
the waves and thereby their stability. L-H bifurcation may be envisioned
along that Une.
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COMPATIBILITY OF A COLD LAYER WITH IMPROVED CONFINEMENT

M.TENDLER & V.ROZHANSKY*

DEPARTMENT OF PLASMA PHYSICS & FUSION RESEARCH,ROYAL INSTITUTE OF

TECHNOLOGY STOCKHOLM 70,5-10044,SWEDEN

ABSTRACT.
The standart neoclassical theory of both the banana and the plateau regimes is revised incorporating

an anomalous transport in it.This results in a new model explaining the growth of the poloidal

rotation at the plasma edge in a tokamak.The ramifications of the theory important for experiments

on tokamaks are emphasized.

!.INTRODUCTION.

It appears that the most efficient way to broaden the prospects for ignition is to improve the quality

of confinement beyond the so-called L-mode regime.Recently,a number of the improved

confinement regimes have been experimentally identified and phenomenologically

described[l,2,3,4].These novel regimes of confinement have all been obtained in limiter

discharges,thus invalidating the conjencture that a divertor is a mandatory feature of the regime with

the improved confinement.The theoretical predictions of the transport coefficients in the improved

confinement regimes are rather well developed.However.the physical undestanding of an origin of

a mechanism,triggering the transition from the degraded to the enhanced confinement regimes

remains unclear.

In the present study the establishment of poloidal flows,resulting from the radial electric fields due

to the non-intrinsic ambipolarity is considered to be the triggering mechanism.The profile of the

radial electric field is computed starting from the limiter or divertor plates in the scrape-off layer

(SOL),then across the separatrix and finally on the closed magnetic field lines.The electric field in

the SOL is governed by the wall/limiter contact.whereas in the inner core inside the separatrix the

electric field is determined by the turbulence-driven transport and the amount of the trapped(banana)

particles close to a separatrix.The matching of the two solutions in the SOL and the inner part at the

separatrix provides the means to obtain the bifurcation of solutions.

2.THE EFFECTS OF THE ELECTRIC FIELD IN THE SCRAPE-OFF LAYER.

The difference in potential between an electrode and a plasma is of the order T6 / e.This fact allows

the computation of the distribution of the electric fields in the vicinity of the separatrix for a given

temperature profile.The resulting equipotential surfaces do not coincide with the magnetic

surfaces.This results in poloidal and radial motions caused by the ExB drift. The radial electric field

arising from the radial inhomogeneity of the plasma temperature causes a poloidal rotation with the

velocity

Ve=cTe/(eBA) (1)

where A is the length scale of the radial gradient of the electric field.In our previous work [5] the

velocity of the poloidal rotation has been found to be proportinal to the gradients of plasma profiles

in the SOL.Tne direction of the poloidal rotation in the SOL turns out to be opposite to the direction

of the neoclassical poloidal rotation on the inner.closed field line surfaces inside the separatrix.The

resulting viscous interaction through a separatrix is accompanied by the effective radial
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diffusion.More importantly ,if the transport coefficients in the SOL plasma would be poloidally

symmetric,rotation simply changes the poloidal location where the plasma chooses to

exhaust.However,it is now well documented that most ,if not all,tokamaks exhibit strong poloidal

asymmetries in the cross-field,turbulence-driven transport coefficients,favoring a higher loss rate at

the outer modplane of a tokamak.

Thus the poloidal rotation of the SOL plasma might affect the overall confinement in accord with

the following scenaric.The radial electric field perturbation propagates from the SOL plasma onto

the closed field line surfaces at the outer midplane.Since changes of the electric field have been

" shown to provide the means in obtaining the unproved confinement,the mechanism emerges

capable of producing the sufficiently large negative potential perturbation due to the relative motion

of plasmas on both sides of the separatrix.Within the framework of our model,the effect of the SOL

plasma is imposed upon the electric field in the inner core through boundary conditions.

3.THE POLOIDAL ROTATIONINSIDE THE SEP ARATRK. - "-_---_"

It is well-known that neoclassical effects feature some important experimental observations of the

H-regime.Experirnentally this is bom out by the factor of two increase in the H-mode power

threshold when the ion drift is changed from toward the divertor X-point to away from the X-point

[6] .Therefore we have revised the standart neoclassical theory incorporating the effect of an

anomalous transport.

Neoclassical theory predicts the unique profile of the poloidal rotation velocity imposed by the

ambipolarity constraint [7,8]

VQ=V^0= -{cTiDcdClnTiVdr+ddnniVdr] }/(eB) (2)

where k is a coefficient,depending on the collisionality of the plasma.For example in the banana

regime k=-0.17 .The combined effect of the inertia and the viscosity,crucial within the framework

of the standard neoclassical theory for the relaxation of the poloidal rotation [7] ,is analyzed

provided the quasi-stationary electric field given by Eq.(2) is modified due to the injection of

neutral beams or pellets.If an arbitrary poloidal rotation velocity VQ differs from Eq.(2),the

non-ambipolar ion fluxes emerge. From the sum of the parallel components of momentum balances

for ions and electrons follows that the ambipolarity is fulfilled when

( V • 7t)||>=0 (3)

At first the effect is considered in the vicinity of the separatrix where the population of banana

particles is significant and VQ<0Cs.The contribution of untrapped particles to the inertia flux is

small. Thus we obtain for the stationary case (3/3t=0)

dV0(r)/dr+a(r)V0(r)=p(r) (4)

Here,

a(r)=Vi/ur p(r)=a(r)V0
NEO (5)

where ur is the flow velocity driven by a turbulence.

