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OHMIC DISCHARGES IN TORE SUPRA - MARFES AND
DETACHED PLASMAS

T.C. VALLET and TORE SUPRA TEAM

Association Euratom-CEA sur la fusion
CEN Cadarache 13108 Saint-Paul-lez-Durance

1 / TORE SUPRA PLASMA CHARACTERISTICS

TORE SUPRA current recently reached 1.9MA exceeding the 1.7MA design
value. Experiments are usually carried out with D.C. 4 Tesla toroidal field.
Discharges are either leaning on the graphite inner first wall or limited by
movable pump limiters located outboard and at the bottom of the vacuum
chamber. The plasma major radius can be changed, typically from 2.25m to 2.45m,
the maximum minor radius is .8m for either situation. Density is controlled by
preprogrammed of feedback gas puffing and by pellet fuelling. Both deuterium
and helium have been used, the volume average density was varied from
1.10l9m-3 to 4.10^m-S.
A l.MA D2 typical discharge with density 2.1019nr3 has ion and electron central
energy of l.SkeV and 2.2keV respectively. Energy lifetime from diamagnetic
measurements is .18s in accordance with integration of local energy content.

2 / RADIATIVEPHENOMENA.
a) experiments

In this section, we investigate particular plasma conditions which lead to Marfes
and Detached Plasmas in ohmically heated He and D2 discharges limited by the
inner wall (major radius Ro=2.31m, minor radius a=.75m). Marfes and Detached
Plasmas are studied with various space and time resolved diagnostics:
Bolometers [1] (16 vertical chords), I.R.interferometers (5 vertical chords), E.C.E
Michelson giving Te profiles along the major radius, Soft Xrays (43 vertical
chords), and Ha signal (18 vertical chords). The line integrated data are inverted
using the equilibria identified by the IDENTC magnetic code. Plasma parameters
are 2.<B-r<4.T, .3<Ip<1.8MA, l.<ne<4.lQWm-*, TeO<2.5keV. For this study the key
parameter is the M.q product, M is the Murakami parameter and q the safety
factor - M.q=1.6p with p=7ia2ne/Ip as defined in [2]. The maximum M.q value
corresponds to the density limit.
On Tore Supra the ratio of the total radiated power to the ohmic power is found
to grow linearly with M.q. The slope for He is approximately one third of the
slope for D2 (fig.2).
The following phenomena: Attached Plasma, Marfe, Detached plasma, have
characteristic signatures on radiation profiles (fig 1 raw profiles). They are



sequentially observed when the M.q product is risen. The inverse sequence may
be observed when M.q is decreased. For a given gas and a given impurity
content the thresholds for transitions from Attached Plasmas to Marfes and from
Marfes to Detached Plasmas ,like the density limit itself, correspond to particular
M.q values.

b) Attached plasmas
Attached plasmas are characterized by a strong poloidal asymmetry in the non
inverted radiated power profiles, with a maximum located in front of the inner
wall, due to gas recycling. The ratio of the radiated power in the asymmetrical
part of the profile to the total radiated power (Pasy /Prad ) i s also found to grow
linearly with M.q (fig 3), the slope is the same for He and DZ,.
For very clean He discharges , the ratio Pasy/Prad reached 60% for
M^=IS(IO19In2T-1), and 35% for M.q=8.5 in D2. When M.q is risen above these
thresholds, plasmas enter in the poloidally moving Marfes region [3], and the
profile asymmetry begins to decrease.

c) Marfes
Marfes are initialized in the equatorial plane, on the high field side, and then
move up (in the ion drift direction) on a time scale of several seconds even
during steady state plasma operation. The poloidal extension of the Marfe is
about 30° and the line integrated density perturbation is about 1018nv2 as
observed when the Marfe crosses the LR. interferometer inner chord. When M.q
reaches 16. or 17. for He, or 9. for Da the bolometer profile asymmetry reaches a
very low level plasma gets detached.

d)Detached plasmas
Plasma detachment phases are monitored by the reduction of the Ha signal [4]
integrated along a line of sight which intercepts the inner wall in the equatorial
plane, i.e. where the plasma-wall interaction is maximum. Usually for attached
plasma this signal is roughly proportional to the plasma current, this
relationship disappears when the plasma detaches (fig 4). Detached plasmas are
produced during dynamical phases i.e. gas puffing or current decay [SJ.Common
features for Detached Plasmas are: the radiated power approximately equals the
ohmic power , radiation are coming from a very poloidally symmetric shell
localized at the plasma edge, the plasma radius become much smaller than the
radius defined by the main limiter (inner wall), all profiles ,electron density,
electron temperature, soft Xrays, contract in the radial direction, the hot plasma
core is surrounded with a ccld and tenuous plasma.
On Tore Supra plasma detachments may also be observed during the initial
rise of the plasma current. In this case temperature profiles are found very
peaked all along the fast current ramp up (fig.Sb). This temperature profile
evolution have to be correlated with anomalous current diffusivity effect [6],
Detached plasma phases are often terminated by a series of minor disruptions
corresponding to the density limit effect. Density limit is encountered for M.q=25
in He and M.q=10. in DÏ . One effect of the first minor disruption is to re-attached
the plasma to the main limiter, in a time scale less than 10 ms. The minor
disruptions are accompanied by inward motions of the plasma column. On
figure 4 the plasma current oscillations at the end of the discharge are due to



these minor disruptions,the delay between the plasma current and the Ha signal
is given by the integration time (32ms) on Ho.

e)profiles evolution
This sequence of events is for example observed on the He discharge 2246. This
discharge is not in the cleanest He discharge series, so that the transitions
expressed in M.q are:

A.P. < 5.5 < Marfe < 7 < O.P. £ 12 = D.L.
Figure 1 and figure 4 show that plasma evolves from detached in the current rise
(Tl=.24s ) to Attached Plasma (T2=1.96s) ,goes to Marfe regime (T3=2.5s ) and
then back to detached phase during current decay (T4=2.97s). Figure 5a shows the
evolution of the radiating shell obtained by Abel inversion at T2 and T4. At T2
only the outer half profile is inverted . At T4 both ohmic and radiated power are
equal to 80OkW , the maximum emissivity is 85 kW/m3 at r/a=.5,and O. for r/a >
.7. Fig 5.b gives the electron temperature profiles on the equatorial plane for
T1,T2 and T4 . At Tl the profile is nearly triangular with Te < 5OeV at r/a=.5. At
T4, the temperature on axis is still 1.2keV,and is well below 5OeV for r/a a .5. The
temperature profile at T4 presents a large Shafranov shift ,which agrees with the
high internal inductance (li=2.8) given by IDENTC with 6pol=0.1. Figure 5.c gives
the electron density profiles at T2 and T4. On the current flat top qa=7 and
qo = 1.05, at T4 qa=12.5 and q0 drops below 1. O, IDENTC localizes the q=3 surface
at r/a=.5. Figure 6. shows soft xrays profiles evolution from attached to detached
plasma for D2 shot 2340.

3 / CONCLUSIONS

1) The ratio of radiated power to ohmic power is found to grow linearly with M.q
2) Attached plasma, Marfe, Detached plasma are sequentially observed

when M.q is risen.
3) Detached plasma with an effective radius as small as .7 time the limiter radius

was observed on TORE SUPRA.
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LOWER HYBRID WAVE EXPERIMENTS IN TORE SUPRA
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W. Hess,T.Hutter,J.Lasalle,P.Lecoustey,G .Martin ,M. Plattioli,
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1. Introduction

One of the main goals of Tore Supra is the study of Current
drive and profile control by means of lower hybrid waves. In order to
investigate the current drive efficiency at high densities,up Lo
10 m ,a RF system has been designed at 3.7 GHz to avoid interaction
with the ions.

The system is composed of 16 CV/ klystrons,delivering 0.5 MW
each,which feed 2 antennae connected to 2 adjacent ports of the torus
/1,2/. One antenna is made from the assembly of 16 evacuated modules.
'Each module has 3 stages of internal power dividers: an hybrid
junction,with a short circuit on the balance port, in the poloidal
direction and two E-plane bijunctions in the toroidal direction in
such a way that 8 reduced-section (8.5x72 mm .}waveguides are
terminating the module. It has been experimented that this
"multijunction" concept allows a good coupling of the wave wi.l. Ii a
lower reflection coefficient /3/ than a conventioniial launcher. Fina Uy
an array of four poloidal rows of 32 waveguides are facing the plasma.
This allows to excite a narrow N// spectrum centered at <M//>=1.9 and
of .total width AN//=0.5. By phasing the modules, <N//> can be varied
from 1.5 to 2.3'with a decrease of directivity of less than 1Ot.

The two launchers have been installed on Tore Supra and the-
whole 16-klystron generator has been operated from the control system.

2.LH wave's coupling

A study of the coupling of LH waves to the edge plasma has
been carried out from the HF measurements available at the input of
each module. For each coupler, these RF measurements are performed by
16 bidirectional couplers and the incident and reflected electric
fields are determined in phase and amplitude . These 32 incident and
reflected fields are related to each other by a scattering matrix S
which has been calculated from the intrinsic matrix of the modules Sm
and the plasma admittance matrix Sp. Sm ,which takes into account the
geometry of the modules (power dividers ,phase shifters...), has been
experimentally determined at low HF power for the different type of
modules /4/.Sp, which expresses the intercoupling of the 32 waveguides
by the plasma and which depends on the edge plasma density Ne and the
density gradient VNe, has been computed from the SWAN code /5/.

The experimental SiJ terms were determined as follows : during a
single plasma shot [Ip=O.60 MA,Ne=6.10 m ],each module i of a row
was sequentially fed by a 100-ms pulse. With 32 pulses achieved in a



5-s sequence, each Sij terms were measured 4 times.As an example, the
experimental amplitude of the S term has been drawn on figure 1 for
various positions of the grill, at a radius Rg, with respect to the
outboard limiter, at a radius Rl. With no measurement of the edge
plasma density, it was assumed for the computation that the density
decays from the limiter (n =2.10 m ) with an e-folding Length Xn =
1.2 cm.The general shape of the curve is correctly simulated, although
experimental values are slightly higher than expected -..--For-the--S _ .
term no large difference is~ found between the top and- bottom modules
but this~ is not the case for most ~of-: the modules: -with-a -density at
the grill mouth twice the cut-off density [for Rg-Rl=2cm), there is a
good agreement for the lower row of modules with the theoretical
values of Sii whereas the upper modules would require a lower density
to fit the data [figure 2).As predicted by the theory, it was
assessed,with a higher plasma density,when all the modules are fed
that good coupling can be achieved and the power reflection
coefficient lies between 1 and 2 ''..

3.Current drive experiments

Current drive experiments were achieved at low toroidal field
(B =1.85 T] in helium , hydrogen and deuterium plasmas at constant
plasma current.The best results, with large loop voltage drop, were
obtained in hydrogen, at low volume averaged density (Ne=O.5 to
1.1018m~3], with up to 1.0 WW of power injected into the torus, In
these experiments, the ideal launched N// spectrum,centered at 1.9,
was distorted for different reasons:the coupling was poor [R~65; ),oui y
6/7 over 8 klystons were delivering power,the phasing of the modules
was inacurate-However up to 755; of the current was driven by the LH
waves [Phf=730 IcW) in a 430 IcA discharge with an increase of the
Shafranov parameter A=(|3p-t-li/2) of 0.2 (figure 3).The short time
constant of variation of A suggests that this increase is mainly due
to the kinetic pressure of the fast electrons created by the LHW Ipp)
rather than to a modification of the current profile [Ii). Some other
evidences of the fast electron tail have been found from the
measurements of the electron cyclotron emission (ECE) and the hard
X-ray (HXR) spectrometry. From 7 Fabry-Pérot lines ,a strong
enhancement of the total ECE (50-50OGHz) was observed. The relative
increase, normalized to the thermal level, AECE/ECEth has a linear
dependence with the injected power for each set of data obtained with
different plasma densities and coupling conditions (figure 4 ) . The
energy of HXR Bremsstrahlung emission was analyzed in the range of
20-700 keV and shows the existence of a wide spectrum of fast
electrons up to 200 keV when 0.8 MW is injected into a deuterium
plasma [figure 5).For different HF powers, the relative increase of
the integrated HXR signal is proportional to the relative increase of
the ECE.

During these experiments, an increase of the brightness of the
main impurities (C,O,and Ni] was measured with the grazing incidence
spectrometer. With preliminary electron temperature measurements from
a Thomson scattering system, it was inferred that the Ni influx
increases by 13 '•: with an injected power of 0.7 HV/, in good agreement
with numerical simulations. Nevertheless the ratio of total radiated
power, measured with bolometers, to the total injected power
Prad/[Poh+Phf) does not vary significantly when the HF power (between
0.3 and 1.0 HW) is switched on: this ratio is kept between 25 and 35X.

4.Discussion and conclusions

A relevant parameter for current drive experiments is the



efficiency that we shall define here as:
r) = <Ne> .R. Ihf/Phf where <Ne> is the volume

averaged density [10 m ] ,R the major radius (m),Ihf the cm-rent
by the LH waves [A] and Phf the injected power (Wl. In thisdriven

paper , for non-zero loop voltage discharges,the temperature
is assumed negligible and Ihf can be expressed as:

I H f = I p - ( V -V ) / V where V and V
loop voltage before and during the HF. - : :--- - — - - - - - -

Theoretically, r\ can be written /6/ as follows:

variation

are I:lie

<Ne>.R.Ihf
Phf

78.a 761.a.V2.
.[Z+5J .<Ne>.R.(Z+3)

where a = Pabs/Phf is the absorption coefficient
For 2 hydrogen plasma densities ,the efficiency has been

plotted as a function of V /(<Ne>.R) on figure 6. The experimental
data suggest that arouna 505; of the injected power could hav.= been
absorbed between N//=1.4 (accessibility) and 7.5 (strong Landau
damping]. A rough power balance, where the energy content is supposed
to be: kept constant,-gives a similar value for a.

".It-_-'_is well established that wave accessibility can play_a-_lsey
role in the CD-efficiency-"/7/.However for : these_p experiments - at low
toroidal field [B =1.3 T), the same current drive efficiency (r)=0.5 -
1.0),as measured on the PETULA-B 3.7GHz experiment, was obtained, the
lower field (1.8 vs. 2.7 T) being compensated by a narrower spectrum
(0.5 vs. 2.0) .

Experiments at 3.9 T are being prepared and it is
expected,with better coupling and accessibility conditions, that the
CD efficiency will be enhanced' by a factor 2 to 3 at low density.
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RUNAWAY ELECTRON PRODUCTION DURING MAJOR DISRUPTIONS IN TORE-SUPRA

P. JOYER , G. MARTIN

Association EURATOM-CEA sur la fusion / C.E.N. CADARACHE
13108 SAINT-PAUL-LEZ-DURANCE CEDEX / FRANCE

After 18 months of operation at 1.8 Tesla , the toroïdal field of TORE-
SUPRA has been increased to 4.5 Tes las , its nominal value . The most
unexpected consequence of this field change was the appearance of large
amounts of runaway electrons during major disruptions : tens of kA are
obtained during the strong disruptions .

These electrons are mostly observed through the photonuclear processes
induced when they are lost in the inner wall :
-» Hitting the carbon tiles , they radiate a part of their energy as hard

X-rays . The X-ray spectrum ranges from zero up to the initial electron
energy .
•» This X-ray beam , going through the vessel materials , can stripe

neutrons , protons or alpha particles from the different nuclei . These
.reactions are observed both by the produced neutrons ( photo-neutrons 1 and
the radio-activity of the residual nuclei . Each reaction is possible only
if the X-rays have an energy higher than a minimum value , the threshold
energy E .

Estimations of the electrons individual energy is then performed by an
analysis of the radio-isotopes formed . each one corresponding to a given
threshold . Its observation indicates that at least some electrons have got
an energy higher than the threshold .

Activation of the vessel material ( carbon , steel , copper , . . . )
gives a first set of data . The reaction with the highest threshold clearly
seen is : C12 ( X,not ) Be - / E = 26.3 MeV . With a 54 days half-life , the
Be can be measured during operation shut-down , weeks after disruptions .
Its high level observed all around the torus graphite first wall , suggests
that runaway electrons have currently reached energy well above 30 MeV .

But no higher threshold can be used with the intrinsic elements of the
vessel , the produced radio-nuclei having too short periods to be measured .
It is then necessary to place other samples in the hard X-ray beams . The
best choice , to obtain high threshold , high cross-sections with
appropriate half-lives ( a few hours or days ) is bismuth . The main
reactions , which could be observed . are :

Bi209 ( X,3n ) Bi206 : E = 22.4 MeV / T1/ = 6.2 days
Bi209 { X,4n ) Bi2 s : E = 29.5 MeV / T1/2 = 15.3 days
Bi209 ( X,5n } Bi204 : E = 37.9 MeV / T1/2 = 11.2 hours
Bi209 ( X,6n ) Bi203 : Z = 45.1 MeV / T1/2 = 11.8 hours
Bi °9 ( X,7n ) Biz?z : E = 54.0 MeV / T1/2 = 1.7 hours



On a bismuth sample , irradiated during one shot , we observed Bi204
but no Bi203 : electrons have reach an energy about 45 MeV during this
disruption . This value will be used in the following .

This 45 MeV value for the electrons energy can be compared to bther~
theoretical estimations,:-
— Total integration of the loop-voltage give a maximum value of 80 MeV .
-•The ripple resonant interaction limit the runaway energy at 70 MeV [1] .
— Confinement by the poloïdal field is not possible , even for 10 MeV
electrons : more complex trajectories involving vertical fields must be
supposed , and.are not yet clearly understood .

The number of electrons produced in one disruption is determined by
measurement of the photo-neutron flux-( mainly produced by (X,n) reactions
on iron ) . Estimations of the-neutron/electron ratio .,^obtained from [2] ,
are of 2 IQ"3 n/e~ for 50 MeV electrons in a carbon and steel vessel .

Total neutron productions are only known withinra factor two , the
source geometry being rather different from the one used: for calibration of
the detectors for fusion neutrons . Two checks of the order of magnitude of
the neutron fluxes were obtained : the activation of the copper from the
poloidal coils by the capture of the neutrons ( after thermalisation ) and
the level of the Ni5 radio-activity in the vessel ( Ni58 I X,r, ) Ni57 ) .

Neutron integrals were currently between 1013 and 1014 neutrons , with
a maximum value of 2.7 IQ14 on shot TS-2179 . .Supposing that all electrons
are at 45 MeV , a mean value of 2.5 IQ16 electrons are accelerated on each
disruption . They carry a current of 80 kA , and can deposit almost 180 kJ
in the wall where they are lost ( the maximum values are 430 kA and 1 MJ
respectively ) .

72 strong disruptions ( dlp/dt > 25 MA/s ) have been studied , with
plasma current from 0.6 to 1.8 MA , toroidal field from 1.8 to 3.9 T and
various electron density and temperature { pellet injection ) .

As expected , the number of neutrons increases with the plasma current
value , and the steepness of the current fall : they correspond to higher
loop-voltage and acceleration time . Typical minimum values to obtain
runaways are 0.8 MA before the disruption and 40 MA/s falling rate . Changes
in electron density and temperature have a small effect : after pellets
injection , where density is doubled and temperature halved ,. the number of
electrons is smaller for the same Ip and dIP/dt .

But , these variations are relatively modest compared with the three
orders of magnitude observed in neutron flux evolutions when the- toroidal•
field increases from 1.8 to 3.9 teslas : the hardest disruption under. 3.
tes!as { TS-2397 : 1.5 MA at 100 MA/s 1 produces less neutrons than lower
ones at 3.9 teslas { e.g. 1.2 MA at 50 MA/s ) by a factor hundred . A few
Typical value have been grouped in table I .

No clear reasons for this evolution has been identified •.
-• It does not correspond to a slow evolution of TORE-SURRA , because
disruptions done the same day with variable toroidal field show clearly the
phenomenon .
-» Plasma temperature tends to be higher with stronger field : but a simple
thermal effect ( more electrons close to the critical Dreicer energy ) is
not coherent with the results obtain with pellet injection .
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— Energy limitations due to ripple interaction [1]
explain such large variations in neutron fluxes .

is not sufficient to

:SHOT _ :

TS-1169
TS-1377
TS-1202
TS-2381
TS-2386
TS-2397
TS-2400
TS- 2286
TS-2321
TS-2156
TS-2Ï79
TS-2135

-Bt (JI

Ï.84
1.84
1.84
2.62
2.62
2.93
3.54
3.85
3.85
3.85
3.85
3.85

Ip (MA)

0.93
1 . 13
1.17
1.28
1.20
1.49
1.07
0.74
1.28
0.88
1.82
1.28

dlp/dt (MA/s) .

53.0
62.0

106.0
31.0

111.0
105.2

77.0
15.0
34.6
46.0
72.0

109.0

NEUTRONS

3 . IQ8

2.10s

Z. IU10

< 10s

6.1O11

2.1010

2.1O13

< 10%
4.1O13

2.1O13

3.1O14

3.1013

TABLE I : DISRUPTIONS PARAMETERS

Todny , the only explanation seems to be an accumulation of all the
previous effects , and other ones . each accounting for an increase of a
factor 2 to 4 .

During an opening of the vessel , highly radioactive areas have been
observed on the central column , close to the equatorial plane : they are
the signature of the electron impacts ( photo-nuclear processes ) . The
toroidal distribution of this activity is represented on figure 1 . The
minimum are located under the toroidal coils , and the maximum beetween two
adjacent coils . They are slightly displaced from the inter-coil midplane ,
accordingly with the electron velocity direction .

Two survey have been made : one on the first week of January , after 7
strong disruptions with runaways , and the second in february after 27 orher
disruptions . The ratio between the 18 peaks ( TORE-SUPRA has 18 toroidal
coils ) was the same , only the absolute value was different from one
measurement to the other . This suggests that the electrons impact
distribution is the same from one disruption to the other , and the 18
locations between the coils are always struck with the same proportion of
the runaways .

A confirmation of this fact has been obtained by an evaluation of the
radiological age of the impacts : the ratio beetween short half-life

~ ' 1 c *•!•»•» A •* »*4 I nnn u. i r i^£« __«... i j t*n r«_»^ I

or Mn54 (310 days) is the same ( within 10%
(1.5 day) and long half-life ones like Crsi (27.7 days)

on all location . The first
ones have mainly been produced by the last disruptions ( 4 ) and the seconds
by all disruptions since the toroidal field was increased . Electrons lost
during these four last disruptions have then hit the wall with the same
spatial distribution as that of all the disruptions before .

The systematic differences from one place to the other must be due to
slight mis-alignements of first wall panels respective to the magnetic
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lines . The 18 peaks modulation is caused by the magnetic ripple : the
distance between the toroidal field line and a circular toroidal line change
about 1.1 mm from a under-coil location to an inter-coil one . If this
millimeter can explain the factor of ten between the minima and the close
maxima , a radial change from one panel to the other of the same order of
magnitude can account for the peak difference . A better alignement seems
difficult to obtain .

Burnt , and even broken , graphite tiles have been discovered
correlated with the highest radioactive spots . If electrons are distributed
around the torus proportionaly to the radioactive peaks , an estimated
energy from 10 to 100 kJ per disruption is deposited on a few tens of square
centimetres . This energy can increase the tile temperature of at least
500'C . Some of them have been broken by the thermal shock .

FIG 1 : RADIO-ACTIVITY OF THE FIRST

DETECTOR RESOLUTION

TFQ 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

[1] L.LAURENT a J.M.RAX - Europhys. Lett. 11[1990]219
[2] W.C.BARBER a W.D.GEORGE - Phys. Rev. 116[1959]1551
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FUSICN PROFILE PCASURBtNT CN TORE-SUPRA

G. MARTIN , P. GILLES , P. JOYER

Association EURATOM-CEA sur la fusion / C.E.N. CAOARACHE
13108 SAINT-PAUL-LEZ-OURANCE CEDEX / FRANCE

A new diagnostic has been recently set on TORE-SUPRA , to observe
charged fusion particles . Both 3 MeV { D + D •*• P + T ) and 14.7 MeV protons
{ D + He3 — P •»• He4 ) can be measured .

