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T Hutter, B Pegourie, E Tsitrone, JT Hogan*, CC Klepper*,
PK Mioduszewski*, L Owen* and T Uckan*

Association EURATOM-CEA sur la fusion controlee, C.E. Cadarache,

Tore Supra, 13108 Saint-Paul-Lez-Durance Cedex, FRANCE.

* Fusion Energy Division, Oak Ridge National Laboratory,

Oak Ridge, TN-37830, USA.

Abstract. In Tore Supra, plasma particle exhaust has been studied by
means of modular pump limiters, with either throats (ion collection) or
vented structures (neutral collection), and with an ergodic divertor.
Detailed study of active plasma density control has been performed in these
three configurations for ohmic conditions.

In Tore Supra, emphasis has been put on achieving highly radiating
edge conditions, essentially in the ergodic divertor configuration. Indeed,
this device has already demonstrated its capability of creating favourable
plasma edge conditions without modification of the central plasma
parameters. It is shown experimentally that for ohmic shot, when the
plasma detaches the parallel particle flux in the scrape off layer is strongly
reduced. Consequently, the resulting neutral flux from the neutralizer
plates of the throat limiter drops as well as the particle exhaust. Preliminary
experiments have been achieved with a modular vented limiter and exhibit
significant hydrogen exhaust even for ohmic detached plasmas and such a
vented structure is presently planned to be installed on the ergodic divertor.

Finally, particle balance with active pumping has to include wall particle
inventory. This term is shown to be dominant for hydrogen experiments,
in contrast to helium shots where the wall contribution is negligible.

1 - Introduction ••>
Heat flux reduction on the plasma facing components is crucial for pla'sma control

and highly radiating edge conditions have been demonstrated to be an attractive solution

for reducing power flux density onto the limiter [1] or the divertor plate [2]. As the

radiation increases, the plasma eventually detaches abruptly from the limiter or the

divertor [3-5]. In these conditions, the ion flux parallel to the magnetic field in the Scrape-

off layer (SOL) drops dramatically and particle exhaust has to be achieved primarily by

neutral collection to allow for plasma density control and helium exhaust. It is therefore
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important to investigate how effective partiele exhaust schemes are, based on ion and/or
neutral collection, for more or less large fractions of radiated power. This study has been
undertaken on Tore Supra with modular pump limiters [6] one bottom "vented" limiter [7]
and the ergodic divertor [6]. Modular pump limiter collects a fraction of the ion flux in the
SOL while the "vented" limiter ensures neutral collection from the limiter front face. The
ergodic divertor is used to access large radiated power fractions and in the present version
it also ensures panicle exhaust by collecting ions from the ergodized layer.

The role of the wall as a particle sink or source has been clearly evidenced in Tore
Supra with specific experiments [8] and also due to the ability of Tore Supra to achieve
long pulse operations [9]. The corresponding potential particle reservoir of the wall
strongly depends on the conditioning [10-14] and in Tore Supra it is of the order of 1023

atoms for H2/D2 for carbonized wall [8]. This is very large (=100 times) compared to the
plasma particle content and it must therefore be included in the global particle balance of
the shot. Since the permanent toroidal field of Tore Supra impedes the use of the glow
discharge cleaning between shots, the "passive" density control is consequently transient.
Therefore, active pumping is necessary to control the plasma density in the one hand and
to prevent the wall from saturation on the other hand. The delicate problem of helium
removal is not addressed in the present paper which is only devoted to H2/D2 exhaust.

In section 2, typical active plasma density control experiments with the outboard
pump limiter and with the vented limiter are described and exhaust efficiencies of these
devices are given. Section 3 describes experiments in highly radiating edge conditions
essentially obtained with the ergodic divenor. The effects of the plasma detachment on the
particle flow in the scrape off layer and on the resulting particle collection are described
showing a strong decrease of the particle exhaust in detached conditions for the throat
devices. In contrast, preliminary experiments with the vented limiter exhibit significant
hydrogen exhaust even for ohmic detached plasmas. Section 4 is devoted to the particle
balance showing that the wall panicle inventory is dominant in the particle balance for
deuterium plasmas while this term is negligible for helium shots, the dominant term being
the plasma panicle content.

2 - Plasma density control
In Tore Supra, plasma density can be actively controlled by means of modular pump

limiters (one outboard and five bottom), a vented pump limiter or an ergodic divertor

allowing for many plasma configurations. All the modular pump limiters axe movable

independently whereas the ergodic divertor is fixed. These plasma facing components and

their associated diagnostics have been described in [15, 16] for the outboard pump limiter

(OPL), in [7] for the vented limiter (vented-PL) and in [6] for the ergodic divenor (ED).

Titanium getters ensure high pumping speeds for D2 and/or H? (25-30 to lOOmV1 for the

ED and the OPL respectively). For helium plasmas, plasma density can be partially

controlled by the OPL which is also equipped with a small turbomolecular pump (lnvV1).
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2-l j : Throat pump limiter experiments

Pump limiter with throats ensures particle removal by collecting a pan of the parallel

SOL particle flux [17, 18]. The reported experiments concern two consecutive ohmic

shots (Ip=1.6MA) with a D plasma leaning on the OPL only [19]. The radiative power

fraction y, defined as the ratio of the radiated power Pracj (deduced from an array of 16

bolometers installed at one toroidal location : Prad is deduced supposing a toroidal

symmetry of the radiation) on the total input power Ptot, is roughly the same for both

shots and of the order of 50% during the flat top of the discharge. The first shot is "non-

pumped" and made prior to activating the titanium getters in the pump in order to perform

the following shot with active pumping. The total number N of particles in the discharge

can be described by the conventional balance — = rinj - -^r where Finj is the injected

dt "Zp

particle flow, and xp* the apparent confinement time : tp* = t p / [ l - R(l - e)], tp is the

particle confinement time, R the global recycling coefficient and e the exhaust efficiency.

Usually, E is defined as the rario of the panicle flux exhausted by the limiter divided by the

plasma efflux. However, the exhausted panicles are issued from both the plasma and the

wall, as it will be clearly demonstrated in section 4. In order to define an exhaust

efficiency dedicated to the plasma density control independently of the particles removed

from the wall e is defined as the reduction of R.

The features of the shots include a gas puff with feedback on density from t=0 to
* N

5s. At t=5s the gas puff is shut off and in the absence of a source (rjnj=O), rp = —-—— dt.

Figure 1 displays plasma density evolution versus time for the two successive

shots, non-pumped (#10449) and actively pumped (#10450) respectively. Since in shot

10449, before activating the pumping, the wall is saturated with deuterium, the global

recycling coefficient R is close to 1 (?p*> 10s) and consequently the particle sink is really

only provided by the active pumping. The effect of pumping by the OPL on the plasma

density is very clear when the valve of the gas injection is shut off (t=5s) and it can be

observed consistently that the total quantity of gas injected for the pumped shot is about

twice as much as for the non-pumped shot. As t approaches 5s, in spite of an injected flux

which is close to 0 for the non pumped shot, the plasma density remains nearly constant

due to the source from the wall, whereas for the pumped shot the injection tends to a value

as high as 3 PamV1 (tp*<2s). Since these stiots have been performed with a time interval

of 20min and without any discharge cleaning between them, the global recycling

coefficient R is assumed unchanged. An exhaust efficiency e can thus be deduced :

e = rp

\
T,p(w)

-«tp/Tp(w) for R close to 1, where Tp(w) and

Tp(w/o)
Tp(w/o) a r e t n e apparent confinement time with and without active pumping respectively.
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Figure 1 : Evolution of the averaged plasma density <ne> and of the injected fliix Finj

versus time for a non-pumped shot (10449 : dotted line) and a pumped shot (10450 :

plain line). Also displayed a schematic view of the plasma leaning on the OPL .

The exhaust efficiency e is strongly correlated to the value of xp and independent studies

on Tore Supra [8, 20] yield tp = 0.5 s for <ne> = 4 1019 nr3 which leads to e=25% for

this experiment.

2-2 : Vented limiter experiment

In order to study the particle exhaust efficiency in highly radiating edge conditions, the

vented limiter concept is being

Toroidal /^5>T\_ developed and a prototype, shown
^direction ^ a ^ C > ^ o n figure 2> h a s b e e n i n s t a l l e d o n

Tore Supra. Its general shape and

surface exposed to the plasma are

almost identical to those of a

modular throat pump limiter to

allow direct comparison of power

handling and particle exhaust

efficiency for the two devices [7],

j Schematically, its principle is the
Figure 2 : The Tore Supra Vented limiter *

following : since the cascade of

reactions experienced by the recycled molecules and atoms (dissociation, charge-

exchange) yields a nearly isotropic neutral distribution arround the limiter head, a

significant part of the plasma outflux is reflected back towards the limiter [18]. If the

limiter head is designed semi-transparent to neutrals [21] (slots between tiles), a

significant fraction of the recycled flux can enter the limiter plenum and be extracted.

40 cm

40 cm
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Figure 3 displays the main features of the plasma conditions used to test the vented-PL :

an hydrogen ohmic shot with active pumping and y close to 50%. The plasma is initiated

on the outboard limiter and then shifted onto the vented-PL at t = 3s. The averaged plasma

density is feedback controlled by gas puffing at a value <ne> = 4.5 1019 n r 3 and at t=7.5s

gas injection is switched off.

8 10

Vented
limiter

2 4 6
time (s)

Figure 3 : Time history of the averaged plasma density <ne>, of the gas feed (T^j) and

of the exhausted flux (Fexh)for a typical density control experiment with the vented-PL.

For this experiment, the plasma density decay time after gas shut off is tp* = 4 s

which corresponds to an exhaust efficiency e = 12% (tp=0.5s and assuming R=l).

A detailed model describes the resulting neutral pressure in the vented-PL plenum for

given plasma SOL parameters [22].

2-3 : Exhaust efficiency

For all the plasma configurations studied in Tore Supra, for ohmic shots the exhaust

efficiency e is shown to increase with <ne>. Figure 4 displays the exhaust efficiencies as

30

20

CJ

10

o : Throat limiter (OPL)
* : Ergodic divertor
+ : Vented limiter o -

0 1 2 3 „ 4 :

<ne> (1019rn°)

Figure 4 : Exhaust efficiency eas a function

of the volume averaged plasma density <ne>

a function of <ne> for the two

previous plasma configurations as

well as for the ergodic divertor

experiments which exhibit an exhaust

efficiency close to those of the throat

pump limiter. These plasmas are

obtained with a radiative power

fraction y in the standard range of 30

to 50% for limiter experiments and it

rises up to 70% for the ED

configurations [23, 24]. Particle

exhaust experiments achieved in Tore
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Supra have shown that for all these various plasma configurations, the exhaust efficiency

increases dramatically with the averaged plasma density <ne> [19, 25, 26]. This

behaviour is associated with the strong nonlinear increase of the plasma edge density as

well as with the resulting ion flux increase in the SOL with <ne>. The exhaust efficiency

improvement is a consequence of the more than linear dependence of the neutral pressure

in the plenum of these devices [7, 25, 26] with <ne>. Finally, it should be noted that the

absolute value of the exhaust efficiency is strongly correlated to the value of t p and that

the assumption of rp=tg used in the previous results [15, 19, 23-26] would lead to an

exhaust efficiency typically two times lower for the reported experiments.

3 - Particle exhaust in highly radiating edge conditions
In the previous section, the limiters (OPL and vented-PL) were used in conditions

where the radiated fraction lies between 30 and 50% while the ED allows typically for

70%. In such conditions, a significant fraction of the heat flux is carried by ions which

flow parallel to the magnetic field B in the SOL. In next step devices, a larger fraction of

the order of 90-100% of the total power will have to be radiated in order to avoid

excessive erosion and/or local destruction. It is therefore important to characterize particle

exhaust in such conditions.

3-1 - Ergodic Divertor experiments : Throat devices

In order to reduce the convective heat flux on the plasma facing components, one

solution consists of producing a high density, low temperature, highly recycling, highly

radiating ergodic region at the plasma edge by means of an ergodic divertor configuration

[27]. In Tore Supra, the ergodic divertor is made of six octopolar coil modules installed

in the plasma chamber (R~2.38m, a=0.8m) on the low field side [6]. Each of the six ED

modules is equipped with five neutralizer-plates channelling neutral particles to the

pumping volume. Previous experiments have shown that the ED allows a reduction of the

convected heat flux on the plasma facing components by increasing the rate of radiated

power at the edge while minimizing the plasma contamination via impurity edge screening

[28, 29]. Experiments with D plasmas leaning on the ED (all the limiters were retracted)

have been performed with active pumping [23, 26] and it is shown in particular that the

screening of the impurities (mainly carbon in Tore Supra) by the ED is preserved [24].

The reported experiment describes an ohmic D shot with active pumping where the

plasma is leaning on the ED modules ; the features of this shot are diplayed en figure 5.

The plasma current is Ip=1.6MA and the toroidal field is Bj=3.2T to satisfy the

resonance condition at the edge (qedge^S) while the ED is switched on (Idiv=45kA) from

the plasma start up. Gas injection is feedback controlled to maintain the averaged plasma

density <ne> constant at about 4 1019nr3. Steady state conditions are obtained from t=6

to 8.5s, with 7 as high as 70% due to both deuterium and intrinsic impurities and with an
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active control of the plasma density. After the gas injection is turned off (t=S.5s),
Tp*=2.5 s which corresponds to e = 18% (Tp=0.5 s and assuming R=l).

~ 5 , , , , , , , , i , , , , , , , , , , , i 1 . 0

Ergodic
Divertor

ldiv«45kA

0 4 6
Time (s)

Figure 5 : Evolution of plasma density <ne>, gas injection Finj and radiative power

fraction yas a function of time. The ergodic divertor is switched on (Idiv
=45kA)from the

plasma startup. Plasma position is schematically indicated on the right.

However, ohmic experiments show that the plasma density control capability by

means of throat devices is strongly reduced when the plasma detaches. In these

conditions, the proportion of radiative power is close to 100% and the parallel ion flux in

the SOL dramatically

decreases by typically a

factor 10 [3-5]. In fact it is

worth remarking that there

is still a residual ion flux in

the SOL for detached

plasma. This strong ion

flux drop on the neutralizer

plates results in a low

neutral pressure in the

pumping plenum which

consequently reduces the

particle exhaust. This

phenomenon js experi-

mentally observed on an

ohmic D shot in which the

plasma is leaning on the

energized ED (Idiv=45kA).

The OPL is at the same

plasma radius as the ED

6.0

Figure 6-a : Time evolution of the plasma density

<ne> and the gas injection finj. 6-b Radiative power

fraction y and saturation current Isal of a Langmuir

probe in the throat of the OPL as a function of time.
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modules so that the OPL is used as an edge diagnostic. On figure 6-a are displayed the

time evolution of the averaged plasma density and the gas injection whereas on figure 6-b

are displayed the radiative power fraction y and the particle influx in the OPL throats

measured with a set of Langmuir probes. A feedback control on the gas injection valve is

used to maintain the plasma density at <nc>=3.5 1019nr3. The radiative power fraction y

remains roughly constant until the density increases abruptly leading to a stop of the gas

puff. The detachment occurs at t=4.8s, characterised by an increase of the internal

inductance li (from =1.28 at t=4.5s to =1.38 at t=5.1s) as well as by a strong drop of the

particle flow at the edge. The plasma density remains roughly constant over typically 0.5s

(from t=5 to 5.5s) while the panicle influx in the OPL throats exhibits a very strong drop

by about a factor 10. The resulting neutral pressure in the pumping plenum is

consequently reduced by a similar factor of 8-9. Plasma reattachment occurs at t=5.5s and

the radiative power fraction decreases from 80-85% to =50% while the panicle influx in

the OPL throats recovers slowly a higher.level.

3-2 : Vented structure

In order to study the particle removal efficiency in highly radiating edge conditions,

the vented-PL concept has been preliminary tested in a detached plasma and with active

pumping. The plasma was ohmically heated (Ip = 1.4 MA, Ptot~ 1-5 MW) and there

was a feedback control on the gas injection "(H2) in order to maintain the volume plasma

density constant at <ne>=5 lO1^ m-3 when a detachment occurs. Figure 7 displays the

detached sequence between 5.5 and 7.5s. In spite of the absence of active cooling, the

surface temperature of the limiter remains very low (=200°C) and constant corresponding

to a power density of about

0.015 MWnr- on the limiter

head. In order to maintain the

plasma density constant, a gas

injection is still necessary and it

is equilibrated by the exhaust

(=0.6 PamV1) of the vented

limiter. For this experiment, the

plasma was leaning only on the

vented-PL (all the other limiters

were retracted). Hence, and in

spite of the absence of

optimisation of both the limiter

shape and the gaps between

tiles for neutral collection on

this prototype, this preliminary result shows that a vented structure can ensure a

significant particle exhaust even for detached plasma. Such a vented structure will be

6.5
Time (s)

7.0 7.5
0.0

Figure 7 : Time evolution oftplasma density <nL>>,

gas injection (finj) and particle exhaust (Fexh) by the

vented-PL for a quasi-detached plasma.
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installed on the neutralizer plates presently in preparation for the ergodic divertor
upgrading of Tore Supra.

4 - Particle balance
In Tore Supra, it has been shown that the H2/D2 wall panicle content could be very

large compared to the plasma panicle inventory [8, 9]. Therefore, the particle balance

must include the wall panicle content and can be expressed in the form :
dNwa[| i r

dt ex

where Fjnj is the fuelling source, N is the plasma panicle content, Nwaii is the wall

particle content and rexh is the external sink (active pumping).

Figure 8 displays the time evolution of the particle balance for shot 10450 (actively

pumped) which features are described in section 2-1. The discharge can be divided into

three phases (1) the plasma current and density build up (0-3s), (2) the steady state phase

(3-5s) and finally (3) the stop of the fuelling and the plasma density decrease (5-8).

12
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Figure 8 : Particle balance with active pumping as a

function of time for shot 10450.

The total number of

particles injected during the

first phase is four times larger

than the total number in the

discharge. These panicles are

trapped by the wall. During

the second phase, the gas

puff is essentially balanced by

the pump limiter exhaust.

Note that for the previous

shot (#10449 non-pumped,

see figure 1), the gas puff is

going to zero while the

density remains roughly

constant showing an

equilibrium between the

outflux from the plasma and

the recycling flux*. In the final

phase of the discharge, the

exhaust by the pumps of the

OPL exceeds 4 times the

density decay rate. These

extra particles come from the

wall reservoir.
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Exhaust of wall particles by the pump limiter is also further evidenced in a sequence

of shots when the titanium pumps are activated and allow the wall to recover a pumping

capacity from a saturated initial situation. During a series of shots, the pumps of the OPL

are activated for 6 shots (10450 to 10455) and shut off prior to shot 10456. For all these

pumped shots, the gas injection required to obtain a given density strongly depends on the

density in contrast to the previous non pumped shots (10445 to 10449) which exhibit a

roughly constant gas injection from shot to shot in spite of an increasing density. The

panicle balance for these 6 pumped shots exhibits a total quantity of particles extracted by

the pump limiter from the wall of about 6 1021 D which corresponds to -6% of the

potential particle reservoir 1O23 of the wall [8]. Experimental evidences that the wall has

been partially depleted are also observed during the last shot of the series (10456) which

has been realized without active pumping.

Figure 9 displays the plasma

density evolution and the

injected flux Fjnj versus time for

this shot. It is evident that the

total amount of injected gas had

to be multiplied by a factor of 2

for shot 10456 compared to shot

10449 (which is a similar shot

without active pumping) to

obtain a density of

< n e > = 5 . 1 0 1 9 m - 3 i.e. 15%

higher than for shot 10449.

; '
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Figure 9 : Evolution of the averaged plasma density
During the flat top of the density <flg> anci of [ne injected gas J/ny versus time for two

(3-5s) a very high gas puff (3 non-pumped shots : 10449 (dotted line) and 10456

PamV1) is required to maintain af[er a sequence of6 pumped shots: (plain line).

the density constant in contrast

to shot 10449 in which the gas puff is very small. Consequently, foi shot 10456, the

density decays after the end of the gas puff (t=5s, Tp* = 3.5s) while for shot 10449 the

density remains nearly constant for t>5s (T.p*>10s).

This series of shots and the associated particle balances both demonstrate that active

pumping allows to control plasma density and can also ensure a depletion of wall particle

content Similar results have been obtained by active pumping with the ergodic divertor

showing a partial depletion of the wall particle content [23, 26].

Finally, particle collection, as well as wall depletion, seem to be independent from the

particle collection means since for the vented-PL experiments the particle balance also

exhibits partial depletion of the wall particle content as shown on figure 3. Indeed, between

the gas injection switch off (t = 7.5 s) and the end of the current plateau (t=9.2 s), the total
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number of particles exhausted is roughly 5 times the density drop, demonstrating that the

wall is partially depleted during this rime interval. The results of active density control with

the cryopump of DIII-D, in which the axisymmetric divertor exhibits its capability to

extract the neutrals from both the plasma and the wall [30], support the idea that this is a

general phenomenon not particularly linked to the precise edge configuration [24,25, 31].

For helium shots, the wall particle content appears to be negligible compared to both

the plasma particle content and the plenum of the exhaust system. Particle balance of an

helium ohmic shot leaning on the OPL (Ip=1.45MA, <ne>=2.l019nr3) [32] is quite

accurate since nearly all the panicles are accounted without including wall panicle content.

This shot followed a series of 30 helium shots of about 10 to 15s duration and there was

thus substantial helium "preconditioning" to remove surface deuterium from the plasma

facing components in Tore Supra.

5 - Summary and conclusions
The reported experiments in hydrogen and deuterium, show that in Tore Supra

plasma density and wall particle content can be actively controlled by means of modular

pump limiters, with either throats or a vented structure, and the ergodic divertor. For all

these plasma configurations, the exhaust efficiency increases with plasma density.

For ohmic shots, plasma density control with throat devices has been shown to be

strongly reduced as soon as the plasma is detached. Indeed, in these conditions the ion flux

in the SOL is dramatically reduced and consequently particle collection of throat devices as

well as particle exhaust srronly decreases. However, the reported experiment with the

vented pump limiter has demonstrated the potential of a vented structure to ensure a

significant panicle exhaust even in detached plasma.

Finally, the particle balance demonstrates that active pumping allows for an active

control of both the plasma density and the wall panicle inventory. It is shown that the wall

particle inventory is the dominant term in the particle balance for hydrogen discharges

while for helium shots the wall contribution is shown to be negligible compared to the

plasma panicle content.
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The physics of production, acceleration and
neutralization of large negative ion beams

Jerome PAMELA
Association EURATOM-CEA, DRFC, CE Cadarache, '
13108 St Paul Lez Durance, FRANCE

Abstract. Neutral beam systems for the next generation of magnetic fusion devices will be
based on negative ions. Developments are progressing steadily, and large negative ion-
based systems are under preparation for JT60-U and LHD, and are being considered for
ITER. An overview of the physics of the production, acceleration and neutralization of
large negative ion beams is given. The present state of the art in R&D is also surveyed.

0- Introduction

Neutral Beam Injection is one of the most widely used methods for plasma heating and current
driving in magnetic fusion devices. Up to now, positive ion beams, neutralized by charge-exchange on gas
targets, have been used to produce the required high power n , D or i beams. But this is limited to
energies below - 80-100 keV/nucleon, due to the rapid drop of the charge exchange cross section with the
energy fl], while beam energies in the 200-1000 keV/nucleon are needed in larger fusion devices. The next
generation of neutral beams will be based on negative ions for the following reason : in an H"/D", the
binding energy of the second electron, called affinity, is small, about 0.75 eV. This enables easily detaching
of this additional electron, either by collisions with molecules, atoms or plasma, or by photodetachment. A
wide range of neutralization techniques is therefore open, yielding high neutralization efficiencies, from
60% to 100%.

The development of negative ion-based systems for fusion is progressing steadily, and year after
year there is increasing confidence in this promissing field : in 1992 the first complete negative ion-based
beamline produced 100 kW of 100 keV D° beams in the framework of a collaboration between JAERI and
CEA [2]; 16 A H" were produced ai Nagoya in 1994 [3]; and 40 mA H" beams were accelerated to 700 keV
at JAERI during the spring of 1995 [4]. Large negative ion-based systems are under preparation: a 500 keV
10 MW D° injector will start operation on JT60-U during 1996 [5], a 125 keV / H° 250 keV / D° system is
under preparation for the LHD [6] and a 1 MeV 50 MW D& injector is being considered for ITER [7]. These
projects will use large negative ion sources of 20 to 30 A with 15 to 30 mA/cm^ p - current densities, high
performance electrostatic accelerators and efficient neutralizes to convert the D" beam into D^.