Eq.(4) constitutes the main equation unfolding the effect of inertia and yielding the profile of the

poloidal rotation velocity and the associated radial electric field.The inertial term given by the first
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term in Eq.(4) is neglected in the standart neoclassical theory owing to the small values of the

Pfirsch-Schluter particle flow resulting from the standard neoclassical theory .This results in the

conclusion that the inertia! term compared to the viscosity turns out to be negligible[8].Thus the

parallel viscous force is derived to be always sufficient to damp the poloidal rotation owing to the

inertia! spin-up.However,the transport in tokamaks is notoriously anomalous and exceeds the

Pfirsch-Schluter flux.Thence the solution for VQ is obtained integrating by part the solution of

Eq.(4)

V0fr)<V0(a)-V0
NTO(a)l«p(fctOr')dr>V0

NEO(r) (6)

The governing parameter turns out to be [VoCa)-VQ""^(a)].

If V0(a) coincides with the neoclassical value V0^O(a) then the profile of the poloidal rotation

velocity is determined by the neoclassical velocity profile V0
1^0O:) given by Eq.(l).

On the other hand,if V0Ca) differs from VQ^^Ca) men the solution does grow exponentially from

the separatrix into a plasma core on the length scale of the order a(r)"^.

This exponential growth is terminated only when the poloidal rotation VQ(F) approaches 6Cg.This

occurs due to the significant decrease of the total amount of banana particles in the inner core.Then

the inertia is dominated by the untrapped particles.

Thence we obtain for V0=BC5

dV0(r)/dr+a(r)V0(r) exp(-V0
2/62Cs

2) =^(r) (7)

where

Neglecting terms of the order VQ^^ compared with 0Cg and accounting for aL »l,we obtain

from Eq.(7) with the logarithmic accuracy
WflTs I

Jexp(x2)dx=Ja(r)dr (8)
D r-

The function V0 as a function of radius (Eq.(8)) is roughly proportional to V0=GC8 ~VTj(r) 8(r) in

agreement with [l].The crucial criterion for the exponential growth of the solution is governed both

by the presence of banana particles up to a separatrix and by the magnitude of the poloidal rotation

velocity at the inner side of a separatrix. As emphasized already by us in [1],there is a layer

emerging due to a discontinuity of rotational velocities in the SOL and in the inner core.The

thickness of this layer is of the order of the banana width.The separatrix constitutes the outer

boundary of the layer.The profile of the poloidal rotation velocity crucially depends on the

boundary conditions imposed both by the conditions in the SOL,which are governed by a contact

with a metal, and by the gap in the poloidal rotation AV0 in this layer.The velocity of the poloidal
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rotation in the SOL has been calculated by us in [5].For given temperature Te(r) and density n (r)

profiles,the velocity of the poloidal rotation VQ reads .

V0={cTe[d(lnTe)/dr4<i(ln n )/dr]}/(eB)}< O (9)

Note that this value of the poloidal rotation is sustained by the positive radial field and is therefore

negative here.The change in the gap calculated from the condition for detrapping of banana ions

turns out to be approximately VeGCg.Thence the resulting value of the poloidal rotation velocity at

the inside of the separatrix layer employed as the boundary condition in Eqs.(4 &7) V0(a) is found

out

V0(a)=V0+ VeGC5 = {cTe[d(lnT e)/dr+d(ln n )/dr] }/(eB)+ VeQC8 (10)

The two terms at the right hand side of Eq.(9) have opposite signs.If the banana width pci Ve/9 is

less than h.where h is a typical scale of plasma parameters in the SOL.the second term gets

dominant and the Vg(a) becomes posiuv&This means that the resulting value of the poloidal

rotation velocity at the inside of a separauix V0(a) exceeds the neoclassical value given by Eq.(l).

The solution obtained from Eqs.(6 &8) is shown in Fig.l.

In summary ,the impact of an anomalous transport results in significant modifications of the standart

neoclassical theory .The main qualitatively novel features are listed below:

1.In the standart neoclassical theory the inertial term is neglectedln the revised version,outlined

above.the importance of the inertia is enhanced/The impact originates from a turbulence-driven

transport.

2.In the standart neoclassical theory the radial current arising at first during the so-called

"non-intrinsically ambipolar phase" is rapidly damped by the parallel viscosity on the time scale

shorter than ion-ion collision time for any regime of collisionality.In contrast,within the framework

of our model the "non-intrinsically ambipolar phase" is strongly enhanced and the inertial spin-up

counteracts the parallel viscosity provided the specified before boundary conditions are fulfilled

inside and close to the separatrix.