DETECTOR ASSEMBLY

The detector is located in a vertical port . It has been installed in s
tube separated from the plasma vaccuum by a 6 urn stainless steel foil . It
allows us to modify the detector configuration more easily , but limit the
measurement to the protons only . Active cooling is necessary ; the 190'C of
the vessel are too hot for the detector .

The detector is a multiple silicon strip chips : it is equivalent to 16
small detectors , placed close to one other . The entrance window , which
support the 6 \an foil , is used as a collimator . Each strip is looking at
particles with different pitch-angle ( angle between the particle velocity
and the magnetic field ) .

i 1 I I

2. cm

FlG ± !DETECTOR : T O P ' V I £ W
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PROTONS TRAJECTORIES

For given toroidal and poloidal fields . the knowledge of the pitch-
angle permits to calculate the particles trajectories : each detector strip
is then looking at the plasma on a different chord . Figure 2 shows three
examples { projection in a poloidal plane ) . They correspond to the three
values of pitch-angle from figure 1 . The prnton flux "n the detector is
highest for the most central trajectory .

These complex lines of sight , can be used exactly in vfia r;.--.e way as
more classical straight chords ( e.g. optical diagnostics ; : T; .j possible
to calculate the proton emission profile from the integral fluxes received
on the detectors . The spatial resolution is then related to the angular
resolution of the detector/collimator assembly . and to the knowledge of the
magnetic fields .

_ Fl ;S.ST_|
1 Mfl
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DETECTOR EFFICIENCY AND RESOLUTION

Due to the width of both the detector and the window . and Rutherford
scattering in the foil ,the pitch-angle resolution of _-the_. system is about 3
degrees , corresponding to a spatial resolution of 5 cm ; this.value does
not take account of the uncertainties on the magnetic _fields ,,mainly on the
current profile . Pitch-angle efficiencies of eight detector strips are
given on figure 3a .

Figure 3b shows a calculated proton flux versus pitch-angle for
parabolic temperature and deuterium density profile . The right-hand side of
the curve ( high angles ) corresponds to bsnana trajectories , and the
left-hand side ( small angles ) to passing trajectories . The modulation is
due to the ripple : each peak can be correlated to a toroidal field coil .

E F F l C I g N C X - . ns 3a

; i i i
SZ &<3 is 70

PITCH - RNGLE

PROTONS/ ,
/rnz. sr
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FIRST EXPERIMENTAL RESULTS

A measured proton signal is plotted on figure 4a , with plasma current
( 4b ) and neutron flux (4c). During that shot ,four deuterium, pellets
have been injected in the plasma . The last peak on the neutron signal is
due to"runaway electrons (photo- neutrons ).produced during the disruption.
So , it does not appear on the proton signal .

Direct measurement of the Doppler broadening of the proton line ( Width
AE = 91-6 JT ) has been performed , but with-a bad temporal resolution , due
to the weakness of the fluxes ( countig time of * 200 ms ) . However , it
shows the cooling of the plasma due to the pellets ( see figure 4d ) :
measurements made just after the injection are lower than later ones .

U £ U T R O NJj

£2686

16



FAST SCAMiING FIBER-MULTIPLEXER USED FOR PLASMA-EDGE
VISIBLE SPECTROSCOPY OH TORE SUPRA

* X*H.HESS.M.DRUETTA .T.FALL.O.GUILHEH.C.KLEPPER .H.HATTIOLI

Association EUR-CEA

DRFC CEN/CadarachY. 13108 St PAUL LEZ DURANCl-. FRANCE

* Université de St Etienne, FRANCE

** ORNL. Oak-Ridge, Tenn., USA

INTRODUCTION

In this paper we describe a versatile tool which is used to scan
a number of optical fibers in front of t.he entrance slit of a
multichannel spectrometer. It is now a common technique, especially
on Tokamaks with hiyh radiation level, to use fibers with good
transmission (T=TOZ for 60m length) in the visible spectral range
(250-BOQnm) which transport the radiation flux to the detection system
behind the biological shield. In long duration discharges as in Tore
Supra (10 sec) radial scans with a single diode array (OMA) are an
alternative to a 2-dimensional CCD where all the fibers can be viewed
simultaneously.

Instead of using a moving mirror, sweeping the cross- section of
the plasma, we preferred a fixed multifiber configuration: each of the
9 fibers corresponds to a precisely mapped viewing line. Five groups
of 9 fibers are installed on Tore Supra for Bremsstrahlung.Hot and
other measurements, but we will concentrate here on the 9-fiber system
located in the equatorial plane since it intersects at 9 points the
lower half of the plasma diameter; the first fiber being about central
(r-0) and the last one in the scrape off layer (r=80 cm) fig.:1.
Light is collected from a cone expanding from ZS mm at the entrance
pupil (EP) of the specially designed triplet lens (f/2.f=50 mm,wide
angle 30*1 to a spot of 60 mm at the inner carbon bumper limiter. A
rotating dichroic sheath polarizer mounted at the EP allows analysis
of the a and ir polarized Zeeman pattern emitted by light impurities
[I]. In Tore Supra the toroidal field increases from the outer edge to
the inner wall from 3 to 6 Tesla, which results in a complete
separation of the Zeeman pattern of some selected lines (e.g. Ha, HeI,
CII). This simplifies the line spectrum, especially in the TT
(parallel to Bt) position. As is shown in detail in fig.:2, reliable
ion-temperatures can thus be calculated once the instrumental function
I.F. of the Czerny-Turner (f/5, f=640mm, 2400gr/mm) spectrometer is
deconvoluted from the measured profil (I.F.=0.5 A ;entrance slit=50
urn). All components of the optics are made of UV-grade fused Silica.
The PCS-IOOO (Quartz and Silice) fiber (core diameter=1mm) shows good
transmission at ZBOnm for a fiber length of 60m. An interesting
feature of our fiber-multiplexer is that fiber bundles can be
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interchanged very quickly with fiber connectors, allowing a selection

of the viewing region. As an example we show the Hydrogen and Carbon
recycling at the front face of the pump limiter (fig.:3).

DESCRIPTION'OF THE FIBER MULTIPLEXER

It is essentially composed of a quick scanning stepping motor at
the front face of the spectrometer (fig.:4). A typical step-time of
4msec can be achieved with an adjustable brake. The shaft bears a
light-weigthed wheel with a convenient diameter, so that one step
corresponds at the circumference of the wheel to an arc of 1.5mm which
is the external diameter of the fibers. 10 of them are closely spaced
at the rim of the wheel and Z quartz lenses (f/2;f=50.100mm) form the
image of one fiber at the center of the entrance slit with 2.5 x
magnification (+(image)=2.5 mm). This is the heigth of the 1024 pixel
CCD-'array. An important feature is that the intersection between the
fiber-image and the slit (,vidth=50pm) is insensitive to the
oscillations of the braked wheel at the end of each step. In fact we
are limited by the intensity of the spectral lines, using CCD-scan
times of at least 32 msec. At the end of this scan, the stepping motor
is triggered and the diode-array is zeroed during one dummy scan
(t=32 msec). The whole cycle takes in this case 9x32x2=576 msec, which
produces about 10 complete radial scans during a typical current
plateau of Tore Supra. Wavelength calibration and instrumental
function measurement are done with an auxiliary- fiber, which
superposes the radiation of a spectral lamp to the plasma emission. •

EXPERIMENTAL RESULTS

When the plasma is limited by the inner Carbon wall, strong
recycling is observed, which depends poloidally on the distance
between the Carbon wall and the last closed flux surface (LCFS). This
emission is so strong that .fie contribution from the remaining viewing
chord can be neglected. This is true for fibers 1 to 6 , since the
Zeemann splitting (strong-field approximation) shows the 1/R
dependence of the Tokamak field. Due to the Zeaman splitting, the
emission can be localized with respect to the major radius R with an
incertainty of 5 cm (fig.:1). As in the case of the outside limited

plasmas, the remaining fibers show a splitting which is the sum of the
emission of the two intersections of the viewing chord with the
radiating layer. In fig.:2 we show three Oil lines close to Hf in the
v and o polarization. A Mercury line yields the I.F. for the
deconvolution of the central TT components. Within the error bars no
poloidal dependence of the edge in temperature appears. We find:
Ti(H)=4.6 0.8 eV. Ti(0)=40 3 e". Ti(C)=19 2 eV. These ion
temperatures are characteristic for the cold influxes at the very

edge.
Figure 3. shows the recycling of H 1D and C at the front face of
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the pump-1 imiter. Deuterium Is continuously injected. Hydrogen comes
mostly from the dissociation of the H, contained in the graphite
of all plasma facing surfaces. The increase of the Ho signal may be
due to outgasing of the pump-Iimi ter heating up during the plasma
shot.

Figure 5. shows the strong increase of Hydrogen and Carbon
recycling during~D2" pellet—fuelling. The Carbon emission- can be
localized due to the Zeeman splitting (weak field approximation). We
can see that it corresponds to a major radius R=I.73m."--(Btot=5.3T) at
the inner Carbon wall. Small d-components are visible due to a
misalignment of the polarizer with respect to the total magnetic
field. - .

[1] P.G. CAROLAN and al. Plas. Phys. Contr. Fus. 27. 1101 (1985)

3 -[A] Zeeman- splitting (6 J

Figure 1
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Figure 3

Figure 4

Figure 5

20000

Int.

IiQOO

10000

SOOl

Recycling of H1D1C at the front
face of the pump- f "

\ °oO *
°° TS sViot

ClL

32 38 40
t i ne (see)

Lens

Stepping v
Motor

\
Fibers Mul t i channe l '

De tec to r

1000-

eoo.

c 600o •
U

n
t
S 400

200

Sflot» 26S9 28-MAR-1990 IT

T

at R.~- U

CZ
.11 tSlg.oS [A] H* fcïtl.T-3 I A J

- pellet fuel l ing -fiber 0

44

20



THE THOMSON SCATTERING SYSTEMS
OF TORE SUPRA .FIRST RESULTS.

E. Agostini , T. Chies , J. Lasalle , B. Moulin , P. Plate.

Association EURATOM-CEA sur la Fusion Contrôlée
CEN Cadarache BP1 ,13108 Saint Paul-lez-Durance (FRANCE)

INTRODUCTION Major objectives of Tore Supra are long-duration discharges
(>30s) and ergodic divertor experiments .We have set up a 12-point,multipulse
Thomson scattering system for the main p'asma and a 3-point,high resolution ,
single-shot system for the peripheral plasma (Figl).

LASERS Both lasers are from BMJndustries (Eory France) .The multi-pulse
system uses a laser source made-up of 3 Nd:YAG modules (oscillator + amplifier)
with a total pulse energy of 2.1J and a combined beam cross-section of 8x33 mm2 ;
the pulse FWHM is 15 ns.Tha rnean puls<? frequence is 27 Hz. For each pulse ,
there is a 2 ms time-window for an optional external ^rigger . The length of the
pulse train is unlimited.The single-pulse system uses a 20J Nd:YAG oscillator /
Nd : glass amplifier.
Remote controlled mirrors offer complete freedom of beam alignment,in
particular parallel beam displacement in the toroidt." direction during the
discharge (see the alignment and calibration procedures below).

SPECTROMETERS AND DETECTORS. The twelve 3-filter spectrometers
(FIG2) for the main plasma , labelled # 1 to 12 , have the spectral
characteristics, temperature range and standard radial settings as shown in table 1.
They are precision-mounted into fcur modules , each module having its own
collection lens (doublet f=75cm, 0=22cm) as shown in FIGl. Each module may be
tilted around an axis going through its collection lens , allowing for a shift of the
three associated space-points by ±11 cm from the standard position. For the
ergodic-limiter experiments the spectrometer # 2 is interchanged with # 2* ,
which is a low-temperature version with 3 spatial channels of increased
resolution (table 1). The detectors are R.C.A. avalanche photodiodes,first
produced for,and used on Asdex /1/.
Electron temperatures and densities are obtained with the two-channel
method developped for T.F.R. /2/. The three-filter lay-out increases the
dynamic range and provides , within a reduced range of Te , two redundant
measurements , a powerfull indicator of calibration errors.
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CALIBRATION PROCEDURES i) in the laboratory , the responsivity functions
(volts/nm.watt) of the three channels are measured with a tunable DC light
source . ii) on TS , the responsivities are periodically checked with a high-
troughput, calibrated DC source (tungsten halogen + diffusing sphere + fresnel
lens) mounted in front of the collection lens, iii) the amplifier/data acquisition
system is calibrated with a pulse generator, iv) The geometrical coupling of the
laser beam to the detectors is measured by scanning the beam in toroidal
direction during a stationnary discharge.This also serves to eliminate initial
alignment errors, v) Rayleigh scattering in nitrogen for absolute density
calibration (not yet done).

RESULTS : FIG3 shows Te(r) profiles 6 ms before (+) and 4 ms after ( ) a
sawtooth.The high signal-to-noise ratio is demonstrated by FIG4 ,which shows
the net output of the acquisition system for the spectrometer #7 during a 4-pellet
injection experiment ( 400 laser shots). FIG5 and FIG6 show Ne(t) and Te(t) for
two values of r : -5.5 on and -38.5 cm.The solid lines are eye-guides .Notice that
pellet #1 precedes a laser shot by 0.4 ms and that pellet #2 follows a laser shot
by 0.1 ms . FIG7 and FIG8 show Ne(r) and Te(r) profiles for 3 lasers shots ,
before( ) and after ( ;x) pellet #1.

ACKNOWLEDGMENTS We are grateful to Drs Hirsch [ IFF Stuttgart], Meisel,
Murmann , Rohr , Salzmann and Steuer [IPP Garching] for fruitfull discussions.
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Nuclear Fusion 22,1099 (1982).
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I Introduction :

A broadband microwave reflectometer has been built in order to measure electron density

profiles on the tokomak Tore Supra. This large system is designed to cover the frequency range

25-75 GHz in ordinary mode and 50-110 GHz in extraordinary mode with four microwave set

up [I]. In this paper ,we discuss the last developments and a new method to deduce the data
necessary to the profile calculation. Then we present the results obtained with the two channels

25-35 GHz and 35-50 GHz working in ordinary mode .Reflectometry is the most powerful tool

for edge density measurements in Tore Supra and special emphasis has been given to ergodic

divertor experiments. Interesting results concerning density profiles with ergodic divertor are

finally discussed.

II Last developments and profile calculation :

Figure 1 presents the optimised microwave set-up .The system is equiped with four backward

wave oscillators (BWO) which can emit at fixed frequency or be frequency swept in full

band. Each BWO is routinely swept in 2 ms. Sweeps where the time frequency relation is linear

are achieved with 1000 points, IMHz programmable function generators which drive the HT

supplies. These supplies have been improved to get a frequency stability better than 10 MHz.

BWOs usually have the disavantage to deliver a microwave power that varies strongly with

frequency. For this reason, they are power leveled by feedback on PIN diode attenuators.

Accuracy of power leveling is now better than 5 10'3 for a 2 ms frequency sweep.

Great care has been taken to minimize the level of spurious reflections in the microwave set-up

as it is operated in broadband operation. This has been done with the use of high directivity

couplers and special non linear horns [2]. Nevertheless, spurious signals are at the same level

than the useful signal. This can be due to the large ripple value on Tore Supra which causes a

deviation of the reflected beam and decreases the useful signal. But the distance between
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antenna and plasma is large enough to separate them in frequency. So analogical filters and

numerical filters (without phase delay) can be used to eliminate the parasitic frequencies.

The value of interest is the beat frequency f, defined by 27rf(t) =—jj—, where O is the phase

delay of the wave~reflected on the cut-off layer. It is necessary to sweep rapidly for f to be

superior to the frequency range ~ of density fluctuations. Our reflectometer at fixed wave

frequency seems to be sensitive to density fluctuations until 200 KHz, but the main part of the

spectrum is under 20 KHz. In 2 ms, our lowest beat frequency is about 25 KHz depending or

the plasma position.
d<D

The profile calculation uses an Abel-like inversion for which the function Tp(F) proportional

to f(t) must be known. Rather than using a classical zero-crossing method, we make the FFT of
the signal in a time window At chosen large enough to get an accuracy of 10%. The beat

frequency is taken as the maximum of the spectrum in At. Then we shift At by an amount 8t

such as the variation is significant. In the following results At/5t=2. This method has been
dO

compared to the classical zero crossing method and has the advantage to give a function -TO-

more monotonous because less sensitive to turbulence. This minimizes the errors in the profile,

inversion. Spurious frequencies are also identified and eliminated without sophisticated filtering

Moreover the part of the beam reflected at the plasma edge as well as the pan coupled in

extraordinary mode and reflected on the low cut-off layer do not hamper the measurement.

Validation of the measurement has been made without plasma. In this case, the reflection on

the inner wall is easily identified. The distance antenna-inner wall has been measured by the
FFT method with At=2ms. Accuracy is 1% without any microwave calibration.

m Results :

Electron density profiles have been obtained with the two reflectometers 25-35 GHz and 35-50

GHz in ordinary mode both swept in 2 ms one after another. As we have no data for

frequencies under 25 GHz, we have assumed a linear profile between the first cut off layer and

the last magnetic surface. It appears that the results are not very sensitive to other assumptions

such as given density on the limiter estimated by Langmuir probes. In all cases , densities are

similar at about 5 cm from the edge.

Data from the two reflectometers are wei' connected. Comparison with Abel inverted profiles

from infrared interferometry shows a good igreement. The difference is generally less than 15
%. In figure 2 pans of electron density profiles ne(r) are obtained for two values of the mean

electron density during gas puffing. For various average densities <ne>, the profile keeps a

constant shape i.e. ne(r)/<ne> does not depend on <ne>.
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Profiles have been measured during ergodic divertor experiments . Divertor current Idjv has

been increased by steps from O to 45 KA .Until a threshold value of 22,5 KA, the effect on the

profile is négligeable. Above there is a drastic decreasing in the electron density gradient as seen
on figure 3 due to enhanced transport [3J. Figure 4 represents the curve 1/grad ne versus Tdjv

2.

For I(iiv > 22,5 KA a rule of proportionality between 1/grad ne and l^tv
2 is obtained.
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I Introduction

A new CO2 scattering experiment has been conceived and recently
installed on the Tore Supra tokamak.

Using a 10.6 Jim electromagnetic wave to observe electronic density
fluctuations has several advantages compared to microwave radiations: easy
propagation in open air, negligible refraction effects (letting the possibility to
probe high density plasmas), large sensitivity and, from the technical point of
view, easy plasma interface. Unfortunately the COz usual apparatus suffers a
great limitation: the scattering angles are so weak that no spatial resolution in
the direction of the probing beam remains. All the fluctuations issued from a
plasma chord are observed.

On Tore Supra, we take advantage of the existence of a variable
magnetic shear along the plasma radius to get a finite spatial resolution.The k
wave vector of the natural turbulence is mainly perpendicular to the local
magnetic field. For a probing beam following a vertical diameter, the local
direction of the magnetic field (B = Btor + Bpoi) varies along the beam. For
each Sy element of a diameter, the natural turbulence is located
perpendicularly to the local magnetic direction. An heterodyne technique is
used. The local beam is fixed. The main beam can rotate 2n around the local
beam, so that the optical k^ vector, which is always perpendicular to the local

beam, can explore all directions (9<>bs) perpendicular to the vertical direction
(e.g. successively exploring a poloidal direction, then the toroidal direction arid
so on...). Presently, during one experiment, 90bs is fixed and so each element
of the vertical diameter contributes with a weighting factor related to the
mismatch between the azimuthal location of the turbulence and the azimuthal
value of 00bs- For one particular position of the main rotator (90bs ~ 90° in
our case), the k~A is located in the meridian plane and the turbulence arising
from the centre of the discharge, where the shear vanishes, is detected. When
60bs is increased, (~ 95 to 100°), the analyzing vector EA has left the meridian
plane. Fluctuations stemming from a positive ordinate (y>0) are detected.
Conversely, 90bs ~ 80 to 85° coincides with negative y ordinales. By this 90bs
analysis, it is possible to have a finite spatial y resolution.
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A further advantage of the existence of a spatial resolution results in the
use of an heterodyne receiving technique. Two acousto-optic crystals are used
in serial to modulate the main beams in such a way that the complex spectrum
of the fluctuations is accessible. So it would be possible to determine the
direction of rotation of the turbulence in the various domains of the plasma
(centre, gradient zone, periphery plasma and scrape off layer).

!!.Experiment

The apparatus is able to silrnultaneously measure the fluctuations
associated to two wave vectors ̂ 1 and % .The beam issued of a CÛ2 laser is
splitted into three beams using two acousto-optic deflectors. Two of these
beams have the same power and constitute the main beams, the third one, of
weak power, is used as a common local oscillator for an heterodyne detection
(one of the main beams and the local oscillator are respectively modulated at
frequencies fi=42 MHz and fo=80 MHz).The two scattering signals
superimposed on the local oscillator are collected on a photovoltaic detector.
The radius of the beams in the plasma is about 3cm; it corresponds to a k
resolution Ak=0.7 cm-1. The modulus of the accessible wave numbers are
between 3 and 40 cm-1.

HI Spatial resolution

For a fixed EA observation vector, wich makes an angle 90bs with the
toroidal direction, each element Sy of the vertical plasma diameter contributes
to the scattered signal, with a weighting factor related to the mismatch
between 60bS and the azimuthal direction of the fluctuation k vector.

The Sy element of the scattering diameter, located at the y ordinale , is
assumed to have a gaussian azimuthal turbulence distribution around the angle
£(y) = Arctg (Bp0i(y) / Btor). The probing beams have a gaussian angular
resolution around the value 90bs of the form exp-((6-60bs)/Ak/kA))2 where 0 is
the azimuthal angle.The density fluctuations are inhomogeneous along the
probing beams . A radial turbulence profile can be assumed, as given in
ref(l), for instance: 8n/n = ( 3 10-3 +0.1 (y/a)3), where a is the radius of the
plasma.

The power scattered by an unit element of the scattering volume is
proportional to the quantity

S(6obs,y,kA) = Sn2(y)|exp-((e-^(y))/Ae))2 exp-((e-8obs)/Ak/kA))2 d0,
where A6 is the turbulence spectrum width. Fig(l) and Fig(2) give some
examples of this calculation and of the expected radial resolution for different
values of kA and 90bs- Fig(l) shows that for the chosen values of kA and 80bS
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the scattered signal mainly originates from the central region whereas in Fig.2
it corresponds to the upper part of the plasma. Typically, for KA ^ 9 cm-1 in
varying 60bs we can separate the contribution coming from the upper,the
centre and the lower part of the vertical diameter. For ICA S 15 cm-1 the
vertical spatial resolution is better than 15 cm (FWHM) e.g.~ a/5. The
scattered detected signal S(00bs»kA) has to be proportional to the integral of
such a curve (y varying between ±ymax = ±1-2 r/a to include the turbulence of
the scrape off layer).

IV Experimental results

Preliminary experimental observations herewitl' reported confirm the
potentiality of the diagnostic as a tool to detect the fluctuations issued from a
localized radial domain and to estimate the sense of rotation of the turbulence
in the Laboratory frame.

For instance, Fig.3 corresponds to a kA=12 cm'1 wave number analysis
for Gobs = 95°. A significant negative shift in the turbulence spectrum is
noticed (AF ~ 120 kHz corresponding to a rotation velocity of 0.6 105 cm/s).
Conversely in Fig.4, for kA= 6 cm*1 and 9obs=85° a positive shift is observed
(AF ~ 50 kHz corresponding to a velocity of 0.5 105 cm/s). These emissions
approximately originate from the gradient zone of the plasma.

Fig.5 is an illustration of a numerical simulation of the expected
azimuthal variation of the peak amplitude of the turbulence and its associated
frequency integrated value as a function of the azimuthal coordinate for kA = 6
cm-1 in standard working conditions of Tore Supra. Fig.6 is the result of a set
of experiments with 00bs variations. Crosses refer to the positive frequencies
of the maximum amplitude (F - 100 kHz) of the fluctuations and dots to the
negative values. In this case, we successively detect the upper, the central and
the lower part of a vertical diameter. The turbulence spectrum is broad but we
nevertheless notice a shift in the frequency spectrum corresponding to a
rotation of the plasma.
V Conclusion

It has been experimentally shown that the scattering apparatus on TS
allows a spatial resolution of the turbulence and a determination of the
direction of propagation of this turbulence. A more accurate determination of
the localization domain sizes is in progress and the possibility of simultaneous
measurements for two different wave numbers will be explored.