The fusion community usally focuses its inteiest on the technological performances of these high
power beams, on their capacity to heat the thermonuclear plasmas or to drive the current in tokamaks, and
on the underlying physics. On the other hand, the fundamental physics, which is the basis of the production
of these beams is not well known in the fusion community, although this physics is rich and in some aspects
close to the problematic encountered, e.g., in divertor or edge plasmas. The purpose of the present paper is
to give an overview of this field of physics. Sections 1 to 3 survey the fundamental processes involved in the
production, the acceleration and the neutralization of negative ions respectively. This involves atomic and
molecular physics, interaction with surfaces, cold magnetized plasmas, space-charge dominated electrostatic
acceleration, etc.. At the end of the paper a table summarizes the present state of the art in negative ion
R&D. The discussions given here are restricted to the main phenomena and only a small, fraction of the
enourmous work produced worldwide is quoted.

It will be seen that the attractive feature of the negative ion, its low affinity, consitutes a drawback
when production or acceleration are considered : firstly it is difficult to attach this additional electron;
secondly, many negative ions are destroyed ("stripped") by collisions with plasma or neutral particles before
being extracted from the sources or accelerated to the final energy. This makes negative ion production and
acceleration a difficult though fascinating subject.
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N.B.- : for convenience, H (hydrogen) is used in most formulas and discussions, while these are
generally valid for D (deuterium) and even for T (although tritium has probably never been used in negative
ion sources).!Nevertheless, it shall be kept in mind that mainly D° beams are required in large fusion
machines.

1- Negative ion production

Very high performances have already been obtained, in particular from large cesium-seeded
sources : e.g. up to 16 A of H" were recently produced at Nagoya [3]. The fundamental processes which lead
to this kind of negative ion production are well-known : wall formation (Section 1-1) and dissociative
attachement (Section 1-2). Nevertheless, their relative weight and combination in sources are still not
completely understood (Section 1-3), while atoms might play a predominant role (Section 1-4). We shall not
discuss double charge exchange, a technique of negative ion production which has been abandoned for ten
years, because of its high technical complexity and of the rather poor beam quality produced [8].

7-7 Surface production

The probability of electron capture during backscattering of hydrogen atoms or ions:

H ( H n
+ ) + wall -> H" (1)

depends on the work function of the surface <I>, on the affinity (A = 0.75 eV) and also on the
perpendicular velocity of the outcoming ion vj_. The following formula is often used to predict the negative
ion yield per H impact on a wall [9]:

Y(H"/H) = exp( (A-O) / C v x ) (2)

O-A represents the difference of energy between the Fermi level of the surface and the affinity
level: it should be as small as possible to enhance the electron capture probability. C is a constant.

The most widely used method to lower the surface work functions is to cover a metal (W, Mo etc.)
with cesium. The optimal amount of Cs is about 0.6 monolayer (3.3 1 0 ^ Cs / cm2 or 0.22 Cs / W), which
allowed up to 0.67 H~ per incident H to be produced [10,11]. In this case, the work function of Cs covered
W(l 10) is reduced to 1.45 eV compared to 5.25 eV for pure W. Fgr the surface conditions which are found
in most cesiated sources, the expected yield Y(H /H ) or Y(H /H ) is in the lO^-lO'1 range, in agreement
with experiments (Figure 1 [11]).

This process has been very efficiently used to produce intense negative ion sources since the early
work of Belchenko [12]. Sources optimized for surface production have the following characteristics: (i) the
atomic or ionic bombardment is as intense as possible; (ii) the positive ion energy is in the tens of eV range
to maximize the yield of H" (Figure 1), this being achieved for example with biased converters; (iii) the path
of negative ions inside the source is minimized to avoid destruction. These sources are therefore very
compact, with high power densities, which generally limit the pulse duration or make dc operation delicate
[13,14]. Furthermore, the initial energy of the negative ion is usually rather high, due to the acceleration by
a large plasma potential or by a converter bias : the resulting transverse energy distribution is hardly
compatible with the obtention of high quality electrostatically accelerated beams. For these two reasons, the
application of " surface plasma souces " or " surface conversion sources" to fusion has not been pushed,
although the concept is very attractive and might be further improved.

1-2 " Volume " production (dissociative attachement) r

The " volume sources" have been designed and developed in order to maximize the production of
negative ions by dissociative attachement of electrons on high vibrational states (v" > 4) of hydrogen
molecules:

H2(v") + e -» H° + H" (3)

This type of source was developed after the surprisingly high production of negative ions measured
in a hydrogen plasma by M.Bacal and coworkers [15]. This is explained by the spectacular enhancement of
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the dissociative attachement cross-sections when the hydrogen molecules are in high vibrational states, as
illustrated in Figure 2 [16]. '
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Figure 1. From M.Seidl [11]. Measured
H" yield per incident nucleon as a function
of incident energy (Cs covered Mo).

Figure 2. From M.Allan [16]. Dissociative
attachement cross-section enhancement as a
function of the vibrational energy (v=l-5 states)
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Figure 4. From A.Ando [3]. H" current as
a function of the arc discharge power, in the
NTFS Cs seeded source.

The most common type of" volume sources " are tandem sources, as illustrated'in Figure 3. They
comprise two regions separated by a magnetic filter, the " driver" from the " extraction chamber". The
" driver" contains W filaments which emit the primary electrons of an arc discharge. H2 gas is fed into this
region. The arc voltage between the cathode emitter and the source walls is typically 100'V in order to
maximize ionization by primary elecrons. A number of permanent magnets are mounted on the source walls
and create a multi-cusp configuration for plasma confinement. Another set of magnets is used to create the
magnetic filter. In the " extraction chamber" both ne and Te are smaller. This concept optimizes the
" volume production " of negative ions in a two-step process:
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- Excitation of H2 molecules by " fast" electron collisions (Te ~ 5-10 eV) to high vibrational levels
v" > 4 in the " driver";

- Drift of H2(v") molecules to the second chamber where the lower electronic temperature ~ 1-2 eV
maximises the dissociative attachement reaction rates, whilst minimizing the destruction of H" by electronic
and ionic collisions.

In spite of intense development efforts, all the large sources of this type have shown severe
limitations [3,17-20]: (i) H" currents of at most 3 A, and D" of below 1 A have been obtained, in spite of
very high arc power densities (> 1 W/cm ); (ii) a saturation of negative ion production with arc power is
always observed, explained by the rapid increase of negative ion quenching mechanisms (faster and more
numerous electrons, ions, and atoms); (iii) the operating pressures are high, leading to early neutralization
(stripping losses) during the acceleration; (iv) high stray electron currents are extracted.

1-3 Cesium seeding in large " volume " sources

When cesium is seeded into the discharge of such sources, the situation changes dramatically
[3,17-19]: (i) the negative ion yield is increased by a factor ~ 3 to 5; (ii) the operating pressure decreases;
(iii) the stray electron current ratio Ie/I(H") drops from 10-100 in " pure volume " to 1-5; (iv) the isotopic
effect is reduced from I(D')/I(H") ~ 0.5 in pure volume to about 0.8. Another striking feature is that the
production of negative ions in Cs seeded sources increases linearly with the arc power, as can be seen in
Figure 4 [3], and no experiment has yet revealed saturation.

It is not yet completely clear whether the improvement results predominantly from surface
production or simultaneously benefits from an enhancement of volume production. In favor of the first
explanation is a strong dependence of the negative ion yield on the temperature of the " plasma grid " in the
extraction region, which could be experimentally related to a decrease of the work function, as shown in
Figure 5 [21]. On the other hand, Cs lowers the electron temperature : this might be more favourable to
dissociative attachement, and, in any case, reduces the destruction rates. Furthermore. Cs may change not
only the work function of the walls, but also ys the recombination coefficient, which is directly related to the
atomic density, as discussed below. Finally, a question has often been opposed to the hypothesis of surface
production on the plasma grid : these negative ions are accelerated back toward the center of the source by
the plasma sheath electric potential: how can they find a way out of the plasma source to the extractor ? by
magnetic deflection on the filter ? This situation becomes somewhat clearer when the role of atoms is
considered.

1-4 The role of atoms in negative ion production and transport

In a first approximation, one may consider two populations of atoms in these sources :
(i) Fast primary atoms (with ~ 2 eV Frank-Condon energy) with a density

"Hfast ~ z ni nj < adis vj > L / vjjfcst (4)

resulting from the dissociation ofy species by / species (e.g. H2 by electrons). The average loss time
of atoms is assumed to be dominated by wall losses [22]: L is the characteristic size of the source,

(ii) Quasi thermalized atoms (-0.2-0.3 eV) with a density :

nHslow ~ Z ni nj < a d i s vj > L / v H s l o w (1 / YS -1) + S f l l a m e n t s L / ys v H s l o w (5)

resulting from from the thermalization of the fast atoms, which is assumed here to occur after one
wall collision, and the dissociation on hot filaments. The average number of wall collisions before
recombination is 1/ ys- The wall recombination coefficient ys is in the 0.05-0.2 range [22].*

In all fusion relevant sources, n r, » n . A typical case would be ne ~ 10 cm" , Te = 5 eV (in
the source driver, see Figure 3), n g a s ~ 3 I614 cm , L = 10 cm. for which the dissociation of molecules by
plasma electrons already yields npjfast > 1013 cm"3 a n d n H s | o w ~ 10 4 cm' . Under such conditions, let
us then compare:
• The Larmor radius of an H" in a typical 50 Gauss field : p - 2 cm at 0.5 eV, p ~ 6 cm at 5 eV;
• The destruction mean free path (dominated by collisions on slow atoms, a ~ 10" cm ) : \<i ~ 5-10 cm;
• The mean free path for H~ charge-exchange with slow atoms (cross-section, a ~ 10" 4 cm"): Xcs < 1 cm;
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One can therefore infer that, at least in the case of these large sources developed for fusion :
• The fast H flux to the wall » j j o n s : fast H almost certainly dominate surface production, as has been

suggested, e.g. by M.Seidl [11]J
• H' / K charge exchange is a predominant process, implying that 7770 - T(H) and that the K transport is

quasi collisional : the magnetic field plays a limited role in the transport of negative ions (N.B.: at
higher plasma densities, thermalization by elastic collisions on plasma ions may dominate, with the
same consequences).

• The destruction rates and the transport regime are such that only a very narrow region of IT production
(1 to a few centiliters), situated close to the extraction will be effective.

An in-depth study of these phenomena is underway [23].

To summarize, two parameters should play an important role : the source size L and the
recombination coefficient ys. One can expect that the role of atoms will further increase in larger sources.
On the other hand, a modification of the recombination coefficient by appropriate control of the wall
conditions might have a significant impact on the balance of the fundamental processes involved in the
production and transport of negative ions. Some experiments had been conducted, aiming at controlling the
wall material or the atomic content [24,25] and this kind of work should be continued. Let us also mention
that using an rf-driven plasma source, rather than a filament-driven source, might allow easier control of
wall conditions.

1-5 Negative ion source diagnostics. Simulation of negative ion production

This paper would not be .nplete if some of the most beautiful diagnostics developed for negative
ion sources were omitted. Let us quote the measurement of vibrational population achieved at Berkeley with
VUV laser absorption spectroscopy [26] and the negative ion density and temperature measurement, based
on dual laser photo-detachment, succesfully developed at Ecole Polytechnique [27].

It is also worth noting that a very important effort of source modelling has been conducted for more
than 10 years, mainly by three groups, J.Hiskes at Livermore. USA [28], M.Bacal, D.Skinner and co-
workers at Ecole Polytechnique, France [29], and M.Capitelli et al. at Bari University, Italy [30].
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2- Negative ion extraction and acceleration

Because of power efficiency considerations, the large current c.w. negative ion beams required for
fusion can only be achieved via electrostatic acceleration. This technique has been developed at up to 160
keV for large positive ion beams [31], but the 1 MeV domain has yet to be investigated, and proof-of-



- 1 8 -

principle experiments are just starting in Japan and in Europe [32,33]. Besides the difficulties expected with
high voltages, in particular electrical breakdowns with high capacitive energy dissipation, the problematic
of negative ion acceleration has many specific features which make it much more complex than that of
positive ions. This is due to two fundamental facts: (i) the negatively charged ions are accompanied by co-
accelerated stray electrons originating mainly from the source plasma, and (ii) the fragile negative ions may
be "stripped" during acceleration.

Three steps in acceleration can be distinguished : (1) electrostatic extraction of the ions from the
source, (2) pre-acceleration (typically to 100 keV) and. (3) full energy acceleration (1 MeV is considered for
ITER [7]). The first two steps are described in § 2-1. The physics of steps (1) to (3) is discussed in § 2-2 and
the suppression of electrons in § 2-3. The high energy acceleration is discussed in § 2-4.

2-1 A typical negative ion extractor and pre-accelerator

A typical beamlet channel of a negative ion extractor and pre-accelerator is shown in Figure 6. The
beam is composed of several such beamlets, the extractor and pre-accelerator consisting in a large number
of similar channels. This is achieved by assembling a set of carefully aligned " grids ", in which matrices of
cylindrical apertures are drilled. These grids are polarized at various voltages, to achieve the desired beam
energy. The geometry of the accelerating channels, shaping and gap distances, is carefully designed to
control beam optics by proper use of the electrostatic lenses. The first grid separates the source plasma from
the accelerator. In the second grid, often named " extraction grid"', permanent magnets are inserted in order
to deflect the stray electrons and to prevent them from being further accelerated. This magnetic field breaks
the axial symmetry of the acceleration channel. Therefore exact calculations require 3-D codes, while 2-D
codes were sufficient for calculating positive ion beam optics. Furthermore this magnetic field has to be
compensated by opposite fields, as indicated in figure 6 : in order to prevent any deflection of the DTH"

beam, one must ensure that J B dz = 0 along the beam path.
An example of D" beam trajectory calculation is given in Figure 7.

2-2 Overview of negative ion extraction and acceleration physics

The codes which are used to simulate the extraction and acceleration of negative ions are generally
derived from codes developed for positive ions. These codes numerically solve, in a multi-step iterative
process, the Poisson and the dynamics equations

AV = -p / EO (6)

irq d2xi/dt2 = q, ( V V + d.ij/dt x B) (7)

where p is the space charge resulting from the beam propagation in the potential distribution V,
and Xj are the particle spatial coordinates. The boundaries of the problem correspond (i) to the voltages on
electrodes and (ii) to the plasma sheath. In the case of negative ions, the simulation of the plasma sheath is
particularly complex, since:
• Positive and negative ion beam optics are not merely mirror problems with_ respect to the electric charge

: three species have now to be considered in the plasma, e, H (D ) and Hn (Dn ).
• The source plasma is magnetized. This led some authors to assume that the sheath was frozen and

"quasi-planar" [34], although this assumption was never confirmed.
• The non axial symmetry of the magnetic field makes it a 3-D problem.
• Large electron currents can be extracted : typically Ie/I(H ) ~ 5-20 [17-20].
• A significant fraction of the negative ions can be, stripped in the accelerator, losing their second electron
by collisions with the neutral gas. The cross-section isJarge: o\q3~ 10 cm at E(H») < 20 keV [35];
while the gas density in the pre-accelerator is in the 10 -10 cm range.

A complete simulation of the plasma boundary requires a treatment based on kinetic theory and, to
our knowledge, only one code has included this by coupling the Poisson and Vlasov equations [36-38]. But
proper beam optics simulation requires that all the aforementioned physical effects be taken into account, in
particular the electronic contribution to the space charge in the extraction gap and the stripping which
modifies the beam space charge during acceleration. This was demonstrated by the comparison between a 2-
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D simulations and various experimental results [39,40]. It was also shown that the space charge of electrons
in the sheath region can be taken into account assuming Bohm diffusion in the pre-sheath [39].

Today one can consider that the understanding of negative ion beam optics is good. Most codes
include the dominant physical effects mentioned above, allowing the major accelerator parameters to be
predicted confidently. This is particularly important for the new generation of accelerators in the MeV
range which are under design. However, progress is still required in the plasma boundary simulation. This
could enable controlling secondary phenomena, such as beam halo or aberrated particle trajectories, which
may have an impact on the detailed design of high power accelerators.
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2-3 Stray electron suppression

The main source of stray electrons in a negative ion accelerator is the source plasma. Since large
electronic currents can be extracted, typically Ie/I(H ) ~ 1-20 [3,17-20], it is essential to stop these electrons
as early as possible. This is the role of the transverse magnetic field shown in Figure 6. Experiments
conducted at JAERI showed that a significant fraction of the electrons, in spite of being forced to impact
onto the extraction grid surface, could leak out and be further accelerated [41]. JAERI inserted a third grid
just after the extraction grid, which could be negatively biased to 1-2 kV with respect to the extraction grid,
in order to repel the stray electrons. This system was very efficient, but : (i) it increases accelerator
complexity; (ii) the decelerating potential of the " electron suppression grid " degrades the ion optics.

The electron leakage was explained after the development of a 3-D Monte-Carlo code, which takes
into account the secondary emission and the backscattering of electrons [42]. It was demonstrated that the
stray electrons originate from backscattering : in the relevant energy range, 5-10 keV, the probability of
electron backscattering on a metallic surface can be as high as 30% [43]; if the magnetic configuration of
the suppression system is not appropriate, an electron can escape after one or two reflections and can be
accelerated downstream. On the other hand, the low energy secondary electrons (a few tens of eV), in spite
of being numerous, have a small Larmor radius which prevents them from progressing far into the
accelerator before being dumped on the electrodes. Good agreement with experiments has been found, and
negative ion extractors with a perfect trapping of electrons could be designed using this code, as shown in
Figure 8 [44].

2-4 Remaining issues: stripping and high energy acceleration

As mentioned above, the stripping losses in the accelerators are due to the gas flowing from the
source. These losses can be as high as 20-40 %. and degrade the overall performance of the system. It is
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important to reduce the source operating pressure as much as possible. This drives low pressure source
development; this is related to the source physics discussed in Section 1.

MeV accelerator development is of a more technological nature: it is certainly the major issue
today. Two concepts will be tested. A multi-hole multi-grid system extrapolated from positive ion
accelerator concepts, with long and narrow acceleration channels from the source to the last acceleration
stage [32]. A merged beam concept, SINGAP (Figure 9), in which beamlets are pre-accelerated in a multi-
hole system to ~ 100 keV, and then merged into a single beam and accelerated to the full energy in a single
gap [33]. SINGAP would enable reducing the gas load in the accelerator and greatly simplifying the design
of the accelerator, power supplies, and HV transmission lines, but some difficult issues will have to be faced,
such as the acceleration of stray electrons to full energy. A third concept, the ESQ (Electrostatic
Quadrupole) proposed by LBL [45] has been tested at 0.1 A, 200 keV. but has not been selected for ITER,
due to the high number of voltage terminals required and a limitation in current to about 1 A per module...

Multi-bole Multi-grid accelerator

Vi V: Vj V-i V7

SINGAP (pre-acceleraled beamleu,
merged in a jingle beam)

Vi VJ V)

S O . 3 -

Figure 9. SINGAP and multi-hole
accelerator concepts
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3- Negative ion neutralization

Negative ion neutralization is relatively easy since the aifmity of the additional electron is only 0.75 eV.
Therefore several neutralization techniques exist, based on a variety of fundamental reactions. We will
compare their merits below, knowing that the neutralizer should :

• Provide a high neutralization efficiency;
• Operate with the lowest possible gas input, in order to limit the stripping losses of the negative ion

beam in the accelerator as well as the reionization losses of the neutralized beam;
• Prevent injection of additional impurities into the tokamak;
• Require the lowest possible additional power; r

• Have a long service life and a high reliability.
It will be seen that the most attractive techniques are not easily applied; thus all negative ion-based

neutral beam projects are based at present on the use of gas neutralizes [5,6,7],

3-1 Electromagnetic stripping

This technique would take advantage of the fact that a strong electric field gives a finite thickness
to the potential barrier for the second electron. Its tunneling probability increases rapidly with the electric
field: the mean lifetime x of an H" ion in a strong electric field Ex scales roughly as:
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x _ a e-Ex/b ; (10)

!
Unfortunately, the required transverse electro-magnetic fields are very large : e.g. x ~ 10"** s

requires Ex = 2.3 MV cm"l [46]. This rules out any application for fusion.

3-2 Photo neutralizer

The photo detachment reaction

H-(D-) + hv -» H(D) + e (h v > 0.75 eV) (11)

has a cross-section which culminates at ~ 4 10" I7 cm2 at hv ~ 1.4-1.6 eV (A. - 0.8-1 urn) [47].

One can calculate the overall grid power required for the laser system of a photo-neutralizer, PPN-,
as a function of the laser power efficiency T|L, the reflexion coefficient of the laser light on the neutralizer
walls R, the photo-detachment cross-section Opo, the laser wave-length X. the neutralizer width w, the
negative ion velocity v and the requested neutralization efficiency TIN :

PPN = (1-R) h c w v Log(l/(l-nN)) / ( TIL aPD X) (12)

h being the Planck constant and c the velocity of light. In principle, TIN values of nearly 100% can
be reached, but the price to pay is a high additional pov/er Pp^. This obviously impacts on the overall
efficiency of the neutral beam line, and in order to obtain a net and substantial efficiency improvement with
respect to a gas neutralizer (T)M = 60 %, additional power = 0; §3.3 below), one can estimate from (12) that
TlL /(1-Rlshould be in the 50-100 range. Given the low power efficiency of lasers in the |im range, at most
TIL ~ 10" , this requires 1-R values as low as 1-2 10 . The corresponding surface conditions in the laser
cavity seem rather unrealistic in the environment of the powerful beam operating in hour long pulses, with
an unaffordable sputtering resulting from aberrated particles. Furthermore, the level of laser power required
would be high, in the MW range, and technological problems would arise (windows etc.).

Therefore, in spite of its wonderful potentiality, the photo-neutralizer appears to be, at the present
stage of laser technology, a pure dream for application on multi-megawatt neutral beam injectors.

5-5 Gas neutralizer

The gas neutralizer is based on collisional detachment:

H" + H2 -> H° +H2 + e (13)

(the fast particles are underlined). Unfortunately, several reactions compete with (13). The main
competitor is ionization of the fast neutrals :

H° + H2 -» H + +H2 + e (14)

The optimal neutralization rate T[mzx is, in first approximation, a function of r = a-O / ao+ , the
ratio of the cross sections of the dominant reactions (13) and (14):

ilmax - ( l / r ) 1 / M (15)
Since reactions (13) and (14) correspond to the same physical phenomenon (electron detachment),

r, and hence T|max, are practically independent of tjie beam energy. The cross-section data base [35] enables
predicting an optimum neutralization efficiency TIN ~ 6 0 % f o r a l a r S e r a n S e o f negative,ion energies. This
prediction has been checked with D~ and H" beams of up to 100 keV/nucleon (see Figure 10 [2]).

A gas neutralizer is a technically simple and passive system with a reasonably high efficiency. It
has a major drawback : the required high additional gas load which increases the pumping requirements in
large beamlines by a factor 2 or more, as shown in studies made for ITER [48].

5--̂  Plasma neutralizer

The plasma neutralizer concept is based on collisions with charged particles in a plasma :
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H" + X (e, H+. H7+, Ar"4" etc.) -> H° + X + e (16)

A!s in the preceeding case, the ionization of fast neutrals limits the neutralization efficiency, but to
a much higher degree given the more favorable cross-section ratio : T|N - 85% is expected for a fully ionized
hydrogen plasma [49], This advantage is increased bv the fact that the required target thickness is reduced
compared to the gas neutralizer case, from about 10 down to 10b cm"2 for 1 MeV D', as a result of the
greater cross sections. The use of multiply charged Argon or Xenon would enable operating at even lower
target thicknesses [50].

The issue for plasma neutralizes is the obtention of a high ionization rate, otherwise the collisions
on the neutral gas are dominant and the optimal efficiency drops : on hydrogen r\^ > 80 % requires an
ioru'zation rate of 20%. Magnetic fields have to be used in order to confine the plasma. The magnetic field
configuration must be optimized in order to not deteriorate the beam optics : e.g., with a 1 MeV H" beam,
the integral of the field should stay below - 2 10 J Tm in order to keep the average dispersion angle below
~ 1 mrad [49]. Furthermore, plasma neutralizes will require a significant amount of additional power
which reduces the gain in T|N. When compared to the purely passive gas neuralizers, they will also require
more maintenance and will have a lower reliability. This could be problematic in the nuclear environment
of future fusion devices.

Nevertheless, the potentialy high benefits of plasma neutralizes is driving R&D forward, and ECR
plasma neuralizers are currently under development at Kurchatov [51],

4- Status of development and parameters of future negative ion based injectors

This is summarized in Table 1, which shows ITER requirements, the present state of the art and
the main R&D objectives in Japan, Russia and Europe. It can be seen that each of the ITER source
parameters have only been obtained separately : the ambitious JT60-U source [5], which is now starting
operation, will therefore constitute a key milestone. Two proof-of-principle 1 MeV electrostatic acceleration
test stands are now operational at JAERI-Naka [32] and at CEA-Cadarache [33]. They will test two different
concepts of accelerators, a multi-grid system and SINGAP, respectively (see §2-4). These experiments
should also be able to demonstrate beam neutralization in the MeV energy range. It is expected that, by the
end of 1996, the data base on high energy negative ion beam production and neutralization will be strong
enough to confidently initiate the construction a multi-megawatt MeV-class systems.