3. After this phase.the electrostatic potential is quasi-statically related to the toroidal angular

momentum of each flux surface.and the cross-field fluxes are automatically ambipolar and

independent of the radial electric fieldThe neoclassical theory predicts that the ambipolar radial

electric field vanishes due to the shear viscosity and the poloidal rotation velocity arises entirely due

to a large toroidal rotation velocity U n ̂ g'̂ ^O.where VQ ̂ 0 is a neoclassical value of the

poloidal rotation given by Eq.(2) and 6=<BT)/B> is the ratio of the poloidal to the total field.At first

the large value of the toroidal rotation velocity is never observed experimentally in the absence of

the unbalanced neutral beam injection even in discharges with a degraded confinement.

Furthermore4n contrast to the neoclassical prediction the experimentally observed poloidal velocity

originates predominantly from the radial electric field

More importantly ,the novel physical phenomenon emerges resulting from the enhancement of the
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effective plasma mass both due to an arbitrary (but significantly exceeding neoclassical)

turbulence-driven transport and the ample population of trapped particles. Alternatively ,the

polarization current owing to the inertia,which is shown to be amplified by a turbulence;provides a

torque.When the torque,corresponding to this current,equalizes the friction caused by the parallel

viscosity which the plasma can sustain, a sudden transition from profiles characterized by low

values of the radial electric fields (shown as neoclassical values by curves 1&2 in Fiq.l) to profiles

with high electric fields(given by Eqs.(6 & 9) and shown by curve 3 in Fiq.l) must occur suddenly

and explosively provided the specified above boundary conditions are fulfilledTherefore we

suggest to call the phenomenon " THE INERTIAL CATASTROPHE".The emergence of the

scenaria described above is the subject to the experimentall constrains to be fulfilled.We discuss

these requirements in the next Section.

4.THE IMPACT ON TOKAMAK EXPERIMENTS.

Our results.which are general in the sense that they do not assume any particular model for the

background turbulence,predict that

l).The regimes with the improved confinement can be obtained both in limiter and divertor

configurations.

2).The typical time scale for a transition between regimes with degraded confinement to the

improved confinement turns out to be rapid of the order of the ion-ion collision time.

3).The non-intrinsically ambipolar phase of the discharge relaxation(marginal within the framework

of the neoclassical theory) is strongly enhancedThe polarization current originates at this stage due

to the charge separation owing to finite electron-ion radial orbit displacements.This current affects

the confinement similarly to the externally imposed current in the CCT experiment [I].

4).The ample amount of the trapped (banana) particles in combination with an anomalous transport

originate as the mandatory requirements in order to achieve the regime of the improved

confinement.Thus a threshold,quantified by v*j >l,arises.This critérium implies that the constraint

imposed on the minimum edge temperature Tj(a) required for the H-mode.

5).Our theory predicts that this should be easier to attain the regime with the improved confinement

in the tight aspect ratio tokamaks.Recall that the neoclassical effects are more pronounced in these
devices.

6).The boundary conditions at the outer midplane emerge as the governing critérium for providing

the bifurcation.In order to trigger the transition the parameter [V(j(a)-VQ1^0Ca]5EO at the distance of

the banana width from the separatrix.This critérium can be provided by either the injection of the

external momentum source tangential to this magnetic surface and/or by the quasi-adiabatic heating

of the plasma edge.However,the latter can be achieved with the variety of heating methods.For

example,the rapid heating of the periphery by skin current or by the off-axis ECRH can provide the
desired effect [2,3].

7).The direction of the poloidal momentum,injected externally at the periphery (the parameter VQ(U)

in our theory) is more beneficial for obtaining the improved confinenment if this provides for the

more negative electric field.For example,for the toroidal magnetic field into the plane the external

momentum has to be injected in the clockwise direction in order to trigger the H-mode.This appears
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to agree with the experiments on the CCT tokamak[10]
8).The pulse of trapped (banana) should appear prior to the transition at the maximum major radius.

The transition is predicted to occur at the outer midplane where the flux-average banana flux is

shown to leave the plasma.
9).The theory predicts that the solution describing the improved confinement has its maximum

radial shear at the outer midplane in the vicinty of the separatrix.In important recent work Biglari et

al.[9] have shown that the radial shear of the poloidal flow is the crucial parameter determining the

quenching influence on the ambient turbulence.Therefore the thermal barrier is located at the

distance of the ion banana width pcjVe/0 inside the separatrix at the outer midplane.

10).For a divertor configuration the L/H transition occurs provided pcj Ve/6<h is satisfied,where h

the typical scale of plasma profiles in the SOL.

In conclusion,we mention the recent experiments on the tokamak "TUMAN 3M " with the tight

aspect ratio where fast current rise (tjCCjjj.) (sometimes in combination with the adiabatic

compression) has allowed to obtain ohrnic discharges with the extraordinary high density[1 IJ.The

novel improved confinement regime is termed the HDM(High Density Mode).The highest value of

the confinement time is three times larger than the typical confinement time in the ohmic regimes

THDM~3TOHM!C
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