Reference:(l) J. OLIVAIN in Proceedings of the Cadarache Worshop on Electrostatic
Turbulence,EUR-CEA-FC 1381 Report (1989).
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I Introduction
Up to now the direct measurement of the magnetic fluctuations in the core of tokamak

plasmas has been impossible. According to various turbulence models, the estimated level of
B/B lies between 10'6 (residual magnetic fluctations due to drift wave i.e. O((Jn/n) where (Î is
the "toroidal beta) and 10"4 (obtained assuming that the heat transport is only due to magnetic
turbulence). We describe in this paper a tentative diagnostic to measure these fluctuations. It is
based on the cross polarization scattering as suggested in [I]: Magnetic fluctuations scatter an
incident electromagnetic wave (with kj -L B) with a change in polarization. In section II the
basic principle of the diagnostic is explained. In section III the experimental set up is
described. It will be tested on the Tore Supra Tokamak at the end of 1990.

II Principle of the diagnostic
It can be shown that an incident electromagnetic wave in the ordinary polarization is scattered

by magnetic fluctuations in the extraordinary mode. Far from the cut-off, the scattered power
per unity of frequency and solid angle is:

dPs/dfdQ = PI r I n L (G>ce/toi)2 < I "B(k,û)) 12> /B2

where P; is the incident power, r0 the classical electron radius, L the length of the interaction
zone and n the density. Depending on the level of magnetic turbulence, for typical plasma and
antenna parameter the scattered power lies between 1O-9 and 10'13 of the incident power (i.e.
typically 102 to 106 less than the power scattered by density fluctuations).
The main difficulty is that one has to excite or detect a pure eigenmode in the plasma from the
outside. At the plasma boundary, an incident wave is projected on the plasma propagation
•rodes (ordinary and extraordinary). For not too short wavelengthes (millimetric waves), the
two normal modes are distinct enough and the wave propagates across the plasma without mode
conversion. Using what is available to the experimentalist i.e. a linearly polarized antenna, it is
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possible to excite a pure mode provided the. antenna axis is perpendicular to the total magnetic
field. In this configuration, when its E plane is aligned ( respectively perpendicular) with the
total magnetic field at the edge the antenna is coupled to the ordinary (respectively
extraordinary) mode. For other incidence angles normal modes correspond to elliptical
polarization and cannot be excited selectively from the outside.
It can be estimated that it is possible to launch or detect a mode with an attenuation of 1000 of
the other mode provided: i)the wavelengh is long enough; ii) a high gain antenna is used at
normal incidence with a correct orientation of its E plane. This limit comes from spurious
elliptical polarization of the antenna, imperfect orientation of the E plane, beam divergence (the
incidence angle is not exactly perpendicular).
The geometry of the experiment is so that the emitting and receiving antenna E plane are

respectively parallel and perpendicular to the total magnetic field at the plasma edge. The
configuration corresponds to pure forwardscattering. The wave vector of the observed
fluctuation is in the radial direction and its modulus is the difference Hca^d""0' ' ̂ încîdem l£

actually depends on the plasma parameter through the difference of refractive indices. In our
case this formula is only an approximation. As discussed later the scattering process will occur
close to a cut off layer where the WKB approximation is not valid. A full wave analysis is
necessary [2].

A careful optimization leads to a proportion of 10'3 emitted/received in the extraordinary
mode (assuming that no extraordinary mode generated by wall reflection crosses the scattering
volume). There are several spurious effects as shown in figure la. The mean one is due to the
ordinary mode, forwardscattered on density fluctuations (much larger than the cross scattered
power) and received by the imperfectly selective receiving antenna. This situation can be made
better choosing the probing frequency in such a way that the cut off layer (which is a perfect
mode filter) lies between the two antennae as shown in Fig.lb and Fig.2. This improves the
polarization selectivity of the receiver and avoids any direct light on the receiving antenna (when
the plasma exists). Now, the only remaining spurious signal is due to the power launched in the
extraordinary mode and forward scattered by density fluctuations. It cannot be discriminated
from cross polarisation scattering of the ordinary mode. This unavoidable effect is due to low k
turbulence, since the selection rule in pure forward scattering without mode conversion is

^selected - »C££inaiy ' 1CS?"* ' °« Provi<*ed the k resolution of the experiment is
good enough (i.e. large width and low divergence beams). According to the results of
scattering experiments it should correspond to low level and low frequencies turbulence.

Ill Experimental set up
A schems of this system is given in Fig.2. As the scattered fraction is very small (10'11 of

incident power for SB/B= 10"^) it is necessary to launch a large power in the plasma and use
heterodyne technique as receiver.

The power source is a Varian Extended Interaction Oscillator at f=60 GHz with P=70 Watts
CW stabilized in frequency by a feedback loop based on a high Q cavity.
The main part of the power is transmitted to the machine by using a 10 m oversized waveguide
WGl 6. The wave is then launched by a gaussian optic lens antenna consisting in a corrugated
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feedhom antenna coupled to a quartz lens located at the top of the vacuum vessel. The radiation
pattern (HEn) is characterized by circular symmetry, high gain, and low sidelobes which can
be assimilated to a linearly polarized gaussian beam of which the waist is located at the lens
(<(>= 9.4 cm ). A particularity of this system is that a motorized rotary joint allows to match the
direction of the electric field to the total magnetic field at the plasma edge. The vacuum interface
is then made of a resonant quartz window (<(>=16 cm). The receiver is a similar system located
at the bottom of the vacuum vessel. The collected power is sent to a low noise heterodyne
receiver. The local oscillator is a Gunn diode (Millitech GDV15) with output power 70 mWatts.
Its frequency is stabilized by phase lock loop in order to have an intermediate frequency of 20
MHz. The signal is detected with an AEG balanced mixer with integrated IF amplifier. After
amplification ths frequency is shifted down by a second mixer and the signal which is
proportionnai to 5B is sent to a fast data acquisition. The spectrum of magnetic fluctuations in
the range [0,500 KHz] is then obtained.
The forward scattering geometry allow to use a simple calibration technique: A known power
fraction of extraordinary mode is sent to the plasma by a slight oscillating rotation of the top
antenna (TO"3 rad). This simulates a known proportion of forward scattered power. A numerical
analysis is then necessary to compute the level of magnetic fluctuations [2].

IV Conclusion
A diagnostic which should allow direct measurement of magnetic fluctuations in the plasma

core is planned for Tore Supra. The main difficulty is that it is based on the cross scattering
process of a pure ordinary mode which competes with the more efficient usual scattering on
density fluctuations of spurious incident extraordinary mode. A careful optimization has been
made to avoid this second process,
This diagnostic is also equipped with the following systems:
- The top microwave circuit (emitter) is also a reflectometer. The antenna is equipped with a
coupler to measure the backscattered signal. This will be useful to discriminate spurious
signals.
- The bottom circuit can also be transformed into a reflectometer. The system can then be used
as a double reflectometer to detect up down correlation of density fluctuations.
- Quartz prisms located between the lens and the antenna can be inserted and the diagnostic
becomes small angle scattering experiment (typically 0.1 radians) useful to study large scale
density fluctuations (k<300 nr1).

Acknoledgements: The authors wish to thank C. Cordier , J.C. Patterlini for technical
assistance and P. Goyfor useful discussions on the microwave set up.
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[2] X.L. Zou, L.Laurent, T.Lehner, J.M. Rax "Localization of fluctuation measurement by
wave scattering close to a cut off layer" in this conference.
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I - INTRODUCTION

.The hard X-ray spectrum emitted by a plasma containing non-thermal
electrons generated during Lower Hybrid Current Drive experiments has
already been measured on several Tokamaks /1-2/ but the polarization
properties of the bremsstrahlung have not yet been studied. The present
study starts with the comparison of tractable analytical expressions of
cross-sections with more precise computer-calculated values ; then an
evaluation of the polarization is carried out under real toicamak current
drive situations and finally a proposal of a new diagnostic for the Tore
Supra LHCD experiment is presented.

2 - ATOMIC PHYSICS OF ELECTRON-ION BREMSSTRAHLUNG . -

In the medium relativistic range of energy (50 keV - 1 MeV)1 the
only available analytical double-differential cross-section formulae are
those obtained in the relativistic Elwert-corrected Born approach (EB) /3/.
The EB calculations have already been compared with a numerical Exact-
Coulomb (EC) multipole relativistic partial waves approach /4/ for a low-
energy electron beam (50 keV) and for a high fraction of emitted energy
hv/E, = 0.95. These calculations have now bean extented /5/ to electron
energies up to BOO keV concerned in LHCD experiments. Figs. 1 and 2 present,
the Shape-function S [dzo/dfid(hv) normalized to the solid-angle-integrated
cross-section do/d(hv)] and polarization versus viewing angle B for 2 high
electron energies (400 and 600 keV) and for one photon energy, 320 keV
(hv/E, = .8 and .53) ; a few curves from /4/ are also plotted. At high photon
energies (hv>200 keV) the Shape-functions (cross-sections) decrease very
fast with increasing viewing angle O. EC values are highef than EB values
for*0<e<10*.However, this region contributes little to the total emissivity
due to the sine-weighting factor. EC and EB polarization values may be
quite different in particular ranges of B (case E1 =600keV,hv«O20keV,e>50').
They occur in the wings of the Shape-functions and therefore have little
contribution in the emissivity. In conclusion, we consider the analytical
Gluckstern-Hull /3/ theory appropriate for the present study.

3 - POLARIZATION OF LHCD PLXSMX CONTlNUUK

A detailed study of polarization properties of the continuum
emitted by a plasma containing impurity ions and suprathermal electrons
has been carried out /6/. The model of electron distribution is a two-
temperature Maxwellian with forward and perpendicular temperatures TF and
Tp ; the other plasma relevant parameters of the calculations are : ion
and electron profiles, observation apvT.e, cut-off energy of suprathermal
electrons and ion charges Z. The most important outputs of this evaluation
are :
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a) The optimum observation angle for polarization measurements is
different from the optimum angle for emissivity measurements ; a good
compromise, between polarization sensitivity and enissivity, is a slight
forward observation (60*) with respect to the electron toroidal direction.
Line-of-sight integrated volume enissivity is presented fig. 4 in pratical
units for the case of Tore Supra experiment.

b) In the range of parameters covered here, the useful X-ray
spectrum lies in the 200-600 XeV range (fig. 3) where the upper limit is
determined by the cut-off energy of the electron distribution.

c) The X-ray spectra and the polarization values are very sensitive
to the cut-off energy. Inasmuch as it is physical, this cut-off energy will
have to be measured.

d) The polarization value is quite high, up to 0.4. Polarization
increases with photon energy but reaches.maximum value already at 300 keV.

e) Polarization is almost independent of the forward temperature.

f) Polarization is most sensitive to the perpendicular temperture.
These last two outcomes are the basis of this proposal of polariza-

tion measurements aiming to evaluate the transfer of the parallel energy
gained from the wive into perpendicular energy. . - -*-

4 - COMPTON POLARTMETER

Relativistic Compton scattering of polarized photons is described
by the Klein-Nishina formulae. For the photon energies considered here
(200-600 xeV) and for low-Z elements the photoelectric effect is
négligeable and Compton scattering is greater than pair-production by t
radiation up to 10 HeV. A simplified lay-out of a polarimeter is shown in
fig. 5. The diff user-scintilla tor is equipped with several PM's for the
detection of the recoil electron (in a .neutron environment the most
appropriate Compton scatterer is the hydrogen-free HE 226 scintillator, * =
5 cm, L » 10 cm). Pairs of scintillator-analyzers (BCO 10x10x1 cm3) on
orthogonal side-arms S11..S?2 detect the scattered photons. Polarization
sensitivity of the polarimeter -is given by the contrast C (or asymmetry
ratio) for a perfectly linear polarized incident beam, as the ratio of the
cross-sections integrated over the scattering solid angles oh perpendicular
side-arms. C decreases with photon energy and aperture angles as shown in
fig. 6. In the 200-600 XeV region, a contrast of 10 which is quite
sufficient for measurements of P > 0.1, is obtained for 10* (half-
aperture) angles. For I11, = 1 MA, n. = 10

13 ecm'3 , e * 60', Z.n - 3 and a
plasma resolution of 10 x 10 cm2 a count-rate of 1O3^eV.s is expected.
Reduction of neutron-induced and other non-Compton events will be obtained
by use of standard electronics such as coincidence techniques, pulse
height analysis and pulse shape discrimination on the diffuser signal.
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5 - CONCLUSION

The present study shows that extension of the conventionnal
spectrum analysis to polarization fceasurements permits the detexttination of
the mean-perpendicular energy, i.e. a better knowledge of the distribution
function of electrons.

1/ VON COELAM and al. RSI 52, 8 (1986) N F1 25., U (1985)
2/ TEXTER and al. NF 2£i 10 (1985)
3/ CLUCKSTERN, HULL Phys. Rev. 10., 6 (1953)
4/ !AMOUREUX, JACQUET, PRATT Phys. Rev. A. U1 12 (1989)
5/ LAHOURE(IX, PRATT private communication
6/ KESSZ, PLATZ EUR-CEA-FC 1376 Report 1989
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INTRODUCTION

Recent advances in experimental measurements of tokamak plasmas and
progress in formulation of numerical algorithms for solving inverse
problems make possible the self consistent determination of the plasma
current density profile and consequently of _the q-profile- Both magnetic
measurements and polarimetric measurements (Faraday rotation) will be used
here for the reconstruction of the current profile, the axisymmetric
equilibrium -equation being satisfied as a constraint. Both smooth and non-,
smooth current profiles will be considered here, and the effect of
measurement errors on the quality of the reconstruction will be studied.

FORMULATION AND RESOLUTION OF THE INVERSE PROBLEM

We only consider here axisymmetric equilibrium configurations , so
that the domain of resolution of our problem is the meridian cross -section
of the vacuum vessel. Figure 1 represents this domain for the real geometry
of JET, the section F of the vessel being the boundary of our domain C. The
equation for the poloidal flux 4 in the domain O can be written :

L* - A [r (1)

with

where p is the kinetic pressure of the plasma, f the toroidal field
multiplied by r, In the characteristic function of the plasma Op. Equation
(1) is che Grad-Shafranov equilibrium equation inside the plasma and
reduces to L ^ - O in the vacuum. The parameter X is a normalization
coefficient, which is determined by the total plasma current Ip :

1P- A ( [r
JfIp

:A(*) + - B(*) ] dS
r

(2)

The plasma region flp is unknown, and is determined by the fact that
its boundary Tp is the flux line which is contact with the limiter or is a

41



separatrix (in the divertor case). The poloidal flux $ is measured at
discrete points Mi of F (see figure 1). By a simple interpolation we
reconstruct $ on the whole of F :

* - g on F (3)

If the functions A and B are given, then it is possible to solve the
set of equations (1), (2), (3) in order to determine *(r,z) and the
parameter X.

The problem that we are going to solve here is in fact »-he inverse
problem, i.e. the determination of the functions A and B from experimental
data. Let us consider first the magnetic measurements ; the $ measurements
have already been considered in the boundary condition (3) ; the
measurements at the points Nj of the tangential component of the poloidal
field, which is equal to l/r d*/gn (d*/3n is the normal derivative of tf
with respect to the vacuum vessel), will be introduced in a "least-square"
fitting. Along the vertical chords Cm (see figure 1) are measured the line
integrated electron density /Cm ne dl and, by Faraday rotation
measurement, the integral JCm u B2 dl. The "least-square" fitting consists
in determining the functions A(V)1 B($), ne(4) that minimize :

1 /Î1&

J(A, B, n.) - ? (- 3- (Nj) - hj)2 +2(1 ne(*) dl - Nm)
2

e J r dn m J Cm

where hj , Nm and On are the experimental data, and where $ is related to A
and B by the constraints (1), (2), (3). The determination of A, B, ng is an
"ill-posed" problem, which is unstable with respect to perturbations of the
experimental measurements. One technique that makes the problem stable
consists in restricting the class of unknown functions to certain a priori
laws depending on a small number of parameters to be identified. This
technique has been used in [I]. Here, in order not to restrict the class of
functions to be identified, we use Tikhonov's regularizing technique [2],
which makes the problem stable. This consists in modifying the cost-
function J in the following way :

J(/.,B,n ) - J(A,B,ne)

where the last three terms of J impose to the 3 functions A, B1 n a
certain smoothness. In fact the code determines the functions A($), B(If),
ne(*) which minimize J, $ being the normalized flux ($ - O at the magnetic
axis, * — 1 at the plasma boundary). The state equation (1) is solved by
using second order finite elements and Newton iterations for the non-
linearities. The minimization of J is performed by a conjugate gradient
algorithm.

EXAMPLES OF RECONSTRUCTION

The numerical procedure which has been used is the following : we
choose three functions A($), B(*), ne(*) and solve the state equations (1),
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(2), (3) ; then it is possible to calculate h±, Nm, am. The reconstruction
of A, B, n from these data h*, Nm, Orn is achieved as it has been explained
in the previous section by minimizing J under the constraints of equations
(1). (2), (3). .---.- .-:.---..- 7.:..;. :-.-.:•_-:. .. _ .̂
_ The first test case corresponds_to smooth profiles of A, B and ng :

A(*) - (1 - *)3/2, B(*) - 1J- *3, ne(*) - (1 - *)
 1 .̂ From exact magnetic

measurements (i.e. h- only), the two functions A and B cannot be identified
separately, but <jX (i.e. the average of the plasma toroidal current
density over the flux line) and q can be reconstructed correctly in terms
of <t. It is well known that small differences on the magnetic measurements
might induce large errors on the value.of the .safety factor at the magnetic
axis. The use of Faraday rotation makes then the problem of reconstruction
more stable. If perfect measurements h-, Orm, Nn are used the two functions
A and B can be identified correctly. This is no-longer true when there are
errors on the measurements, but the reconstruction of <j> and q in terms of
$ remains correct and stable with respect to perturbations. Figure 2 shows
the reconstruction of <j> by using both h^, Nn- and dfm, with random errors
of a magnitude of 3 X : the dashed line corresponds to the solution of the
direct problem and the solid line to the solution of the inverse one (i.e.
the reconstruction).

Let us consider now non-smooth profiles of j with a flat region
inside the profile (corresponding for example to a magnetic reconnection
zone), as it is shown on figure 3a (dashed line). The reconstructed
profile, obtained from the magnetic measurements h- only, is given by a
solid line on fig. 3a and the reconstruction of q is represented on
fig. 3b. If we introduce now the measurements Orm, Nffl the results are
presented on fig. 4a and b. It is clear that local modification of the
current profile cannot be identified from the magnetic measurements
(fig. 3), whereas it is found by using the polarimetric measurements
(fig. 4). Of course the identification is not perfect in this case, as the
"real" current has Dirac functions in its second derivative, which is
smoothed by the Tikhonov regularization.

In conclusion, it is clear that the plasma current density profile
can be correctly identified from"magnetic and polarimetric measurements, if
the experimental errors are not greater than 5 Z; Reconstruction of
experimental cases for JET by using this technique and this code have been
presented elsewhere [3], [4].
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FIGURE CAPTIONS
Fig. 1 - Meridian cross-section of the JET vacuum vessel.
Fig. 2 - Reconstruction of the current density profile from magne 'Ic and

polarimetric measurements (with 3 X random errors).
Fig. 3 - Reconstruction of <j> and q from magnetic measurements for a

non-smooth profile.
Fig. 4 - Idem as fig. 3 but with polarimetric measurements in addition.
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I. Introduction
In tokamaks several fluctuation diagnostics are based on the scattering of an electromagnetic

wave close to a cut off layer. For example measurement of density fluctuations (n) by
reflectometry [1] and magnetic fluctuations (S) by cross polarization scattering [2]. For such a
configuration the eikonal approximation does not remain valid to describe the pump wave
although it is valid to describe n(r) and B(r)[3]. In this paper we shall consider a linear density
profile. An unidimer sional exact analysis has been performed. Spatial and spectral localization
of scattering process close to the cut off layer is investigated and a modified Bragg rule is
derived.

n. Unidimensional Scattering in Critical Layer
ÏÏ.1) Structure of pump wave

We consider the case of a monochromatic wave of ordinary polarization (O) launched into
the plasma perpendicularly to the magnetic surfaces. To have an analytically tractable problem,
the density profile is taken linear n(x)= no(l-x/Ln) where n0 is the cut off density. The electric
field can be expressed using Airy functions Ai, Bi [4] :

where x=x (ko
2/Ln)

1'3. Ic0, E0 are respectively the wave number and amplitude of pump wave
in vacuum. The first term represents an incident wave, and the second term a reflected wave.
Far from the cut off layer these fields match with the WKB solutions Ke"icot ±iikdx. In a non
dissipative medium, energy conservation for each progressive wave yields the group velocity

^-=f. Oc0Ln)
1* (Ai(-x)2 + Bi(-x)2) (2)

8

In (2) it can be seen that obviously the amplitude of the field is large close to the cut off layer.
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n.2) Structure of scattered wave
Four processes have to be taken into account: the forward and backward scattering of the

incident and reflected wave. The wave can interact with either density fluctuations (an ordinary
wave is scattered) or magnetic fluctuation (an extraordinary wave is scattered) [3]. Both
mechanisms are considered:

a) Process Oj+n— >OS

Using the fact that the scattered wave in vacuum is simply a reflected plane wave, the solution
of scattering equation within the Bom approximation is given by:

Es(x)=-iic[Ai(-x)-iBi(-X)3 AiK)G£)dC - irtAi(-x) [Ai(-Ç)-iBi(-Ç)] G(Ç)dÇ (3)

X
/ \"7 ~*

-where G is the scattering source term G(X) = Qc0Ln)
OH2 «(X)

If X=a, x=b are the boundaries of the scattering domain, from Eq.(3), we calculate the spatial
autocorrelation function of scattered field as follows:

v. »
b b

JdC1 Jd^Ai(^i)2Ai(-Ç2)2^(Ç1,û)s)n*(Ç2.Ws)> (4)

where r0 (=(e2/4ïCE0mec
2)) is the classical electron radius, < > stands for statistical

aver£ge.Through a change of variable R=(C i+C2)/2, r=^i-^2« and with the Wiener Kinchine
theorem [5], the scattered power can be expressed as :

ï 4/3 b Tdk
PCO= PCO; (2T0X0

2) Of0Ln) JdR n(R) —Fab(k,R) Sn(k,co,R) (5)5 ^ a J 2îc
-OO

^_ (*-., n i\A :/ o . i\V _lkr._J c ,,_ 1 jî(k,Cû,R) îï*(k,co,R)^widi Fab(k,R) = J dr rAi(-R-|)Ai(-R+|)¥ e and Sn= lira ~

Rl=2(R-a), if Re [a,(a+b)/2)]; Ri=2(b-R), if Re [(a+b)/2,b]. Sn is the 1-D form factor of n[5].

In the WKB range, Fab is simply given by Dirac functions :
1 in

(6)

This corresponds to the standard Bragg relation (kj(R) 'is the local wave number of pump
wave). In Eq.(5) the integration in R (respectively k) corresponds to the spatial (spectral)
distribution of the scattered power. The R variation of Fab describes the "swelling effect " close
to the cut off layer. The discussion on the spatial and spectral localization depends essentially on
the form factor Sn and the Bragg function Fab- Fig.l displays the contour plot of Fab(k,R)
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with WKB treatment for pump wave. The function F3J, is maximum on a parabola
corresponding to the usual selection rule k=2k0rdinary = 2o>/c VX/LN- The broadening comes
from the finite extension of the scattering zone. Without WKB approximation the main
differences are a more complicated structure and spectral broadening around the cut off layer
as shown in Fig.2 and forward scattering (corresponding to the straight horizontal line for
k=0). We find again the parabolic branch outside of the critical layer corresponding to the WKB
computation.
b) Process Oi+B-»Xs

It was shown in [3] that using the cut off layer as a polarizing mirror, then combining the
reflectometer and forwardscatterinp technics, we can measure B. In this case, the scattered
wave (X5) crosses freely the plasma, and the calculation is more simple. The expression of the
forwardscattered power per frequency bandwidth is given by :

2 b
(7)

r Y2 B(k,co,R)B*(k,u),R)
with u= 1-^- \ and Sbu(k,w,R) = Hm sn- < — - £ - >

{<*) TV,-»-"- n(R)BQ

A simple expression of Fab can be obtained by using the fact that the scattered wave (X mode)
can be treated with the WKB approximation:

Fab(k,R) = n(R)2 1̂  2ic {((Ln/ko2) Wk0N5(R)^ -k)] (8)

In Eq.(8), K, 9O are respectively the modulus and argument of Ai+iBj, NS is the refractive
index of scattered extraordinary waves. Fab represents a modified Bragg rule for forward and
backward scattering processes '+, - ', the Dirac distribution describes a matching with the local
wave number. The swelling effect is now expressed by the function K2(R) in Eq.(8). Finally
the spatial localization problem for B depends only of the balance between K2 and Sj3.