5- Conclusion

Fusion relevant negative ion sources are at an advanced stage of development and 16 A of HT have
been produced at Nagoya [3]. Two fundamental processes lead to the production of the negative ions in
these large sources: dissociative attachement and wall formation. The second seems to predominate in these
sources where Cs is seeded. The role of atoms and of surfaces in these sources is important and progress in
the understanding of the underlying physics might help to furher improve source performances. In
particular, it is important to reduce the operating pressure in order to reduce beam stripping losses.

Our understanding of negative ion beam acceleration physics is good and the major accelerator
parameters can be confidently predicted. Some progress has still to be made in the simulation of the plasma
boundary which determines the initial beam characteristics. The suppression of stray electrons is now
mastered, since the origin of electron leakage has been identified as backscattering. The major issue today in
the field of acceleration is MeV electrostatic accelerator development. Encouraging results have recently
been obtained : 700 keV 40 mA K beams have been accelerated at JAERI [4].

Several techniques of negative ion beam neutralization exist, based on a variety of fundamental
reactions, but, for practical reasons, it is planned to use at present simple gas neutralizes, with a 60 %
neutralization efficiency, in all negative ion-based neutral beam projects. More efficient plasma neuralizers
are under development at Kurchatov [51].

A strong development programme is being conducted in Japan, Russia and Europe..It is expected
that, by the end of 1996, the data base on high energy negative ion beam production and neutralization will
be strong enough to confidently initiate the construction of multi-megawatt MeV-class systems.
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Tablc 1 : Achievements and objectives of R&D

ITER
requirements
[7]

Achievements

Objectives
1995-96

Source
D; 28-30 A, 18mA/cm-

< 0.3 Pa, 1000 s

Alternative: if source

H- 10A 37mA/cm2 0.Is 0.8 Pa [17]

H- 0.3A8m4/cm2 24h{52]

H' 16A 30mA/cm2 0.3s 0.5 Pa [3]

D- 2.2A 9mA/cm2 5s OJPa [18]

D-1 A 12 mA/an2 0.6 Pa, 5 s [53]
JT60-U:22A13m4/cm-

D- 0.3 Pa, 10 s 500 keV, 1996 [5]

LHD: 250 keV22.5A D' 10 s, <
0.5 Pa 1997 [6]

NIFS: rf source

CEA : 4-6 A D" MANTIS 1995

Accelerator
1 MeV, multi-ampere

1000 s

Alternative :
SINGAP [331

H- 700keV40mA [4]

H- 380keV0.5A <ls
[54]

H- 125keV13.6A[55]

D-2.2A, 100keV5s
[40]

JAERJ: lMeV 1A H-
1995-9 <5[32]

CE.4 : SINGAP
D' 1 MeV 0.1 A

1995-96 [33]

Neutralizer
60% at 1 MeV

Alternative :
plasma neutralizer

60% at 100 keV/nucl.
l00kWD°beams[2}

CE-i and JAERI:
neutralization

1 MeV/nucleon, 1996

Kurchatov: Plasma
Neutralizer 95-96 [51]
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1. Introduction
The improvement of the Tokamak concept has received increasing interest in fusion

research. The so-called "advanced Tokamak" concept is characterised by self consistent hollow
current density profiles which should provide an enhancement of global energy confinement
and improved stability, an attractive behaviour for a non-inductive steady state operation of a
fusion reactor. The main objective of the Lower Hybrid (LH) experiments performed on Tore
Supra is to define and realise such scenarios [1-2]. Various LH driven plasma regimes have
been studied. In this paper two different types of experiments are presented.
4 Tesla discharges have been obtained using feed-back control of the primary circuit voltage
(Voh) such that the transformer flux was kept constant and so, the loop voltage was maintained
exactly zero. A model of coupled plasma-poloidal field (PF) coils system is used to describe
this operation mode. Moreover, a reversed shear, improved confinement regime has been
investigated at low toroidal magnetic fields (Bt < 2T) when the core plasma is inaccessible to
the LH waves. A 1-D current diffusion simulation is performed with CRONOS [2]. The
importance of the non-inductive current profile shape on the time evolution of the discharge is
discussed as well as on the electron heat transport by a local analysis.

2. "Constant-flux" Tore Supra Experiments
The.Tore Supra coupled plasma-PF coils system has been fully modelled using

equivalent circuit equations, where the inductance matrix of the poloidal field circuits were
numerically calculated with a finite element equilibrium code (CEDRES) [3]. Early experiments
in which Vo^ was kept constant were performed during the 1992 campaign and have since been
analysed. The good agreement between theoretical simulations and the measured variation of
the primary coil current as a function of Ip validated the assumptions in the model [4]. Thus, it
was used as a tool to test various feed-back schemes. It has been found that an alternate and
promising scheme was a feedback control of Voh such that the transformer flux is imposed, and
consequently, a zero loop voltage is obtained faster. Indeed the calculated equilibrium time
constant (xeq) in that case was shorter than the resistive time (xp), Teq = xp (1 - \i2), where |i the
coupling coefficient is close to 1 in Tore Supra. During the last experimental campaign, that
"constant-flux" operation mode has been explored.
A stable fully non-inductive plasma current of 0.8 MA has been sustained during 15 seconds in
the 4-Tesla Lower Hybrid enhanced confinement regime (LHEP) [5-6] (Fig. l.a). The standard
LHEP mode is characterized by (i) a flattening of the central qv-profile (r/a <0.3) together with
(ii) an increase of the internal inductance (li) which leads to global improved confinement The
phase shift in the LH antenna was -30 deg. (n//0 =1.8 where n//Q is the parallel index at the
peak of the launched spectrum). The electron thermal energy content was about 40 % above the
Rebut Lallia Watkins prediction [7]. By applying the LH power (== 3.7 MW), q0 varied from 1
to 1.4, while the internal inductance lj was larger than in the ohmic phase. The inductance
matrix of the poloidal field circuits was calculated by CEDRES [8] taking into account the
characteristics of the discharge. A comparison was then possible between the model predictions
and the experiment. A good agreement with the model predictions was obtained [4] and
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confirmed that the current in the poloidal field coils reached an equilibrium on a time scale of 6s
(fig. l.b.c).

0.1

0.0

8 12 16
Time (s)

8 12 16
Time (s)

20

Fig. 1: Time evolution of plasma parameters during shot 16379. The dashed curve represents a theoretical
calculation.
a) Plasma current (Ip), LH power (Pih), loop voltage (Vj), safety factor on axis (qo) and self inductance (7/j.
b) and c) Time evolution of the poloidal field coils currents (I a,b,d,ef) and primary circuit voltage (Voh)

The current diffusion code CRONOS allows to assess the time evolution of the electric field and
the LH current deposition profiles by comparing theoretical and experimental time evolutions of
the plasma parameters (Fig. 2). The electric field is stationary after time of the order of 3 s
which is 10 times shorter than the typical plasma resistive time. In fact, by maintaining the loop
voltage exactly zero at the edge and by cancelling the on-axis electric field with a central and
broad LH current deposition profile, the electric field profile is forced to reach an equilibrium
with a short time constant.
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Fig. 2: Effect of the LH current density profiles on the time evolution of lj and qo: (a) assumed LH current
profiles, (b-c) measured Ij and q0 versus time and simulations d) qy profiles determinated with CRONOS and
compared with magnetic reconstruction (Ident-D) and Abel inversion of the polarimetry measurements.
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Fig. 3: Abel inversion of the experimental hard-X-ray
profiles in "self-similar" experiments. Full lines and
dashed lines correspond respectively to the high-
density I4T (shot 16467) and low-densityl2T plasmas
(shot 12910).

Therefore, in these plasma conditions and antenna phasing a stable fully non-inductive
equilibrium state has been reached for the thermal energy, impurity content, current and
pressure profiles and finally the electromagnetic fields of the poloidal system. The duration of
that type of shots can therefore be extended, and this provides a scenario for studying
continuous operation (heat exhaust, plasma-wall interaction, etc.).

3. Stationary shear reversal LH Experiments
Another similar improved confinement regime has been observed at low toroidal

magnetic field ( Bt < 2 T ) when the plasma
core is inaccessible to the waves [2]. The
plasma parameters were chosen so that the LH
wave propagation behaves as in high-density/4
Tesla plasmas for which steady-state operation
would demand more LH power. In the cold-
plasma approximation, the accessibility limit for
the local parallel wave index depends mainly on
the ratio of the electron plasma frequency (fpe)
to the cyclotron frequency (fCe), which scales as
ng/Bj (ne is the electron density). For instance,
the local accessibility criterion is conserved by
decreasing the electron density and magnetic
field by a factor 4 and 2, respectively.
Furthermore, to keep the edge safety factor (o^)
constant the current is varied together with the
magnetic field. Experiments have been
performed in standard (^=3, high current) and
"advanced-tokamak" (qa=6, low current)
operation. To simulate high-density steady-state
discharges, ne 0 >. 1020 n r 3 , B t= 4 T, Ip =
1.6-0.8 MA (qa=3-6), the plasma parameters
are typically ne0=3-4 10*9 nr3, Bt=2T, Ip=0.8-

0.4 MA.
As far as experiments are concerned, the

local hard-X-ray emissivity profiles measured
during high-density/4T and low-density/2T
discharges present the same hollow shapes (Fig.
3), which confirms the relevance of the "self-
similar" experiments. In the "advanced-plasma"
configuration (0.4 MA/2T), stable, fully non-
inductive discharges were obtained with an
electron thermal energy contents exceeding the
Rebut-Lallia-Watkins prediction by a factor Hr[w

~ 2 at (3p ~ 0.8 and a safety factor on-axis (q0)
increasing above 2 when the^ LH power is
applied. Polarimetry measurements indicate that
the magnetic shear is negative within the surface
r/a < 0.3 with a minimum q value above 2 (Fig.
4). Despite the off-axis power deposition profile
inferred from the hard-X-ray emission data, the
central temperature rises from 1 keV to 3.5 keV
(Fig. 4).
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Fig. 4: Te and q^-profiles for
low-densityl2T LH experiments
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The off-axis LH power deposition profile is
5 validated through hard-x-ray emission data, ray-

tracing/2-D Fokker-Planck calculations [9-10] in
agreement with Wave-Diffusion/Fokker-Planck
(WDFP) simulations [11], and finally with the full
simulation of the time evolution of the current-
profiles (CRONOS).
Therefore local transport analyses (LOCO) [12]
indicate that the electron thermal diffusivity is
significantly reduced in the reversed magnetic
shear region (Fig. 5). The formation of such a
"transport barrier" is also invoked to explain the
temperature transition in some of the 4-Tesla
LHEP discharges (hot core LHEP phase [2])
although the magnetic shear is only marginally
reversed.Fig. 5: Electron heat diffusivity

(LOCO) and magnetic shear profiles in
LH similarity experiments
(#14409).

4. Conclusion
A new operation mode where a zero loop voltage is imposed by a feed-back control

through Voh has been studied theoretically and experimentally. The feasability of the "constant-
flux" operation mode is demonstrated. By choosing an appropriate n// launched spectrum, a
fully non-inductive and stable discharge has been obtained durind 15 s. Furthermore, using this
scheme, the transition to the LHEP regime has been reproduced.
In addition, a new improved confinement regime with a reversed-shear has been obtained at 2-
Tesla when the core-plasma is inaccessible to the LH waves. In this case, the off-axis power
deposition is assessed, and a transport barrier in the reversed magnetic shear region is
observed.
In the next-experimental campaign, the "constant-flux" operation mode will be fully used with
possibly other non-inductive methods such as fast wave current-drive together with a larger
self-generated bootstrap current component. Steady-state high-density LH similarity
experiments will also be pursued using this operation scheme.
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1. Introduction.
Bootstrap current is regarded as a serious candidate for non-inductively driving a

significant fraction of the total current. High bootstrap fraction discharges have already been
achieved and analysed in several tokamaks, including JT-60 [1], DIII-D [2]and TFTR [3].
Tore Supra (R=2.36 m, a=0.80 m) is particularly suited for the study of non-inductive
discharges and long pulse operation. It is equiped with several of non-inductive current
drive/heating systems including Lower Hybrid Current Drive (LHCD), Fast Wave Electron
Heating (FWEH), and in the future Electron Cyclotron Heating. Fully non-inductive
discharges with enhanced confinement (LHEP mode) have already been obtained in Tore
Supra with LHCD. High (3p (<1.6) regimes current have also been achieved in the presence of
FWEH. In particular, a discharge with 70% of the total current generated by the bootstrap
current was observed.

In this context, non-inductive current density profile determination is essential for
understanding current drive experiments and ultimately for implementing current profile
control. This paper briefly decribes two methods developed on Tore Supra to determine the
non-inductive current density profiles. The agreement between the two methods has been
tested by applying them to ohmic discharges. These methods are then applied to the high
bootstrap fraction discharges heated by FWEH. The non-inductive current density profile of
these discharges are carried out, and the results are finally compared to several models of
bootstrap current including Hirsman's with low collisionality [4], matrix formulation [5] and
both Kessel and Houlberg matrix formulation [6,7].

2. Non-inductive current density profile determination.
The first method for determining the non-inductive current profile consists of

simulating the experimental loop voltage, internal inductance and Faraday rotation angles
using the current diffusion code CRONOS |8 ] . This code solves the parallel electric field
diffusion equation. The initial conditions are choosen in the ohmic steady state phase prior
the heating power pulse where the parallel electric field E// can be assumed constant over the
plasma radius. The conductivity is assumed to be neoclassical, and is calculated with the line
averaged <Zeff> provided by visible Bremsstrahlung and the temperature and density profiles
from Thomson scattering. It is assumed that the shape of the Zeff profile does not vary during
the discharge, only its average value changes as given by the experimental <Zeff> . In the
heating phase, non-inductive current profiles are introduced in the code and adjusted to match
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the time evolution of the loopj voltage, the internal inductance and the Faraday rotation angles
with the best accuracy.

The second method is based on the determination of the ohmic electric field profile
E// deduced from the time derivative of the poloidal flux computed by a sequence of
equilibria reconstructions from the IDENT-D code [9]. These reconstructions are constrained
by magnetic, interferometric and polarimetric measurements. The inductive current profile is
then determined from E// and from the neoclassical resistivity inferred from the
measurements of the electron density, temperature and Zeff profile. The Zeff profile is

determined by the procedure described above. The non-inductive current portion of the
current is the difference between the total and the inductive current. This technique has been
used on DIII-D discharges with FWEH and bootstrap current [10], and is now being
currently applied on various non-inductive scenarii on Tore Supra, and in particular to LHCD
driven discharges [8]. For both techniques the
uncertainties on Te (±20%) and Zeff (±10%)
constitute the largest source of error in
determining the inductive current.

The validity of neoclassical conductivity
on Tore Supra has been tested by computing the
loop voltage for steady state ohmic discharges
with the Spitzer and neoclassical resistivities.
The comparison with the measured loop voltage
(fig 1) shows that the plasma resistivity is in fair
agreement (within ±20%) with the prediction of
neoclassical theory over a wide range of plasma
parameters (Ip=0.4 to 1.7 MA; <ne>=1.5 to
5.1019 m-3; and BT=1 .3 to 4.0 T). This result
underlines the importance of trapped particle
corrections on Tore Supra like on other large
devices such as DIII-D [10] orTFTR [3].

0 0.2 0.4 0.6 0.8 1

Vloop (meas) [V]

1.2

Fig 1: Comparison between the measured
and the calculated loop voltage for
neoclassical (circles) and Spitzer (squares)
resistivities.

3. Analysis of high bootstrap current fraction regimes in Tore Supra.
High Pp plasmas are obtained on Tore Supra with direct FWEH in low current (Ip=0.7

to 0.4 MA), high central density (5 to 6.1019 nr3) discharges (fig 2a). The heating power (1.5
to 3MW in dipole phasing) is applied and the current is simultaneously ramped down from
0.7 to 0.4 MA to avoid any ICRF coupling problem related to marfes. For the discharge
presented in figure 2a, pp reached 1.6 at 8.2 second, at which time the central electron
temperature reached 3.5 keV, and loop voltage was below 0 volt. Steady state discharge have
also been obtained with the same scenario but1 with twice the current ramp rate; Steady state is
reached just after the current ramp down and lasts as long as the heating pulse. In these cases,
Pp reached 0.9 and the loop voltage 0.2 volt.

Using the CRONOS code to simulate these discharges, several models of bootstrap
current have been compared. First, Hirshman's model has been considered because it is valid
for arbitrary aspect ratio and flux surface geometry. Two formulations have been given for
this model. The first formulation [4] is in matrix form and can accommodate to any number
of species, while the second formulation [5] neglects the interaction between ions and only
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accommodates electrons and a single ion species in the limit of low collisionality. The final
last models are an implementation by Kessel [6] and Houlberg [7] of the full matrix
formulation of Hirshman and Sigmar [11]. These formulations calculate the viscosity
coefficient in all collisionality regimes and can accommodate any number of species for any
aspect ratio or geometry. They differ only in the fit used for the transitions between
collisionality regimes. All four models use full integral expression for the trapped particle
fraction. The bootstrap current profiles are calculated from these three models using the ion
temperature from the charge exchange diagnostic (accuracy of ±20%) and assuming
ne=Zeff.ni.

Fig 2a: Typical high bootstrap
fraction scenario performed on Tore
Supra with fast wave electron heating.
Pp reaches its maximum value (=1.6)
at 8.2 s.
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Fig 2b: Simulation of the internal inductance (li)
and loop voltage with the CRONOS code using
the full matrix formulation of Kessel [6].
Simulation shows very good agreement with the
evolution of experimental data.
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Fig 3: Bootstrap current fraction determined by
CRONOS at 8.2 s for the four bootstrap current
models used in the paper by varying the input data
(Te, Tj, ne, Zeff) within their error bars. The
lowest X on lj and V]OOp is obtained for Kessel's
and Houlberg's formulation.

The CRONOS simulation based on the full matrix formulation of Hishman and Sigmar
[6,7] gives the best agreement with the experimental measurements (Fig 2b). This simulation
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shows that for the discharge presented figure la, the bootstrap current contributes for about
70%±10% of the total current at the maximum pp. To examine the sensitivity of this result to
experimental uncertainties, the fraction of bootstrap current has been recalculated for all three
models but with the experimental data varied within their error bars (±20 % on Te and Tj,
±10 % on Zeff, ±10 % on ne, and +0.1 on li). A least square fit parameter between the
measured (m) and calculated (c) values defined as

= \f(l,n) (Vloopm-Vloopc)2 )

has been computed on n time points for each of the simulations. This % is found to be the
smallest for the Kessel's and Houlberg's formulations as shown on figure 3, and thus
indistinguishable and most appropriate for Tore Supra.

The profile of bootstrap current
has been directly dsetermined during
the period 7.9 and 8.2 second using the
parallel electric field determination
technique. The electron temperature
and density profiles are averaged over
this sequence to calculate the
neoclassical resistivity. The total non
inductive current inferred with this
method is 60±20% and is in close
agreement with the portion determined
by the CRONOS code. In addition, the
comparison of the experimentaly
determined non-inductive profile and
Kessel's profile (fig 3) shows that
Kessel's formulation also predicts the
shape of the bootstrap current profile.
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Shot 16100 between 7.8 and 8.1s

v Total current profile (IDENT-D)

\ Experimental
\ non-inductive current

iY Bootstrap current (Kessel)
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Fig 3: Comparison between the bootstrap current density
profile determined by the Kessel's formulation and the
experimental non inductive profile. The total current is the
same (=60%) and fair agreement is found between the
profiles.
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Magnetic shear dependence in transport on Tore Supra
Comparison with the local RLW model

Guiziou L., Hoang G.T., Saoutic B.
Association Euratom-CEA, Departement de Recherches sur la Fusion Controlee

Centre d'Etudes de Cadarache, 13108 Saint Paul lez Durance Cedex

Various steady-state non-inductive plasma regimes have been routinely obtained on Tore
Supra with Lower Hybrid Current Drive (LHCD) and Fast Wave Electron Heating (FWEH), in
which the current density profile was strongly modified. The beneficial effect of the current
profile modification on the global confinement has been observed. In this paper, the clear
link between the electron heat diffusivity (%e) and the magnetic shear (s) is reported. The
local dependence of the electron heat flux and the existence of critical temperature gradient
are also discussed.

Current Profile Shaping experiments
The relationship between confinement and current profile has been analysed
in different dominant electron heating schemes [1] i) high magnetic shear:
monster sawteeth, high-lj and FWEH ii) central shear reversal: Lower Hybrid
Enhanced Performance (LHEP). The modification of shear profile normalized
to the ohmic one is shown in Fig. la. The current profile is given by both the
current diffusion (CRONOS [2]) and equilibrium (IDENT-D) codes using the
polarimetry and magnetic measurements. Significant modifications of the
shear are triggered by large non-inductive current (driven current in LHCD
and high bootstrap fraction in FWEH). The reversed shear is observed within
the large part of the plasma (r/a<0.4) when the LH waves is inaccessible to
the plasma core. In these experiments, a strong electron heating is observed,
while the ion heating is weak. Electron kinetic energy exceeds the
Rebut-Lallia-Watkins scaling, which fits well the L-mode discharges [3], by a
factor up to 2. In Fig. lb, the global electron enhancement factor increases
with the normalized shear.

0 0.2 0.4 0.6 0.8
normalized radius

0.8
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
Normalized magnetic shear (w/wo RF)

1 Fig, lb: Electron energy enhancement factor
versus normalized shear (with/without LH) at
r/a = 0.5

Fig la: Normalized magnetic shear for
various improved confinement regimes.

Transport analysis result
Local transport studies using the LOCO code [3] give a confident

determination of electron diffusivity within the surface 0.2< r/a < 0.7, while
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in the central zone (r/a<0.2), the errotbar of %e could be more important.
The analyses take into account equipateition but not the radiation term,
which dominates in the outer part of the discharge, typically for r/a>0.8. The
ion heat diffusivity (XJ) is predicted to obtain the ion temperature profile (Ti)
from charge exchange and neutron mesurements. The electron temperature
and density profiles (Te, ne) are measured respectively by Thomson
scattering, ECE, interferometry and reflectometry diagnostics. Additional
power depositions are computed by different codes. For FWEH experiments,
the ALCYON code [5] is used, the power deposition is centrally peaked
(r/a<0.4). Hard X-ray mesurement combined with a 2D Fokker Planck/Ray
Tracing code allows to localize the LH deposition [1]. It should be noted that
the determination of %i is uncertain, within the experimental error bar of Tj(
at high plasma density. The error bar of Xe is however lower than 20%.

An improved confinement discharge by increasing the magnetic shear
with FWEH (Ip = 0.4MA, BT = 1.3T, qv(a) = 4.2, ne(0) = 3.2xl019rn-3) is
shown in Fig. 2. During the FW pulse the electron energy content (We)
exceeds the RLW 0.15
prediction by the
factor of 2, and
strong electron
heating is observed
(Te(0) rises from 1.3
keV to about 3keV).
Magnetic shear at
r/a=0.5 rises from
0.5 to 0.7. Xe is found
to be lower than the
value of an L-mode
shot by a factor of 2
in the confinement
zone where the shear
increases by a factor
of about 1.4. This
comparison is shown
in Fig.4

0.05

^time(s)9

Fig. 2: High shear FWEH
discharge
(shotTS14406, 2.6MW FW).
a) Time evolution of kinetic
electron energy and global
RLW prediction.
b) Magnetic shear at
r/a=0.5.

6 time (s)7 8

Magnetic shear reversal has been clearly observed in LHCD
experiments. Fig. 3 illustrates a discharge where the plasma center is
inaccessible to the LH waves ( Ip = 0.4MA, B-r = 1.3T, qv(a) = 4.2,
ne(0)=3.7xl019m"3). The off-axis power deposition profile is peaked at
r /a = 0.4. For this discharge, the electron energy enhancement factor is
about 1.4 due to a small enhancement volume (0< r/a< 0.4). As shown in
Fig. 4, thermal electron diffusivity is significantly reduced to the
neo-classical value in the central reversed shear region (r/a<0.25). At
r /a = 0.3, Xe is about 0.5 m 2 / s (OH level) instead of 2.5 m 2 /s for an L-mode
corresponding discharge. This decrease of Xe explains the transition to LHEP
mode observed in high BT experiments [6].
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Fig.3: LHCD reversed shear discharge (TS14409): central safety factor (q(O)), magnetic shear,
and electron thermal diffusivity at normalized radius r/a= 0.3.
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FWEH

-050 0.2 04 06 0.8
Normalized radius

High shear
3MWFW

Reversed shear
2.6MW LH
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Fig. 4: Magnetic shear and electron diffusivity profiles for various heating schemes: i) FWEH
high shear and L-mode discharges: Ip = 0.4MA, B T = 2.2T, q^a) = 6.6, ne(0)=4xl019nr3, ii)
LHCD reversed shear dicharge: Ip = 0.4MA, B T = 1.3T, q^a) = 4.2, ne(0) = 3.7x1019m'3.