ÏÏ-3) Numerical application
Let us model the microfluctuations as follows : Sn, S0= exp(-(k(R)-k*(<fl))2/(Ak)2) with a

maximum at k. and a width Ak equal to the inverse of thermal ion Larmor radius. We define T
as the ratio between power scattered from the critical layer and WKB domain. We use Tore
Supra Tokamak parameters Ln=OJm, k.=Ak=770 nr1 (Tj=IkCV, BO=4T), co/2rc=60GHz. We
find respectively T(B)=3.5, t(n)=0.5. This result is not surprising as we expect, a relative
spatial localization for process 0(+B-^X5 since k. is met close to the critical layer. On the
opposite for process Oi-Hi-K)5 the selected wave numbers of fluctuations in the cut off layer
are nearly zero and correspond a spectral range far from the maximum of Sn .

Ill Conclusion
The scattering process is described by a function Fab(R,k) which contains the spectral

selection rule through its k variation and the localization effect due to the swelling of the electric
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field through its R" variation. Numerical application has been made for experimental conditions
corresponding to fluctuation measurement by reflectometry. This diagnostic appears to be local
and sensitive for low k fluctuations. However only weak swelling and localization effects are
expected for higher k turbulence corresponding to standard drift wave spectra. For the magnetic
fluctuation measurement by cross polarization scattering, a moderate localization is expected. It
has been recently pointed out that the Born approximation may not be valid close to the cut off
layer if large fluctuation levels exists (n/n =O(1)) like at the plama edge. In this case that
multiple scattering is expected to play a role [6J. It is posssible to describe this mechanism using
the same formalism with higher order correlations of density fluctuations as will be shown in a
further work.
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INTRODUCTION

Pellets injected during ECRH or LHCD experiments show a shallow penetration when

compared with the ohmic case [1-3]. This shortening is recognized to be due to the low density

population of higher energy electrons generated by these methods and question their

compatibility, at high power levels, with pellet refuelling. In order to investigate this latter

point, we present a simple model taking into account the main physical effects. We show that,

once the pellet is vaporized, a dense and cold cloud survives sufficiently to contribute to the •

total penetration of the matter in the discharge. We discuss the behaviour of the total pellet

lifetime with the proportion of suprathermal electrons their energy, the pellet radius and its

velocity.

MODEL DESCRIPTION

The NGS model [4] is assumed to be valid for a Maxwellian distribution after proper

averaging [5]. Due to the energy dependence of the electrons penetration depth in the ice, a

more thorough description of the ablation is required as soon as an energy distribution is

considered. Since the ice thermal diffusivity is sufficiently low for the heat transport to be

neglected (the temperature uniformization time in a O.lcm radius pellet is of order O.ls), the

temperature distribution inside the pellet is given by the integral over the time of the power

profile deposited by the electrons. At the pellet surface, the boundary condition is £ = (is ~

O.OleV, where E is the mean energy per molecule. For all the molecules located in a layer of

thickness 5rp, E reaches ns in a time 5t, which yields the pellet radius regression speed fp=

5rp/5t. In other words, the energy flux falling on the neutral cloud is able, in a time interval St,

to increase by ESt = \is - £(t) the energy of the molecules located at rp(t) - rp5t and to heat a

quantity of matter equal to 47lrp
2rp5t until it is fully ionized and deposited in the discharge.

Such a situation is displayed on Figure 1 (dashed line) for a temperature Te = 2 keV and for a

pellet radius rp = 0.05 cm.

The presence of a suprathermal tail does not modify significantly the neutral cloud

hydrodynamics (because the stopping power of gaseous H2 decreases rapidly with the energy

49



of the incident electrons): the values of feSt and fp8t remain therefore unchanged. However, the

e-profile is significantly disturbed, which yields an heating in volume of the pellet. Such a

situation is displayed on Figure 1 (full line) for a distribution including 1% of T5 = 25keV

suprathermal electrons. It can be seen that Srp* > fp8t. The layer of thickness fp5t is principally

heated by the bulk electrons and deposited in the discharge as previously, but the layer of

thickness 5rp* -rp8t is only heated by the suprathermal tail. This heating is by far insufficient

for the matter to be fully ionized and deposited in the plasma in the time interval 8t. It constitutes

then a cold and dense cloud of gas which expands at a velocity close to the instantaneous sonic

speed: cs = [(Y-l)(£-m)/2mH2(Y+l)]I/2. This increase in volume results in an increase of the

ablation rate (in mass) proportionnally to (l+Cs8t/rp)
4/3. For electronic distributions relevant of

LHCD experiments, the energy of the fast tail can be as high as 500keV. The e-profile is then

extremely flat (its characteristic thickness increases as T5
1-72). One can then consider that, once

£ reaches (I5, the whole remaining pan of the pellet transits into a gaseous phase and begins to

expand.

RESULTS

Two simulations for TORE SUPRA are presented on Figure 2. The pellet has an initial

radius rp0 = 0.15 cm and is injected with a velocity Vp = 103 m/s. The plasma has a minor

radius a = 0.7 m; the profiles are of the form A(r) = A0 (1- r2/a2)P. We compare a purely ohmic

case (Maxwellian distribution: ne0 = 5 1013 cm-3, P = 1; T60= 2 keV, p = 2) arid a typical

LHCD experiment (identical bulk plasma, plus a suprathermal tail whose characteristics are:
nsO/neO = 0-1%. P = 3; Ts// = 75° keV forward, TsX = 150 keV = Ts// backward; energy cut-off
at 600keV, p = O). The penetration depth is lowered by a factor as large as 2.5 in presence of

fast electrons. The radius of the pellet (or of the cold cloud which follows its vaporization) is

also shown (dashed Unes): in the LHCD case, 6 reaches U5 in the whole pellet for a penetration

depth Lp = 7 cm. From this point, the remaining part of the pellet survives under the form of a

dense expanding cloud which is itself ablated by the bulk electrons. This second phase of

ablation has approximately the same duration that the first one.

The reduction of the pellet lifetime due to the suprathermal tail can be well characterized

by the ratio Lp/Lp of the penetration depths with and without fast electrons. The value of L*

depends on the balance between the two phases of ablation described above, which depends

itself on the temperature and density profiles. To focus on the influence of the pellet and fast tail

parameters on Lu, all the results presented in this section are computed with plasma parameters

identical to those used for the two simulations of fig.2. The influence of the mean energy of the

fast tail is displayed on Figure 3 for three pellet radii. The computations are performed with an

isotropic suprathermal component of the distribution and with njne = 0.1%. At low energies,

the pellet acts as a thick target and a small decrease of LpVLp (slightly depending on rp) is
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observed with increasing T5. This behaviour ends as soon as the pellet can be considered as a
thin target: L!/Lp tends towards an asymptotic value independent on rp and T5, but which
strongly depends on H^n6, by far the most important parameter for the pellet lifetime evaluation
(see Figure 4). The relative penetration depth varies from 0.5 and 0.2 when n./ne increases from
10'3% to 1%. The influence of the pellet velocity is only marginal: a large increase in Vp (up to
a factor 3) improves L!/Lp by only 15%. More generally, the weak dependence of l^/Lp with
rp and Vp means that the global scaling of the NGS model with respect to the pellet
characteristics remains unchanged: L^ (X (rp

5/3Vp)
1/3.

CONCLUSION
Two phases can be distinguished in the interaction of a pellet with fast electrons: the

pellet is first heated in volume until it '•$ vaporized, then the resulting cold and dense neutral
cloud is heated and expanded until the whole matter is deposited in the discharge. For the set of
plasma parameters we have considered, these two phases have approximatively the same
duration and thus contribute equally to the matter penetration (which is reduced by a factor 2 to
5 when compared with the ohmic case). The results display a high sensitivity to the proportion
of fast electrons but are nearly independent on their energy.
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Figure 1:
Temperature distribution inside
the pellet with (full line) and
without (dashed line) fast electrons.
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Figure 2:
Matter déposition profile and pellet
(or cold dense cloud) radius for typical
Ohmic and LHCD experiments
in TORE-SUPRA.
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INTRODUCTION
The confinement of charged fusion products in tokamaks is a key issue for thermonuclear

reactors. Concerning energetic trapped ions, the important role played by the toroidal magnetic

field ripple was-identified several years ago [I]. The hamiltonian description of mechanics is an

adequate frame to analyse the resonant interaction of such weakly collisionnal particles with a

perturbating field [2],[3]. In this work, we study within this frame the particle-ripple interaction

and show that the destruction of the particle adiabatic invariants can be understood through the

resonance overlapping mechanism. Two different regimes are clearly identified and the

associated stochastic thresholds and diffusion coefficients are derived. This analysis is applied

to fusion products in ITER.

HAMILTONIAN MODEL
The unperturbed motion of a trapped particle is quasiperiodic and adequatly described by a set

of conjugated action angle-variables: {Ji,<(>i} related to the magnetic momentum invariant \i and

the cyclorronic motion, {Jj.fojand (J31(J)3J respectively associated to the bounce ((B2=Cu13) and

precession ((B3=(Up) motions. The angle variables (<!>2,<j>3) are related to the guiding center

coordinates (r,cp,6) by 9 = B0 sin <|>2 and q> - q(r) 6 = fa where 00 is the poloidal bounce angle.

Retaining the dominant n3=N toroidal harmonic (N is the number of TF coils), the TF ripple

5B/B can be expressed as 8(r ) = £ 5m(r) cos m9 cos N(p and, expanding the resulting

hamiltonian perturbation on the angle variables, we obtain (Tn are the Bessel functions):
+00 +00

5H = |aB S Z -2^ [/n2((Nq+m)90)+/ ((Nq-In)G0)] cos(n2(!)2+N())3)
n,=-oo m=0 ""

The particle motion is strongly affected when a Fourier component 8Hn = 5hncos(n2<t>2+N<b3)

of the perturbation is stationnary along the trajectory. The corresponding resonance condition

reads No)3(Jk) + H2CO2(Jk)= O- F°r 3-5 MeV trapped cc-particles in a reactor sized tokamak, one

typically gets CO2=Iu)3 and several resonant surfaces (n2=N/2) are found inside the plasma.

Retaining the low poloidal harmonics of the ripple perturbation (m«Nq), and considering that

most orbits satisfy (Nq90»n2) we obtain using the asymptotic expression of Bessel functions:
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Shn= JlB S0 V 2/(TtNqG0) cos(Nq60+Ç)

where the ripple has to be evaluated at the banana tip ( 50=5(r,60) ).

MOTION NEAR A RESONANT SURFACE - REGIME IDENTIFICATION
— > — » _» V-I —*

Introducing the variables (X,*) defined by J = J0 + n X, * = 2, nk<|>k, where J0=(JiJ21J3)
is a point located on the resonant surface n=(0,n2,N), the hamilton equations of motion have

the simple form:

•gj- = Shn sin * and -gj-= Z nkcok+ nk TB *-«» * >_

where the new variables (X,*) are defined by J = J0 4- n X, O = n
2 —* — >

Defining a = %%• d H0( J l/dJ^dJ^n^n^G^/BJ^ ( a is the hamiltonian non linearity along n )

h = JiBS0 "y 2/(JtNqG0) (h is the resonant perturbation maximum value) ?•"•*

p = N 9(NqG0)/3J3 + n2 9(NqG0VaT2 (p describes the perturbation spatial variations along n ),
these trajectories (X,*) can be described by the following reduced hamiltonian.

j a X + h cos pX cos * = Constant

Analytical expressions for the action angle variables, for o,p can be found in [4]. For p=0, this

equation describes a standard island topology of width Xisl = 4 Ih / al1/2 (Fig.l.a). For the

general case where p*0, it must be noticed that the topology of the trajectories strongly depends

on the fact that the perturbation can or cannot vanish inside the standard island width Xj51 thanks

to its cos(pX) dependence. Consequently, two different regimes emerge: for low pX^ values,

the standard island shape is conserved, whereas for higher values, new separatrixes appear and

a more involved structure emerges (Fig. Ib). For high pXy, the width of the whole structure
A

(Le. the distance between the two outermost separatrixes) is given by X5n. = 2p.h / a = pX^j/S.

A frontier between the two regimes can be determined by Xi51=X51J. This relation defines a
critical ripple value:

Sum = Ciim(s,60) - 37J . where C1J1n is a function of the magnetic shear s and G0 and e=r/R.

In the intervals 37c/4<90<jr/4, r/a>l/2, Clim has slow variations:, typically Clim=4±l. For

ITER, the condition 5(r,60)=5Iim divides the plasma into 2 zones: an inner one (typically

corresponding to Qo>ic/2), where 5<8Iim and an outer one, where 8>6!3m.

STOCHASTIC THRESHOLDS AND DIFFUSION COEFFICIENTS
In the low ripple zone, the resonances have the classical island topology, and a standard

Chirikov parameter Si= ̂ /W2 can be used to determine the stochastic threshold. We obtain
K2E4R2

81 = C1(S1G0) j/2 j/2 — j where C1(S7G0) is of order 0.03 and K is the plasma elongationN q PL
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Above the stochastic threshold, the collisionless diffusion coefficient can be, in this case,

obtained from the quasilinear theory. For 9o=ic/2 the radial diffusion coefficient writes:

In the high ripple zone, we have to consider a more relevant S parameter that takes into account

the size of the multiple islands structure (Fig l.b): $2 = QSO^ where Qsff= 2 p-h. This gives
3/2 _

—

( e "N3'2 K
Expressing C2 for 80=11/2, one get S2 (j[/2) = 0.33 I rr- - — - - which is quite similar

^ ^' PL (dq/dr)
to the stochastic threshold initially proposed by Goldston, White and Boozer in [I].

However, in this case the quasilinear approximation is no more valid. An evaluation of the

diffusion coefficient can be made using the characteristic time and space steps associated to the

rotation frequency <osec ̂ 1 of the particles in the secondary islands and the distance between two

such islands. From the structure of the perturbation, we find Teff = 2rc / osec.isiand = 2;r / (p.h)

and that AX2=T^p. This leads for 90=7C/2 to the following radial diffusion coefficient:

2NqG0 4 K s 90

It must be noticed that Dr2/Drl=co2/(p.h)=l/(2S2) whert S2 is the resonance overlap parameter

corresponding to the strong perturbation regime. Consequently, an important result is that in the

zone where the Dr2 diffusion coefficient is applicable, its numerical value is always smaller that

the quasilinear one.

APPLICATION TO ITER
For ITER, the case of 3.5 MeV a-particles is resumed on Fig.2 showing the upper half part of

the plasma poloidal section. The curves where S=S1 and S=S2 (thick lines) indicate that there is

an unstable domain in the outer part of the plasma (strong ripple regime) whereas the inner

zone (weak ripple regime) is stable except at the very edge. The diffusion coefficients are found

to be very large as soon as the stochastic regime is reached: from typically 10 mV1 at the

frontier of the stable domain up to 100 mV1 near the plasma edge (Fig.2). As a consequence,

in the major portion of the stochastic zone, the confinement time of trapped a particles is far

smaller than their thermalisation time: these zones can be considered as a sink for these

panicles.
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Figure 2: Stochastic diffusion coefficients for 3.5 MeV a-paracles in ITER
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INTRODUCTION

The access to the so-called "monster sawteeth" regime during additional heating in JET [1] is

related to the creation of energetic trapped ions inside the plasma. Several models have been put

forward to explain the behaviour of the central part of the discharge [2,3]. These studies mainly

analyse the influence of the fast ion population on the ideal internal kink mode destabilized by

the thermal pressure gradient. However, the stability of the associated reconnecting mode is to

be considered. Along this line, in this paper, we investigate a new stabilization criterion

expressing that the fast trapped ions (by balancing the effect of the current density gradient)

provide a negative A1 to that mode.

MODEL

To account for the effect of a suprathermal population, we extend the usual variational

formulation of MHD through a more general Lagrangian formalism. Both Maxwell equations

and plasma gyrokinetics equations are consistently accounted for when the functional [4]:

is extremal with respect to the variations of the electromagnetic potentials A and U .

describes the usual adiabatic fluid/field coupling whereas J~rns displays the trajectory and

resonance effects. For a n=l,m=l tearing mode (A=A//?O on the surface r=^ where q=l), the

contribution of the resistive layer to -L^es imposes a low frequency CQ of thermal diamagnetic

type. We introduce a maxwellian hot ion population (pressure Pn=PH-^Jp /2u.0 ). localized

inside the domain r=rx, whose trapped pan (the only to be active in the stabilization) exhibits

precession frequency cop»cu. We then obtain from (1), ignoring the inertia, thermal pressure

and toroidal effects, the following Euler equation outside the resistive layer near the q=l surface

where the index O refers to r=0. For Pn=O, the solution A(r) of equation (2) which is regular at

r=0 cancels at r=rv This means that the n=l,m=l mode is marginally unstable under the MHD
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constraint A^r1J=O. On the other hand, the mode exhibits a large positive A' and is strongly

unstable as a tearing mode. At this point, two routes are possible:
The first one, considered in [2] [3], is based on the fact that die introduction of the

thermal pressure gradient effect in (2) destabilizes the MHD mode [S]: The regular solution A(r)

now cancels at r<rj and one may ask the fast ions to balance this effect, and to restitute a

marginally MHD unstable situation with ACr1J=O.
The second one, considered here, is to ask the fast ions to transform the mode into a

traditional stable tearing mode. This means that the solutions of (2) regular at r=0 and r=oo must

have a finite value A(T1) and A' = [9Log(A)/3Log(r)] <0.

RESULTS

In the case of a step pressure profile (Pn=Po f°r r<rH<ri > PH=^ f°r r>rH). an exact solution of
(2) can be constructed as a superposition of the two independent solutions A1, A2 in the three

intervals 0<r<rH, r^crc^ and rt<r : \

A!=-r(l- l /q) and A2 = A1F with F(r)= f %• — — T4 2 l J,* (i-i/q)2

A1 corresponds to the usual internal kink displacement C=Qe, and, for r<rj we choose the

continuation of F that insures the continuity of A^ and dA^/dr at T=TI (Kg-I)- The actual
solution A(r) can be obtained by requiring the continuity of A(r) and discontinuities of 3A/3r at

r=rH and T=T1 respectively associated with the localized gradient dfu/dr and the desired A1

value. Such a set of conditions leads to: t j
A' = S1

2 .(PH -Pent ) (3)

where P H = P H o R / 2 r 1 and ̂  = T1 F(rH) (4)

(S1 is the magnetic shear parameter 3Log(q)/3Log(r) at P=T1).

In a more general case, considering an arbitrary fast ion profile localized inside the q=l surface

and developing the solution to first order in pH, the equation (3) is still valid with:

(4')

For a step pressure profile, these relations are equivalent to (4). Both expressions of Pcri£

clearly indicate that the radial localisation of the hot ion pressure gradient plays a major role

through the variations of the function F(r).

For a parabolic q profile, q=qo+ (l-qo)(r/ri)2> the following expression for F(r) is obtained:

DISCUSSION
The function F(r) monotonically increases from -oo to +00 and has a zero at r* in the interval

[0,T1]. In the case (5), F(r)=0 for r = r*= 2rt/3 (Fig.l). For the sake of simplicity, the
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discussion is done for a step pressure profile but all the results can be easily extended to any

profile thanks to (41). According to the stabilisation criterion equations A'<0 where A' is given

by (4) the position of the localized hot ion pressure gradient rH is to be compared to r :
- If rH<r , pcrit is negative and the hot ion pressure gradient is unable to achieve a

complete stabilization: A' decreases as P increases but never cancels.

- If rH>r*, PnJt is positive and a complete stabilisation can be obtained if PH >Pcrit. The

function A(r) for such a stable case is depicted on figure 2. When the hot ion pressure gradient

approaches the resonant surface, the balance between the destabilizing current gradient term and

the stabilizing hot ion pressure term becomes favorable owing to their respective radial scalings

(1-q)"1 and (1-q)"2. This result is not restricted to a localized gradient and parabolic q profiles,

and is confirmed with fairly general q and p profiles by the analysis of equations (41) as well as

by direct numerical integration of the equation (1).

Under the condition rH>r*, the critical PHO value corresponding to marginally stable modes

(Pu=P0Jj1) is plotted on figure 3. Three zones clearly appear. For rH=r , the critical PHO is too

high with respect to the usual equilibrium limits. For r < rH < T1, the critical PHQ is found in the

range 10"3-10"2. Such values can be easily reached during additionnai heating in JET and thus,

tearing stabilization can be achieved. We have approximately PHO* 4 (rH/R)1/2(l-q0)(l-q). This

scaling clearly indicates that stability dramatically depends on the precise value of q0. For F9=F1,

it appears that very small values of PH leads to stabilization. Obviously, this result is to be

revisited, because in this zone, the resonant layer near the surface q=l and its reconnecting

dynamics plays a major role. In this layer, the equation (1) must be complemented by a U

coupled equation arising through the breakdown of the ideal MHD constraint. We have also

investigated the effect of a conducting wall at finite distance. As expected, a weak stabilizing

effect is observed when the mode amplitude is peaked near the q=l surface.

CONCLUSION

The n=l, m=l mode, considered as a tearing mode, can be stabilized by energetic trapped ions.

The negative pressure gradient 3py/3r of this population must be localized beyond a critical

radius r (r /T1 =2/3 for a parabolic q profile) and the corresponding critical pH scales as

(l-q0) . This result is different from the scaling of the critical P that is required for the ideal

internal kink stabilisation [2,3]. On this basis, experiments should allow to distinguish which

mechanism is at work during sawtooth stabilisation.
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INTRODUCTION
A serious degradation of confinement with additional heating is commonly observed on

most tokamaks. The microtearing modes could provide an explanation for this experimental
fact. They are driven linearly unstable by diamagnetism in collisional regimes, but it may be
shown that the collisions in non linear regimes provide a small diffusion coefficient [1] which
can be only significant at the plasme edge . In the bulk of the plasma, the microtearing
turbulence could play a basic role if it is unstable in the collisionless regime. While it is linearly
stable without collisions, it could be driven unstable in realistic regimes by the radial diffusion
it induces. To study this effect, we have used a model where the non linear action of the modes
on a given helicity component is represented by a diffusion operator. They are found unstable

for reasonable (3 =2(j,QnT/ B_,with a special radial profile of the potential vector A [2].

The problem arises the validity of this model where non linearities in the trajectories
behaviour are replaced by the diffusion which broadens resonances. To test this procedure, we
calculate the actual electron distribution function when it is determined by the ergodicity of the
field lines. We compute the correlations of the distribution function with the magnetic
perturbation and compare them with the analytical expressions derived from the resonance
broadening model.

IBASICEOUATIONS
To simplify the computations, we assume that there exists a frame of reference R

rotating around the major axis where the magnetic configuration is static. The magnetic
perturbation is given by:

SA = A/)in(r) exp i(m<fr+J9 +5(/,m)) (1)
/,m

In the frame R, there exists a static electric field - V U(r,9,<|>) that we restrict to its average

8~0~
radial component -- which confines electrons. In a first approach, we neglect the

3r
corresponding electric drift velocity. Each component /,m in (1) creates an island chain near the
resonant surface defined by:

r=r/(m where m +^--^=0. (2)

The magnetic surfaces are destroyed and the field lines wander stochastically when the half
width 5j of an island is greater than the distance between two neighbouring resonant surfaces d.

The electron current is derived from the Vlasov equation by:

SI = f F(r,e,<|>) e -V11 and

T (F)= v// V//F - D(v2) AF = S(v2) (Sfr-r^) - 5(r-r max) (3)
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where V/ / is the derivative along the actual flux lines , S is the source term of particles

localized at the radii r _jn and rmax and D(v^) A. is a small diffusion operator which prevents
the singularities due to the stochasticity of the flux lines. The solution of (3) is expected to

exhibit fluctuations from the~ Sj up to the smallest scale S0=Aj-A « Sjwhere L is the

Q2Rparallel correlation length of order—" . • •. We propose to find numerically the solution of

' 5 IdF
(3) at large scales of order of the width of the islands Sj. It will be verified that this solution is

f\

independent of the exact form of the diffusion operator D(V ) A. as long as S^ « Sj.

U NUMERICAL METHOD
The inversion of the operator T is performed by a new method based on the integration

of equation (3) along the flux lines. Because the solution of (3) is independent of the exact form
of the diffusion operator at large scale, we may localize the diffusion operator in a meridian
plane <|> = O. The source term may be also localized in the same plane. We then have:
F(Cc)=F(P) if p= (r(p), 8(P), <XP) ) is magnetically connected to a= (r(a), 9(a), <()(a)) and

(J)(P) is in the interval (0,2;t), The problem is reduced to compute F in in a meridian plane <!>= O.
We define an application T transforming a point a into its magnetic image in the same

plane after a 2rc variation of <{>. We then build a set E of points a which is invariant by T:
T(E ) =£.. In pratice, we construct a series of loops of points a : (Oj; O2; ; Otn) such

that O2=T(U1) ; Ot-J=T(O2) ; ; «n very close to ctj. The function F will be computed at the

points a of the set E ,which must be uniformly distributed over the plane <(> = 0. For each point
a, we define a set of the neighbouring points p in order to simulate the diffusion operator in

(3). Namely we replace (D(v2) AF) (a) by N d" ( F(P)-F(O)) where d™ =d^ is a

P

constant related to D if the distance between a and P is smaller than Snejg and d equals zero

otherwise. We choose 8nejg « Sj. The equation (3) after integration between two points a and

T(a) then becomes:

F(T(O)) - F(a) = 2\ d« (F(P)-F(OO) +s(a) (4)

P

where S(a) results from the integration of the source term. This equation is solved by the
iterative procedure:

Fn+1(T(cc)) - Fn(a) = \ d(Fn(P)-Fn(a)) +s(a) (5)

62



which may be shown to be convergent if all the d are positive. As the distribution function

along the flux lines is a constant, we know at each point the value of the distribution function
F(r,8,<j)). The correlations with the perturbation are computed for each radial position. They are
compared with those obtained from the renormalized equation [3] in order to justify the
diffusive model: - ' .

where F(r,8,<j>)= ]T F/jin(r) exp i(m<j>+/ 9-t-8(J,m))
/,m

I 1 I . . . "

The coefficients Dfm are expected to be of order of the quasilinear value Dn i for
i,m H1

(/,m)=([,m). In the following, we test the modeLwith a_constant 1 =±1 in the series of (1) by

taking D/ m = Dn 5/ m or D/ m = Dn 8/ m + D , S/ m. , with the appropriate ratio DnTD _,
/,m u /,m l,m u l,m l /,m±l r r I/ qi

and

ÏÏI COMPARISON AND RESULTS
The fig 1 shows the 8 and fy averaged value of F(r,9,<i>) labelled by <F> for a typical

case of 11 island chains obtained with / =1 and m=-5 to 5 with 5j = d. The slope is

approximately constant between the source and the sink . The radial flux defined by

. — F(r,9,<p) — =- agrees with the value? of the source terms and the diffusion
B0r38 4rc~

coefficient denned by D___ = - is in agreement with the quasilinear value. The Fourier
r= 3<F>/3r

component F j m(r) appears as a standard function of -r/ where 5^ = I - >h - ]
5d - A. . __ th __)_

is the Kohnogorov scale. It may be verified that these functions are independent of the diffusion
coefficient D introduced in (3). They may be compared with the values derived with the
diffusive approach on fig 2. The best fit is obtained for DQ = D 1 and D1= 1,1 DQ

(1) X. Garbet, F. Mourgues , A. Samain ,Plasma Phys. and Cont. Fusion , 30 (1988),343
(2) X. Garfaet, F. Mourgues , A. Saraain ,Plasma Phys. and Cont. Fusion , 32 (1990),131
(3)P.H Diamond and M.N Rosenbluth, Phys. Fluids, 24 (1981),1641
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Fig 1 : Averaged value of F(r,9,<|>) over 9 and <|> versus r. The arrows indicate the position of
the islands.
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Fig 2: Real and imaginary parts of Fj m(r). The solid lines represent the values obtained from
the diffusive model with DQ = DQ^ and Dj= 1,1 DQ. The dotted lines correspond to DQ = DQj
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I. Introduction
Li both divertor and limiter configurations, tokamak plasmas are surrounded by a region with

open field lines, the scrape off layer. Direct measurements of plasma density or potential using
Langmuir probes show that this region is highly turbulent i.e. n/n =100% , kj.pthi =0.1 (where
pthi is the ion Larmor radius). The plasma zone just inside the last magnetic surface has also been
similarly observed to be unstable [1,2,3]. Theoretical models generally fail to find linearly
unstable modes: the free motion of electrons along flux lines stabilizes the rippling and
interchange modes; collisional drift modes are also found to be stable [4]. Several models have
then been developed which include specific edge effects to explain the large level of turbulence:
for example impurity radiation or ionization and charge exchange [5,6].

In this paper we take into account new effects which are shown to modify drastically the
instability behaviour. In the second section the linear stability in the scrape off layer is
investigated taking into account the fact that the flux lines are open. Ih the third section specific
edge effects in the region with closed flux surfaces are investigated.

n. Stability of open flux lines

For the sake of simplicity we shall consider only the case of an axisymmetric configuration

(Le. inner wall operation, belt limiter, standard divertor). Each field line in the scrape off layer

intersects the wall or the limiter at two poloidal angles 61,82 as shown in the figure. Its length is

L = qR(02 - 0i) where q is the safety factor and R the major radius. At both extremities the

sheath potential (j> adjusts itself in such a way that the ion current neVihi is balanced by the

electron current nVthe s • It is interesting to study the stability of a potential perturbation <j> in

such a flux tube using a fluid model. The mass_conservation provides a relation between the
potential and density Juctuation S. -. e v*/ry-p||- where V* is the diamagnetic velocity and y

(=-i(û) the growth rate. The charge conservation in a flux tube of vanishing cross section can be

expressed as :
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j div(Icutv+Tpoi)qRd9 + T//(6i) + 1//(S2) = O (1)

61
The divergence term reflects the charge accumulation due to curvature and polarisation

currents. The two last terms represent the parallel current through the sheathes at the extremities

of the flux tube. The perturbation of these sheath currents results from a modification of the

number of reflected electrons: T//(9) = ne^Vthi -y-. Note that T//(9) is generally much smaller

than the standard parallel current response k// $/T| , by a factor Vm6ArH k//Xc0u. Because of the

high parallel conductivity the perturbations tend to be constant along the portion of field lines.

Thus a function of the form f(r)e-irfl((l(r)0+<l|) eY1 has been chosen for the potential (since the

field lines are open there are no problem of multiple determination when 6 varies of 2jr).

Equation (1) then implies the differential equation in 7(r):

' (2)

where 4 = -- JE - « v =

HI

with G(9) = s293/3+9 , H(8) = (1+s) sin9-s9cos9, ke=m/r is the poloidal wavenumber and

is the shear parameter (2 at the edge). To simplify the computation j =0 has been

assumed. The quantity A=-4V*V /(p2
hi y

2) * 4V2J^y2RLN represents the interchange effect

the characteristic length of the pressure gradient and Vge is the curvature drift velocity).

Since there is no resonant layer, it is reasonable to look for radial variation in the eikonal form

?(r) = eikr. The dispersion equation writes, k2 = n/r2+v or :

-T^r VJE^ -^rLWJ8 -° (3)
1 kePthi

The first term (stabilizing) contains the effect of the shear and inertia and the second

(stabilizing) represents the end losses. The .third term represents the curvature effect, stabilizing
if H<0. Like in the standard interchange mode theory there are real y values only if H is positive

i.e. the average curvature is unfavorable. The maximum growth rate corresponds to k=0. In

practice G is rather large and y is only a weak function of k for kS q2 ke. Thus by superposing

several radial modes it is possible to construct solutions localized in the SOL where this model is

correct. The most unstable modes are found when the end loss term can be neglected. This

happens if: kepthi > /LN/Rq6[H(9)]e
2 [G(9)]®2>)4 ( - typically 0.1) . The corresponding
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growth rate is Y = -Ir1A/ 2R[H(9)]~2/LN[G(9)] 2 . Three cases corresponding to
K. \ 8l 8l

unfavourable curvature are considered (see table). The growth rate for k=0 as been computed

taking R/LN = 20.

Inner wall
Double null low field side

Belt limiter

ei,82
-jt,jt

-JC/2.7C/2

JC/12.JI/12

90

24

0.26

13

6

0.26

2.4

6

6

In conclusion, the contact of field lines with the wall cause interchange modes to be unstable
when the average curvature is unfavourable i.e. in many common configurations. This could
explain why the scrape off layer is unstable in inner wall operation, between two toroidal belt
limiters, like in JET [T], in the external part of the scrape off layer in a double null configuration
as observed in ASDEX [8]. This explains also other observations like the large radial scale of
turbulence, the fact that the collisionality plays no role as observed in CALTECTl [9], and the
observed 90° phase shift between density and potential fluctuation. The problem is not so simple
in non axisymmetric geometry (like the case of discrete limiter). There is a mixture of stable and
unstable Reid lines. This model could explain the existence of localized turbulent spot sensitive to
limiter configuration and current direction like the ones observed in TEXT [1O]. One should note
that the rippling modes are not expected to be more unstable within this model because the
stabilizing parallel heat flux is not cancelled in open field lines.

III. Non linear effects in region with closed magnetic surfaces:
The edge is characterized by density gradient such that the mixing length fluctuation level

1/kjLN = n/n is of the order of 100% while in the plasma core it is rather 1%. In presence of
such a level of turbulence the trajectories of particles are strongly modified and this affects the
plasma response to a test mode. This effect has been investigated by considering the stability of a
test mode in presence of background turbulence simulated by a large amplitude helical pump
mode. The stability of an electrostatic drift test mode was studied in such a modified
configuration. Two effects have been found : i) A significant number of electrons are trapped in
the turbulence and this increases the power transfer to the turbulence. This provide a new energy
source, ii) The ions experience large convective motion (a typical scale is 1cm =LN). This new
scale tends to replace the ion Larmor radius in the averaging operators as a radial scale of the
turbulence.

Another effect of large density (or electric field) gradient is that the di?magnetic velocity may
vary drastically in the width of a test mode. When this effect is introduced in a simple WKB
approach [11] enhanced instability can be found since the mode reflects on a cut off layer rather
than it converts its energy towards the ion Landau resonance.

For both effects the plasma parameters play an important role through the collisionality and
the density, temperature, or electric field gradients which depend themselves on the transport.
Such features could produce bifurcation for the turbulence level which corresponds to the L-H
transition. More details can be found in [12].
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IV. Conclusion
Several features of the plasma edge modify the plasma stability:
- In the scrape off layer the field lines intersect the wall. This inhibits the parallel current

which tends to stabilize interchange modes. This effect makes interchange modes to appear with
radial scales such as kePthi - 0.1, and their growth rate is rather unsensitive to plasma
parameters like collisionality. It is thus possible to explain the existence of turbulence in the
scrape off layer and some of its characteristics in configurations where the average curvature of
field lines is unfavourable. Several observations related to the in - out asymetry of the scrape-off
layer are also understood.

- The strong density gradient allows large turbulence level and strong non linear effects due to
electron trapping and ion convective motion are possible. This results in a better coupling of the
electrons with turbulence and on the other hand in the appearance of a new non linear radial scale
for the turbulence larger than the ion Larmor radius as observed in experiments.

-Unlike in the plasma core, the plasma parameters vary strongly within the scale of an
eigenmode.

"double nul LFS" Belt limiter
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ABSTRACT

In a previous paper [1] the authors have found several thermal equilibria for a ID radiating
layer at constant pressure profile. The stability of such equilibria is now discussed in
connection with the radiative condensation instability [2]. The influence of the impurity density
profile as the deviation to the constant pressure profile approximation is investigated
numerically.

I - INTRODUCTION

We start from the heat equation in slab geometry :

where $ (x) is the heat flux, H6 and nz are respectively the electron and impurity density, FR (T)
is the plasma cooling rate function, K is the thermal conduction coefficient. In the case of the
axisymmetric divertor (A.D) K = K// = 2.1022 Tev

s/z (nr1 s*1) and x is the abscissa along
the flux line. For the ergodic divertor (E.D), x is the radial coordinate and we use the following
expression for K which includes perpendicular transport effect [3] K= K// D where
D = 271 (SB/B)2.(8B is the magnetic perturbation created by the E.D coils). The boundary
conditions first consist of a given heat flux from the plasma core
(x = XI) : <(> (x = XI)"= <()i. Next at the wall (X = XQ) we use the sheath conditions

<!> (x = X0) = 0o = Yr0T0 , T0 = MD'n0v0 where n0 = n (x = X0), T0 = T(X = X0) and

TO is the particle flux at the edge ; V0
2 = 2T0 /m, m is the ion mass and Y the sheath potential ;

D1 = 1 in the A.D case while D1 = SBfB for E.D configuration - M is the Mach number.

Eq. (1) has been previously solved assuming a prescribed value for FO. We are now
concerned by the thermal stability of steady solutions for perturbations such that the growth rate
is much smaller than the sound wave frequency so that die pressure perturbation is negligible.
In that case the more convenient way to proceed is first to determine all the steady solutions of
Eq. (1) for a prescribed pressure value P0 = H0T0. Using technics similar to the one presented
previously [1], Eq. (1) is solved numerically with arbitrary pressure and impurity density
profile. It can be shown that all the equilibria can be labelled in terms of only three parameters
a*, P* and T* with :

'(MY)2A
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where CR (%) is the impurity concentration, A = PQ / n T, L the width of the radiating layer,

<t> = MYn~T (2T/m) (SB/fi); here n and T are arbitrarily density and temperature

normalization values. The first parameter a*, is linked to the impurity concentration, the second

P* to the length of the radiative layer and the third T* to the incident power. If there were no
radiation losses T* = TQ. Numerical solution of Eq. (1) are given in the next sections,
assuming oxygen impurity only and the coronal expression for FR(T).

II - BIFURCATION AND THERMAL STABILITY

We first investigate the case where FR(T(x = Xi)) = O so that only two parameters a* and

T* are needed LO characterize the steady solutions. A constant pressure profile is assumed and
we take nz ~ ne. The results are discussed in term of the temperature at the wall TQ. For a given
value of OL*, the solutions are plotted on Fig. 1. Two bifurcation points for instance

T* = 33.6 eV and T* = 50.4 eV for a* = 0.15, which have infinite derivative ( dT0 / dT*)
are found. Between these two T* values, three solutions are found for T* > 44. eV. For
T* < 33.6 eV no equilibrium exists. The two bifurcation points and the points where TO = O
depend on a*, and are plotted in the parameter space (a*, T*) in Fig. 2. The plane is divided in
four regions I, II, HI, IV with respectively O, 1, 2, 3 solutions. In particular the region IV
exhibits one steady solution with a low temperature at the wall even for high T* values.

Let us now consider the stability of the existing equilibria for pertubations such that OP is
negligible. For such thermal condensation instability it can be shown that the associated
linearized equation for the temperature perturbation, is hermitian. In that case the sign of the
growth rate perturbation (CD) is given by sign (w) = - sign (dTo / dT*). As a consequence the
low temperature solution -f the region IV is stable.

IU - EFFECT OF THE PRES.SURE AND IMPURITY DENSITY PROFILE

The following cases have been computed for E.D configuration in TORE-SUPRA with
L = 0.1 m, n = 1019 nr3 and T= 10 eV. A constant impurity density in the layer is first
assumed. In order to investigate the effect of the pressure profile variation due to neutral

penetration, the pressure has been assumed to vary as P / PO = 5. -: 4. exp - (XQ - x) / XL. with
X = 0.05 and 0.3. The main effect shown on Fig. 3 is a shift of the low temperature domain in

the plane (a*, T*) toward higher a* and lower T* values due to pressure variation.

Assuming a constant pressure.profile, the influence of the impurity density profile is now
investigated. In addition to the constant density case, two different density profiles, with the
same average value have been used successively :

nz = (5. -4.(xo-x)/L)/3.and nz= (1 +4.(XQ-X) /L)/3.

The curves shown on Fig. 4 illustrate the influence of the impurity profile on the low
temperature solution. For instance with an impurity density decreasing at the wall the domain in
T* where the low temperature solution can be reached is vanishing. This is also seen on Fig. 5
where nz has been assumed to decrease to the wall.
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IV - CONCLUSION

._.-- The number of equilibrium solutions of the heat equation has been studied and the stability
of these solutions to the radiative condensation has been investigated. The main result is the
existence at high power of a stable solution with a low edge temperature. 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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HGURE CAPTIONS :

Fig. 1 : Variation of T0 (T*) for a* = 0.15
Fig. 2 : Number of steady solutions in the plane (a*, T*) for a constant pressure and

impurity density profile :
Region I 0 steady solution

n 1 steady solution
HI 2 steady solutions
IV 3 steady solutions.

Fig. 3 : Number of steady solutions in the plane (a*, T*) for a constant impurity density
profile and for two pressure profiles :

P/Po= 5.-4.exp-(xo-x)/XL withX = 0.3,0.05

Fig. 4 : Variation of T0 (T*) for different impurity densities (a* = 0.03)
nz = (1.+4. (X0-X)TL) /3.
nz = Qe
nz = (5. - 4. (X0 - x)/L) /3.

Fig. 5 : Number of steady solution in the plane (a *, T*) for
nz - (1. + 4. (X0- x)/L)/3. and for a constant pressure profile.
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Electron-cyclotron resonance absorption of the ordinary (O) mode at u s:

u for propagation normal to the magnetic field has proved to be very efficient

for electron heating in tokamak devices [l,2], but the implementation of the

method in high magnetic field tokamak reactors would require the development

of high frequency wave sources. Moreover, the applicability of the method to

various plasma configurations and operation regimes generally requires a range

of different wave frequencies (e.g., ±10 percent), obtained either by

frequency-tunable wave sources, or by a multi-frequency system (3-4 different

frequencies). In order to alleviate the difficulty of developing high frequency

sources, a different mode of operation based on the relativistic down-shift of

the resonance frequency at oblique propagation has been proposed [3,4] and a

series of applications have been discussed, using the extraordinary (X) mode

launched from the tokamak top (bottom) ports [S]. This method is most appropriate

for dense tokamak plasmas [6]. However, generally, in a tokamak reactor,

launching the X-mode obliquely requires the appropriate elliptical polarization

of the input wave and, for some peripheral magnetic field configurations,

efficient tunneling through the cut-off/upper-hybrid region and negligible

attenuation at u = u at the plasma edge.

These problems are avoided for outside launch of a linearly polarized 0-mode

normally to the magnetic field at u > a (O) (the plasma frequency u being a
P P

cut-off frequency for the 0-mode). The attenuation of the 0-mode near u = u

is proportional to n T and is therefore negligible at the plasma edge. We now

show that the incident 0-mode at an angle Q = O with respect to the normal to

the magnetic field B, at down-shifted frequency (i.e., at a frequency for which

U = u is realized outside the plasma) will be totally absorbed after being
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reflected ac an angle 0*0. The success of this scenario relies on a peculiar

property of the relativistic damping of the o-mode at down-shifted frequencies,

namely, the maximum wave attenuation occurs~for""0 * O, in contrast with the more

familiar-case at u = u , in which the maximum is-at O. = O- The O-mode is launchedc _ - - - - ~~ —
from the point A in the low magnetic field side with O = O (see Fig. l). In a

low temperature plasma, from A to A' the attenuation of the O-mode at 6 = O is

negligible. A mirror located at A' will reflect the wave at an angle 5*0. Note

that with a simple reflecting mirror the reflected wave is also partially in

the x-mode, but this is not a problem, since the X-mode at 8 * O is generally

strongly damped too.

We now specifically refer to the NET device [v], i.e., major radius R =

5.3 m, horizontal minor radius a = 2 m, vertical elongation 2.2, B(O) = 6 T,
— 14 —3 —average density and temperature n a 0.8 x 10 cm ,T = 15 fceV. The following
14 2 5* -3 2profiles are assumed: n (p) =10 (1 - p ) cm , T (p) = 25(1 - p ) KeV, where

it
P = C('{'~|l'0)/(

|l't)~4'Q)j ' 4
1 is tne poloidal flux function and <|» , ̂0 are its values

at the plasma boundary and axis, respectively. The relativistic dispersion

relation and the ray equations have been discussed elsewhere [4,6] and are not

presented here.

Typical results using the NET-II parameters and f = u/2n = 100 - 125 GHz

for a ray tube of cross-section a a 0.1 m are presented below, in Fig. 2, the

fraction i](p) of o-mode power absorbed between the launching point and the flux

surface of coordinate p is shown, for f = 125 GHz, 6 = 40° and T (O) = 5 and 6

!cev. In this case, the reflected X-mode is strongly damped closer to the plasma

centre, whereas the absorption of the incident O-mode at O = O is negligible.

We consider this as the starting phase for the initiation of the plasma heating.

As the electron temperature increases, the wave frequency can be decreased, down

to f = 100 GHz when T a 20 - 25 XeV. We find that in all cases the 0-mode is

ultimately totally damped in the central plasma region. Note that for T (O) >

15 fceV the attenuation of the incident wave in the first transit starts to become

relevant. This is illustrated in Fig. 3 for the final phase, i.e., f = 100 GHz

and T (O) =25 kev, in which the absorption of the incident wave at 6 = O (dashed

curve) is 50 percent. In Fig. 4, the overall power per unit volume of the incident

and the reflected o-mode deposited into the plasma is presented for different

central temperatures and different values of f. For T (O) =15 kev the value
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f = 110 GHz was used. Note that, although for T (O) = 5 keV the power deposition

is broad and maximum at p a 0.4, it rapidly becomes central for a slight increase

of the electron temperature.
In conclusion, we have discussed_an acceptable scenario for central heating

in the MET device using existing wave sources (f = 100 - 125 GHz) and wave

launching from the most accessible side of the torus. This method cumulates

two main advantages, namely, low wave frequency and side launch of the 0-mode.

Central wave absorption occurs for the reflected 0-mode at an angle 9*0. This

is a difficulty, since a reflector is required at the inboard tokamaic wall.

However, this difficulty is minimized by the fact that no special polarization

is required for the reflected wave, since both modes are efficiently absorbed

in the plasma core.
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Figure captions

Fig. i Toroidal projections of the ray paths for the incident and the reflected
waves in NET̂ -II. Dimensions are in cm.

Fig. 2 Fraction of the absorbed wave power i)(p) for 6 = 40°, f = 125 GHz and
two different values of the central electron temperature.

Fig. 3 As in Fig. 2, for T (O) = 25 kev, f = 100 GHz and for the incident wave
(dashed) and the reflected 0-mode (full).