Comparison with the local Rebut-Lallia-Watkins model
On Tore Supra, the dependence of electron heat flux (Qe) upon the

electron temperature gradient (VTe) for the improved confinement and
L-mode discharges indicates the existence of a critical temperature gradient
(Fig. 5). Dependence of electron heat flow on local parameters has been
investigated at different normalized radii. In order to reconcile the radial
increase of the diffusivity with normalized radius, we put on a universal
curve by including the local safety factor for different radii. (Fig. 6). Qe varies
linearly with q^.ne-VTe for standardjcurrent density profiles. The improved
confinement data with change in magnetic shear (40% increase m s) however
disagrees with this scaling. It is clear from this figure that %e is a function of
different local parameters as q ,̂ s, and VTe. The data seems to be modelled
by a critical gradient form proposed by Rebut-Lallia-Watkins [6]:
Qe = %e-ne-(VTe - VTC). A comparison with this model (Fig.7) shows a good
agreement at high ratio VTe/VTc. Discrepancy at low VTe/vTc could be
explained by inaccurate parametric dependences of the critical gradient
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which fits the JET data: VTC = \F(6,q).VR(\F(rjBT3,ne\R(Te))) given in [6] . Using
this expression, BT dependence in VTC is found to be too strong. A BT scan,
shown in Fig. 8, seems to indicate that there is no BT dependence in VTC .
Indeed, a fit without BT dependence using modified formula: VTC =
\F(i5,q).\R(\F(Tu\ne\R(Te))) gives a good agreement. Here, the shear effect, as
suggested in [7] is not taken into account: the ratio s/qv is kept constant.
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A mechanism for the sawtooth instability in
shearless and shear reversal equilibrium with q>l

D.Edery, J.P.Morera, X.Litaudon, J.C.Vallet, G.T.Hoang,
D.Moreau, R.Arslanbekov, Y.Peysson

Assocation Euratom-CEA sur la fusion
Centre d'Etudes de Cadarache

13108 StPaul les-Durance,France

I-Introduction
In Tokamaks a sawtooth activity is generally observed when the magnetic surface

q=l lies inside the plasma. In this case the toroidal internal kink mode fl] and the
resistive kink mode [2] with helicity m/N=l/l are basic in the triggering of the instability.
However in Enhanced confinement regimes (PEP, Monsters, LHEP) although the
poloidal beta exceeds the kink-tearing limit (ßp =0.3-0.4) no violent instability occurs.
Improved regimes with small shear or with shear reversal profiles and q on axis values of
about 2-3 have been achieved on Tore Supra with adjusted Lower Hybrid power
deposition [3]. In these experiments fast MHD events (sawtooth-like) are often observed
at the plasma center for flat q profiles and in an annular region around the inversion
radius for reversal q-profiles at q=l |4], and q=2 generally followed by a decrease of
confinement.

A theoretical model which attempts to explain the mechanism of these sawteeth is
presented and experimental results are given as a support of the model.

II-Model for the sawtooth instability
Lower Hybrid enhanced regimes on T.S. are characterized by nearly flat or

nonmonotonic q profiles with relatively large pressure gradients within the shearless
domain. In presence of a sufficiently large q=2 magnetic island ( 6cm - 10cm width), the
magnetic surfaces are distorted in the vicinity of the separatrix ( fig.l ), and because of
the low shear, they become more sensitive to the bending forces due to the pressure
gradient increase during LH current drive. In finite shear case, the equilibrium sustained
by each magnetic surface is destabilized by the ballooning mode when the local pressure
gradient on this surface exceeds a threshold value which depends on the island width [8].
In low or zero shear situations we find that the ballooning criterion for the threshold limit
is not equivalent to that given in [8].

To be more precise consider the initially unstable helical m/N magnetic island

with positive A

A = (1)

Then assuming the '\j/'=const. approximation in the tearing layer for m> 2 islands, one
gets the total helical flux ^ ( r , 8) :

vF(r,e) = -a2B^=-(-^ :^L)2 + \j/cos(me) (2)
2 qm a

'a' is the small radius, 'B' the toroidal magnetic field, sm=rq'/q the magnetic shear of the

resonant surface q(rm)=m/N, \j/ the flux perturbation (B r = m\j/ / Rrm ), and
0 = 0O - (p / qm the helical poloidal angle. The evolution of the magnetic island is
assumed to follow the Rutherford's algebraic regime which corresponds to the time

evolution of the perturbed flux ( vj> <* t2 ; w °ct) observed on Tore Supra .
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Now the unperturbed equilibrium (no island) is constituted approximately by displaced
circles with radial coordinate

r0=const. for all 0's (3)
In the presence of an island, the radial position of each magnetic surface is deduced from
formula (2):

r - r m =a A /2 (M / - \ j / cosm0) (4)

*F and \j> are the helical flux and its perturbation now normalized to the quantity

(a^S^ , ) / qm. Defining the island separatrix by vF(r,6)=vf(rm, 0=0)= \j / , one gets the
normalized island's half-width

w = ̂ f^f (5)
Let us now study the stability of the ballooning mode around this non-linear

equilibrium outside the islands. In toroidal geometry the ballooning instability condition
is fulfilled if there exists a magnetic surface on which the potential energy of the
ballooning mode 5WB is < 0

: (6)

^ = ( B A V < J ) ) / B is the ballooning displacement, (j) the perturbed electric potential,

K = V ; / (B / B2) the field lines curvature and dp/dr0 the local pressure gradient in the

unperturbed topology. The important quantity <dr o /dr> gives the average local
deformation of each magnetic surface in the presence of the island. Obviously
<dr0 / dr> = 1 with no island . Making use of the magnetic flux conservation in the
perturbed and unperturbed states, one gets

/dro\ /V2(y-\j/cosm0)\ 1
W \ dm / K(k)VF=F

0 *? 1

where 'K' is the complete elliptic integral of the first kind , k = (1 + d ,̂ / w )
and dm is the minimum distance between a magnetic surface and the X point of the
island, < • > is averaging on each magnetic surface.

In circular plasmas with a large aspect ratio, minimization of the energy integral
(6) neglecting the shear leads to the explicit instability condition :

where a = 2 j i 0 Rq 2 ( -dp /d r 0 ) /B 2 is the local pressure gradient in the unperturbed

equilibrium and 8 = — 1 = is the magnetic well.

For fixed island width the domain of instability lies inside the marginal curve given by the
right hand side of (8).
Two different classes of equilibrium profiles produced on Tore Supra during LH current
drive can be distinguished:
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1) The first one consists of hollow profiles either with qmin above 2 or with two
resonances at q=2 far from each other (fig 2a-2b). These profiles are generally stable
because the island widths are too small.

2) The second class consists of flat (shearless) q profiles with q on axis just
below 2 or of hollow profiles with two resonances at q=2 close to each other (fig 4).
These profiles develop large islands with highly distorted magnetic surfaces leading to
large values of <dr0 /dr >, thus making the experimental trajectory ( 5 / a ) c x p to fall
within the domain of instability .

Ill-Comparison between Theory and Experiment
During LHCD experiments in Tore-Supra, hollow profiles with q=5 on the

plasma boundary are generated at low toroidal magnetic field (2T) and lower current (0.4
MA) in fully non-inductive regime with a poloidal beta up to 0.8. When the LH power is
turned on the safety factor on-axis increases up to 2 (fig.2b shot n° 14409) and above 2
(fig.2a shot n° 14386) with a minimum q around the resonance q=2. An MHD activity
appears at 17.21 sec for shot 14386 with confinement degradation, and no MHD activity
exists for shot 14409 . Shot 13996 (4 Tesla) exhibits a sawtooth activity (fig 6).
Application of the axisymmetrical ballooning criterion[5-6] shows that the above shots
are all stable since the corresponding poloidal beta's are far from the Troyon limit.
Moreover the double-tearing mode for these shots is linearly unstable with growth rates
as large as those of the 'infernal modes'[7| leading to large islands of 6-10cm of width in
Rutherford regime. Now applying the stability criterion based on the model described in
section II we find that shot 14386 is stable at 15.1 sec and unstable at 17.21 sec (fig 5),
whereas shot 14409 is always stable (fig 3). Sawtooth of shot 13996 has a period of 30
ms and a crash time of 100-200|is [9]. At the bottom of the sawtooth (14.56 s) the
ballooning mode is stable. At the top of the sawtooth (14.58 s) this mode is destabilized

(fig 7) by the relatively high increase of the pressure gradient (vp(i=KS6s) = 2). Then this
mode appears as a possible candidate for the triggering of the crash. In fact the
equilibrium oscillates between two states:

* a hollow stable configuration with either two separate resonances at q=2 or no
resonance at all with q>2.

* a flat or reversal unstable configuration with qmin=2.
These results are in agreement with the experimental observations.

IV-Conclusion
A theoretical model based on the ballooning mode destabilization in the presence

of sufficiently large islands has been presented which can explain the fast MHD activity
which develops in shearless and shear reversal regimes with safety factor of the order or
above 2 obtained on Tore-Supra during LH current drive. The model is supported by
T.S. experimental data and may apply as well to other Tokamaks with nonmonotonic
equilibrium profiles. This sawtooth-like MHD activity driven by an m=2 N=l mode
during the LH regime or by an m=l N=l mode in PEP's [4], could also be explained by
the model of overlapping of neighbouring magnetic islands (i.e. double-tearing) leading
to magnetic surfaces breaking and temperature drop. This alternative model is under
investigation. ,
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1 - Introduction
On Tore Supra (R=2.36 m, a=0.8 m), a persistent sawtooth-like activity localized

near the q=2 surface is observed in Lower Hybrid Current Drive (LHCD) heated discharges at
low plasma current (Ip = 0.6 MA, qa = 9) [1]. This MHD activity is associated with the
growth of a m/n = 2/1 mode and leads to a significant degradation of central energy
confinement (about 25 % with respect to sawtooth-like free discharges).

Understanding this MHD activity is a major issue to achieve and control advanced
steady state scenarios, particularly with high non-inductive current fraction [2]. Analysis of
Mirnov magnetic fluctuations is used to characterize MHD activity along a sawtooth-like
cycle. Evolution of current density and temperature profiles is also investigated and a tearing
mode stability analysis is undertaken to study this persistent sawtooth-like phenomenon and
its onset.

In this paper, experimental conditions during sawtooth-like activity are described
together with the diagnostics used for this study. In a second part, characteristics of MHD
activity are analysed. Finally, the discussion section briefly reviews some possible
interpretations for the sawtooth-like mechanism and its trigger.

2 - Experimental conditions and diagnostics
Sawtooth-like activity is generally

observed in discharges heated by LHCD with
positive antenna phasing and zero-loop
voltage. For the non-inductive current
experiments reported here, the operating
conditions are : Ip = 0.6 MA, B T = 4 T, pp =
0.3 - 0.5 and PLH = 2 - 4 MW in helium
plasmas with low electron averaged-density
(<ne>= 1.5 - 2.5x1019 m-3). MHD appears
after a collapse of the central electron
temperature Te(0) (from 6 to 4.5 keV) and
induces a significant degradation of energy
confinement. It may occur at the beginning of
the LHCD plateau (Fig. 1) or sometimes,
during a Lower Hybrid Enhanced
Performance (LHEP) [3] [4]. In both cases,
once triggered this persistent disruptive
phenomenon continues until additional
heating is switched off. Its investigation is
made using magnetic captors in conjunction
with the Soft X-Ray camera (SXR), the
polarimeter and temperature measurements
provided by either the Electron Cyclotron
Emission (ECE) diagnostic or Thomson
scattering.

Shot 13996
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time [s]

Fig. 1 : Characteristics of sawtooth-like discharges.
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On Tore Supra, the fluctuations of poloidal magnetic field 5Be are recorded by an
array of 12 Mirnov probes poloidally and an other of 4 toroidally. A saddle coil of 32°
poloidal and 20° toroidal extension is also used to detect radial magnetic field perturbations
8Br. Mirnov oscillations are Fourier-analysed to identify the poloidal (m) and toroidal (n)
components of the mode associated with the perturbation. The analysis takes into account the
poloidal asymmetry introduced by the displacement of magnetic flux surfaces [5]. SXR
emission is detected by a high spatial (3 cm) and time (1 (is) resolution diagnostic consisting
of two pinhole cameras : vertical and horizontal with 44 and 53 detectors respectively.

In addition, five central chords (R = 1.97, 2.135, 2.3, 2.46, 2.63 m) of the infrared
polarimeter measure the Faraday rotation angles to infer by Abel-inversion the safety factor q
and current density J profiles with a ± 15 % absolute error. The latter profiles can be also
identified from the Faraday rotation angles and magnetic diagnostics introduced as an input to
the equilibrium code IDENT-D which solves the Grad-Shafranov equation [6]. Finally,
electron temperature Te fluctuations are measured by the six channel Fabry-Perot
interferometer. Owing to the suprathermal electron contribution induced by LHCD on the
ECE spectrum, Fabry-Perot interferometers do not measure the actual thermal Te. However,
for the sawtooth-like evolution analysis, they are the best minimal time acquisition diagnostic
(2 (is) comparatively with the twelve channel Thomson scattering diagnostic (38 ms).

3 - MHD activity and profile evolution
Sawtooth-like events consist of a Te(0) build-up phase (25-35 ms) and a disruptive

event (150 fis). A m/n=2/l oscillation is identified by the Fourier-analysis of magnetic
fluctuation signals. Both ECE (Fig. 2) and SXR diagnostics are also sensitive to this mode.
The amplitude of the 8Be 2/1-component is modulated by the sawtooth-like cycle. Toroidal
rotation of the 2/1 mode is constant at about 150 to 500 Hz, compared to the few kiloHertz of
standard ohmic discharges. Similar low frequency n=l MHD activity has been observed in
other RF heated experiments [7]. However, no spectroscopic measurement of plasma rotation
is available to confirm this low frequency for the present discharges.

In the first half of the build-up phase, Fourier analysis also reveals the presence of a
3/1 mode rotating at about the same frequency as the 2/1 mode. This mode is not detectable
before the crash, but it might actually be driven unstable by toroidal coupling to the 2/1 mode.

Shot 13996 Shot 13996
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Fig. 2 : Sawtooth-like activity on both ECE and F'g- 3 : C u r r ent density and safety factor profiles before
magnetic probes. an(* a*"ter a sawtooth-like crash. The corresponding times

are indicated by dashed lines on figure 2.
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These observations are consistent with a tearing mode analysis with a cylindrical A'
code using 8Be and 8Br as initial conditions. At the crash, the current redistribution tends to
reduce the positive A'2,i, thus attenuating the amplitude of the 2/1 mode. Just prior to the
sawtooth-like crash, the island width is estimated at about 3.5 ± 0.7 cm. On the other hand,
the current redistribution after the crash drives A\\ positive. The destabilization of the 3/1
mode could play an important role in the observed disruptive event.

In addition, current density and temperature profile analysis have been carried out
before and after the crash (Fig. 3 and 4). The safety factor profile shape is monotonically
increasing, with q(0) slightly less than 2 and exhibits a shear close to zero in the center of the
discharge. The location of the q=2 surface determined with IDENT-D (25.5 cm) prior to the
crash is in agreement with that of the inversion radius calculated by SXR (27.2 cm) within an
error bar less than the SXR spatial resolution. During the build-up phase, the J profile
becomes more peaked. At the crash, the q=2 surface is found to shrink by a few centimeters,
whereas the location of the q=3 surface is essentially unchanged. In the same time, the q on
axis increases and the central electron temperature exhibits a weak perturbation (8Te/Te =15
%). The Te profile evolution (Fig. 4) indicates that the Te relaxation occurs inside an
inversion radius located near the q=2 surface, but does not lead to a complete flattening :
there is a residual peaking in the centre at the end of the crash (time *4). This suggests that
ergodization of field lines may occur in between these two rational surfaces (0.3 < r/a < 0.6)
where modes develop and leads to the observed sawtooth-like crash. Although no turbulence
measurement is available to support this assertion, it seems quite consistent with the
weakness and the localization of the observed disruptive event.
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Fig. 4 : Electron temperature profiles from Thomson scattering along a sawtooth-like cycle.

4 - Discussion and conclusion
Sawtooth-like events on q=2 have already been observed in other tokamaks. Bursts

of sawtooth-like events have been reported on Textor [8] and FTU [9] during the start-up
phase of the discharge and isolated sawtoojh-like events have been observed on TFTR [10]
with low In (Ip=0.8 MA) and Neutral Beam Injection (PNBI=10 MW). However, unlike Tore'
Supra results, they are unfrequent and irregular and generally correspond to* hollow Te and J
profiles with double resonant surfaces.

On Tore Supra, various instabilities have been considered to explain, the observed
sawtooth-like events. Ballooning modes are not likely to play a role in this disruptive event.
They are indeed expected to be destabilized at higher (3p (pp>0.7) than those observed and the
present sawtooth-like discharges describe a stable route in the ballooning stability domain.
However, a ballooning mode excitation scenario has been proposed, based on the idea that
destabilization may be enhanced by the presence of a large 2/1 mode in the vicinity of the
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associated magnetic island [11]. According to the experimental analysis, the 2/1 mode seems
to play a major role in the observed disruptive events. The tearing mode analysis confirms
that the 2/1 mode is destabilized and the island growth (linearly with time) is in agreement
with the Rutherford theory for current driven tearing modes [12]. However, since it does not
undergo any significant change neither prior to nor during the crash, other modes may
participate to the disruptive phase. Observation of a 2/1 and 3/1 coupling in the initial stage of
the build-up phase may support this assumption. A possible scenario could be that the 3/1
mode actually appears just prior to the crash (but with a relatively low island width lying
down the sensitivity of Mirnov coils) and plays a role in the ergodization of a region roughly
intermediate between the q=2 and q=3 surfaces.

Preliminary magnetic and profile analysis also suggests that this mechanism may
also be responsible for the initial Te(0) collapse. However, this collapse is not yet sufficiently
documented to draw conclusions about its underlying cause.
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Introduction. The Lower Hybrid (LH) Current Drive (CD) scheme still remains one of
the promising methods for noninductive CD in tokamaks in a view to achieve continuous
operation of fusion devices and to control the current density profile. For the last fifteen years, a
great experimental and theoretical effort has been made in this field in order to have a deeper
understanding of the physical mechanisms that govern the processes of LH wave propagation
and absorption. From the experimental point of view, large CD efficiencies have been obtained,
up to 0.4x1020 Am-2W-' [1], and various LHCD performances have been reported on different
machines (for recent TORE SUPRA results, see [2,3]). From the theoretical side, a great
number of models has been developed to determine the LH power both spatial and energetic
absorption profiles. It has been shown [4] that the LHCD scheme is most efficient when the LH
waves interact with energetic electrons and so when a narrow spectrum at low n// = ck///co is
launched by the antenna, where k// is the component of the wave vector k along the equilibrium
magnetic field B, k„ = k.B/| B |, c the speed of light and CO/2K the LH wave frequency. Here, the
well-known "spectral-gap" problem arises which consists in the following. The wave-particle
resonance condition between a LH wave launched with low-n// (for TORE SUPRA, with a 0°
phasing, n//0 = 1.8 where n//o is the parallel index at the peak of the main lobe of the launched
spectrum) and an electron, co = k//V// (v// is the component of the fast electron velocity parallel to
B), may be satisfied only for very energetic electrons (E = 130 keV for n//= 1.8). Initially, the
plasma is transparent to such waves because there are almost no electrons with such energies
and, to be absorbed, the launched n//-spectrum must be broadened (and upshifted) by some
mechanisms. In a tokamak, such an increase of n// may result from the poloidal inhomogeneity
inherent to the toroidal geometry. Using combined Ray-Tracing (RT) and Fokker-Planck (FP)
codes, it has been shown [5] that, due to toroidal effects, n// can vary along the ray trajectories
and the spectral gap can be filled. In this RT/FP approach, the excited wave spectrum is divided
into some number of rays and, in order to fill uniformly the phase-space domain accessible to
the wave when the spectral gap is large, a sufficiently big number of rays must be followed for
many passes through the plasma [6]. This is not only rather costly from the point of view of the
CPU time consumption but also the results of the predictions become sensitive to the details of
the individual ray trajectories which are rather complicated. It has seemed natural to develop a
statistical description of the wave dynamics instead of following a large number of rays for
many passes through the plasma when any perturbation (poloidal inhomogeneity, density and
magnetic field fluctuations, different types of instabilities induced by LH waves, magnetic
ripple, etc.) can lead to n//-spectrum broadening. Such an approach describing stochastic wave
propagation in the multipass regimes has been proposed in [7]. Multipass regimes take place (i)
when the absorption due to electron Landau damping is weak (moderate electron temperatures)
or/and (ii) when the plasma core (where the plasma is hottest) is inaccessible to- the initial wave
packet (high density or low magnetic field). In both cases, the waves make many passes through
the plasma and undergo numerous reflections before the initial n//-spectrum is upshifted to
sufficiently high values: (i) n,f > 7.0/^/xjkeV] and (ii) n„ > n//acc « 1 + (cûpc/Qcc) ,- where Te is
the electron temperature, Cûpc the electron plasma frequency and Qce the electron gyrofrequency.
In this paper, we present a study both theoretical and experimental of multipass regimes in
LHCD on TORE SUPRA.

The Wave Diffusion / Fokker-Planck (WD/FP) theory. Let us consider briefly
the statistical approach proposed in [7]. This approach describes the wave dynamics in the semi-
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classical limit and it is based on the wave kinetic equation for the electromagnetic energy density
U(r,k,t), where r is the position vector. (Note that appropriate canonical coordinates in tokamak
geometry (r,0,(]),kr,m,n) are used). Taking into account that in the multipass regimes, U tends to
be uniform along the entire ray orbit in the (r,kr) plane and averaging the wave kinetic equation
on the wave orbit, one can obtain the diffusion equation for (U)(m,t), where (...) denotes the
orbit averaging (note that an axisymmetric geometry is considered, where the (^-dependence
disappears and n is conserved):

where Dwavc is the value of the spectral (i.e. in the m-space) diffusion coefficient of the
electromagnetic energy, Dwavc = Anr/2 and Am is the rms step in m per transit time x; y is the
damping rate, S is the rf source term which is assumed to have a 8-like form, i.e. (S) <* 8(m).
This one-dimensional equation for the rf energy density can be easily solved with given damping
decrement y and diffusion coefficient Dwavc. Because the damping decrement depends implicitly
on the electron distribution function fe (Y°= dFJdv//, where Fc is the perpendicular integral of fe),
the appropriate one-dimensional Fokker-Planck model is used and coupled to (1) to obtain a
self-consistent solution of this non-linear system of equations. It would be difficult to find Dwave
without RT calculations, but it turned out that self-consistent solutions are insensitive to the
precise values of Dwave which are sufficiently large when Fe forms a saturated quasilinear
plateau. As a result, in the large Dwave limit, power deposition profiles can be calculated without
knowing the precise value of Dwave. Note that this statistical approach (or model of wave
diffusion in the m-space) is valid provided that the dumping decrement (or An///n//) per radial
transit is small. If there is a strong (even localized) upshift of n// due to a local inhomogeneity
(magnetic island, X-point, etc.) this model breaks down.

An important result of the WD/FP theory is when it applies, the spectral gap is filled in a
self-regulating manner. In this case, the mechanisms involved in producing of wave diffusion in
the phase-space need not to be specified and the results of the LHCD modeling become robust
and insensitive to various model assumptions (magnetic equilibrium, scattering effects, antenna
extension and position, etc.). That is why it is very interesting to identify such regimes
experimentally and to validate the WD/FP theory. Further we present some experimental results.