Fig. 4 Total absorbed wave power density (namely, incident plus reflected
0-mode) for different values of the central temperature and of the wave
frequency.
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1. Introduction. Current drive by Landau-damped waves has proved to be successful in
present-day tokamak devices, where the slow mode in the lower-hybrid frequency range was used.
However, the extrapolation of the same method to the reactor regime, i.e. temperature and density S to 10
times higher, is questionable, since in this case the penetration of the slow mode is restricted to the
plasma periphery, because of strong Landau damping [I]. The fast mode is a better candidate for current
drive in high temperature plasmas. In fact, like the slow mode, it interacts with the electrons by parallel
diffusion, thus the current drive efficiency is comparable, but the wave damping is much weaker and
penetration to the plasma core is possible at reactor-relevant density and temperature. On the other hand,
due to the low damping rate, the investigation of fast wave (FW) current drive in present-day tokamak
devices is difficult, since a basic electron temperature of several keV is required for complete wave
absorption. Therefore, FW current drive in present-day tokamaks can only be realized in the presence of
another electron heating method, such as, for instance, electron cyclotron (EC) resonance heating. An
experiment of this type is planned in the DIII-D tokamak [2] at a magnetic field B <= 1 Tesla, using fast
waves at 60 MHz, i.e., in the ion cyclotron frequency range, combined with second-harmonic EC heating.
Generally, in low density plasmas, EC heating tends to generate superthermal electrons which, in turn,
can be accelerated in the toroidal direction by the fast waves, and this will affect the FW' current drive
efficiency. A similar scenario, i.e., combined EC and lower-hybrid current drive, was investigated
theoretically [3]. As shown in Réf. 3, for wave powers at the MW level, the currents driven by the two
waves do not add linearly and the efficiency is generally enhanced by a favourable cross-effect. In the
presence of two high power waves, current generation is the result of a complicate kinetic evolution, and
the efficiency of the process csi only be evaluated by means of a (two-dimensional in velocity space)
Fokker-Planck code. Similar effects are expected also in the combined EC-FW experiment planned in
DIII-D, and could actually be exploited to maximize the global current drive efficiency, by using the
optimum wave launching configuration.

The kinetic aspect of the problem is here investigated by means of a 2-D Fokker-Planck code [4],
including a FW parallel diffusion term [5]. A case is considered, in which both waves are absorbed in the
plasma core, using typical parameters of the DIII-D experiment [2] and an EC wave beam at a» 2cac,
obliquely injected in the equatorial plane from the low field side and polarized in the extraordinary mode,
which yields optimum current drive efficiency. The kinetic evolution of the electron distribution is
evaluated for different values of the FW and EC wave power, in order to investigate the transition from the
linear regime, in which the currents generated by the two waves add linearly, to the non-linear regime, in
which the total efficiency is found to be higher than both separate efficiencies. The DIII-D experiment is
found to be in the non-linear regime, and the current drive efficiency scales favourably with a further
increase of the FW power.

2. Theoretical model. The kinetic evolution of the electron distribution function f during
rf current drive is described by the Fokker-Planck equation

3f
*r

where the brackets denote flux-surface averaging, and the three terms in Eq. (1) describe the effects of EC,
FW and Coulomb collisions, respectively. The EC term and the collision term are discussed in Réf. 3;
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they both include relativistic effects. The collision term is ihe high energy expansion of the Fofcker-
Planck collision operator, valid for values of the electron momentum p » (mTg)1'2, where m and T6 are
the electron mass and the electron temperature, respectively. The FW quasilinear term is

JL
FW 3u

where u = p/OnTc)"2 and the expression of the FW diffusion coefficient Dpw is extensively discussed in
Réf. 5. Here we assume a Gaussian n,, spectrum for the FW power inside the plasma, thus

where ji = mc2/Te, D, S, and e33 are defined in Réf. 5, n,, is the FW parallel refractive index, related to
the electron momentum via the Cherenkov resonance condition n,, = nryc/p||, my is the relativistic mass
and

DS(HII) = D0 exp [- (n,,- n,,)2 /(An,,)2].

Note that for Uj_ * 1 the expression in Eq. (1) is dominated by the terms in round brackets, which
correspond to Landau damping. On the other hand, for high Uj_ the Landau terms are negligible and wave
damping is dominated by the transit time magnetic pumping (TTMF) effect. In this limit, the FW
diffusion coefficient becomes very large, since it is proportional to u£. Level curves of Dpv/ in the u,,,
U_L plane are shown in Fig. 1, for parameters typical of the DIII-D experiment [2], i.e., n,, =5, An,, = 3,
B = 1.02 Tesla, ne = 1.5 1013 cnr3, T6 = 4 keV. Note the different structure of the level curves in the
Landau region (u^ < 2) and in the TTMP region (Uj^ > 2). For increasing UJL, Dp\y gets very large and
the level curves are no longer plotted. This peculiar structure of the FW diffusion coefficient has an
important consequence: although for a Maxwellian plasma the wave damping is mainly due to the Landau
effect, in the presence of EC waves, which tend to populate the electron distribution at high U1, the
TTMP effect is no longer negligible in the evaluation of both the wave damping and the current drive
efficiency.

3. Numerical results. We now consider an EC wave beam of frequency 60 GHz, injected
in the equatorial plane from the low field side at an angle of 20° with respect to the normal to the
magnetic field. For typical DIII-D parameters (a = 60 cm, R = 160 cm, B(O) = 1.02 Tesla, ne(0) = 1.5
1013 cm"3, T6(O) = 4 keV and the profiles considered in Réf. 2), this beam Is strongly damped in the
plasma core. The kinetic evolution of the electron distribution function in the plasma centre is then
computed for Zeff = 2, both for a very low wave power P0 = 0.01 MW and for a high power level, i.e.,
PO = 1 MW, where PQ is the wave power reaching the plasma centre. The resulting absorbed wave power
density, driven current and ratio W/I (in Watts/Ampères) are presented in Table I. It appears that both
power absorption and current drive, efficiency increase with Pg1 since for high wave power the population
of the energetic tail is enhanced. We then consider a FW power of 2 MW, and assume that it is absorbed
within a radius r < a/3. This yields an average power density of 1.5 W/cm3, which corresponds
approximately Jo D0 = 0.05. The kinetic evolution at r = O is then computed for several values of DQ,
and the results are presented in Table I. It appears that also for the FW absorption and efficiency increase
with the injected wave power. Finally, we consider the case of simultaneous injection of EC and FW.
The steady-state distribution function in the case of P0 = 1 MW and DQ = 0.1 is shown in Figs. 24 (solid
lines), together with the corresponding one for PQ = O (dashed lines). Table I shows that for low wave
power both the absorbed powers of the two waves and the driven currents add linearly. On the other hand,
for high wave power, the current drive efficiency increases when the two waves are simultaneously used.
This favourable cross effect can be explained by the fact that in the presence of EC waves a high Uj_
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population is created, in the region where the FW diffusion coefficient is very high. These electrons are
(hen efficiently accelerated in the parallel direction. Being less collisional than low Uj_ elections, their
contribution to the driven current is higher. Note, however, that also the absorbed power changes for
increasing wave power levels, thus the absorption profiles are spatially redistributed. Therefore, these
preliminary results need to be confirmed by a full 3-D Fokker-Planck calculation, including a self-
consistent spatial evaluation of both EC and FW power absorption. - - - - -

m
[2]

[3)
[4]
[5]

Fig. 1
Fig. 2

Fig. 3
Fig. 4
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FIGURE CAPTIONS
Level curves of the FW diffusion coefficient.
Level curves of the steady-state solution of the Fokker-Planck equation, for Pg •
D0 = 0.1. EC+FW (solid line) and FW alone (dashed line).
Parallel distribution function, for the cases shown in Fig. 2.
Perpendicular temperature, for the cases shown in Fig. 2.

IMW and

TabU I

I I P0(MW) I D0 IP (W cm'3) I J (A cm-2) | W/I (W/A) |

EC
EC

0.01
1

O
O

0.033
4.23

4.3
1057

7.6
4.0

FW
FW
FW
FW

O
O
O
O

0.001
0.05
0.1
0.2

0.025
1.60
3.21
5.97

3.9
275
659

Î490

6.4
5.8
4.9
4.0

EC+FW
EC+FW
EC+FW
EC+FW

0.01
1
1
1

0.001
0.05
0.1
0.2

0.058
5.10
6.37
8.75

8.3
1450
1970
3104

7.0
3.5
3.2
2.8
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ABSTRACT

The self consistency conditions for magnetic turbulence are reviewed. The

principal features of a magnetic topology involving stochastic flux lines -

transport, ambipolarity, basic equations - are summarized. Two driving sources are

considered : thermal effects which require large scale residual islands and electron -

diamagnetism which involves fluctuation scales smaller than the ion Larmor radius

and a Pp threshold of order one. Detailed stability criteria and transport

coefficients are given in each case.

KEXHORDS : turbulence, transport, self consistency.

I - INTRODUCTION

Though there exists no direct measurements of fluctuating magnetic fields, their

existence is suggested by some experimental facts in Tokamaks. The most striking are

the large value of the electron thermal diffusivity compared to the particle

diffusion [GONDHALEKAR, 1989], the degradation of the confinement with additional

power [JET Team, 1989], the loss of runaway electrons during the transition from

ohmic to L regime (KHON et al, 1988). Magnetic turbulence is an attractive candidate

to explain these effects, because it affects the confining topology and thereby the

electron motion. Such a situation is reached when the typical width 2S1 of the

islands created by the various modes exceeds the distance d between resonant

surfaces, i.e., when the Chirikov parameter a » 2S1Xd is larger than a threshold

value <TC of order one. Diffusion coefficients reach standard values of order 1 m
2s~1

for rather low values of the fluctuating magnetic fields, typically 10~4+10~3.

As any turbulence in a confined plasma, the fluctuating magnetic fields must be

self consistent. This requires the computation of the microcurrents induced by that

fields - these currents are essentially carried by electrons - and the check of

their coherence through the Ampère equation. Moreover, the associated electric

potential fluctuations cannot be neglected so that the ion dynamics must be taken

into account. This program can be systematically performed in the linear regime and

has led to the microtearing modes (HAZELTINE et al, 1975), which are unstable in
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eollisional regimes (DRAKE and LEE, 1977 ; MAHAJAH et al; 1979 ; DRAKE et aj., 1980 ;

FARENGO et al, 1983) and stable in collisionless regimes (TSANG et al, 1978) .

However, these features are dramatically changed i.i non linear regimes where the

induced microcurrents are determined by the stochasticity of the trajectories rather

thaiTby:~the~ linear resonances (SAMAIN, 1984 ; REBUT et a.';, 1986 ; GARBET et al, 1988

and 1990).-Indeed,~a weak particle diffusion is able to influence "the mode stability

and a non linear study is n-icessary to compute the actual thresholds and the

associated heat transport. Two limits in the non linear regime are of interest : in

the first one, corresponding to & Chirikov parameter o near the stochasticity

threshold O0, o « O0, the fluctuating magnetic fields create residual islands

surrounded by an ergodic sea ; the second case corresponds to a fully stochastic

situation, o » oc. In both cases, a radial electric field, linked to the electron

density and temperature gradients, confines the electrons so as to ensure the

ambipolarity. The instability may be driven by two basic mechanisms. First, the:

inductive voltage can drive microcurrents sustaining the unstable magnetic-

perturbations through thermal effects (REBUT and SAMAIN, 1972 ; REBUT and HUGON,

1984 ; WHITE and ROMANELLI, 1989). These effects are destabilizing when there exists

residual magnetic islands (O - <TC), where current channels are localized. Secondly,

the radial electric field confining the electrons can play a destabilizing role

through the electric drift of electrons (SAMAIN, 1984 ; GARBET et al, 1988 and

1990) . This mechanism related to diamagnetism is relevant in both non linear regimes

(a =• CT0 and O » CT0), but involves pp and temperature gradient thresholds. It

requires also small island scales to avoid the stabilization by the fluctuating

electric fields.

The remainder of this paper is the following. The general features of a magnetic

turbulence are reviewed in chapter II. In chapter III, the basic equations for the

thermal mechanisms are investigated. Finally, the modes driven unstable by the

electron diamagnetism are studied in chapter IV.

XZ - PROPERTIES OF A HAGNETXC TURBULENCE

II.1 — Magnetic topology

We consider a cylindrical equilibrium field

8 - Bo fa
\

and a potential vector fluctuation directed along B

exp i(m8 + nq> - at) + c.c.

The typical frequencies CO are of order of the electron diamagnetic frequencies
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((0^,(UTe) = -
R0 eBe »ne dr T dr

which are themselves smaller than the electron transit frequency vu/tc, where Lc is

the correlation length along the perturbed flux lines and ve = V2Te/me is the

electron thermal velocity. We will assume that ^- is a constant so that there exists

a frame of reference where the turbulence is static, in presence of a radiar

electric field -âH which is linked to the ratio ̂

n/R,, BB dr <2)

This assumption is not essential but greatly simplifies the analysis and will be

used in the following. To each Fourier component Anm ̂  O is associated a resonant

surface r = rmn determined by

and an island half width 8imn = y./
8*™1»» , where LS=-SE2. (3-rdq| ig tne 3near length. In

V B0
 3 V qdr/

the vicinity of a radius r<j, one may use

rm = °- S0+ cte (4)
m

where
& ro Ioo m -3^ I

3 I f=Ia

Defining the Chirikov parameter by <T = -2îsa— '"J, where r=rmn and r=rmin. are two

successive resonant surfaces, the flux lines are stochastic if O is larger than a

threshold value oc of order 1. If o » oc, the field lines diffuse radially with a

quasilinear diffusion coefficient DH = \8r2)/2L (L is the field line length) given by

DH • 2Jt]̂ p52IJ IKeIuJ 8(r - rœn) ,c>

Assuming that Amn only depends on m, then the expression (5) reads

(6)
J. ̂ o KO noo

where CTn= ̂  I". That diffusion may be seen as a random walk, with basic steps SD
Oo

after each Kolmogorov length LK along the flux lines (RECHESTER et al, 1978 and

1979)

r - i»«LK —a-
KeS0 (7)

where Kg is an average poloidal number and
1/3

(8)

The diffusion coefficient for particles with a parallel velocity v// is simply

D = DH |v//| (9)
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in the collisionless regime. The distribution function of particles in a stochastic

field experiences a cascade process generating components with smaller and smaller

transverse scales. The smallest scale 8S is determined by the residual dissipative

processes, a small diffusion for instance. For an associated diffusion coefficient

D3, assumed much smaller than the coefficient D due to the magnetic turbulence, the

scale S3 is

8s =
" - ' (10)

where Lc is the parallel correlation length of the distribution function, linked to

the Kolmogorov length through the relation

Lc = LK L o g - (11)

II. 2 ~ The question of arobipolary

Since the diffusion coefficient given by (9) is proportional to the velocity,

electrons diffuse faster than ions and the question of ambipolarity arises.-

Moreover, this asymmetry is reinforced by the ion Larmor radius effects, which

reduce the value given by (9) when the island widths are smaller than the ion Larmor

radius pi = mm/eiB , where vi=V2Ti/mi is the ion thermal velocity. The electron

particle flux must therefore nearly vanish, a condition which of course does not

imply the vanishing of the heat flux. In the frame of reference where the islands

are static, this cancellation is insured by a radial electric field confining

electrons. Following the quasilinear theory, the electron flux is given by

- - n, DH (USs- + fi. dIU JSL (£ - i)\ IvJ U2)
\b,dr T dr Tdr \T 2 H /

and vanishes when
- S. dLL , _dng_ + 1- JtL. (13)

T dr nedr 2 Tdr

in the collisionless regime. The expression (12) is valid in any frame of reference

by changing S. âSL into S. pSL. + B* Ro ul'j, where -âîîl and (O' are the radial electric
T dr T Vdr n / dr

field and the frequency in the new frame. The condition (13) implies therefore that

the turbulence rotates at the electron diamagnetic frequency in the frame where the

radial electric field vanishes. Once this condition is fulfilled, the thermal flux

I))Te/ which is given by an average over the energy E similar to (12) , reduces to

^Te= - -̂  He DM Ve &£- (14)
ffl dr

II . 3 — Self consistency and baajf! aquations

The potential vector fluctuations must be sustained by microcurrents, through the

e equation

B̂. - (SL)2A10n = - Jl0 J/Mn
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In the simplest case, J//mn is localized around the m,n resonant surface. Outside the

current layer, Amn(r) decreases as exp- |Ke (r - rmnj and a standard matching procedure

provides the constraint

2JK«| Amn = Uo I J//mn dr (15)

The problem is then to calculate J//mn in term of Amn. Generally, the current is

derived from a Fokker-Planck equation

(v//V//. + VE.V. + -^- (Etnd - V//(tI + Su)) -^-. - D5A,- CXl
I W0 dv// ;

&J// = e I

(16)

d3v v// SF = ]£ J//mn(r) expi(m8 + iup) + C, C.

where (F + SF)(XJI,V//) is the electron distribution function, V//. is the gracient

along the perturbed flux lines, D5 is a small diffusion coefficient which solves

small scale divergences, Eincj is the inductive field, C is a collision operator .that

will be restricted to an electron ion friction term. The fluctuating electric

potential Su, which is involved in the electric drift velocity V1 = B x V(u + 8u)/B
2

depends on the ion behaviour and is determined by the electro-neutrality constraint.

The calculation of SJ// and Su is easily performed in the linear collisionless and

collisional regimes, leading respectively to stable and unstable situations

described in §IV. ïwo kinds of non linear situations occur according to the value of

the Chirikov parameter.

i) Well beyond the stochastic threshold, all flux lines are stochastic and the

only source of instability is the diamagnetism. The integration of equation (16) is

a difficult task since one has to deal with components of SF at the very small scale

Ss given by equation (10) . However, the components of SF at larger scales of order SD

(see eq. (8) ) , which ûetermine the response Sj// coherent with SA, can be obtained by

simulating the non linear effects in equation (16) by diffusion operators applied to

the non adiabatic part of the distribution function- (HIRSCHMAN AND MOLVIG, 1979 ;

DIAMOND and ROSENBLUTH, 1381) . For instance, discarding the drift and voltage terms

in eq. (16) leads to the set of equations

i K//v// F™ - £ DSan'AFm.n. = - i v// a £ ASD. (17)
ra'n- r or B

where K// = -1- Ia. + -DLJ and tne DSn"' are proper diffusion coefficients scaling as the
RQ \ q(E)J

quasilinear value DH |v//|. A simple case correspondu to a diagonal matrix D™"', i.e.

Dmn = DM |v//| 8mm' Sim1 (18)

This procedure .has been successfully checked by a numerical computation '(GARBET et

al . , this conference') .
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ii) For a Chirikov parameter near the threshold value, there exists residual

islands where the flux lines are integrable over magnetic surfaces y(r,6,q>) = cte,

with an helicity corresponding to the associated vector potential. Inside these

islands, and neglecting all diamagnetic effects, the integration of eq. (16) leads

to a temperature T and a current J// which are flux functions T (Y) and J// (y) and are

related~through the Ohm law
J1 1 = Eind (19)

and the averaged heat equation

(- ne &AT), = P(T) = 5i - Prad(T) (20)
Tl(T)

where Xs = ̂Os is the thermal diffusivity in the island, Ti(T) is the resistivity,
2

the radiation power, and the bracket means a space averaging between"

neighbouring surfaces

IXX - TBBBMAL EFFECTS

The basic idea of these effects is the filamentation of the equilibrium current J//

by residual islands through eq. (19), (20), providing microcurrents which can sustain

the corresponding perturbations [REBUT and SAMAIN, 1972 ; REBUT and HUGON, 1984 ;

REBUT et al., 1986 ; WHITE and ROMANELLI, 1989]. Such a regime corresponds to a

Chirikov parameter near the threshold value and is difficult to study accurately for

it is intermediate between a single island integrable topology and a fully

stochastic case. The self consistency involves the ratio 5J77XJ77 which must be

calculated. By using the Ampère equation for the equilibrium current J//

i. JL [-Ei-Ba_\.= U0 j//(r)
r dr \q(r) R0/dr \q(r) R0

one obtains from eq. (15) the constraint

61- 4 (2- - 1 )C (21)

re the correlation C is defined by

du. cosu «JMP'") (22)
L. ' J-* 2n J"

with

p - -Sas. , u = m 6 +n q> +
arg (A31n) if B(A > O

q
arg (A™) + Ji if B1A < O

and J// = J//(rmn) .
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III.l — IaI and cooling

This first class of mechanism (REBUT and SAMAIN, 1972 ; REBUT and HUGON, 1984) is

related to the heat balance within the residual islands. Inside such an island, the

total current J// + &J//(V) is related to the temperature T + ST(y) through the Ohm law

(19) which reads

&*.-(! + Si?2 - 1
J Il ' T ' _

where the bars refer to the unperturbed values on the resonant surface . The

temperature T + ST(V) is solution of the heat equation (20) where the heat source

P(T) = Eind/T|(T) - PMIJ(T) will be restricted to its unperturbed value P(T). We will then

admit that the magnetic topology can be represented by isolated islands surrounded

by a turbulent sea. The equation of a m,n island chain is

\f = 2pz + cosu (23)

where -ISySl, y = 1 corresponds to the separatrix. Note that in fact, the size

of islands is reduced by the ergodic sea. The solution of the heat equation is then

(1 - V) (24)
4 ne X»

As expected, OT is positive when PIT) > O, i.e., when the Ohmic heating dominates.

Conversely, ST is negative when the radiation cooling overcomes the Ohmic input, a

situation which can occur at the edge. The contribution of this temperature

fluctuation in the correlation (22) is

2 |M<1 2*
C1- if dpdlL cosu W&-

which gives, using (24),

Rl^ ̂  ̂? ̂  (25>

In view of eq. (21), an island heating, P(T) > O, is stabilizing (C<0) whereas an

island cooling is destabilizing (C>0). The actual threshold on the island size can

be obtained by solving equation (21). An order of magnitude is available by noting

that the power P is linked to the equilibrium temperature gradient length LI and the

thermal dif fusivity X in the ergodic sea

P ~ ne X —
L?

so that (21) becomes

N

where the left side quantity scales as the Chirikov parameter and is therefore of

order 1. It is interesting to remark (DUBOIS, 1990) that the diffusivity Xs inside

the ^aland can be much smaller than ths dif fusivity x in the ergodic sea. In the

case of the island cooling, reasonable island widths 5i - Yjts/X LT can therefore be
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obtained. For such island scales, of the order of the centimeter, the diffusion

coefficient given by (6) and O) is fairly large, i.e., several m s

III. 2 - Currgnt- profile affecta

The. second step-in the study of thermal effects should consist of calculating the

current fluctuations due to thé inductive field in the ergodic sea. This

necessitates in principle to solve the~ Fokker Planck equation (16) in the stochastic

magnetic field. A crude approximation consists of restricting the temperature and

the current to their 0,<p averaged values. The temperature can be then approximated by

outside and near an island chain. Using again the Ohm law and noting that the

correlation (22) vanishes for a function depending on p over all the space (inside

and outside the island) , one finds that the ergodic sea contributes to C by

(27)
IT dr/ T 3rr'

where

K =- i I dp ̂ 0- P2COSU = J=-
8 JM<1 2n 5Jt

Note that the first order contribution in SI/LT vanishes since it corresponds to an

odd current with respect to p. Consequently, only the terms of order 8i2/LT
2 remain and

H2T
they are destabilizing if -S-iW. I3 positive [WHITE and ROMANELLI, 1989] . The self

J//dr2
consistency constraint (21) provides the scaling

I Kg I 3 81 ~ ̂S- ~ Oc

This last condition can hardly be satisfied since it involves an island width of the

order of the temperature gradient length.

IV - DIAMAGNETIC OESTABII1XZATZON OF HICROTEARING MODES

These modes were initially found to be unstable in the linear collisional regime

(HAZELTINE et al, 1975), with a maximum growth rate when the electron-ion collision

frequency vc is of order of the diamagnetic frequency 00«, while it wa-s later shown

that they are linearly stable in the collisionless regime (TSANG et al., 1978). The

trapped electrons have been shown to be weakly stabilizing (CONNOR et al, 1988) .

However, this classical picture is drastically changed in the non linear regime.

First, a pp threshold of order 1 is involved in both regimes. Secondly, the induced

transport coefficients in collisional regimes remain less than the actual

'experimental values, except at the edge of tokamaks. Finally, microtearing modes can

be unstable in collisionless non linear regimes, because the parallel impedance of

electrons is modifxed by the induced diffusion. This picture would not be
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comprehensive without stating the stabilizing effect of the fluctuating electric

potential, except if the island widths are much smaller than the ion Larmor radius.

This determines indeed an upper bound for the diffusivity.