Experimental results. In order to have access to multipass regimes, a set of LHCD
experiments has been performed on TORE SUPRA (a = 0.8m, Ro = 2.36m, Bt < 4.2T, Ip <
2MA) at low toroidal magnetic fields (Bt < 2T) and low electron temperatures. Here, shots at
low magnetic fields are analyzed, when the plasma core is inaccessible to the initial wave packet,
i.e. when n//(launched spectrum) < n//acc, and the LH waves propagate many times back and
forth through the mode conversion boundary until the n//-spectrum is broadened (and upshifted)
and so completely absorbed. An example of such a shot (#14386, 0.4MA/2T, 0° phasing) is
considered here. A fully non-inductive discharge (V|OOp ~ 0) has been obtained with an
improved confinement regime when the electron thermal energy exceeds the Rebut-Lallia-
Watkins prediction by a factor HRLW = 2 at pp = 0.8. The safety factor on-axis (q0) increases
above 2 when the LH power is turned on, the central electron temperature Teo rises from lkeV
to 3.5keV and the electron density remains constant with nco = 3xl0 I 9nr3 . The LH power
deposition profile deduced from the WD/FP theory is presented in Fig.l. Different independent
techniques have been used to confirm such a strongly off-axis profile:

(i) The LH wave power deposition was determined by a standard method based on the
use of a toroidal Ray-Tracing combined with a Fokker-Planck module. The usual one-
dimensional self-consistent Fokker-Planck treatment, in which the suprathermal distribution
function is assumed to be Maxwellian in perpendicular momentum, with an effective
perpendicular temperature Tj_ is replaced by the full resolution of the two-dimensional (in
momentum space) relativistic Fokker-Planck equation using a fast numerical solver [8]. It has
been shown in [9], that with the 2-D simulation, it is possible to reproduce the energy
dependence of the non-thermal bremsstrahlung emission (BE) over a wide energy range (see
below). In Fig.l, the result of a RT/FP-2D simulation is shown, which reveals the same shape
of PLH as predicted by WD/FP.
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(ii) Polarimetry measurements
indicate that the q-profile is hollow within
the surface r/a < 0.3 (i.e. the magnetic
shear is negative) with a minimum q-value
above 2 (Fig.l). The calculation of the q-
profile with the predicted non-inductive
current profile, LH + Bootstrap (Hilton-
Hazeltine expression, see [3]), is in fair
agreement with the experimental profile
(Fig.l).

(iii) HXR emission spectra detected
by a multichannel spectrometer that probes
the plasma in a poloidal cross-section along
five lines-of-sight (labelled as A, B, C, D
and E) have been analyzed. In Fig.l, a
result of Abel inversion presents the hollow
shape (Fig.l), which is in good agreement
with the power deposition profile. RT/FP-
2D simulations have been carried out to
calculate the non-thermal BE. The results
have been compared to experimental HXR
spectra. Not only the slope of the HXR
spectrum (photon temperature Tph) is well
reproduced, but also is simulated the

absolute level of the signal in a wide photon energy range. Calculations of Tph have also been
carried out for TORE SUPRA shots with different magnetic fields and compared to experimental
ones (determined in the energy window 75-175keV). In Fig.3, photon temperatures (calculated
and measured) are shown for different shots as a function of the accessibility parameter n//acc («
ne/B

2). Shots with the same electron densities (ne0= 3xl019nr3) and power inputs (PLH ~
3MW) are presented. One can see that Tph decreases when n//acc increases, i.e. when Bt
decreases. It can be explained by the fact that at lower magnetic fields, less energetic electrons

0.2 0.4 0.6 0.8
NORMALIZED RADIUS

1.0

F i g . l . Power deposition profiles for shot #14386
(0.4MA/2T): deduced from WD/FP (thick dashed line), -
from RT/FP-2D (thick full line), normalized Abel inverted
HXR profile for hv = 75keV (x-markers), measured q-profile
(thin full line), calculated q-profile (thin dashed line).
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are accelerated by LH waves, so Tph decreases while the CD efficiency degrades.
(iv) An alternative possibility to estimate the non-inductive current density profiles may

be the simulation of the time evolution of different local and integrated magnetic measurements
(V|oop, lj, Faraday rotation angles, q-profiles, etc.). These time evolutions can be considered as
a signature of the spatial location of the non-inductive sources. To carry out such simulations,
the current diffusion code CRONOS has been developed [3], which numerically evolves the
parallel electric field cylindrical diffusion equation where the non-inductive currents are the
source terms. The CRONOS code has been coupled in a self-consistent manner with the WD/FP
module. The results have demonstrated that using the WD/FP predicted non-inductive sources, it
is possible to reproduce rather well the time evolution of different magnetic measurements
(Fig.4).

R=2.135m,
.970m

-4 I I I I

11 12 13 14
TIME(s)
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15 16

Fig.4. (a) Time evolution of the Faraday rotation angles for five chords: measured (dashed line), CRONOS +
WD/FP simulated (full line), (b) Time evolution of the loop voltage: measured (dashed line), CRONOS +
WD/FP simulated (full line)

Conclusions. The validity of the statistical treatment of stochastic wave diffusion in multipass
absorption regimes during LHCD has been proved both theoretically and experimentally. Such
regimes with off-axis LH power deposition profiles have been realized in a stationary and well
reproducible manner during low magnetic field operation when the central penetration of the
wave is limited. This validation has been carried out through different independent techniques:
HXR emission analysis, Ray-Tracing/Fokker-Planck-2D simulations, the time evolution
simulations (CRONOS) of different integrated and local magnetic measurements. It is worth
mentioning that such a low-B/low-density operation allow to simulate shots at high-B/high-
density, which should therefore also be characterized by a reversed shear in the plasma core
when the LH power is large enough to drive the full current [3].
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High power coupling of lower hybrid (LH) waves is affected by the geometry of the coupling
region and thermal and impurity effects. We have carried out LH coupling experiments on Tore
Supra specifically to examine these issues.

/ . Effect of plasma shape
The various plasma scenarios employed in Tore Supra require the plasma minor radii of

0.71-0.79 m. Since the plasma in most cases,.is limited on the inner wall, the RF antennas are
moved in a rather large stroke (=15 cm ). Consequently, both the poloidal and toroidal
curvatures of the flux surfaces in front of the antennas are changed. In particular, when the
antennas are pushed inward, the toroidal radius of curvature is increased from 1.5 to 2.2 m
because of the decreasing effect of the magnetic ripple. In specific experiments, the local
poloidal radius of curvature R(JP°' was varied by changing the ellipticity of the plasma, while the
last closed flux surface position (measured at the mid-plane) was kept constant, insuring a
constant toroidal curvature. When RJ"1 is varied between 0.64 and 0.77 m, (the ideal fit with
grill shape is for RJ50' =0.78 m), the average coefficient of reflection is constant for the two
antenna major radial positions (Fig. 1). The lower coupling measured for the more advanced
(smaller R) position is due to the mismatch of toroidal shapes between the grill and the plasma
when Re101' (=2.0 m) is larger than the radius of curvature of the antenna (Rc=1.6 m).
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This result was confirmed by an analysis of coupling along the toroidal directiop using RF
voltage measurements on two rows of eight modules of the grill: for tow major-radial grill
positions, the coupling of lateral modules is constant, whereas the reflection coefficient of
central modules is enhanced by a factor 2-3 when there is a toroidal mismatch. In this case, the
field line connecting the two sides of the lateral protection is separated by 4 mm radially from
the central modules. The very steep density gradient in this region (Kn ~ 3 mm) lowers the
density at the grill aperture to a density close to the cut-off density.
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2. LH coupling during combined LH-I CRF experiments
Geometric shadowing and non-linear behaviour (effect of RF power) is studied during

combined launching of ion-cyclotron (IC) and LH waves under two different conditions . In the
first case, LH coupling is measured at low power with a rather large distance between the
plasma and the grill (6 cm), providing n:irginal conditions for coupling at low power and
therefore a good sensitivity to edge plasma conditions. Plasma current scans show that the LH
coupling depends on geometric shadowing by the ICRH antenna located on the ion-drift side.
When the upper row of wave guides is fully shadowed, the reflection coefficient increases from
10% to 20%. Furthermore, when the ICRH antenna launches power (1-2 MW), a further
increase of the coefficient of reflection (CR) to 35% is measured on the same row (Fig. 2),
while the unconnected row is unchanged (not shown).
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In the second case, the LH grill is placed closer to the plasma (3.5 cm) to ensure good
coupling conditions (CR = 4-5%) but is maintained behind the ICRH antenna (0.5-1.0 cm).
Coupling is studied at high power (21 MW/m^): no weakening of the LH coupling is
measured and no dependence on ICRH power level (up to 3 MW ) is observed (Fig. 2).
However, at very high ICRH power (> 5 MW), an increase of reflection is observed on the
modules connected to the IC antenna : this increase of the CR, up to 10%, is, in many cases,
related, in time, to the change of IC resistance coupling, indicating perturbations of the scrape-
off layer all along the flux tube connecting the two coupling structures. When the LH power is
also increased to 5 MW (i.e. 30 MW/m~), the CR returns to 3-4% because of the increase of
local density during LH heating /!/.

We conclude that plasma modifications along flux tubes connected to the LH couple, in
particular, the ICRF antennas, can alter the LH coupling.

3. Effect ofLH power on thermal load and impurity generation
In an attempt to decouple grill-localized impurity generation mechanisms* from global

effects, systematic observations have been made of the LH couplers during scans of plasma
current, power and wave phasings. Observations were made using video imaging in IR, CII,
CIII and Da light. In addition, Langmuir probe measurements of density, temperature, and
floating potential were made in the edge plasma.

The launch phase of the LH waves is strongly correlated with the observation of carbon
emission activity. For 0° wave guide phasing, essentially no carbon emission is observed, but
for +60° or -60° phasing, the entire grill region is illuminated by CIII, while CII emission is
more sporadic and appears localized in the wave guide mouths.
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The IR emission is concentrated in hot spots located on the inside of the lateral
protection on either side of the rank of wave guides. The IR emission intensity does not depend
as dramatically on wave guide phase as does the visible emission, but there is some evidence of
reduced hot spot heating (factor ~2 in raw IR emission) for wave guide phase = -60°.

As in earlier imaging studies of ICRH antennas, the IR and visible emission from the
LH grills have different time scales. The IR emission rises on thermal times scales of ~1 s,
while the carbon and deuterium emission increases on the time scale of a few imaging frames
(20-40 ms). This apparent decoupling of measured surface heating and carbon emission indi-
cates that LH specific plasma effects need to be coupled into the model for the grill-plasma
interface.

The amplitude of the CIII emission during an LH pulse depends significantly on the
plasma current, which we tentatively interpret as reflecting the magnetic connection geometry
(via qa) connecting the grill elements to limiters and wall tiles. The C1I emission varies less
with qa. The CIII emission also shows "streamers" that pass rapidly in front of the grill. In this
and many other instances, the CIII emission shows long scale length transient features that are
not seen in the CII emission, suggesting that the C impurity source is not always local to the
grill.

The Langmuir probe measurements show no evidence of the peaked potential structures
seen in similar measurements on the ICRH antennas HI, suggesting that long range if sheath
phenomena are probably not active in this case.

As with all LH experiments, the acceleration of electrons could play an important role.
The observations of significant dependence of impurity emission on wave guide phase also
support this hypothesis. Simplified, preliminary calculations of electron acceleration just in
front of the grill.s show that energies of ~2(X)-500 eV can be obtained, suggesting a possible
scenario for the formation of the hot spots on the grill on other plasma facing components (e.g.,
wall tiles). The field line connections of the various pans of the LH grill to other plasma facing
components thus need to be controlled carefully to optimize LH performance.

A more detailed evaluation of these mechanisms has also been undertaken using the BBQ
impurity SOL transport code and the CASTEM-2000 finite element thermal analysis code.
Because the incident heat flux to the surface of the LH lateral protection depends on the instan-
taneous temperature of the surface, and this surface is actively cooled, a self-consistent thermal
analysis is required, including the instantaneous local sheath potential. Fast electron, thermionic
emission, and secondary electron emission effects on the sheath potential have thus been included
in CASTEM. The heat flux enhancement due to a fast-electron minority with average energy ~10x
greater than the bulk is included, using the model of Sato and Iwasaki /3/; the inclusion of these
"warm" electrons typically increases the heat flux to the surface by a factor ~2. The heat flux
conducted away from the wall is calculated by CASTEM, and includes contributions due to bulk
conduction, thermal radiation, evaporative and thermionic cooling.

Using this self-consistent heat flux model, the local impurity generation rates on the Tore
Supra lateral protection are computed, using available data for physical, chemical and radiation-
enhanced sublimation. The calculated time evolution of the surface temperature resembles that seen.
in the experiment, although the calculations show local hot spots hotter than those measured with
the IR system; this could be a result of the finite resolution (~cm) of the IR optical system. We use
estimates of the scrape-off layer electron density and temperature from similar discharges in the
BBQ scrape-off layer transport code to calculate the resulting production, transport, and spatial
localization of CII and CIII due to physical, chemical, and radiation-enhanced sublimation (RES)
sources.
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Fig. 3 compares the physical, chemical and RES sputtering yield distributions on the
LH lateral protection. A predominantly physical sputtering source produces a diffuse emission,
because the panicles are the result of a collision cascade which produces a high energy tail with
a relatively long (-10 cm) mean free path. When the chemical or RES mechanism is dominant,
a highly localized source is expected (Fig. 3, lower left). Because the observed time depen-
dence of C emission more closely matches the calculated time dependence of impurity emission
from chemical sputter (Fig. 3, top right) rather than RES (Fig. 3, middle right), a chemical
rather than RES source appears to be involved for the LH lateral protection.

This model still treats heating of the lateral protection as the source of impurities; a
detailed explanation of the experimental observation of fast rise-time carbon emission from the
grill region itself requires further measurements and analysis.

*Rescarch sponsored in pan by the Office of Fusion Energy, U.S. Department of Energy, under contract DE-
AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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New TORE SUPRA steady state operating scenario
i
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1. Introduction

Operation for times larger than the time required to reach full equilibrium conditions in

plasma wall interaction (several minutes) is one of the main goals of TORE SUPRA. This

operational regime can only be achieved with a non inductive plasma current. Lower Hybrid

Waves (LHW) are used for this purpose. Steady state plasma control has been successfully

achieved at TORE SUPRA by developing a new plasma control system which not only allows a

better control of the plasma shape and position, but is also able of feedback control on some

global plasma equilibrium parameters like the safety factor at the plasma edge qy(a), the loop

voltage V, and the plasma current ramp rate dlp/dt. Its capability to control the current drive

and operate TORE SUPRA plasma discharge in steady state regime has been demonstrated.

2. Plasma Shape and Position Control

The design of the poloidal field system of TORE SUPRA [1] is particular in the sense that

it fulfils in a single set of coils ohmic heating, radial and vertical position control of the plasma.

In this way, the total installed power and the total weight of the conductors is minimised. The

poloidal field system is constituted of 9 coils, associated with 9 power generators, allowing the

control of the plasma boundary at 9 points. They are located on 9 axis directed towards the

coils, the eigen axis of the system (see figure 1). The plasma control system makes use of the

magnetic measurements of the poloidal field Be and the vertical flux on the vacuum vessel. The

position of the plasma is identified through the isoflux method along the 9 axis. Differences

between the measured points and programmed ones are then converted into generator voltages

aid of a 9X9 transfer matrix.

During plasma operation, the required plasma shape and position arer parametrised by A

parameters: major radius R, vertical position Z, elongation e and small radius a, obtained

consistently with the contact between the plasma and one of the movable limiters or the inner

wall. At each step of the control algorithm, the required plasma shape {R,Z,a,e} is translated

into 9 control points (p j along the 9 eigen axis, by using simple trigonometric formulas.
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3. Real-Time Determination of Equilibrium Parameters

If the forward mapping, from {R,Z,a,e} to {p;}, is straightforward, the inverse mapping

is more difficult to perform in real time. Due to its non-linearity, it requires the use of a Multi

Layer Perceptron Neural Network [2]. This network fits an ellipse characterised by its central

position {R,Z} and its two axis {a,b} on the 9 plasma positions {p;1}, determined for the

generators voltage control. A typical result for the major radius R has been plotted on figure 2,

along with the programmed value. The small oscillation around 11 Hz shows the characteristic

time response of the feed-back loop.

More sophisticated parameters are then calculated:

The safety factor at the edge:
0 i~i t

. Preliminary tests

have been performed to control its value, either by varying the plasma current or the plasma

position. An example is plotted on figure 3: the plasma current has been modified by the pilot,

and the feed-back system has changed the major radius to keep the safety factor close to a

constant value (6.5).

^ The two first Shafranov momentum [3], which are integrals of the poloidal field on the

measurement surface, i.e. the vacuum vessel. They allow the determination of the stored

energy in the plasma via the equilibrium field: p+1/2

^ The kinetic energy ((3) can then be separated from the magnetic energy (1;) with the use of a

dtamagnetic loop surrounding the plasma. This second parameter will be used in a near future

for current profile control algorithms, in particular during current ramp-up.
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4. Feed-back Control during L.H.W. Current Drive

The new plasma control system has the capability to control the iron core flux

evolution, by modulating the main poloidal generator. It allows in particular to run constant

flux plasmas, a necessity for very long discharge (true steady-state), provided that some non-

inductive current drive is used (L.H.W on TORE-SUPRA). In contrast with constant current

mode operation for which the typical decay time of the iron core transformer system is very

long, this zero loop voltage (constant flux) operating mode allows OH current to decrease with

a time constant of about 4 sec.

In this kind of scenario, the plasma current is able to take any arbitrary value,

depending on plasmas parameters and the LHW current drive efficiency. As the plasma current

intensity has a large effect on the current profile and plasma performances it cannot be allowed

to vary outside a limited range and one must control precisely its value. Therefore, a second

proportional feedback algorithm was install to control the pulse amplitude of the injected LHW

power to keep the plasma current constant rather than the usual opposite (i.e. constant rf

power but varying current) (see figure 4).
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Thanks to this new plasma control system which has proven a versatile tool, fully non

inductive steady state regimes for the first time in a large tokamak could be maintained for up

to 15 seconds without indicating any operational limit [4].
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We have put in evidence during these experiments the need for an extra margin in the

available LHW power to cope with temporary losses of current drive efficiency and/or plasma

confinement. On the other hand during full Lower Hybrid Current Drive (LHCD), after the few

seconds needed by the profile to evolve from its ohmic to LHCD shape, a strong MHD activity

arises very often and degrades subsequently plasma performances. For some LHW spectra,

however, no MHD activity appears, indicating potential stable LHCD current profile (figure 5).
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ATOMIC PHYSICS AND PLASMA-WALL INTERACTION EFFECTS
ON PARTICLE SCREENING AND RADIATIVE BEHAVIOUR OF

ERGODIC DIVERTOR EDGE PLASMAS IN TORE SUPRA
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R. Guirlet, W. Hess, M. Mattioli, P. Monier-Garbet

Association Euratom-CEA sur la Fusion Controls, DRFC,
C.E. Cadarache, 13108 St. Paul-lez-Durance (France)

1. INTRODUCTION. One of the most spectacular effects of the Ergodic Divertor (ED)
in Tore Supra (TS) is its capability to screen intrinsic impurities [1,2] (mainly carbon in TS,
an all carbon, actively cooled, tokamak), thus purifying the plasma core (r/a £ 0.8) with
practically no change in its confinement properties [3], This was quite unexpected, since the
ED theory does not foresee a drastic increase of particle transport (contrary to the large
predicted effect on heat transport). The interpretation of this ED-induced impurity screening is
quite complicated, since it involves the interplay among particle transport, atomic physics,
and plasma-wall interaction phenomena. Moreover, it was hoped that the ED would allow a
considerable increase of the radiated power fraction, thus reducing heat load problems. Both
these topics are discussed here, where we try to clearly state our present understanding of
these problems, which has been aided by the study of the behaviour of both intrinsic and
injected impurities. The ED-induced, edge plasma characteristics, relevant to the particle
effects discussed in this paper, are: a relatively large (10-15 cm) radial extension of the
affected edge (both ergodic and laminar layers), characterized by a substantially reduced
particle confinement time, a flat electron temperature, Te, profile (between 40 and 80 eV,
depending on the electron density, ne), between at least 0.9£r/a<l, and a relatively large, up to
7 cm, scrape-off (laminar) region [3].

2. SCREENING. We shall start with a review of the experimental results (the screening
factor is defined as the ratio of the central particle densities with and without ED). For all
particles, screening is proportional to the perturbation strength, i.e., to the ED current

i- Deuterium is strongly screened. In D
plasmas, n e decreases (Fig.-1) as soon as the
ED is switched on (ne decreases much more in
the ergodic layer, r/a > 0.8, than in the confined
plasma); at the same time all the Da signals
(an indication of recycling) increase: these two Fl*-Im ED deuterium plasma.

effects indicate a decreased peripheral particle confinement time. The value of the ne decrease
(up to 50% of the average density) and its time constant depend on the wall conditions. It is
difficult to maintain ne at the pre-programmed value when switching on the ED at the current
plateau, since this induces a very large gas injection, eventually leading to a disruption. This
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Fig.2- C concentration in ED and limlter D
plasmas as function of<nt>.

problem has been solved by switching on the ED at the beginning of the current ramp up, thus
ensuring a smooth transition to the divertor configuration (typically a D injection of a few
Pa.m3 s"l is necessary to obtain <ne>=4 10*9 m - 3 , i.e., a filling efficiency of a few %).

ii- Helium is practically not screened. In 104

He plasmas, ne remains practically constant 1

when applying the ED. The fuelling efficiency \ v?

is > 80 % . The impurity screening factor is

somewhat less than for D plasmas.

Ill— Intrinsic impurities. Carbon is

efficiently screened: a screening factor of 0.2 to

0.4 is found, depending on wall conditions and

fuelling gas (Fig. 2). Screening is somewhat

better with boronized walls. Oxygen is less

screened; however, if the O data is normalized

to the Da measurements (proportional to the D

flux), it falls in line with C (Fig. 3). Chlorine,

present in small quantities only in high density

plasmas, is very efficiently screened, especially

with boronized walls.

iv- Injected impurities. We shall neglect

laser blow-off injection of metals, since

(although non perturbative for the core

plasma) it is locally (at the periphery where

the neutrals enter the plasma) very

perturbative, and burns through the ergodic

layer. Nitrogen, argon, and neoa have been

injected. N and Ar are both screened

approximately as C (for N, screening is better

with boronized walls), and are both partially

recycling impurities (Ar more than N),

because of wall retention. Ar wall trapping has

been systematically investigated by measuring

the Ar particle balance, using RGA (residual

Fig.3- C, O, and N concentrations in He plasmas
as functions oflED-

9340

Fig.4- Injected (circles), and Integrated quantity
deposited in the walls (squares), for Argon

gas analysis) and flowmeter measurements. Fig. 4 shows that the integrated quantity of

deposited Ar particles (for a series of consecutive shots during a radiative layer experiment

with Ar injection) increases continuously: Ar accumulates in the vessel walls. Gas recovery at

the end of the shot larger than the injected quantity is obtained for disruptive plasmas (black

circles) and non-disruptive plasmas without Ar injection. Similar results are obtained for N.
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Both impurities end up in the wall, and are (at least partially) released in subsequent shots,

thus preventing shot to shot reproducibility. Neon, on the other hand, is an almost completely

recycling impurity, practically not screened: the injected quantity is completely recovered at

the end of the shot. RGA measurements show that mass 22 (representing neon) has an

exponential decay with a time constant of 17 s (very close to the vessel Ne pumping time

constant), to be compared to 50 s for a non-ED limiter plasma. This difference is probably due

to the lower energy, with the ED, of the impinging Ne ions, because of the lower edge Te

value, leading to a shallower ion penetration in the wall.

A discussion of these results must start with the observation that 'pumping' (either active

pumping or wall retention) is an absolute prerequisite for particle screening. Indeed, a

completely recycling particle, even if ionized in the ED region, will eventually enter the

confined plasma if there is no means to pump it out. D is well screened, even when the usual

wetted carbon surfaces are saturated, because the different ED connections give access to

larger interaction areas. However, even for a partially or non-recycling particle, screening can

only be effective if the neutral ionization length X\ (=vo/ne<av>jOn> where Vo is the velocity

of incoming neutrals and <cjv>ion the ionization rate coefficient) is shorter than the ED layer

extent, XED (in which case, the wider sol and reduced edge particle confinement time increase

the screening). Estimations of A.ED^i show that only backscattered particles have a finite

probability of entering the confined plasma (for backscattering, we have taken the value 3Tee

for the incident particle energy, T e
e being the value in the ED layer). For both He and Ne

neutrals, a large fraction is expected to be backscattered; moreover, both have low ionization

rates and are not pumped, thus explaining the poor screening. Finally, since D is efficiently

screened, backscattering cannot play a major role, and most of the population must be of

Franck-Condon origin; indeed, Da line profile measurements show an average energy of 3.5

e V, with practically no underlying hotter component.

3. RADIATION. One of the possible

solutions to the wall heat load problem is to

radiate a large fraction of the input power; this

involves the injection of impurities and requires

that they do not pollute the confined plasma. The

ED screening properties are a distinct advantage;

however, they would require active pumping,

since using the wall retention capability gives

rise to shot to shot irreproducibility, due to the

subsequent release (indeed, we have not been
Fig.5'Normalized Ne radiation power as

function ofNe density in the plasma core.

able to reliably operate with Ar or N). We have therefore injected Ne (preferred to He

because of its larger cooling rate at the relevant Te) into relatively high power (up to 5.5 MW

of ICRH) ED plasmas, thus increasing the radiated power by approximately 1.5 MW (up to
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-80% of the total), at the expense of an increased central impurity content (since Ne is not

screened): nNe/ne=0-7% for - l O ^ Ne atoms injected. The ED effect is seen here in the

increased radiation efficiency (Fig. 5): three to four times less Ne is sufficient to obtain the

same radiated power as in similar , non-ED, limiter plasmas. Larger radiated powers were

obtained in these experiments only at the expense of the onset of a Marfe-like structure at the

high field side [4] (the normal radiative pattern in ED plasmas is with a strong radiating layer

on the low field side), accompanied by an outside detachment. Although the increased Ne

radiation efficiency may be partially due to the ED-induced T e profile (constant at the right

value over a larger edge layer), two other effects are known to increase the impurity radiative

rate: transport modifications and charge exchange (CX) recombination [5]. Reduced particle

confinement times in the ED layer (resulting in increased recycling) have been inferred from

D injection and spectroscopically from N injection [2]. CX recombination requires a large

neutral D density at the edge; although we have no direct measurement of the edge neutral

density, the importance of CX processes in ED plasmas is demonstrated by comparing

experimental values and simulations for two CX sensitive C spectral line intensity ratios,

G=Icv/Rcv and p=Lycc/Rcv (Lyoc=CVI 33.74 A, Rcv=CV 40.27 A , resonance line , and

Icv=CV 40.73 A, intercombination line), Fig. 6. The G-ratio is an inverse function of Te at

tokamak electron densities; it is increased by CX recombination of H-like C ions. The

Lya/Rcv ratio, on the other hand, is an indication of the relative amounts of H-like and He-

like C ions, and decreases as a consequence of the increased peripheral recycling in the ED

layer. Indeed, a stronger peripheral recycling increases the He-like C ion density with respect

to that of H-like C ions, since the latter are located in the confined plasma, where the

perturbation has vanished [1]. In order to correctly simulate both line intensity ratios with the

ED [6], it is necessary to increase

simultaneously the diffusion coefficient in

the ED layer (by a factor of approximately

three, roughly within the completely

stochastic region where a flat Te profile is

observed) and postulate the existence of a

large peripheral neutral deuterium density no

(in the 1016 rrr3 range at the CV emitting

layer, r/a ~ 0.85, and in the 1017 nr3 range at

r/a = 1).
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1 Introduction:
In TORE-SUPRA, actively cooled modular limiters (time constant = 2s) covered with

carbon have been used to exhaust the convective heat flux continuously up to 700 kW steady
state (design value) without thermal instability, i.e., 4.5 MW/m2 on average. Steady state surface
temperatures in the range 600°C (with 1.45MW of Lower Hybrid waves) were routinely
obtained. However, sudden surface temperature excursions from 600°C f.o 1900°C, called
"super-brilliances", were observed during ohmic or heated plasmas, taking place locally, which
led to a new equilibrium (figure 1). This new equilibrium correspond to a local increased power
flux density to the limiter as confirmed by calorimetric measurements. Shot after shot, an
increasing number of independent overheated zones (up to 4) where observed on the limiter
ridge, the closest location to Last Closed Flux Surface (LCFS). The power extracted by the lim-
iter then was -1.1 MW (6.9 MW/m2 average and 15 MW/m2 maximum). Experimental data
and possible mechanisms leading to a finite increased heat flux to the limiter surface are
reviewed and comparisons with modeling are made.

2 Experimental observations:

TORE-SUPRA was operated in a variety of D-? and He plasmas: <ne>=3.10 iym'-\

IMA < Ip < 1.6MA, 0.70m < r < 0.75m, 1.5T < Bt < 3.85T, and was heated with up to 1.45MW
by Lower Hybrid waves. The actively cooled limiter is made of graphite and is observed with a
set of infrared (3 - 5p.m) cameras calibrated up to 2000°C (±150°C), with a spacial resolution ~
10mm. The power extracted by the limiter is obtained by calorimetry. The spectroscopic mea-
surements were recorded on an intensified CCD-camera detector (via relay lenses and optical
fibers). A number of observations have already been made during super-brilliance events [1],
some new results are added here. First of all, a rapid local (-10 cm2 over 1600 cm2) surface
temperature excursion is measured, figure 1, corresponding to a 2 to 3 fold local increase of

power load, close to 20MW/m~ under steady sate conditions, as shown by thermohydraulic
modeling. The temperature excursion propagates along the ridge of the limiter, leading to a sig-
nificant increase of the extracted power from 700KW to 1.1 MW. A significant increase of Ha
line radiation is observed from the overheated zone, only the first time the super-brilliance took
place, correlated with a 20% increase of the plasma density (due to overheating and outgasing
of the graphite zone). The super-brilliance always induces a local increase of C-II emission frem
the overheated zones (up to 8 fold), and no increase of C-VI line radiation, which suggests that
the local source is too small (or that the •screening is strong), to contaminate the plasma core.
Super-brilliance events are always taking place at the ridge of limiter where the electron and
surface temperatures are both maximum and never at the leading edge, although the surface
temperature is equal or larger there than at the ridge but where the electron temperature is small-
er. This suggest that the electron temperature is a leading parameter for thermal instabilities.
However, inertia! limiters with a smoother shape of the ridge have shown that if the surface tem-
perature is small (in the range of 400°C) at the ridge of the limiter, no thermal instability is
trigered in spite of a high electron temperature there. This suggests that the event is strongly
linked to both the electron and surface temperatures.

The super-brilliance leads to a new stable equilibrium where the local power heat load-



- 62 -
reachs 15MW/irr, and a surface tempewwreof 19OO°C in the case of actively cooled limiters
(no noticeable modification outside the small overheated zone). This large power heat flux den-
sity leads to cracking of some tiles or to destruction of a pan of the bonding joints. A subtantial
increase of the surface temperature is observed at the beginning of the subsequent shot, for the
same plasma parameter and hence heat flux (before the thermal instability occurence). Once the
super-brilliance has occured at one location, for the subsequent shots, it remains anchored at
the same place, but appears at lower input power and/or earlier in the shot (almost at the same
surface temperature 1200°C to 1400°C) since a pan of the tile has been cracked during the event
as seen from the cooling time constant of the tile, figure 1. No plasma bulk or plasma edge
modification could be noted probably due to the fact that the total limiter surface involved in
these events is small compared to the limiter surface (<10%). Super-brilliances lasting 5 seconds
were observed, the limiter surface temperature reaching quasi steady state values, up to 1900°C.

3 MODELING of the SUPER-BRILLIANCES:
A modelling effort has been undertaken to clarify the role of surface versus electron tem-

perature in this thermal instability. The role of thermionic emission [2,3] and Secondary
Electron Emission (SEE) are analysed as well as Radiation Enhanced Sublimation (R.E.S.),
chemical and physical sputtering.

The BBQ time dependent Monte Carlo SOL impurity transport code has been used to exam-
ine the role of the redeposited impurity heat flux on the thermal instability which is observed on

the actively cooled limiter (ne(a) = 4 10^° m"-"* and Te(a)= 40 eV). Calculations show that the
mean free path for the low energy impurities (chemical and RES produce thermal particles
E^-O. leV) is 0.3-0.6 cm. which is 15-30 times the magnetic Debye length. Hence the impurities

which are redeposited are subject to sheath acceleration. BBQ calculations show that ~ 30% of
the emitted low energy impurities are redeposited on the limiter. The maximum fraction of rede-
posited power is ~ 15% with respect to the direct SOL power. While this is not too large, it
should be noted that the redeposited heat flux is quite localized at the region of the ridge of the
limiter (the LCFS), this location is the radius of maximum Te on the limiter, so that the sheath
acceleration is also maximum there.

The response of the limiter to the localized redeposited heat flux has been modeled with
the CASTEM 3-D, time dependent, thermohydraulic transport code, developed by CEA. A self-
consistent description of the imposed heat flux has been used, in which the thermionic emission
[2] and secondary electron emission are calculated as functions of the evolving surface tempera-
ture. For high temperature cases, there is a strong thermionic emission.

The BBQ impurity redeposition heat flux was added to that produced by the direct plas-
ma heat flux, resulting in the total heat flux. The time evolution of the surface temperature of
the actively cooled calculated with the self-consistent CASTEM model shows that the region of
maximum chemical sputtering appears first near the ridge of the limiter, as Tsurf starts to rise,
then moves down the tube (toward the leading edge) as Tsurf rises further, and the temperature
rises above the peak of the chemical sputtering yield. At much higher temperature the RES yield
begins to rise and a localized peak of impurity production again appears near the limiter peak. "

The comparison of the fits in the model for treating physical sputtering with the actual
measured data [4] shows that, while the maximum sputtering yield from th£ code fit is Yphys-
0.02, the maximum for the data is Yphys- 0.06. Thus, the actual physical sputtering data range
amounts to a factor 3 increase over the code fits.

The incident heat flux is also a strong function of the SEE coefficient (ae) and oe, in
turn, depends strongly on the surface hydrogen concentration for C:H layers [5]. During a dis-
charge, we assume that the limiter surface has a H/C ratio near 0.4. and this ratio decreases with
Ts, becoming 0.1 at Ts > BOOK. Taking the space charge limit in the range of allowed values,
we have calculated both the resulting temperature evolution with the CASTEM self-consistent
model and the effect of enhanced SEE in restricting the safe operational Ts-Te space.
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4 STABLE (Te, Ts) OPERATINAL SPACE:

The safe operatinal space is defined as the space where there is no runaway impurity pro-
duction (Ytotai_SpUtterjn<T < 1). This operating window depends on all the elementary processes

v/hich have been included in the model. Figure 2 shows the resulting accessible Ts, Te safe oper-
atinal space which was found with the "conventional" work (old sputtering data, ae =0.5, rede-
posited fraction =1). This safe operational space was not consistent with that observed in experi-
ments on the limiters, where Te ~ 50 eV and Ts < 2000°K were found to be the approximate lim-
iting values. Thus, a revision of this operational space was required.

The new physical data which are used have been previously discussed: (1) strongly
localized redeposited heat flux due to C impurities near the peak of the limiter; (2) The recom-
mended physical sputtering coefficients in the regime of the TORE-SUPRA limiters have been
changed; (3) The incident heat flux is a strong function of theSEE coefficient. Figure 3 shows
the sensitivity of the safe operational space to the assumed redeposition fraction for impurities.
The cases shown are for h = 0, 0.33, 0.66 and 1. BBQ calculations, as described earlier, show
that only ~ 30% of the impurities are redeposited on the limiter. As seen in Figure 3, this effect
would lead to an enlargement of the "conventional" operational space.

The next effect to be considered is the use of the laboratory measurements for the physi-
cal sputtering yield, to replace the use of fitting formulas. Figure 4 shows the effect of the new
physical sputtering yields on the basis of recent results [4] (old values multiplied by factors up
to 4). The largest factor (4.0) produces a maximum sputtering yield which passes through the
maximum of the measurements. As can be seen, inclusion of this effect produces a significant
reduction in the maximum safe operational Tefa) space, reducing it to the range observed in the
actively cooled limiter experiments.

The next effect is that of the SEE coefficient. If we assume the physical sputtering yield
to have the old fit values, i.e.. if the multilicator factor = 1.0 in the cases shown in Fig. 4, then
the revised safe operational space due to SEE is shown in Figure 5. The effect of using revised
SEE values is to reduce the maximum value'of Ts to the range observed in the experiments.

If we assume a physical sputter yield multiplier = 2.5 (middle of the experimentally mea-
sured range), then the variation of the SEE yield from lowest (clean graphite, ae =0.5) to highest
oe =0.92 (F=0 limit) values produces the safe operational space shown in Figure 6. The value
oe=0.86 is probably the highest value to assume (space charge limit for D plasma) even though
it is lower than laboratory SEE yield values.

5 Conclusion and prospectives:
The resulting operational space figure 6. seems at least reasonably consistent with that

which is observed during experiments. As we can see, the operating window is narrow, espe-
cially for the acceptable electronic temperature Te at the LCFS. The surface temperature range
allowed can also be narrow, depending on the Secondery Electron Emission coefficient. The
thermionic emission from a hot surface seems to be at the origin of the thermal instabilty which
spread around. Even with actively cooled limiters, where we keep control of the surface temper-
ature close to 2000°C during the super-brilliances, high heat load close to 20MW/m2 on adjas-
cent sound tiles is observed and leads to, crack formation and/or debrasing. This deleterious
effect is unfortunately a runaway effect. •
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1. Introduction

In order to investigate steady state regimes, the ergodic divertor of Tore Supra [1]

must control the power flux to its neutraliser plates while ensuring a sufficient pumping

capability. The physics of these processes is the same as that of conventional divertors

although the geometry is somewhat more involved. The ergodic divertor offers therefore a

means to examine ITER relevant problems with different geometrical constraints. The energy

deposition is monitored by calorimetric measurements which are complemented by bolometry

and infrared imaging. The imaging of an actively cooled plate with a low thermal time constant

yields a precise map of the 2-D patterns of the power flux [2]. Although the average power

deposition remains constant, one finds that the power flux pattern on one neutraliser is

sensitive to minor changes of the plasma magnetic equilibrium such as a modification of the

edge safety factor by about 2%. This property is analysed in ohmic plasmas and good

agreement is found with patterns computed with the field line tracing code Mastoc. Langmuir

probes give access to the plasma parameters at the plate location bu. without a detailed map of

the particle influx.

2. Energy transport and deposition : theory and experiments.

2.1 Theoretical considerations : A first step in the analysis of heat deposition with the

ergodic divertor has been to rule out the naive picture of wall components wetted in an ergodic

way (meaning uniformly) by the field lines. Indeed the naive picture of the ergodic heat

deposition assumes a purely diffusive motion of the field lines, with a diffusion coefficient of

the order of DFL ~ 10"4 m2 / m. This random walk process is based on a large number of steps,

hence infinite field lines. The intersection with wall components clearly violates this*

assumption. In this case, the very last step in the random walk determines essentially the

intersection point. Starting from the energy sink which characterises the'plasma interaction

with the wall, one can draw in the parallel direction a coherent flux bundle which bares the

memory of the interaction. In the domain where coherence properties prevail, the so-called

laminar region, the transport process is dominated (by definition) by the parallel transport with

a small effect of the transverse transport. Such a transport scheme is generic of divertor

configurations. The experimental evidence of the corresponding structures of the heat

deposition have already been reported for the deposition on the modular limiter located in the



- 6 6 -

mid plane. The field line tracing code (MASTOC) clearly exemplifies these results [3].

Obviously, this computation has shown that field lines experience a radial "jump" from one

magnetic surface to another (the magnetic surfaces referred to are the unperturbed magnetic

surfaces) only at the location of the divertor coils. Consequently, the computation of the field

lines radial penetration with the code MASTOC gives a generic pattern of the heat deposition

on a divertor module. An analysis of the energy deposition at a sufficient level of precision

must account for all magnetic perturbations to the axisymmetric magnetic equilibrium, the

largest being the ripple modulation of the toroidal field. It should be noted that the amplitude

of its radial component is at maximum slightly larger than the one due to the ergodic divertor

coils themselves. A local calculation of the total radial component between the bars has been

achieved and has been appended to the MASTOC code to allow an accurate comparison

between its results and the experimental observations.

2.2 Comparison with experiments : At first, one should examine the overall splitting of

the conductive and radiative fraction of the heat outflux. This will allow one to take into

account the deposition on other plasma-facing components than the ED modules themselves.

Then, a first order analysis indicates that the heat deposition is modulated according to the

poloidal structure of the magnetic perturbation. On a more detailed basis, one must investigate

the effect of the perturbation on the connection properties. In fact, the energy deposition

pattern exhibits fine structures which translate into a non homogeneous deposition on the

neutraliser plates themselves. The si2e of these structures are a significant fraction of the total

surface each of the neutraliser plates (~ 0.10 x 0.05 m2).

This is analysed in a series of shots such that the magnetic configuration of the plasma

is slightly modified by decreasing the major radius on a shot to shot basis (table 1). Calorimetry

measurements of the water-cooled elements, in figure 1, indicates the splitting of the

conductive-convective and radiative (including charge-exchange) power to the neutraliser

plates and front face of the ED modules and to the inner bumper limiter. The latter intercepts a

significant fraction of the conductive power with an e-folding length of about 0.02 m in the

high-field side, i.e. Xq = 0.01 m on the low-field-side. On the contrary the conductive power

increases, despite a growing mismatch between the plasma minor radius and the radius of the

modules, 0.8 m. The conductive power to the ED modules remain equally shared between the-

neutraliser plates and the front face. Calorimetry also allows one to analyse the partition
•j

between the six toroidally spaced modules as done in [4].The radiative outflux is noteworthy a

little higher in the vicinity of the ED modules. On the dedicated neutraliser plate for infrared

imaging, the low thermal time constant (about 5 ms, i.e. less than the lapse of time between

two successive thermal images) of its thin boron carbide layer allows one to translate

approximately the temperature map into the heat flux map . The structures are clearly visible

and appear to exhibit the highest degree of modification for a variation of the edge safety

factor by about 2% as shown in figures 2a and 2b. The very high degree of sensitivity on the
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magnetic configuration is also found in experiments where Pp+l;/2 increases due to auxiliary

heating.

An application to the experimental case mentioned above allows one to link the heat

deposition to the flux tubes connection to the plasma. In figures 3a and 3b, the maximum radial

penetration of the flux tubes for 3 toroidal turns (approximately, the thermal conduction

correlation length) is displayed. It compares well with the experimental images especially as far

as the general shape and its radial variation by changing the safety factor q is concerned. This

seems to confirm that the major reason to explain the inhomogeneity is the large probability

(about 40% [4]) that a field line leaving the ED modules intersects it after only one poloidal

turn. Only the longer flux tubes yield significant heat fluxes on the neutraliser plates. The

analysis of thermal images allows one to derive a peaking factor for the heat flux on a

neutraliser plate. In appropriate cases with q about equal to 3, the heat flux is rather evenly

distributed as the peaking factor is about 2 if the whole surface is concerned and would be

restricted to 1.7 if only the wetted area is taken into account. A sweeping capability exists for

such a deposition scenario by inducing very modest changes of the plasma current and of the

magnetic equilibrium.

3. Particle fluxes to the divertor neutraliser plates

The particle flux to the neutraliser plate has been deduced from Langmuir probes

mounted on the neutraliser plates. It is not possible to study the inhomogeneities that way.

Nevertheless, an interesting observation can be made : the local density remains small (lower

than 10*9 m"3) for the series of shots studied hereabove. The lack of local condensation should

be related to the rather high electron temperature measured within the edge region by a

reciprocating Langmuir probe (see figure 4). The simple fact that the radial modulations affect

much more the electron temperature profile than the density profile, shows that the dominant

heat transport is in the parallel direction whereas the particle source is certainly more evenly

distributed in this layer due to an increased transverse transport.

4. Conclusions

The heat flow to the plasma facing components in the ED configuration of Tore Supra •

is essentially determined by the parallel transport along a thermal correlation length, i.e. about

one toroidal turn : this allows one to use 4 field line tracing code (MASTQC) to derive the

general shape of the heat deposition.
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Table 1 : Shot characteristics
Shot#

15518
15519

q(a)
2.96
3.01

R(m)

2.398
2.39

a(m)

0.775
0.775

Bt(T)

3
3

Ip(MA)
1.465
1.465

Idiv(kA)
38.5
38.5

pp+li/2
0.72
0.73

Conductive power splitting

30%
15523

2.375' -" '2.38 2.385 2.39 2.39S 2.4 2.405 2.41

Major radius R(m)

Figure 1: Conductive power splitting between
the ED elements and the inner limiter
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Figure 2 a: Power deposition on the ED neutraliser
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1 - INTRODUCTION
After more than ten years of experiments, pump limiters with throats have widely

demonstrated their capability to control the plasma density. However, the high heat flux
deposition on the leading edge just above the throat can result, at least for modular limiters, in
an unacceptable surface temperature of this part of the device. Moreover, when operating with
strongly radiating plasmas, the pumping efficiency of throat limiters drops correlatively with
the strong reduction of the parallel particle
flux in the SOL. In order to overcome these
limitations, the concept of vented pump
limiter has been studied and experimentally
developed on Tore Supra [1, 2].
Schematically, its principle is the
following : since the cascade of reactions
experienced by the recycled flux
(dissociation, charge-exchange) yields a
nearly isotropic neutrals distribution,
almost half the recycled flux comes back
towards the limiter. If the limiter head is
designed to be semi-transparent to neutrals
(slots between tiles), a significant fraction
of the backflowing flux can enter the
limiter plenum and be extracted. The
geometry of the present limiter is shown on

fig.l. Two sets of slots (1.2cm x 9.5cm) are worked out in the limiter head, aligned along the
toroidal direction. For typical conditions (qedge~3) the angle between the field lines and the
slots is =7°. In Section 2, we describe the model developed for experiments interpretation and
device optimization. We present in Section 3 a comparison between thesimulations and
experimental data, and discuss in Section 4 the difference between the deuterium and helium
pumping efficiencies and the possible improvements of the device.

40 cm

40 cm

Figure 1: TheTORESUPRA vented limiter
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2 - MODEL

The model assumes steady-state conditions and isothermal magnetic isurfaces (this
last hypothesis reduces the validity domain to regions of temperature >10eV). Schematically,
three different physical processes can be distinguished, each of them corresponding to one
module of the computer code :
(1) Ballistic (ionic') collection : Due to the angle between the slots and the field lines, a fraction
of the parallel ion flux (=15% for the present limiter) enters the slots where it recycles on the
lateral faces. Once neutralized, these particles have a significant probability (=0.20 for the
present slots geometry) to directly enter the pumping chamber. The efficiency of this ballistic
collection depends strongly on the slots geometry and localization on the limiter head but is
independent on the incident ion species (D+ or He++).

(2) Neutrals collection : The remaining flux (i.e. the part which is not ballistically collected)
recycles towards the plasma as atoms or molecules (whose relative ratio and energy
distribution are taken from [3]). It experiences several atomic reactions the most important of
which are [4] : D2 dissociation, D ionization and charge-exchange with D+ for deuterium
plasmas ; He 1rst and 2nd ionizations and charge-exchanges with He+ and He++ for helium
plasmas. For known plasma characteristics, the SOL ion source, the D, D2, He and He+
distributions in front of the limiter head, the flux entering the pumping chamber and the
corresponding pressure are determined from multi-ID calculations. The efficiency of this
neutrals collection is strongly dependent on the ion species : due to Franck-Condon
dissociation, it is much larger for deuterium than for helium, whose atomic flux on the limiter
surface is only due to charge-exchange (at low temperature, elastic collisions of He with
background plasma ions can increase this backward flux [5]).

(3) SOL density modification : Due to the ion source (ionization of D and He), an electrostatic
potential developes in the SOL. This potential induces a reduction of the plasma density,
associated with a macroscopic parallel flow for reasons of particles and momentum
conservation. This density modification changes the reaction rates experienced by the recycled
flux and influences the results of the calculations of module (2). It is determined by a 2D
calculation, assuming a sonic flow at the limiter surface and neglecting the contribution of the
secondary species (i.e. D, D2, He and He+) to the ionic pressure.

Coupling these three modules allows to calculate realistic values for the secondary
species distributions, the flux of neutrals entering the slots, the pressure in the pumping
chamber and the whole device exhaust efficiency.

3 - EXPERIMENTAL VALIDATION
The input parameters of the model are, in addition to the limiter geometry, the edge

temperatures (Te
a, Tia), electron density (ne

a) and decay lengths in the SOL (kT, Xn). For D
plasmas, these quantities have been determined by reflectometry and Langmuir probe
measurements on a series of ohmic plasmas (Ip=l-s-1.5MA) of volume averaged density <ne>
ranging from 2 1019 to 4 101 9nr3 . Typical values are : Te

a=50eV (T,a=Tc
a assumed), nea

ranging from 3.5 1018 to 1.4 1019nr3, Ar=3.7cm and ^n=3.3cm. The SOL characteristics are
almost similar for He plasmas, but for the edge density, due to a lower flux amplification a for
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Figure 2 : Plenum pressure vs. edge density

i d e n t i c a l < n e > (one has
a(He)ne

a(D)=a(D)ne
a(He)). A comparison

between the calculated and measured
values of the pressures in the pumping
chamber is shown on figure 2.
Experimental pressures are displayed as
plain symbols : triangles for D plasmas ;
squares for He+D plasmas with
<ne(He)/ne(He+D)>=0.8^-0.9. The open

circles are the calculated values
corresponding to the two He+D cases ;
simulation results are displayed as full
line for D plasmas, as dashed line for pure
He plasmas. The calculated pressures in
D and He are in a ratio between 2 and 3.5
and are roughly proportional to ne

a. This
is consistent with the experimental behaviour [1] which yields a value of =2.7 for the pressures
ratio and a square dependence with the average density <ne> (note that, due to the increase of
the SOL opacity with density, one has ne

aoc<ne>
24-2-5).