IV.1 — Summary of frhe linear resulha

The linearization of the Vlasov equation (16) provides the following expression

for the current harmonics in cbllisionless" regime

n= - Ssei / SL̂  Û
T Vo- K//v// + ie /

(28)

where the inductive field has been neglected, the brackets indicate a velocity

average, û) = ——— SU. ̂ 3 the mode frequency in the frame where the radial electric
RO Be dr _ I 2 \

field vanishes, (OE= (One + (Oie I102 -̂I is the velocity dependent diamagnetic frequency
V2T Zl

and K// = -1- In + -p-r) is the parallel wave number. The width S6 of the J//mn (r)
Ro V «*rl/ .

profile is given by Oe-I(OLsXKsVeJ In the frame of a constant Anm approximation, the

self consistency constraint (15) then reads

2 I KaI Amn (O) - iItJI0 ̂ - dx { (0 - (Oe') V?/ 8 ((U - K// V//)*„,„)
T J (29)

The current integral is in quadrature of phase with Amn and must vanish. This occurs

when

u) = (One+— (Ore (30)
2

which is equivalent to -the condition (13) . Once this condition is fulfilled, no

current integral in phase with Amn remains. This means that a microtearing mode is

stable within the constant A^n approximation. Moreover, it can be numerically checked

that this property is true whatever the Amn profile. In the collisional regime, the

response (28) is replaced by

J//nn = - Ssei / " - <»*M
T \ . v'

\(0 + IVc-
\ v3 3«

where vc is the thermal electron-ion collision frequency. The width of the current

layer is now given by S8 Yvc/(0. After an integration of J//mn over r, the self

consistency constraint (15) leads to
(O= (One+ 0 O)Te (32)

s ••*• (33i

where equation (32) is similar to eq. (30) and (13), with a determined by Im(A) = O.

The function A is defined by

T+- a -i- i - y2

A= 4i <i/S- I dy y3 exp - y2 2

/1 + i _v=_\|
I (Oy3/
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and depends only on -=-. The parameter Pp is

PP"- n'T (Iu.)2 (i + on.) 3s- (34>

B2/2Ho «J " 4

with lie « ̂ , and scales as the equilibrium Pp. The values of a and pp/Ke5» with respect
LT

to the collision parameter Vc/d) are given on figure 1. It is vérifie:? that a varies

from 1/2 to 5/4 when the collisionality increases and that the~lowest threshold-

P̂ /KeSe corresponds to Vc/OJ^ - 1. An important feature of the linear regime is" that the

width S6 or &,iv<J& of the current layer is typically much smaller than the ion

Lannor radius pi. This allows to neglect the influence of the electric potential Su.

.-2.5
"

-3.0

-2.0

1-1.5

U1.0

F i g - 1 ! Values Of Ct =(<!> - O)1Te V(I)Te

(dashed line) and marginal

treshold p̂ /KeS. (solid line) as

functions of the collision

parameter vc/(i>.

IV — Non linear rQjirnt»

The non linear regime is reached when an electron actually experiences the

stochasticity of flux lines. This is realized when the diffusion scale S0 given by

(8) is larger than the linear current width 6e in collisionless regime or SeVvc/(u in

collisional regime. This allows the resolution of the Fokker-Planck equation (16)

with a perturbative procedure where the small parameter is So/So Max (l, Yvc/(u). It can

be shown (GARBET et al., 1988) that the zeroth order currents J//mri(r) are in

quadrature of phase with the A111n
1S. Cancelling these currents is equivalent to

cancelling the electron flux ( —U-—̂ ) and, as expected, this determines the static
Hn e"electric field - 3 -̂ through a relation of the type (13). The first order currents

Iare in phase with the A111n
1S. However, it can be proved that the integrals dr J//mn(r)
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do not vanish in two situations only : in collisionaJ regime or in the case where

the Amn'a are not constant within the current layers. This last condition imposes a

threshold PP - 1 for the instability to occur.

IV. 1. Cnlliaiofial rt»jime

The non linear condition S0 > 5BVvc/u) imposes that D/8) > VuJVc. On the other band,

the coliisional impedance insuring instability is maintained if the collision time

Vc is smaller than the diffusion-time 8§/D necessary^ for an electron^to diffuse

accross a current width. This imposes an upper bound to the induced diffusion

coefficient

D < Ve SS (35)

1.OH

0.8-

0.6-

0.2-

0.0-

A.

G=I

i I i I i
C.O 0.2 0.4 0.6 0.8 1.0

Fig.2: Marginal threshold Bc/KeSo as a
function of the collision parameter
VcSn/D. The dashed line corresponds to
a Chirikov parameter O equal to 1 and

the solid line corresponds to a=2.

This situation has been examined [GARBET et al., 1988] by replacing the Fokker
Planck equation (16) by the system

V//J-D, AN =- - e VE.VN
(36)

Sï- V//N - D8 Vj + VcJ - - V1. VJ
IDe

where N(X, E) - n«. 'x' and j(x, E) represent the density and current of electrons at a
T

given energy E. Following the perturbative procedure described above, this system

has been solved by a direct Fourier inversion. The threshold Pp/KeSo is given in

figure 2 as a function of the collision parameter VcSo/D for a given Chirikov

parameter. Note that the turbulent field must produce overlapping magnetic islands

(a » CTO so that the actual values of JKeScI cannot be much smaller than 1.
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Consequently, it is verified from figure 2 that for reasonable values of pp~l, the

diffusion coefficient D must satisfy the constraint (35) . Moreover, if the electric

potential fluctuations are taken into account, it appears that the modes are stable

except if S0 < pi, so that
D S Vc pi (37)

which provides coefficients D in agreement with experimental values only at the edge

of .tokamaks. ...-

IV. 2. Colliaionleas

A diamagnetic driving mechanism basically involves the electron drift which

appears in the frame of reference where the islands are static. Indeed, assuming

that the scale S0 is much smaller than the ion Larmor radius, the electric potential

fluctuations can be neglected and the ion electric drift is compensated by the

polarization drift so that the charge balance equation is

7//8J// + 6 V.(5nev«)= O

Using eg. (13) , the perturbed parallel current scales as

, , (38)
B ILn/ H8

where Lc- LsXKeSn is the correlation length given by eq. (11). The density

fluctuations, which tend to satisfy V//(nB + 5ne) = O , scale as

y «A
VLn/ B <39)

Within the frame of the constant Amn approximation, the self consistency constraint

(15), eq. (38) and (39) provide the order of magnitude for pp/KeSo

eT L1 1 . x
 <40)

B2/2jio

Since I KaSo) scales as the Chirikov parameter, i.e, is of order 1, the |£ threshold

must also be of order 1. This is also a consequence of the general result quoted

above, which states that in non linear collisionless regime, unstable modes

correspond to Amn(r) components varying significantly over a scale SD .

A calculation of this threshold may be performed by replacing the Vlasov equation

(16) by a set of equations of type (17), determining each Fourier harmonic Fmn at the

scale 8D. For reference, figure 3 shows the actual Fmn deduced from a direct

computation of the Vlasov equation in a simple case VE = O, Amn = cte and the

modelized values deduced from (17) (GARBET et al., this conference).

This modelization allows an easier treatment of the non linear problem and a direct

insight in the involved mechanisms (GARBET et al., 1990). Restricting in a first

approach the matrix D̂ "' to a diagonal term D = DM |v//1 (cf. eq. (18)) and assuming
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that the operator - DuA may be replaced by a constant SK// - JKeoWLs I» the current

response is simply

J//mn, - / (• - «=) *<
\a> - K//V// + i SK//IV//I

0.4-

0.2-

0.0-

-0.2-

-0.4-

-0.4 -0.0

!"Inn
I
0.4

0.4-

0.3-

0.2-

0.1-

0.0-

-0.4 -0.0
I
0.4

(41)

Fig-3: Comparison of the Fourier harmonics m,n of the electron distribution

function given by a numerical code,(points) and the values derived from eq. (17)

for a diagonal matrix De,'nn> (dashed line) and for the case of coupling to the

neighbouring harmonics (solid lines). In the numerical computation, 11 island

chains (nt-l,n-5,. .,-5, arg(A1nJ1)-O) were implemented, corresponding to a Chirikov

parameter 0=2. The scales are BÛ  - 0.2 and 80- (52J Si«0.09.
\o4 '

Performing the expansion in powers of SJSo - U/5K//ve, the current at zeroth order is,

as expected, in quadrature of phase with Amn and vanishes if (ù=û)ne+i-(ûTe whatever

Amn(r). The first order current, once introduced in the Ampère law leads to

+ ES. v(r - rnn) A0n- - K| A™, (42)

where

v(x) -

2/ 4
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The equation (42) admits solution for {£ values which lie approximatively along the

line
K- 0.25 + 12 JKe&l (43)

The stabilizing role of the electric potential fluctuations is evaluated by

including their effects in the electron and ion density and current responses and by

solving the neutrality condition. Figure 4 shows the variation of (Sn/pif with [£ Since

pI L. (44)

this curve provides an upper bound for D as a function of (£. Typically, for the

parameters of figure 4, an upper bound for the thermal diffusivity is obtained

cr. 7.4

where PPX is given by (43) for KeO0=O. 14, the temperature is in keV, other quantities

are in HKSA units and A is the mass number.

0.1-

0.0-

Curve (Sn/pifoD (see

eq.(44)) as a function of Pp. The

parameters are KgSu * 0.14, T|e=2,

S6XS0 - 0.2, q-2.

V - CONCLUSION

While the magnetic turbulence is an attractive candidate to explain the anomalous

heat transport, it exists in situations which are not necessarily reached in

tokamalcs. Two basic mechanisms have been quoted : thermal effects and diamagnetic

destabilization. Concerning the first one, the filamentation of the equilibrium

current demands large residual islands, with a scale comparable to the temperature

gradient length. This constraint is somewhat released if the thermal insulation

94

i3 always not very far «dially
metal mOSt) Hhereaa the outboard limiter is mainly carbon, the
metallic structures being located at least 5 cm awa radiall Seco 1



inside these islands is better than in the plasma bulk. These modes do not involve a

P threshold. Conversely, an essential characteristic of the diamagnetic mechanism is

that the fluctuation large scales must be small compared to the ion Larmor radius,

since the behaviours of electrons and ions with respect to the turbulent electric

field must be different. Moreover, such a turbulence requires a poloidal Pp of

order 1/-It then produces a large transport which could be involved in the P

limitation of tokamaks.
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PLASMA EDGE CONTROL IN TORE SUPRA
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ABSTRACT

TORE SUPRA is a large superconducting tokamak designed for sustaining long
inductive pulses (t - 30 s). In particular, all the first wall components have been
designed for steady-state heat and particle exhaust , particle injection,and
additional heating. In addition to these technological assets, a strict control of
the plasma-wall interactions is required. This has been done at low power :
experiments with ohmic heating have been mainly devoted to the pump limiter,
ergodic divertor and pellet injection experiments. Some specific problems arising
in large tokamaks are encountered ; the pump limiter and the ergodic divertor yield
the expected effects on the plasma edge. The effects on the bulk are discussed.
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INTRODUCTION

TORE SUPRA is a large size tokamak (R-2.37 m;a=0.8 m), the specificity of which is
its 18 superconducting toroidal coils in which the Nb-Ti superconductor is cooled
by pressurized superfluid helium at 1.8 K. (TORE SUPRA, 1985). The first plasma was
obtained at the beginning of April 1988 (Equipe TORE SUPRA, 1988) and the design
values of the toroidal field (B1 = 4.5 T) and of the plasma current (Ip =1.9 MA)
were reached in December 1989 (J.C. VALLET and TORE SUPRA team, 1990).

The emphasis in the machine design has been put on achieving quasi steady-state
discharges; eventually,with auxiliary heating the pulse length is expected to reach
30 s, i.e. a time duration superior to any time constant, dictated either by the
power exhaust or by plasma physics. This implies that very long additional heating
phases will be necessary in the future and that the complete wall system should be
able to exhaust the full power during steady state operation. This is why all these
elements are actively cooled by pressurized water continuously as described in the
first section. Continuous particle exhaust will be achieved with a complete set of
pump limitera. Plasma fueling will be obtained either by gas or repetitive pellet
injection (100 pellets, 30 Hz) or Neutral Beam Injection (NBI). In addition to
these technological requirements, a prerequisite of any long pulses operation is
the ability to control the plasma wall interaction, i.e. controlling the power and
particle exhaust,' minimizing the intrinsic impurity production in the plasma edge
and the transport towards the bulk.

1 General Atomics,POB 85608,San Diego,Ca. 92186-9704, USA
2 Oak Ridge National Laboratory, POB 2009,Oak Ridge,Tn. 37831, USA.
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averaged Zsff measured from the visible Bremsstrahlung radiation; it decreases for
instance from 2.2 to 1.7 for a single pellet.This corresponds quantitavely to the
expected impurity dilution due to the d The replacement time tr for the deuterium



TORE SUPRA has a conventional circular configuration. Plasma-wall interaction
control is mainly based on the use of pump limiters and an ergodic divertor system.
A large part of the first experiments have been devoted to the study these
configurations (A. GROSMAN et ai, 1989b ; M.CHATELIER et al., 1989 ; I.E. EVANS et
al-, 1989 ; D. GOILHEM et al., 199Oa).

The emphasis has been to study the major effects in ohmic plasmas, at low power
(BT < 2T, Ip é 1.2 MA) i.e. essentially the particle exhaust efficiency with the pump
limiteri the power loading on the various wall components and the confirmation of
the expected resonant effects of the ergodic divertor such as recycling and power
load spreading and edge transport enhancement. As such, this paper describes the
general set-up installed in TORE SUPRA to control the plasma-wall interaction
problems. Specific attention is devoted to an analysis of pump limiter operation for
both helium and hydrogen plasmas, including the essential question of power sharing.
The ergodic divertor experiments will then be described thoroughly. The direct
effects on the heat and particle transport in the edge stochastic zone will be
stressed. Finally, we will discuss the occurence of MARFES (B. LIPSCHULTZ, 1987) and
detached plasmas and some of the first observations made during pellet injection.

DESCRIPTION OF THE PLASMA-WALL INTERACTION CONTROL METHODS AND OF THEIR
IMPLEMENTATION

The first wall of TORE SUPRA and its conditioning procedure?

The superconducting character of TORE SUPRA involves some constraints (P. Deschamps
et al., 1984). In particular, the apparatus includes two separate vacuum vessels ;
one "for the cryostat and the other for the plasma chamber. The latter is made of 18
sectors (12 "observation" sectors equiped with ports and 6 "junction" sectors)
connected through bellows. This stainless steel chamber can be baked up to 25O0C by
resistors. This vessel is entirely covered by the plasma-facing components :

- an "inboard" first wall made of 1 cm thick isotropic graphite brazed on stainless
steel tubes covering the high fiald side part of the torus (P. CHAPPUIS et al.,
1988a)

- an "outboard" first wall made of stainless steel panels, having a total area of
about 60 m2.

These two systems are cooled by pressurized water (4 MPa) at a temperature close to
20O0C. Their heat removal capabilities are respectively 1 MW.m"2 and 0.15 MW.m~2. It
is important to notice that the whole plasma chamber is thus kept constantly at a
temperature larger than 15O0C. Calorimetry is provided by the water-cooling required
by these systems. Despite its very poor time resolution, the calorimetry
measurements are used to estimate the balance among the energy flows to the
different components.

The inner first wall can be used as a toroidal bumper limiter. Nearly all the other
limiters are pump limiters. They will be described below as well as and the ergodic
divertor modules.

Special attention has been given to avoiding metallic impurity contamination. This
in particular implies the quasi-absence of metal as a direct plasma facing
component. Consequently, the tokamak was carbonized even prior to its first shot,
following the experience gained by the Jtilich group (J. WINTER, 1987) . This is of
course one of the major steps of the conditioning procedure. (A. GROSMAN et al.,
1989a ; E. GAUTHIER et al., 1990), Its major characteristics are :

- constant baking of the plasma chamber at a temperature superior to 15O0C and
inferior to 23O0C.

- after venting, the machine is conditioned by H2 glow discharges The tokamak is is
then recarbonized somewhat and then He glow discharges allow a partial
deshydrogenation of the wall. It has been shown that the Hj exhaust in such
discharges follows a law :

qo 1'" (D
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where q is the exhaust rate, T the time and a = 0.35 - 0.4. The total amount
desorbed in a reasonable time {- 10 hours) is about 2.1022 H atoms.

The total procedure requires 3 to 4 days and reliably insures a quick recovery of
the plasma shots .

In addition, the plasma chamber is reconditioned by He glow discharges every night
(p - 0.3 Pa, I - 2-4 A) .As already shown by H. F. DYLLA et al. (1989), this results
in conditions where a large area limiter such as the inner first wall acts as a
pump, the lower limit of the total capacity being estimated to be at least 2.1022 H,
i.e. enough to fuel completely 10 standard TORE SUPRB. shots.

Pump limiter set:

3OS to 324 cm from center
(238 • 75 -313 cm standard position)

Dump limiter,
nead

One of the major constraints in the implementation of the pump limiter modules stems
from the availability of ports in TORE SUPRA. In fact most of the large
(70 x 70 cm2) horizontal ports are devoted to additional heating (7 out of 12) and
some others to diagnostics or plasma chamber pumping. Consequently, the system is
composed of only one large horizontal outboard limiter (Fig. 1) and 6 bottom
limiters. A complete description of the latter ones, which were not used till now ds
pump limiters could be found elsewhere (P. CHAPPUIS, 1988b). The outboard limiter
was used in its semi-inertial configuration which means it is cooled between shots.
The limiter has two throats, one on each side. The throat openings are recessed 3 to
5 cm radially behind the plasma tangency point and have a radial width of 2.4 cm,
and a poloidal width of 60 cm. Large ducts on each side lead to the pumping chamber.
Pumping is achieved through titanium
pumps, the pumping speed of which can
beas high as 100 m3s~1. This speed is
measured several times during each
experimental sequence. In fact, the
effective pumping speed at the
neutralizer plate is reduced due to the
duct limiting conductance of about
9.4 Hi3S"1 for molecular hydrogen at
473 K. The throats are equipped with
asymmetric double Langmuir probes (T.
Uckan,1987) and two flaps allow the
insulation of the plenum from the
titanium pumps. The limiter can also be
used as a particle scoop without Ti
pumping where the 3.5 m3 volume of the
limiter box is used as a transient
reservoir for exhausted neutral
particles.

Although not yet studied, the particle
exhaust sharing between various modular
limiters represents a difficult
challenge. The limiters have been
located so as to allow the best
efficiency (minimum shadowing) with the
usual simple assumptions for the
particle transport in the scrape-off-
layer (T. UCKAN et al., 1988).

>gas nozzle

Pressure gauge
tuoes

'Diagnostic flange

Fig. !.Schematic representation of the
outboard pump limiter module.

ErejQdiC divertor experiment rnnrgpt and implementation

The ergodic divertor concept provides an interesting alternative for coping with the
plasma edge and impurity control in the TORE SUPRA tokamak. By creating a diffuse
magnetic connection between the plasma bulk and the wall, the ergodic divertor
could, in principle, offer an alternative to the conventional poloidal divertor. It
has already been studied in smaller tokamaks such as TEXT (see e.g. N. OHYABU
et al., 1985) or TEXTOR (G.H. FUCHS et al., 1987). The radial component of the
magnetic perturbation that is created in TORE SUPRA can be written :
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8Br = X 8Brn>n [exp i (m9" + mp*) + C..C-]
(2)

where 9* and <p' are the poloidal and toroidal intrinsic coordinates respectively (A.
SAMAIN et al., 1990) . This perturbation can create magnetic islands chains around
the surface q = m/n. In our case, m = 18 ± 3, n = 6 providing a sufficiently broad
ergodic zone at the edge and a rapid spatial decay of the perturbation in the plasma
bulk. It should be noted that these conditions were not met together in the TEXTOR
experiment and were less pronounced for TEXT due to the small size of this tokamak.
In TORE SUPRA, the size of the ergodic zone is abcut 10 - 15 cm, i.e. less than 20 %
of the plasma minor radius. In this region, the field lines spread radially away.
For a large enough perturbation(magnetic islands strong overlapping), one may apply
the quasi-linear diffusion coefficient DQLithis coefficient depends on the square of
the magnetic perturbation amplitude It should be stressed that the connection to the
wall is accordingly tunable thanks to this dependence. Figure 2 indicates the value
of the field line diffusion coefficient for various values of Ip when the toroidal
field BT - 3.1 T and the total divertor current IED = 45 kA (i.e. its maximum value) .
It must be emphasized that DQL > 10~6 m should yield significant effect on heat and
maybe particle transport (for which higher DQL values such as 10~5 should be
necessary) and that this is obtained for low values of <|8Br|> (about 0.001 BT) .
In fact, a rough estimation of the ergodic
heat diffusion coefficient Xerg is Vthe DQL
where Vthe the electron thermal velocity, ^
the particle diffusion coefficient being fi^P
approximated as Derg ~

 vthi 0QI, where
is the ion thermal velocity.

conductors

The ultimate aim of this experiment is to
allow the creation of a dense and cold
edge region (A. SAMAIN et al., 1984) which
in turn has several assets : lower wall
sputtering rates, higher pumping
efficiency, creation of a radiating zone
to ease the heat deposition problem among
othe'rs. In fact, the large hydrogen
outflux could also in principle lead to
decontamination effects, based on the
friction force exerted on incoming
impurities and very similar to what is
expected from the conventional divertor
configuration (A. SAMAIN et al., 1982) .

In TORE SUPRA, the ergodic divertor was
installed as a set of 6 modules equally
spaced inside the torus. This has two main
advantages : the coils are closer to the
plasma and they can act as magnetically
assisted limiter themselves. On that
purpose they are equipped with neutraliser
plates between each bar. Behind the
plates, a duct can lead the particles to a
titanium pump. Their toroidal extension is
10° and their poloidal extension is 120°
for each of them. The design has been
already described by M. LIPA et al.
(1989) .

AB*

2a

9* field line.

10

10'

r(cm)

Fig. 2.Schematic representation of
the ergodic divertor in TORE SUPRA
and profile of the diffusion
coefficient for the field lines in
the edge region for different values
of the plasma curent Ip when the
toroidal field is set at BT = 3.1 T.

100



LIMITER OPERATION RESULTS

cvhaiist bv one Dump limiter module

Two sets of experiments were performed: both were using the horizontal outboard
limiter. In the first one, shots were done in helium (BT = 1.85 T, Ip = 0.75 MA,
ne - 2.1O19 m~3) ; consequently, no pumping could be expected except the transient
one due to the filling of the pumping chamber with a time constant tscoop = V/C where
V is the chamber volume and C the conductance to this chamber. In our case
tscoop = 0 . 6 5 s.An horizontal outboard unpumped limiter could be used for comparison.
In fact, the time constant of the
pressure increase was proved to be
correct. The pressure at saturation
reached 0.03 Pa. This corresponds to a
total exhaust of about 5.1020 electrons.
In fact, the plasma electron content was
only decreased by 5.1O19

2 2

A second series of experiments were
performed on more performant plasmas
(B1 = 4 T, Ip = 1.2 MA) in hydrogen gas.
The pumping could then be usefully
activated. Both the pressure gauges and
the Langmuir probes were used. Two
typical sets of data were used with and
without gas fueling during the shot.
Typical shots of each series are 3126-
3127 and 3137-3138 respectively. In
shots 3126 and 3137, the flaps were
closed to nearly annihilate the pumping.
They can be analysed in two ways :
particle balance within the pump limiter
and in the plasma itself. In the shot
# 3127, the pumped flux rpDHp derived
from the pressure measurements p and the
pumping speed Seff yields :
TPUMP = P- S e f f - 9 . 6 7 . 1 O 2 0 (electron
equivalent) s~-. In fact the asymmetric
double Langmuir probes allow a
measurement of the plasma influx and of
the flux e - folding length Xf=O.02m. An
integration over the whole poloidal area
of the throat gives :

Tchcoac = 1.1 X 1021 S'1

This is in rough agreement with the flux
which can be estimated from the pressure
balance measurements within the pump
limiter {C. KLEPPER et al., 1990). A
similar integration over the whole
scrape-off layer yields:

FSOL = 9.1O21 s"1.
These numbers correspond to the expected
behaviour of the pump limiter modules.
In fact about 12 % of the scrape-off
layer flux enters the pump limiter
throats. A large part of this flux
(about 80 %) is actually pumped by the
titanium pump. This behaviour is very
similar to the one obtained previously
in the pump limiter experiments in
smaller tokamaks such as ISX-B
(P. MIODOSZEVSKI et al., 1984), TFR
(TFR Group, 1987) or TEXTOR (P.M. GOEBEL
et al., 1989). The titanium yielded a
large enough capacity to pump up to
5 1021 (electrons-equivalent) in one
shot and could be used during a
complete experimental day without

Fig. 3.
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Evolution of the line-averaged
density and of the inverse of
the effective particle
confinement time Tp* in shots
3126 (flaps closed) and 3127
(flaps open). No gas is puffed
during the shot.