4 - DISCUSSION
Due to the differences in the atomic physics of D and He, the neutrals flux towards

the limiter head is expected to vary = linearly with D density and = quadratically with He

density: As a consequence, the pumping efficiency e (=[exhausted flux]/[plasma outflux]) is

expected to change with He concentration. This is shown on figure 3a where the exhaust

efficiencies for both He, e(He)TS, and D, e(D)TS, are plotted versus the He ion concentration

ni(He)/[nj(He)+nj(D)] for the TORE SUPRA vented limiter. The input parameters of the model

are : Tja=Te
a=50eV, riea=l 1019nr3, Xp=3.7cm and A.n=3.3cm (they correspond to an average

density <ne> between 3 1019 and 4 1019nr3 depending on the He proportion in the plasma).

The pumping speed is assumed to be constant, identical for both He and D, and equal to 8m3/s.

In this case, e(He)TS varies from 1.5% to 4% when e(D)TS remains constant at a value of 8%.

For "reactor" conditions (He concentration =0.2), one has e(He)TS/e(D)TS=0.3. The

corresponding contributions of ballistic collection to the exhaust efficiency, %bal(He)TS and

%bal(D)TS, are displayed on figure 3b. The ballistic contribution is moderate for deuterium

(20%) but always dominant for He (between 39% and 100%) and, for "reactor" conditions,

%bal(He)TS=66%. It appears therefore that, if the pumping of D is dominajed by the collection

of recycled neutrals, ballistic collection is essential for He pumping. The viability of vented

limiters with highly radiating plasmas (reduced SOL parallel flux conditions) depends thus on

the ability of elastic collisions with background ions [5] to maintain a sufficient He neutral flux

backflowing towards the limiter head.
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The present vented limiter can
be improved on both collection aspects
while keeping the thermal constraints on
secondary leading edges at an acceptable
level. (1) Ballistic collection : The slots
section can be optimized for ballistic
collection : opening the slots towards the
pumping chamber (trapezoidal section)
with an angle of=15° for each lateral face
increases the probability an incident ion
has to directly enter the chamber from 0.2
(present geometry) to 0.5. (2) Neutrals
collection : The slots can be prolongated
up to the top of the limiter, where the
neutrals density is maximum. The results
of these modifications are shown on
figure 3a (curves e(He, D)opt and
%bal(He, D)opt). The pumping
efficiencies are multiplied by a factor =2,
for D as well as for He. Nevertheless, the
contribution of ballistic collection
remains unchanged (figure 3b) : a
particular shaping of the slots section
cannot.be used to equilibrate the D and
He collection efficiencies.

Final ly , the re la t ive
independence of vented structure
performances with SOL characteristics
must be noted. A change from 3 to 1.7cm
of Xr, the decay-length of the parallel flux in the SOL, yields a reduction of a factor of 0.65 for

the proportion of the ion flux intercepted by the slots, when the vented limiter collection

efficiency (=[flux entering the slots]/[SOL parallel flux]), decreases only by a factor of 0.8 for

deuterium, and 0.9 for helium.

0

%bal(He)TS

%bal(D)TS

%bal(He)opt

%bal(D)opt

0 20 40 60 80

Concentration of He ions (%)

100

Figure 3 : Exhaust efficiency (a) and proportion
of ballistic collection (b) vs. He concentration.
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1. Introduction. In a steady-state tokamak, impurity production and transport from plasma
facing components will have to be controlled. Recent results from several divertor tokamaks
(JT-60U [1], JET [2] and ASDEX-UG [3]) suggest the importance of chemical sputtering as an
impurity production mechanism. However, since impurity production is minimized in high
recycling divertor configurations, the quantitative characterization of impurity generation is
more difficult than in the high heat flux environment of a limiter configuration. Such an
experiment was carried out on Tore Supra to examine the absolute carbon flux from the
inertially-cooled outboard limiter. Previous Tore Supra experimental and modelling results
(BBQ) ([4] and [5]) have shown that chemical sputtering and radiation enhanced sublimation
(RES) play a significant role in the total carbon erosion for certain regions of this limiter.
Recently, CD molecular spectra, a signature of chemical sputtering, have also been observed.
This work describes the observed temperature dependence of the methane and carbon flux.

2. Experimental setup and plasma conditions. The principal diagnostic was a visible
spectrometer with an Optical Multichannel Analyzer (OMA) detector. Light emitted by low
ionization states near the limiter surface was guided by a mirror to a series of lenses followed
by fiber optic cables, each cable imaging a different 2 cm2 region of the limiter. Absolute
intensity calibrations of the entire system, performed in the torus before and after an
experimental campaign, have shown that the mirror and sapphire window transmission are
severely degraded by plasma exposure, thus invalidating the absolute calibrations. However,
the relative change in the calibration as a function of wavelengths was understood. To take
advantage of this knowledge, it was concluded that a self-consistent absolute calibration could
be approximated if the calibration factor was known at one wavelength. It was decided to obtain
the calibration factor at 4300 A by assuming a reasonable methane yield value from published
data. [9]

Methane Yield = f™ , , , , / r ^ , , = 4K* SJ XB(Te)* brightness(CD) n

The methane yield is a function of three parameters: the electron temperature (Te) and density
(ne) measured by the Langmuir probes and the brightness of the CD spectrum. From a value of
0.02 molecules per incident ion (ion flux of 6 * 1018 D+ c n r V 1 , Te = 20 eV, <ne> =
5 * 1018 mr3, SX/B for CD4 from CD(4310A) of 110 dissociation processes per photon [6]) a
brightness (and thus a calibration factor) was determined.

The reciprocating Langmuir probe referred to above was located 60° toroidally and 90°
poloidally away from the limiter. Te and ne just inside the last closed flux surface (LCFS) were

§ Supported by a fellowship from the Oak Ridge Institute of Science and Education.
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measured by Thomson scattering. The surface temperature of the limiter was determined from
black body radiation measured in the visible. The error bars for these measurements are
+/- 20%. Zeff was determined from continuum bremsstrahlung measurements in the visible.

Two plasma conditions were studied; both were deuterium, Ohmic plasmas. The first condition
will be referred to as Series A for which the toroidal magnetic field was 3.8 T, the minor radius
0.72 m, the major radius 2.40 m, the toroidal plasma current 1.54 MA, the safety factor 3.0
and the volume averaged electron density 3.9 * 1019 m~3. For Series B these parameters were
3.80 T, 0.76 m, 2.36 m, 1.69 MA, 3.1 and 3.5* 1019 nr3, respectively. Identical shots
were repeated for each series to allow data for different wavelengths to be taken for the same
optical view. Leading edge (located 1.5 cm radially away from the LCFS) data was taken for
Series A parameters and data from near the tangency point (a few mm from the LCFS) was
taken for Series B. The limiter was made from a large block of Carbon Lorraine graphite
(5890 PT).

3. Experimental Results and Discussion. During earlier experiments an image of the
CII emission from the entire limiter was measured with an interference filtered, CCD camera
and the visible endoscope. From 3D Monte-Carlo modelling (BBQ) of this data, it was
determined that chemical sputtering was a significant source of carbon for the leading edge as
well as possibly at the tangency point of the limiter [4]. Hence a search for direct evidence of
chemical sputtering by-products (C2 and CD molecular bands) was undertaken.

CD molecular bands were observed on both the leading edge (Fig. 1) and tangency point of the
limiter for the plasma parameters of Series A and B. However, C2 molecular bands were not
identified in either location. In Fig. 2a and 2b the brightness of the CD molecular band,
integrated over a 15 A region starting at the -4310 A band head, is shown as a function of
time for the leading edge region (Series A) and the tangency point region (Series B),
respectively.

The limiter surface temperature, for the same region as the CD measurements, is also shown as
a function of time. This surface temperature was determined from the black body radiation
(measured'at -6550 A for Fig. 2a and -5140 A for Fig. 2b). Since the black body radiation is
too weak to determine the temperature below ~1200°C, the pre-shot temperature (measured by
thermocouples in contact with the limiter) was related to the temperature determined from the
black body radiation by the semi-infinite, one dimensional surface temperature scaling law,
which states that the surface temperature varies as the square root of time when exposed to a
constant heat source. From experiments in which IR camera data is compared to this scaling
law, it was determined that the surface temperature is somewhat over estimated by this scaling
law at the beginning of the shot; this over estimation was corrected for. The temperatures
measured from the black body radiation are consistent with IR camera measurements for similar
plasmas.

The plasma was moved onto the limiter at t=1.6s. From this time on, the plasma shape
remained constant but the plasma current and density continued increasing until t=3.5s, thus
complicating the calculation for the maximum data points in Fig. 2a (maximum point Te =
20 eV, remaining points Te = 30 eV) and Fig. 2b (60 eV and 80 eV, respectively)

It is shown in Fig. 2a and 2b that the production of methane was significantly reduced for
temperature above 1100°C and negligible for temperatures above 1300°C. Respective
temperature ranges of ~35O°C to ~700°C and 470°C and 770°C corresponded to the maximum
methane flux for the two regions of the limiter. This is consistent with laboratory measurements
[6], in which a surface temperature of around 550°C corresponded to the maximum methane
yield.
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In Fig. 3a and 3b the molecular flux (SX/B of 110 diss./photon for highest point and 120
diss./photon for the remaining points [7]) and the C+ particle flux (Te = 30 eV, SX/B = 60
ioniz./photon [8]) were calculated from Fig 2a and 2b. A 300% decrease in the methane influx
corresponds to a 10% decrease in the influx of single ionized carbon. This indicates that
methane has a slight or negligible influence in the C+ flux. Near the end of the shot the C+

signal increases significantly; this is attributed to RES since the only parameter simultaneously
changing with the C+ signal is the surface temperature. The variations in the C+ signal from
chemical sputtering and RES did not correspond to variations in Zeff. Note that carbon is the
only significant impurity in these plasmas. This lack of impact on the core impurity content is
attributed to a low core penetration efficiency for both of these sputtering mechanisms.

4. Impurity transport calculations. The data have been modeled with the impurities code
BBQ. The code incorporates a 3D Monte-Carlo description of both neutral and charged
impurity transport in Tore Supra geometry. Impurity generation processes related to physical
and chemical sputtering are included. Given the limiter temperature distribution and the
incident D+ flux parameters, BBQ calculates the evolution of both physical (C) and chemical
(CD4) sputtering products. The code calculates spatial distributions of CII and CIII brightness.
The physical sputtering products are emitted with a Thompson energy distribution, with
energies as high as 5-10 eV; the chemical products are emitted at the wall temperature (0.1 eV)
as CD4, which then experiences a break-up chain.

The measurements relate to the vicinity of the limiter. It is of importance to know what effect
these processes have on core impurity content. BBQ comparison allows us to see v/hat the
sensitivities are. The results show (1) high penetration efficiency for physical , low for
chemical, so physical dominates the core accumulation (2) a very strong dependence on basic
surface data, with important (but somewhat less) dependence on uncertainties in SOL
perpendicular transport.

5. Conclusion. A quantitative study of the role of temperature dependent sputtering
mechanisms on the outboard limiter in Tore Supra was performed. The methane flux proved to
be significantly reduced above surface temperatures of 1100°C and negligible above 1300°C.
The peak in the methane yield as a function of surface temperature is consistent with laboratory
results. It was determined that chemical sputtering (early in the shot) had a small, to negligible,
impact on the C+ flux; while RES (late in the shot) had a strong impact on the C+ flux.
However, from the Zeff measurements, it was concluded that neither of these processes
contributed noticeably to the core carbon content.
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I) Introduction.
Control of the neutral population during steady state operation is among

the important challenge of the ITER project. Two problems are related to the wall
particles content, tritium inventory and density control. Regarding the latter
issue and its study, a specific procedure has been followed on Tore Supra [1].
After a deep wall desaturation (obtained by mean of a 60 hours helium glow
discharge), a series of D2 shots is done in order to modify the wall status. The
wall evolution towards saturation is followed by recording the shot to shot
increase of the characteristic time evolution (TO) of the density drop when the
plasma is moved from the outer pump limiter (~lm^) to the inner wall (~
In figure 1, TO is plotted against a
characteristic parameter Lw the depth of
the wall which remains unsaturated. Lw
stands in fact for the particle balance
analysis supposing that the particles left
in the wall are deposited in saturated
monolayers which pile up on top of a
saturated wall. The maximum value of
Lw is computed using the production of
the helium glow discharge. Three
regimes characterise the dependance of TO
on Lw.

•J

Between A and B, to is almost constant. The effective particle content of the wall
is only the number of particles deposited during the shot. Between B and C, TO is
increasing slowly. On the shot to shot basis, the wall status is changing and the
wall content due to previous shot has to be accounted for. Between C and D, TO
increases rapidly with Lw and a disruption occurs during the last shot of the
series when wall saturation is reached. Wall particle content which has to be
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fig.l: shot to shot evolution of
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displacement.
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considered in a plasma wall interaction model is not the total amount of
deposited particle but an effective wall particle content which depends on the
wall saturation status (for deeper insight see [1]).

Such saturation studies give access to
parameters such as the wall saturation
status or Xp, the plasma particle lifetime.
As an exemple, the evolution of Xp with

the total particle plasma content is given
in figure 2 for two configurations. Ideally,
an identical series of shot has to be
dedicated to the study of all the different fig- 2: xp evolution as a function
experimental conditions (changing the of total particle content Np for :

. , - . , - ergodic divertor with eas
plasma edge energy for instance). f u | m n g ( c f a d e s )

- limiter with gas fuelling (squares)
or pellet fuelling (triangles)

Ip(kA)

-1.48

II) Premagnetisation plasma current and wall saturation.

Just before the pre-magnetisation phase, a
small quantity of D2 gas is injected in the
vessel. At the start of the pre-
magnetisation when the poloidal coils are
energised, this residual gas is ionised. A
small negative plasma current (Ip) (see
figure 3) is obtained. The width of Ip (tip)
for Ip=-5 Ka can be correlated to the wall
saturation status. In figure 4, lip is plotted
for a series of shots. The first ones are in

The 3 peaks (~50ms) follow disruptive
shots indicating a change in the wall
status. During the D2 series (beginning at
shot 16138), xip is increasing continuously
until the first disruption which occurs
after 5 shots for xjp = 120ms. From this
shot onwards, the disruption frequency is
very high and stable plasma is only
recovered for shot 16154 (helium shot).

I
-1.40-1.44

time (s)
fig. 3 : time trace of the
premagnetisation plasma current.
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fig. 4: shot to shot evolution of xip.
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The two following shots in helium are non disruptive. D2 is reused for shot

16157 which disrupts as well as the last one of the series. These results are
summarized in figure 5 where tm is plotted versus the disruption frequency Fd.

Fd for shot k is equal to the ratio over 9 shots (from shot k-4 to shot k+4) of the
total number of disruption among these shots. As mei.lioned previously, tip r
increasing with Fd. However, note that Tip has a

high value even for non disruptive
helium shots (16154, 16155, 16156).
Moreover, Tip remains constant after

these helium shots although these shots
are known to lower the effective wall
particle content [2]. The procedure
described above is based on the study of a
low confinement plasma current induced
at the start of the premagnetisation
phase. Tip gives an information which is

therefore reminiscent of the status of the total vessel wall surface (S) whereas the
wall surface (s) which is likely to interact strongly with the plasma during the
current ramp up is approximatively a tenth of the total surface S. The large
surface ratio can mask tf\e desaturation so that helium plasma can be achieved
with high tip value. Moreover, during helium shot, the real desaturation of s is

obtained with poor deuterium recovery. The helium shots seems to transfer
particle from s to the rest of the vessel wall and so that Tip is expected to remain
constant.
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Ill) internal plasma inductance and wall saturation.
On figure 6, the evolution of the internal
plasma inductance (li)q is plotted versus
TO for the shot series describe in I). (li)q is
measured here during the current ramp-
up when the safety factor q is equal to,6.5.
All along the series of deuterium shots,
plasma characteristics are constant except
for plasma density and walls status. (li)q is
increasing with 1Q. This is confirmed by
various experimental results where the
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high (li)q values are obtained with almost completely saturated wall. H a signals

recorded at the same value of the boundary safety factor also increases with TO.

This is an evidence of an increase of the wall outflux with wall saturation. All

along the series, the plasma edge becomes more and more resistive so that the

current profile peaks, giving an increase of (li)q. Thus, (li)q values measured for

q=6.5 and its shot to shot variation during aseries of shots are related to the wall

saturation status.

In figure 7, (li)q is plotted versus Tip for another series of shots where wall

saturation is observed. Tip, measured during the non confined premagnetisation

phase and 1.5 before the shot, is

increasing with (li)q measured during the

following plasma current ramp up.

Since the latter parameter is correlated

with the wall status characterised by TO

(see fig.6), one can therefore estimate the

global wall status before launching the

shot.

V) Conclusions

In this paper, the sustainment time of the plasma current induced at the
start of the premagnetisation phase (Tip) as well as the internal plasma

inductance (li)q are shown to inaease with the disruption frequency and the wall

saturation status.

Such a premagnetisation break down then allows one to measure the

global wall status. In particular, the disruption rate of a series of shots can be

inferred although absolute prediction is still impossible since it depends only on

the status of the wetted wall.

Therefore, 1.5 s before a plasma shot, the value of Tip gives real time

evaluation of the global wall saturation status.

This property will be used at Tore Supra to feedback the gas prefill

injection to optimise the current ramp-up and the plasma operation.

REFERENCES : [1] C. Grisolia, Ph. Ghendrih, B. Pegourie and A. Grosman,

J. N. M., 196-198 (1992) 281, [2] C. Grisolia, T. Hutter and B. Pegourie, europhysics
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Introduction

Recent transport analysis and turbulence models have revisited the scaling laws of heat

diffusivities in tokamak plasmas. Generally, most expressions for the heat diffusivity % relies

on a random walk approximation x ~ Lc^/ic where Lc is the mode correlation length and Xc

the decorrelation time of the turbulent fields. Since theoretical models predict Lc (resp. Tc) to

be of the order of an ion Larmor radius pj (resp. an acoustic time a/cs), a gyroBohm scaling is

expected for x, i.e., %~T/eB (pj/aj*, with a = 1 ("a" characterizes the size of the device).

However, several local transport analysis have shown that the fluid heat diffusivity exhibit a

Bohm scaling (a = 0) [1]. This behavior is due to a Goldston-like scaling (a = -0.5) of the ion

heat diffusivity [2]. It has been proposed that this disagreement is due to an incorrect estimate

of Lc in toroidal geometry. Indeed, Lc can be larger than pi due to mode coupling [3,4].

However, these highly correlated chains of modes tend to be destroyed by the non linear

mode-mode coupling. The competition between the toroidal and non linear mode coupling is

examined here, by using a simple fluid model describing electron drift waves. Various

regimes depending on plasma parameters have been found and will be discussed in this paper.

Model of drift waves turbulence

We consider here an electrostatic drift waves model in the frame of the cold ion

approximation (ps=-\/mTe/eB is used instead of pi). The ion perpendicular velocities are

given by the electric, diamagnetic and polarisation drifts, while the electron response is

supposed to be adiabatic. The ion drift induces a density modulation, which must satisfy the

quasi-neutrality constraint. The equation of electron drift waves including non linear and

toroidal coupling is then obtained

+ VE.vYl -ps 2 V2) U + Ve*-V U - Vg e . V U = 0

•

where Ve* is the electron diamagnetic velocity and Vge is the curvature drift velocity. For the

sake of simplicity, it is supposed that each Fourier harmonic of the field exhibits a standard

radial shape near the associated resonant surface (quasi-ballooning approximation). The

potential field can then be written as
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U(r,9,cp,t) -/_Jfy£ exp( - p ™ ] umn(t) exp(i(m0+n(p))
mn V ^ J )

where the resonant surfaces r=rmn are such that the safety factor q(rmn) equals -m/n. TJ is a
number giving the turbulence level. The width w is independent of L and is assumed to fulfill
the contraint d < w < Ls/Ln Ps • (d ~ 1/nVq is a typical distance between resonant
surfaces). The first inequality is an overlapping condition for adjacent modes, thus optimizing
the toroidal coupling. The second inequality allows to neglect the ion Landau damping. With
these notations, an approximate equation for the time evolution of each Fourier component UL
can be obtained [5]. Introducing the function [3,4]

Un(0,t) = X umn(t) exp(-i ((m -nq) 6 4- fin t)) ; Qn = = (l- £p2 (^
m n v. vr

where Cln is the frequency of the linear mode, an equation on Un(9,t) is thus obtained:

(1)

J **1 lV(6"-e) Un'(9\t)Un"(9",t)

m=m'+m"

_ n + n + (nHn) (1^ 2 p s d

' m" o m « 2d 2
m' m

All frequencies are normalized to the diamagnetic frequency on a reference surface, Ed

accounts for the radial gradient of the electronic diamagnetic frequency (diamagnetic shear)

and En is the toroidal coupling coefficient.
j

(Correlation length with toroidal coupling

Considering only the toroidal coupling, a global eigenmode is derived from (1) [3,4]:
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Unl(9,t) = expf-i f ̂ - (9 - Ed t) + ?

The periodicity condition on the poloidal angle 9 implies co=l Ed- In this case, each Fourier
component is given by umn(t) = exp(- i (£2n -1 Ed)1) Jm -nq(- 2 En/Ed n/n ) where Jv is a
Bessel function of order v. Expanding the Bessel function, the global eigenmode is found to
extend in the radial direction over a macroscopic range Lc of the order Lc ~ Ln^/R. On the
basis of this scaling, the heat transport would exhibit a so called "stochastic scaling" (a = -1).
Correlation length with non linear coupling

We consider now the toroidal and non linear modes coupling. The correlated chains of modes
tend to be destroyed by the non linear coupling. We will show that different regimes can
occur, depending on the fluctuation level of non linear coupling. The function Un(9,t) is
written as:

Un(9,t) = 7 , Cnl(t) expf -i (1 (9 - Ed t) + •

An approximate equation for the time evolution of each component Cnl can be obtained from

(1)

1 = CnV'Bn'n" exp(-i S Q n V O b - ^ l hnTnT CnT(0 Cn"
n1 r r

n=n'+n"

hnTnT= | | [drtrt

dn'n"(9) = = (2)
1 - 2i X ^ Brfn-J^ sine

1d/3Rw2A dimensionless parameter H=X En/£d=21j,d/3Rw2appears to be a key parameter in the

derivation of the transport regimes.

- H « 1 corresponds to a low toroidal coupling. The function dn'n"(9) is of the order

of 1 and the integral over the angle 8 equals->8(r +1" -1). This procedure yields the following -

set of equations

^ Cn'n"Brt- exp(-i5£W . ) f -£)xp{-2**&- $.^}cnT Cn-,»

which is similar to the initial system over the umn's [5], up to a time dependent factor. We

will suppose in the following that the correlation length is the characteristic length of
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interaction of non linear coupling coefficients, which is the typical Aq decrease length of the
exponential: Aq ~ l / n \ k . The number of coupled modes is Al ~ nAq ~ w/d. This leads to a
range of interaction Lc of the order of nAq d ~w. Thus, Lc scales as the radial width of an
isolated mode, i.e. typically pi. This scaling is therefore of the gyro-Bohm type.

- H » 1 corresponds to a strong toroidal coupling . Note that in this case, the
interaction width l'+l"- 1 no longer vanishes and is of the order of H. This leads to an
increase of the number of mode coupling terms. This is compensated by a decrease of the
coupling amplitude. Moreover, the coupling hnTn'T' exhibits an oscillatory behavior with
respect to 17n'-l"/n". Here, the interaction width is defined as a the first lobe of this function:
Aq ~yWk/n ~ 1/n y £n/£d> i-e. Lc ~ Ln V Pi/(s R)- The scaling of Lc is therefore of the
Bohm type.
Discussion and conclusions

In this paper, the radial correlation length of an electrostatic drift wave turbulence has

been determined analytically in various regimes. First, with strong non linear coupling, Lc is

found to scale as the ion Larmor radius pj, associated with a gyro-Bohm scaling. However,

there exists a range of plasma parameters for which the effect of toroidal coupling persists,

leading to Lc of the order of "yapi, associated with a Bohm scaling. Note that the above

analysis relies on the calculation of a range of mode non linear interaction, which is an

"instantaneous" correlation length. The link with the usual correlation length, which involves

a time average, will be investigated in the future. One may indeed expect an additional

constraint on the decorrelation time compared to the time necessary to build a global mode.
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IS EXPLAINED BY MAGNETIC TURBULENCE

R. Sabot, M.A.Dubois

Association EURATOM-CEA, CE Cadarache,
F13108, St Paul lez Durance, France.