Fig. 4.

O.OL
4 B

Evolution of the line-averaged
density and of 1/Tp* in shots
3137 (flaps closed) and 3138
(flaps open). Gas puffing rate

presented.
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significant changes of the pumping speed.
Obviously, the role of the pump limiter is above all to control the plasma bulk
density. Figure 3 compares two typical shots # 3126 and 312\î and shows that, in the
absence of gas puffing, the plasma density can be reduced when the flaps are open.
The hydrogen pre-fill was about 3.6 1020. The global particle balance between gas
flow (rFuei) , plasma inventory (Ne) and recycling flux is conventionally written :

- IW - f- (1 - K)

where T is the global -particle" confinement time and R- the .global recycling "
coefficient. In the absence of gas puffing, equation (4) is written -very simply:
Tp*"=~Ne/(dNe/dt) '-where-Tp*- = -.-Tp/ (l---.-R)-_is . the _so-called effective particle

confinement- time. Figure 3 also displays the evolution of (Tp*)"1 which represents/
once normalized to Tp, the difference of the recycling coefficient ..to 1. In this
case, Tp* is decreased from 50 s to 20 s as the limiter is actually- pumped. The
effect is not very large. It is reduced to nearly nothing when gas is puffed in
during the shot as shown in Fig. 4.In this case, the density slightly increases from

shot to shot.

The major result of these initial experiments is that an adequate exhaust efficiency
of the pump limiter is not accompanied by a significant effect in the plasma bulk.
In fact, the exhaust is more than ten times larger than the total gas injection, A
straightforward reason is obviously outgassing from the wall, which plays a
prominent role in the particle balance. This suggests that pump limiter experiment
in tokamaks with large carbon wall have to be studied in a quite different way. In
particular, we certainly have to study the inventory of different reservoirs such as
the plasma bulk, the recycling zone, the scrape-off-layer and the wall itself . This
kind of analysis has already been developed to improve the understanding of the
recycling control in JET (J. EHRENBERG, 1989) .In principle, the major role of the
pump limiter will be to control the efflux from the bulk. In this context, future
experiments with pellet injection will add some useful information.

Hpaf- déposition t-o the wall rnmponents of TORE SUPRA

An extensive study of the heat deposition on the plasma-facing components was made
possible in TORE SUPRA by the simultaneous use of two diagnostics. The first is the
above quoted calorimetric system of each of the subsystems . The other is an infra-
red camera which essentially surveyed the surface temperature of the main outboard
pump limiter (D. GUILHEM et al., 199Ob) .The heat deposition was studied in three
cases :
(i) the plasoia was leaning essentially on the outboard pump limiter.
(ii) the top and bottom limiters were added.
(iii) very specific observations are done when the ergodic divertor was energized.

Out-board limiter only. Although the power loading of the limiter remained inferior

to 2.4 MW. m~2, yielding temperature excursion of about 20O0C - all values below the
design ones -, the availability of the thermal map of the limiter allowed the power_
deposition e - folding length X0. to be deduced The temperature profile is almost-
symmetric with respect to the limiter tip. A numerical model of the heat conduction
within the limiter allows to unfold the heat flux pattern (J. KOSKI, 1990) , A value
of XQ =• 0.9 cm ± 0.1 cm is deduced ; it is in good agreement with the value of 1 cm
unfolded from the calorimetric measurements of objects located a few cm away from
each other in the scrape-off layer.

Whole system of limiters. In the case the whole set of limiters was used (one
outboard and six top and bottom ones), two major changes appear. The first one can
be found in table 1, i.e. the reduction of the power loading of the main limiter,
and consequently a rather good power sharing with the other limiters. Note that the
conducted power was reduced when all the limiters were inserted due to an increase
of the radiated power.

Ergodic divertor ef f eef.g . Most of the experiments with the ergodic divertor used
plasmas leaning on the outboard limiter. The heat deposition is very much affected
when the ergodic divertor is used.
A general trend is a strong reduction of the power flow to the main limiter The

missing power is foimdon retracted structures and especially on the ^eutralizer
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Table 1. Calorimetric determination of the conducted power to the various
wall components with one and several limiters

All energies are given in JcJ

Complete set of limiter Horizontal limiter only

Energy to the outboard 1750 (38 %)
limiter WPL;
(WEI|/WC)

Energy to the top and 2400 (52 %)
bottom limitera WTBC;
(WTBC/WC)

Energy to ergodic 660 (14 %)
divertor structures WED;
(WED/WC)

Total conductive energy 4600 (100 %)

5180

540

750

6330

(82 %)

(8,5 %)

(12 %)

(100 %)

Radiated energy
WR.

1710 (27 %) 1050 (14 %)

200Oi
W(kJ)

1 x load on the limiter

1000-

plates of the ergodic divertor modules. Figure 5 shows that this effect depends on
the amplitude of the magnetic perturbation.

For low amplitude, the effects are obviously
very slight. Above an ergodic divertor
current of 20 kA, the energy flowing to the
limiter decreases by a factor larger than 2.
At the same time, the power flowing to the
ergodic divertor plates and structures
increases. This may be interpreted once more
in terms of an average \Q, although this term
should be used cautiously in the ergodic
divertor experiments. With the same
assumptions as above, XQ is increased here
from about 1 cm to 3 cm for the maximum
ergodic divertor current (IED = 45 kA) ; the
tripling of Xg may be attributed to the
strong increase of the particle and heat
transport when the ergodic divertor is
energized as discussed in the next paragraph.
The limiter head thermocxaphy confirms
generally the heat deposition decrease. But
it reveals also some asymmetries as shown in
fig. 6b where the infra-red image of the pump
limiter is displayed. Figure 6a shows the
corresponding figure when the ergodic
divertor is not activated. The physics of the
modifications of the usual scrape-off layers
in presence of the stochastic perturbation is
now under careful -study (F. NGUYEN et al. ;
1990) . This heat flux decrease is welcome,
but the local fluxes may in the contrary Fig. 5
increase as on some parts of the leading edge
(see fig. 7 which displays the temperature
evolution of two points shown on figure 6 :
one in the center and one at the leading edge
of the limiter) . This confirms that one
should take advantage of the asymmetries by
using the coils themselves as limiters, which
will be achieved in the next future.

load on the neutralizer plates

10 20 30 40

Total calorimetric energy
measured on the circuit of
the pump limiter (Wiim) ,
and the ergodic divertor
neutralizer plates (Wneutr)
as a. function of the
current in the coils (Here
Ip = 0.85 MA, BT = 1.85 T) .
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HORIZONTAL LIMITER ALONE

+ ERGODIC DIVERTOR

Fig. 6. Infrared image of the outboard limiter without (a) and
with (b) application of the ergodic divertor.

soo

a'400

i-
300
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SHOT #2806 laadlnd edge

2 3

t(s).

[ÏED- so kA I

Fig. 7. Temperature evolution of two points of the pump
limiter, one at its center and one on the leading
edge; the ergodic divertor pulse is also shown.

ERGODIC DIVERTOR RESULTS
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ERGODIC DIVERTOR RESULTS

Experimental nonfiourations

This paper collects the experimental results
< 1.2 MA) and 1990 <BT = 3.1 T, Ip < 1.6 MA)

performed in 1989 (BT =1.85 T,
. The experiments used helium and

hydrogen (or deuterium) . It must be stressed that 2 configurations were studied:

- an "OUTBOARD" configuration (R = 2.37 m or 2.35 m, a = 0.77 m) where the plasma is
limited by the outboard (sometimes pump) limiter, in the midplane, 4 to 6 cm
radially ahead of the ergodic divertor modules.

- an "INBOARD" configuration (R - 2.32 m, a = 0.76 m) where the plasma is limited on
the inner axisymmetric graphite wall. It should be noted that the plasma is 10 cm
away from the ergodic divertor coils.
One of the feature of this experiment is that
the effects of the ergodic divertor should be
maximized for a specific value of the safety
factor at the edge, for which a field line
experiences "in phase" the perturbation
created by each module. In fact, this
resonance is rather broad. In any case, we
have verified that the effects observed with
the ergodic divertor are enhanced for edge q
values of 2.5 - 3.5.(maximum at q - 2.9-3.O).
This corresponds well to the matching of the
coil structure with the magnetic
configuration when (3p,+ li/2 - 0.7. In fact,
the resonant features follow quite well the
expected modifications of the field lines
diffusion as it can be seen on fig. 8, where
the Ha signal is plotted as a function of the
quasi linear diffusion coefficient (taken as
representative of the perturbation strength)
calculated at the limiter radius when Ip was
varied. The same trend was also recorded for Fi5- 8- Relative increase of the Ha

0,75 1,00

l.e4*D(m)

all kind of signals, including the above
quoted effect on power deposition spreading
on large surfaces. A threshold for the
appearance for the effects can be related to
the magnetic island overlapping parameter
needed for ergodization at the edge.

Plasma wall interaction modification

The "inboard" and "outboard" configurations
yielded very different results to that
respect. In the first one, recycling generally
diminishes at the inner wall (i.e. the main
limiter) wheras the. density increases when the
ergodic divertor is activated. This effect is
now under analysis.

In the outboard configuration recycling
increases at the inner limiter, but decreases
at the main outboard limiter. Density
decreases up to 30 % (in hydrogen or deuterium
shots) or simply does not change (in helium
shots). Figure 9 presents the evolution of the
electron density measured by the Thomson
scattering system (E. AGOSTINI et al., 1990).

It is important to note that the effect on the
most peripheral point (r=0.715 m) is very 4

rapid,i.e. of the order or less than the time Fig. 9.
response of the measuring system (30 ms) .
Subsequently, this density decrease propagates
to the center with a time constant which is
nearly 1 s.

signal as a function of the
theoretically calculated
quasi linear diffusion
coefficient at the limiter

- 4SkA.

4.5 5.5 B 6.5 7 7.5

Evolution of the electron
density at different radii
when the ergodic divertor is
activated.

105



This is believed to be due to wall pumping, which is triggered by an increase in the
area seen by the plasma when the ergodic divertor is activated. This is corroborated
with the recycling increase at the inner wall which is in the shadow of the main
limiter in these experiments.lt is also worthwhile noting that this "pumping effect"
is quite reversible (figure 9) when the E.D. is turned off.

In summary, the plasma-surface interactions are essentially modified in the sense
that the main limiter load is diminished at the same time it increases for the
recessed objects. This is true for both particle and heat. But the analysis becomes
quite complex. In particular, it is difficult to assert that the global recycling or
impurity production are affected in one direction or the other. One should then rely
on the plasma effects but as explained below, this introduces some transport changes
at the edge that combine with the "production" changes.

Heat and particle transport, changes at the plasma edye

In addition to the alteration of the plasma contact with the wall, a complete change
of the heat and particle transport is expected in the edge ergodic zone.These
features have been measured experimentally and are presented hereafter.

Heat diffusion. A Thomson scattering system
is used to measure ne ant Te at 13 locations,
above and below the midplane. The spatial
resolution of the system is estimated to be Q̂'
about 6 cm. The system is pulsed at 30 Hz. In
the outboard configuration, the application
of an ergodic divertor pulse leads to an
instantaneous decrease of the outer signal 10'
located at the edge whereas all the others
remain unchanged. A scaling of the electron
temperature decrease for value of the ergodic ,,
divertor current (IED) between O and 45 JcA is 10'
shown in figure 10. Above IED = 15 kAr Te
decreases with the divertor current. In
experiments where the plasma current Ip was
ramped up, it was observed that the edge
temperature decrease reaches the radius
r = 0.6 m for Ip between 1.2 and 1.5 MA. This
is related to the too low values of the
quasi-linear diffusion coefficient when
Ip > 1.5 MA or Ip < 1.2 MA as shown in figure
2. Despite the limited spatial resolution, it Fig.
can be deduced from the Te profiles that the
temperature gradient is less steep in the
ergodic zone. The same kind of effects has
already been observed on TEXT (T. EVAHS
et al., 1987) .

"T (keV)"
r=0.06ra

r=0.50m

r=0.61m

O 10 20 30 40 (kA)

DE

10.Variation of the electron
temperature measured by
Thomson scattering at 4
locations as a function of
the ergodic divertor coil
current.

In these experiments, the ion temperature Ti is measured only in the center by
change-exchange neutral energy analysis. In any case, TI remains close to T6 at this
location. An important result is that the measurements of the plasma parameters in
the edge region indicate that the pertubation amplitudes used are sufficient to
change the heat diffusion there. For instance, the minimum value of IED necessary to
decrease the temperature at r = 0.715 m corresponds to a theoretically calculated
heat diffusion coefficient Xerg - D. Vthe " 10 Hi

2S-1. With the maximum amplitude
available, this "ergodic" diffusion coefficient reaches 90 m2s~1. At a radius below
60 cm, it is computed to decrease well below 4 m2s~1 (i.e. of the order of the
turbulent cefficient), which prevents any deconfinement in the bulk, as has been
observed.

Parf.inilfi diffusion. As stated above, recycling changes induce large variations in
the global density in every configuration. In the outboard one, it was possible to
measure the electron density profile by means of microwave reflectometry. Its
probing frequency could be swept in order to yield this profile from 0.8 to
1.5 1019

Figure 11 presents such radial profiles in experiments where
Ip = 1.4 MA (the "resonant" value) and the divertor current was varied.
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A very strong effect is observed
for IED > 22.5 kA. It consists
of a drastic reduction of the
density gradient.

The density in the bulk and in
the ergodic region is also
measured by Thomson scattering
and I.R interferometry. The
general trend is a density
reduction, as already described
above. ' It results, at
equilibrium, in a homothetic
reduction of the density in the
unperturbed region. The
reduction factor increases with
the E. D. current. The fact that
Vn/n remains the same in the
bulk regions with and without
B . D . appears in fig. 12.
Figure 12a exhibits the absolute
density profile with and without
divertor application whereas
figure 12 b displays the
normalized profiles. From this,
we can deduce the absence of
modification . of particle
transport in the bulk. On the
opposite, the particle diffusion
is enhanced at the edge. This
could be expected from the
theoretical computations which
show that the "ergodic"
d i f f u s i o n c o e f f i c i e n t
Derg - DQL . Vthi could compete with
the usual radial turbulent
diffusion coefficient DI in the
edge region.

Its effects prevail when the
calculated Derg > 0.4 m2s~1 (at
r = 0.7 m for hydrogen ions with
Ti » 100 ev) . Above this value,
the density gradient decreases
as the square of the relative
perturbation (see fig. lib) ,
which is an expected result of
the quasi-linear theory if, of
course, one makes the simple
assumption that Derg Vn is kept
constant.

2
1.3

1.2

1.1

1.0

0.9
0.60 0.64 0.68 0.72 0.76

r(m)

1/V(Il4) (m«)

J ' ' « »,;i » _ J "
IED *A>

Fig. 11.a) Radial density profiles
measured by- microwave
reflectrometry as a function
of the ergodic divertor coil
current.(Ip = 1.4 MA)
b) Variation of inverse of
the density gradient in the
ergodic zone as a function
of the square of the
magnetic perurbation.

. I"""*» I
3 J R <m)

SHOT »2811

3 J R (O)

Effegt~.fi fin the imourities

Fig. 12.a) Density profiles with and
without ergodic divertor on.

b) Normalized density
profiles with and without
ergodic divertor on.

A large variety of effects is observed ; the main differences among them 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 obtained (P. MONIER et al. ,1989). The
very large differences between the two configurations deserve some preliminary
explanation. Two striking differences may explain the observed phenomena. Of course,
the limiter is very different in the two configurations; in terms of size but also
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of composition: on the inner wall, the metal is always not very far radially from
the graphite tile (1 cm at most) whereas the outboard limiter is mainly carbon, the
metallic structures being located at least 5 cm away radially. Secondly, as already
mentioned, the diffusion coefficient is reduced by a factor larger than 5 due to the
larger distance of the plasma to the coil.

Tnhoard oonf!curâtion. Most of the shots studied were in helium. The first series of
shots at BT = 1.85 T were characterized by a large increase of the metallic
impurities. This increase was proved to be maximum for "resonant" values of the
safety factor at the edge. It was also observed that the Fe XV and Fe XXIV
brigtnesses increase with the amplitude of the magnetic perturbation. At the same
time, the bolometric power increased drastically jumping from 30% to 80% 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
at BT = 3.1 T. The low level of metal impurities in these shots can 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.

Outboard eonficuration. The first set of data (BT - 1.85 T, He) showed two
distinctive features in addition to the "He-specific" density constancy:

- metallic impurities were present but remained at the same (low) level with and
without divertor.
- the C VI and C V 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 ox the CV line, whereas the CVI line kept its shape. Figure 13
shows that the CV line is becoming sharper and is moving radially inwards when the
E.O. current is increased above 15 kA.

In the second set of data (BT = 3.1 T, Dj), no metallic impurities could be
noticed; the behaviour of the carbon and oxygen lines could be studied thoroughly.

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 O VIII, o VII, C VI
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) ;
it is enhanced if the divertor current is increased". The reduction factor could
reach 2.5 for CVI, OVIII and OVII (Fig. 14a), far more than the line average
density reduction.

The evolution of more peripheral lines shows in general an opposite trend. The O IV
(Ei = 77 eV) line brightness increases with the E.D. current and this is also true
for CIV (Ej. = 64.5 eV) (Fig. 14cl . Interestingly, C V (E1 = 392 eV) presents an
intermediate behavr'-^i : its brightness begins-by increasing and then decreases for
IED > 20 kA (Fig. 14b) .

C T 1*0.27 Al

E| - 392 «V

0.5 Q.a 0.7 O.B 0.9 1.0

r/a
0-3 0.8 0.7 0.8 0.9 IO

Fig. 13. Inverted radial emissivity profiles of
the C VI and C V resonance lines when the ergodic divertor
current is increased.
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Figure 15 shows that in deuterium shots, the radiation power reduction is nearly
proportional to the density reduction. The inverted profiles show that an increase
of the radiation losses is noticed in the edge (i.e. the region r > 70 cm). This
implies that some uncertainty should be taken into account, due to the poor spatial
resolution in the region where most of the power is radiated.

Preliminary simulations indicate that the recorded enhancement of the peripheral
lines at the edge could be explained by an increase of the diffusion coefficient of
the impurities at the edge. This results in a decontamination effect. A further
benefit could arise from the simultaneous availability of a radiating edge.

A few other observations were done in the ergodic divo.-tor ê în̂ f •:-- There was no
enhancement of the number of disruptions during the E. D. sxpsrimer.ts vhere f--î egde
q was close to 2 and where some cooling of the egde was found,

It is expected that the current channel shrinks : the internal inductance Ii
increases from 1.1 to 1.2 when the ergodic divertor is on.

Finally, an ergodic divertor pulse proved to be able to trigger an instant
deconfinement of the runaway electrons at the plasma egde, i.e. in a region
r/a > 0.7. But the confinement of the runaway electrons in the bulk appeared to
remain unaffected. The ergodic divertor could become a useful tool to accelerate the
outflow of runaway electrons, if necessary.

B(IED)/B(IED=O)

cvi. ovm, ovn
> 490 eV

non inverted profiles

1.0

,̂ 2.4 2.6 Z8 3.O1

T inverted radial profiles

IL)

O 10 20 30 40
IED (kA)

2.4 2.6 UA 3.0

Fig. 14. Evolution of the
O VIII, O VII, C VI (a), C V (b)
and C IV (c) lines brightnesses
as a function of the ergodic
divertor current IED.

Fig. 15.Radial profiles of the
radiation power with and
without E.D. in the
outboard configuration
a) Mon inverted profiles
b) Abel inverted profiles.
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MARFES AND DETACHED PLASMAS

As already noticed in other
tokamaks (B. LISCHULTZ, 1987)
MARFES and detached plasmas
were encountered in TORE
SOPRA. As shown by J. C.
VALLET et al. (1990), a key
parameter for their study is
the M.q product where M is
the- Murakami parameter. The
ratio of the radiated power
to the total_ ohmic power
varies ,as M.qr, and the
maximum M.q corresponds to
the denstiy limit. This is
very different in deuterium
arid helium shots as can be
seen in Fig. 16.

In fact, the radiation
profile is found to be
always asymmetric with a
maximum close to the inner
graphite wall when the
plasma is limited by it.For
sufficiently high values of
M.q. (15 x 1019 Hi2T-I in H6f
8.5 x 1019 m2?-1 in D2),
Marfes are initiated on the
high-field side in the
equatorial plane before
moving up in the ion drift
direction. Their poloidal
extension is about 30°. For
slightly higher values of
M.q (16 1019 W2T"1 in He,
9 IQ19 IU2T"1 in D2) ,
detached plasmas are
produced. This is often the
case in dynamic phases of
the plasma (current ramp-
up, ramp-down, gas
puffing). The radiated
power is mainly emitted in
a shell at the edge, and
the plasma radius is
reduced by up to 40 %.very
specific profiles for
electron density a^d
temperature are produced as
shown in Fig, 17a and b.
The temperature profile
shows a general reduction
whereas the shape of the
density profile is
definitely changed, with
much steeper gradients.

5 10 15 20 25
WLq (10E19 m-2 T-1)

Fig. 16 Ratio of the radiated to
total ohmic power as a
function of M.q. for
helium and deuterium
shots.
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Fig. 17 a) Temperature profiles
for attached (t = 1.96 s)
and detached (t - 0,24 s
and t = 2.96 s) .
b) Density profiles in

similar conditions.

PELLET INJECTIOM

o °f ab°Ut 10 pellets nave been injected in TORE SUPRA ( 600 m.s'1, 2 Hz, 2-4
/pellet) penetrating to radii slightly larger than mid-radius. For the time

bemg, no steady-state conditions have been reached : the density continuously
increases and the electron temperature continuously decreases throughout the
discharge, toiong many observations, «=, note in particular a decrease of the line-
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averaged Zeff measured from the visible Bremsstrahlung radiation,- it decreases for
instance from 2.2 to 1.7 for a single pellet.This corresponds quantitavely to the
expected impurity dilution due to the d The replacement time tr for the deuterium

deposited by the pellet is measured by analysing the isotopic ratio of the charge-
exchange neutrals outflux. This time tr is of the order of the energy confinement

time and much shorter than the effective particle confinement time Tp (> 10 s),

which means that the escaping neutrals are immediately trapped by the wall, which is
primarily an hydrogen source. A tendency for tr to increase with density is suggested

by Fig.18.

nH/(nH + nD) Shoi3173 Nem«.= 7e+20 Ne/Ne man.
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Fig. 18 Isotopic ratio of the charge exchange
neutral outflux and total number of electrons
during a pellet injection experiment.Replacement
time is indicated.

CONCLUSIONS

TORE SUPRA is a superconducting tokamak in which the physics of long pulses can be
studied. This requires in particular that all the wall components may exhaust
particle and heat in a continuous way. The tokamak has been used since its very
beginning in an all carbon configuration. The control of plasma edge is mainly based
on the use of pump limitera and an ergodic divertor.

The first results of these apparatus have been obtained. The physics of particle
exhaust is definitely different in a large all carbon tokamak from what was known
from smaller tokamaks. The density control is dominated by the wall effects which do
not allow the pump limiter to control efficiently the density, although its global
exhaust efficiency is large.

The ergodic divertor is completing its benchmarking phase. It has been proved that
the transport of particles and heat might be enhanced in the edge zone. The impurity
content (C,O) decreases in the bulk but radiation is enhanced at the edge. Control
of power deposition may be also obtained with the help of the ergodic
divertor.Future developments require an appreciable amount of auxiliary heating.
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