ABSTRACT

A self-consistent model of electron energy transport in the gradient region of a tokamak
is presented.

Transport is due to medium m-number magnetic islands dynamically and non-linearly
interacting. The main destabilizing term is due to bootstrap current, while ambipolarity
effects tend to limit the level of turbulence.

In the absence of ergodization (e.g. inside island remnants), transport is assumed to
be neo-classical. A serious hint to understand suprathermal electrons behaviour is given.

The parametric dependences found with additional power, field and current, density,
etc... are in very good agreement with experimental data, and the overall scaling law fits
within ITER-like laws.

Fast propagation of transient regime (heat pulse, L-H like transition) is reproduced
without any need for non-local transport mechanism.

No free parameter is used in this model, although a more elaborate computation of
the ambipolarity term should be given.

LOGIC OF THE MODEL

This work uses a model for intermittent percolation with backreaction : the "beasts'
model" [1] here applied to a monokinetic (bulk energy) population of electrons. The
percolation sites ("beasts") are magnetic island chains located on rational surfaces a;*
in a cylindrical geometry (however toroidicity is taken account via bootstrap current).
Energy Ui (monokinetic electron density) and islands sizes S{ are defined on the discrete

For site i, the system of equations is the following :

$ = — Xi • VZTf (Fourier's law)
Xi = X(xnc>8j)

—1 = ^(t, Uj, SJI (island evolution)

where j refers to the site vicinity : j G [i — 2, i + 2]

The non-linear islands growth rate 7i and diffusion coefficients profiles x are calculated
as explained later, sites Xi being given by the radius of the considered resonant surfaces
(only surfaces with q = m/n with m < 10 play a significant role). The heat flux out of
the q = 1 surface is prescribed, as well as edge conductivity. All our runs are done with
the safety factor q(r) kept constant.
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DIFFUSION COEFFICIENT

The transport in the absence of turbulence is described by neoclassical theory. With
magnetic turbulence, in previous works [2] we used for the diffusion coefficient a formula
derived from the study of the Chirikov-Taylor mapping [3]; this formula was also used by
other authors [4]. We now use a more realistic topology with parallel chains of islands. To
avoid KAM-like border effects, we take four island chains, and compute diffusion between
the two innermost. As the turbulent domain is finite, we use an exit time method [5].

Non-diffusive effects are important near the stochastic threshold mainly for low
collisionality particles : Levy flights are probably responsible for their behaviour which
can be described using a fractional derivative generalization of the diffusive (Fourier's
or Fick's) equation. The behaviour of suprathermal electrons is likely due to these non-
diffusive properties.

ISLAND NON-LINEAR EVOLUTION

Careful analysis of magnetic modes in the non-linear regime show (see [6, 7, 8] and
references therein, for short reviews) that apart from the MHD tearing term A', which
-but for very small m numbers- is stabilizing, the major effect is the bootstrap current .
We can then write the different parallel current contributions (including bootstrap) ji :

df>s C\ ,
— = — -A

Apart from the bootstrap current, we have studied the current perturbations due to
temperature modifications of resistivity, and found that they can be destabilizing near
the edge if enough metallic impurities are present; they are not important in the gradient
region, although they may play a role in bifurcation to enhanced regimes.

Conversely, the different diffusion of ions and electrons across the magnetic structure
tends to create a very important electrostatic field. In order to limit this potential, we are
led to introduce tentatively a parallel current contribution to the growth rate.

The full expression, including tearing, bootstrap and this last term is then given by :

I - °'6A' - '-^ff-^ + " " J ^ • (X. -
where a is the resistivity, e the inverse aspect ratio, with /3P = ^ 2 and Ls =

The last term has still to be derived more rigorously (it should be noted that its
omission does not prevent the model to exhibit correct transient behaviour, nor to
reach realistic regimes, although the scalings are not in as good an agreement with the'
experiment).

CONVERGENCE TO SELF-CONSISTENT REGIME

Given a set of parameters (radius, B, q(r), n, heating power), the system, starting from
arbitrary initial conditions, self-organizes and relaxes toward a given regime which exhibits
medium size islands. For clarity, we show a poloidal cross section with islands drawn as
if isolated (Fig.l). The real situation consists of island remnants in a stochastic sea with
a very small number of isolating KAM torii.
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The similarity to the islands detected from pellet Ha signal analysis [9] is striking.

0.8r

Modeled profile evolutions (Fig. 2) disply the
main characteristics of experimental data;
the response of the plasma to an increase of
heating power is clearly seen. Profiles present
step like character as seen in JET [10]. Heat
pulse propagation from q = 1 gives a heat
pulse diffusion coefficient 2-4 times greater
than the global value as seen in JET [10]
whereas inward propagation in a L-H like
transition obtained by reducing edge trans-
port is much faster (<10ms) and correctly
reproduced observations [11], with no need
for non-local transport mechanism. -0.5 0

r(m)
fig 1 : Poloidal Cross Section
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X «Jge /S _̂

. -

0.02 0.04 0.06
time (s)

0.08 0.1

fig 2 : Te profile for central power of 5 and 10 MW fig 3 : L-H like transition after a reduction of xedge

COMPARISON W I T H EXPERIMENTAL SCALINGS

Since our model is dynamic and back-reacting, it is not possible to give an explicit
dependence of the confinement time on plasma parameters.

The different experimental scaling laws at constant q(p) can be summarized using the *-
following formula :

Jl.16~l.5rl~l.37 y. _ ^0.04~0.26

_ _ r
a lv < n >

e ° pO.5~O.65

where d is the size, < n > the mean density P the additionnal power and Ip includes the
plasma current and magnetic field dependence.

Parameter dependences obtained with our model (one fluid approximation) at constant
q{p) (to avoid biasing from the edge) are given by the following equation :

rfl.5/1.12<n>0.16

r C
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The agreement between the empirical scaling laws which, fit actual experiments and
this physical model with no free parameter is fairly good. Its potential to foresee the
behaviour of larger projected machines is important and original.

CONCLUSIONS AND FURTHER DEVELOPMENTS

A consistent physical model of the self-organization of tokamak confinement has been
developed. It exhibits no free parameter, and nevertheless reaches an extremely good
agreement with the experiments.

A detailed study of the effect of ambipolarity due to differential diffusion is necessary :
then only will the model bring a convincing answer to the problem of anomalous electron
energy transport.

Transient behaviour, and conspicuously fast heat pulse propagation are correctly
described with this model, with no need for non-local effects.

The detailed confinement of suprathermal electrons should be studied : promizing
results exist which show that highly suprathermals electrons tend to be confined by the
few remaining KAM torii.

The behaviour of a larger machine (e.g. ITER size) should be explored : higher
m-numbers rational surfaces should probably be considered. Moreover, an energy sink
term due to synchro-cyclotron radiation should imperatively be introduced, due to higher
temperature.

REMARK :
Our work on the self-organization of the plasma with magnetic turbulence started many

years ago; several discussions with J.D. Callen and C.C. Hegna, who follow essentially
similar lines, were held since 1992. Despite different hypothesis about the diffusion in the
absence of ergodization, the general conclusions about the self organization of the plasma
follow the same lines.
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I.) INTRODUCTION

Investigation of global parameter dependence of energy confinement presents great

interest for designing future tokamaks and extrapolation to a fusion reactor. In the present work

attention is focused on the ohmic plasma. Two regimes of plasma confinement are commonly

observed in all tokamaks: a linear ohmic confinement regime (LOC) in the low density range,

described by the neo-Alcator scaling law: t£A = 9.0xl0~2 a R2 n c^ [1], with qa= 5a2B/(RIp); a

saturated ohmic confinement regime (SOC) in the high density range. A simple scaling law was
S H — *?

formulated by Shimomura relative to the second regime: t E ~ 7.0x10 z a R B [2], which
seems to be verified in DIÏT-D f3], but not in FTU [4] and in ASDEX [51 where the B-

dependence is small: t E « B 0 2 . The above two empirical scaling laws are dimensional, thus

cannot be extrapolated a priori to other values of parameters. A dimensional analysis approach

is used to find the non-dimensional parameter governing the ohmic confinement state. From

this analysis transport behaviours in LOC and SOC are discussed, and a simple dimensionless

scaling law is proposed for both regimes. Finally the experimental results of FTU are added in

order to check the validity of the new scaling.

II.) EXPERIMENTAL RESULTS
A database is specially made in Tore Supra to investigate the energy confinement. The

8
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tf ;
I ;
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Fig.l) xE plotted against

plasma geometry (Major radius R, Minor

radius a) is retrieved from the magnetic

measurement. Typically in Tore Supra,

R=2.35 m, a=0.76 m. The chord average

density is measured by DCN interferometers.

The plasma energy content Wdja is obtained

by diamagnetic measurements. The energy
confinement time is evaluated from
xE=wdia/(pohm-dWdia/dt)- The units of the

parameters in the scaling laws are: Xg (sec),

' n (1020m'3), Ip (MA), B (T). The working

gas is Helium if there is no special mention.
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M A

Figure 1 displays TE versus xE for two series of discharges: (1) high magnetic field,

B= 3.7-3.9 T, n= 0.08-0.65x1020 m"3, Ip= 0.3-1.7 MA; (2) low magnetic field, B= 2.1-2.3T,

n~= 0.3-0.5x10"^° m"3, Ip= 0.6-0.73 MA. Three confinement regimes are raised from figure 1:

(a) the LOC regime for ns< B/(Rqa); (b) the SOC regime scaling as t^AT= 9.0x10~2 aRB?

with y = 0.6±0.2; (c) an eventual deteriorated confinement regime for ns> B/(Rqa) close to the

density limit for the plasma stability, as was observed in DIII-D [3] and ASDEX [6]. The weak
dependence on B of xE in ASDEX and FTU can be explained as this: the results of both regimes
are used in evaluation of this dependence, so the global dependence on B is weakened by the
contribution from LOC where xE does not depend on B at o^ fixed.

III.) HUGILL NUMBER AND DIMENSIONAL ANALYSIS

As was indicated above, the transition between LOC and SOC is characterized by a

number Hs= qa nsR/B= 5a2ns/Ip= 1.0. This number H= 5a2 n/Ip (in 1020 m"1 MA"1) is called

the Hugill number by Kadomtsev. H"1 represents the tangent of the straight line crossing the

origin in the Hugill plot (l/qa, nsR/B), that defines the operational stability domain for a

tokamak plasma. Furthermore, as was demonstrated in [71, the Hugill number is dimensionless

and directly linked to the radiation phenomenon. In Tore Supra, the threshold of radiation

instability and electron runaway instability in ohmic plasmas correspond respectively to two

constants H R ^ D ~ 3.5 for Helium gas, H R ^ D = 1-5 for Deuterium, and HRTJN
 = 0-16" for

both gases. The apparition of MARFE phenomenon in the tokamak, defined by the Lipschultz

criterion (= 7tan/Ip ~ 0.6 for Deuterium [8], corresponds also to a Hugill number Hf= 1.0.

The ohmic plasma is governed by the current and density profiles. The Hugill number

can be understood as the good parameter for the density current profile (H"loe J/n), thus is the

key parameter in the ohmic plasma, instead of the Beta number Px = <nT>/(B2/2p.o) which is

an essential parameter for the L regimes. It has been observed long ago that the pressure and

current profiles are self-consistent in a tokamak plasma [9]. That indicates that in tokamaks

there exist similar physics states governed by non-dimensional parameters. The dimensiunal

analysis approach for such a system was introduced with success in the transport [10] [11].

Applying this method a list of non-dimensional parameters is made: (1) R/a (geometry
1 2

similarity), (2) qa = 5a B/(RIp) (magnetic geometry similarity), (3) H = 5a nc/Ip (H-similarity),

(4) v*= (R/a)3^qaRn/T2 (collisionality-similarity). The heat diffusivity normalized to Bohm .

diffusivity can be put into a dimensionless form: x/XB = P*" F(R/a, qa. H, v*) where F is an

exponent function, and p* is the Larmor radius normalized to the minor radius. A similar

plasma defined by the above four parameters, implies a fixed relationship of Ip, T, and n to B in

order to keep R/a, qa, H, and v* constant:

Roc a , I p ~ a B , n ~ a^B, T « B 1 / 2 (I)
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: which implies that p*« VT/(aB) « a^B'374, pT~= a']B']/2, and xB~ T/B~ B -1 /2. Thus the B-

i dependence of% is given by
^OH^ B-(2+3c0/4 a-a a i )

This dependence is slightly different from that found in L regime where H is substituted by p^

and x L ~ B-(1+2(X)/3
 a

( 2 ' 5 a ) / 6 [12]. Three cases are deduced from (II): (1) the gyro-Bohm like

diffusivity (a=l) x G B «* B '^V 1 ; (2) the Bohm like diffusivity (a=0) %B « B"1/2~ afo; (3)

the B-zero diffusivity (a=-2/3) xBoe
 B V 7 3 . Notice that the neo-Alcator scaling (a2/TE

A«: B'1)

is rather gyro-Bohm like, while the saturation scaling (a2/TE
AT<*= B"1/2 for y = 1/2) is Bohm

like. This difference in B-dependence can be explained by the behaviour of the electrons and

ions. Indeed in LOC regime Tc » Tj, the effective transport, dominated by the electrons,

behaves as gyro-Bohm. In SOC regime Tj = Tc, the equipartition effect is now non negligible,

the effective transport due to the contributions from electrons and ions is Bohm like. It is

interesting to note that these results are very similar to that obtained in DIII-D in L regimes [12],

i.e. the electron transport is gyro-Bohm like, the ion transport is Goldston like (x «* B°), and

the effective transport is Bohm like when the ion contribution is non negligible. This seems to

indicate that ions play an important role in the mechanism of saturation for global confinement,

and it is in contrast with that observed previously on Tore Supra [13].

IV.) DIMENSIONLESS DIAGRAM

From the previous analysis, it is possible to define a confinement diagram with the y-
Q AT

axis: Y= xE/xE , and x-axis: X= VB H/2 and verifying the two constraints: Y = 2X implies the

' » « u - «_-> i T o TP i neo-Alcator scaling, and Y=l the saturation

scaling. Note that (^j/p*)2^ VB~, thus the variable

X can be considered to be non-dimensional. On the

figure 2 in addition to the experimental points

shown in Fig. 1, others results from Deuterium (•)

and Hydrogen (A) are plotted using the X-Y

diagram. Some observations can be drawn from

this figure: (a) the isotope effect in SOC is weak:

vi W

0,5

• He, B=2.1-2.3 T
• He, B=3.8^3.9 T
• D
A H -

XEOC
t n e normalized confinement time

X = B1/2H/2
t^ — 0 1 / 7

reaches to a maximum for X=*l or n~0.4Ipa B ' ;
C A T

Fig.2) The normalized confinement time (c) for X>1, xE/x E decreases when n increases,

versus the parameter B1/2H/2. thi s behaviour can be compatible with ion neo-

classical transport where %•<* iT ; (d) the ensemble of points can be fitted by a simple function

for Helium: Y= 2 X/(l+X2) or

VB~H
l+(VB~H/2)2

(III)
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• Tore! Supra: He
FTU:D ;

We emphasize that equation (III) is dimensionless and includes all independent
parameters governing an ohmic plasma: a, R, n, Ip, B. The asymptotic limit of this equation for
X » l is tE/t |AT = 4/(VB~H) i.e. xE« B°a2. The effective transport is independent of B (B-zero

like) for high values of H or n. This situation

is similar to that in L regimes when the ion

contribution is dominating, and the effective

transport is Goldston like. The advantage of

using this diagram (xE/x|AT, V~BH/2) is that

one can plot the results of all tokamaks in the

same dimensionless diagram. Results of FTU

are plotted in the figure 3 in addition to those

from Tore Supra. It shows clearly that in spite

of their different size (FTU: R = 0.95 m,

a=0.29m, Tore Supra: R=2.35m, a=0.75 m),
Fig.3) Results from Tore Supra and FTU , . . , . , . , _

are plotted in the same diagram. *««* tokamaks have identical confinement
behaviour. Equation (III) can be considered to be the optimal scaling in an standard ohmic

plasma.

V.) CONCLUSIONS
In this paper, a new dimensionless scaling law is proposed for the energy confinement

time tE using the database of TORE SUPRA, in which the key parameter is the Hugill number.

It includes implicitly all independent parameters governing an ohmic plasma (B, n, Ip, a, R).

The effective transport in LOC is gyro-Bohm like due to the electrons, while in SOC the

effective transport is Bohm like due to the additional ion contribution. Note that the eventual

profile peaking effect, which can be at the origin of the enhanced confinement in the ohmic

plasma with the IOC mode [61, is not discussed in detail in the present work.
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I) INTRODUCTION

A series of experiments in L mode with ion cyclotron and lower hybrid additional

heating were conducted in the Tore Supra tokamak , to study the dependence of fluctuations

with the injected power and associated plasma parameter changes. A transport analysis was

also performed fll in the gradient region and will be presented together with the results on

magnetic and density fluctuations obtained in the gradient and far edge regions of the plasma.

The density fluctuations were monitored in the gradient region (from r/a= 0.4 to the

edge) by using a reflectometer scanning the plasma on a low field side horizontal chord. This

diagnostic measures the kr component of the fluctuations and delivers a wave number

integrated signal dominated by the low kr values [2]. The density fluctuations were also

monitored with the help of a CO2 laser Scattering diagnostic which possesses some spatial

resolution [31. This diagnostic scanned the plasma along a vertical chord, and was settled to

monitor the fluctuations at the bottom of the plasma, from the far edge up to r/a = 0.5 at

different poloidal wave numbers (from kg = 3 to 14 cnr1).

TS shot 16276

8 line Integrated density (10 19 nr3 )

The magnetic fluctuations

were monitored at r/a =0.56

with the help of the cross

polarisation scattering (cps)

diagnostic[41. This diagnostic

is based on the mode

conversion of a micro-wave

beam by magnetic fluctuations

close to the cut-off layer for

this wave.lt measured a kr

component (of the B

fluctuations) around 12cm~l.

The far edge and SOL

magnetic fluctuations were recorded with a mirnov loop at a low sampling rate (10 khz).

0

30
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Fig. 1 shows the plasma scenario for this experiment. The working gas is Helium,

Ip = 1.24 MA, Bt = 3.7 T, R = 2.32 m, a = 0.76 m. The additional power is scanned up to

3 MW, in four plateaus of 1 s during the stationary phase of the plasma. During the shot the

density is kept constant and the electron temperature increases with Padd.It was also checked

that the magnetic shear was unchanged during the heating phase. The plasma parameters and

the heating scenario are identical for the LH and ICRH cases. Each shot is reproduced four

times to check data reproducibility and to obtain all the components of the density

fluctuations k spectrum between 3 and 14 cm*1.

2) DENSITY FLUCTUATIONS

When 3 MW of ICRH are applied (5n/n)2 monitored at r/a = 0.4 by the reflectometer

was found to increase by more than 70%. A discrepancy in the level changes obtained

between LH and ICRH heating at same input power, can be resolved by taking the Te profile

as the relevant parameter. Fig. 2 represents the (8n/n)2 increase (versus ohmic level) as a

function of the local VTe. This

increase scales linearly with the VTe

change. The CO2 scattering device

gives additional information:

monitoring the bottom of the plasma, it6

3.0

2.0

1.0 . _.

&

oflf

-I 1- •+•

0 1.0 2.0 3.0 4.0 5.0 6.0

grad(Te) (keV/m)

Fig.2 - (5n/n)2 increase during ICRH heating

is able to discriminate the fluctuations

located before and beyond the radial

electric field (Er) inversion radius ps (

7 0 e.g. the gradient and far edge region).

In ohmic case, p s is found to be at

r/a = 0.93. The measurements in the

gradient region (fig. 3a) show that
when additional heating is applied, the (5n/n)2 increase is visible only for k0< 6 cm"1. At

higher k6 values no change or even a decrease is observed.

Fig. 3b shows the k9 spectrum changes of the density fluctuations measured Beyond the

radial electric field inversion radius. When the ICRH power is applied, an increase is

observed at all k0 values, in difference to the behaviour in the gradient region. This increase

at the edge does not seem to be directly correlated to the level of additional power.

3) MAGNETIC FLUCTUATIONS

(8B/B)2 monitored at r/a=0.56 by the cps diagnostic shows a strong correlation with

the additional heating power (an increase of 300 % at PICRH= 3 MW). Once again,

discrepancies between the LH and ICRH cases (at same additional heating power) indicate

that the relevant parameter is the Te profile.
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Fig.4 shows (8B/B)2 as a function

of VTe. The (6B/B)2 scales linearly

with the Te gradient. In the far edge

and scrape off layer regions no

significant changes on the level were

seen by the magnetic loop during

application of either additional

heating. This indicates that the

parameters driving the magnetic

fluctuations are different in the

gradient and edge regions during

additional heating.

15
4)TRANSPORT COEFFTCTENTS

Fig. 5 shows that the fluctuations

scale linearly with %e at r/a=0.5. If

this result gives experimental

support to the idea that turbulence

0 5 10

k wave number (cm-1)

Fig. 3a and 3b

top:8n2 k spectrum in the gradient region

bottom: Sn^ k spectrum at the edge

is responsible for the transport increase , it does not rule out any of the two components

(magnetic or electric) of the fluctuations. As the density and the magnetic shear were

unchanged throughout the heating phase the changes monitored on the fluctuations and %e

can only be attibuted to the VTe changes. %e in the gradient region shows good correlation

with the global energy confinement time . This is an indication that the global confinement

properties of the plasma are strongly affected by the transport occuring in the gradient region,

i.e. by the fluctuations in the same region.

5) DISCUSSION

Two regions can be discriminated in the plasma. In the gradient region both.,

components of the fluctuations show strong correlations with the additional heating while "

in the edge and far edge regions (r/a>ps), the fluctuations are decoupled,from the level of

additional heating,

In the gradient region a relevant parameter strongly correlated to the fluctuations

changes is VTe. During additional heating, the SB2 increase is greater than the 5n2 one, but it

is not possible from these observations to point out the main responsible for the transport
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increase in the plasma bulk. Finally, the correlation of 8n2 and 8E$2 with VTe could be an

indication of the existence of an electromagnetic turbulence in the gradient region.

At the edge, both types of fluctuations seem to react to local unknown parameters changes

likely correlated to plasma wall interaction. In addition, it is shown that the k spectrum of 5n

fluctuations is different at the edge and in the gradient region even in ohmic regime and

moreover during additional heating. This point gives furher support to the idea that edge and

gradient region fluctuations could be of a different nature.
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New Insight into Runaway Electrons Production and Confinement

G. Martin, M. Chatelier and C. Doloc
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1. Introduction

Runaway Electron avoidance and control are both important issues for future large

Tokamaks like ITER. Runaway Electrons have been observed on toroidal devices since their

very beginning, that is for more than 40 years. On small machines they were produced

primarily during the "break-down" or "current plateau" phase of plasma pulses and could be

avoided after some operation time or by working at sufficiently high density or in clean

machines. On present large devices like JET, JT60U, TFTR or Tore Supra, they are produced

in large amounts during disruptions, with the noticeable exception of DIII-D where none have

been detected [1]. They might prove detrimental for first wall components, especially in

actively cooled devices. Reliable models, for both creation, energy limit, confinement and loss

are still needed to explain or predict the behaviour of these electrons. Important features that a

model should accommodate are discussed on the grounds of several years of observations on

Tore-Supra and other devices. A code has been developed to show easily where damages are

to be expected.

2. Classical Runaway Electron Creation Rates

The runaway electron creation process during the current plateau of tokamak discharges

has been well understood on small tokamaks [3]. The plateau production depends strongly on

plasma density and much more weakly on other parameters like e.g. the toroidal field.

Extrapolations to future devices can be made with some confidence, although they are not very

useful since this source of electrons is generally weak enough to be ignored.

The large amounts of runaway electrons produced during plasma current disruptions on

present days large tokamaks seem to follow quite different rules as observed on Tore Supra. •

On figure 1, the number of photo-neutrons detected during disruptions for a variety of pre-

disruptive condition: is plotted (this number can give a good estimate ef the number of

electrons accelerated to energies well above 10 MeV). While photo-neutron production does

not seem to depend on the pre-disruptive plasma density over a broad range (1-5 1019nr3), it

increases significantly with the value of the toroidal magnetic field. Below 2T, photo-neutrons

are only rarely detected (coherently with DIHD results which always works below 2T?). At

3.8T, the value for present experiments, systematic photo-neutron production is observed.
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Fig. 1: Photo-neutron production due to disruption induced runaway electrons on TORESUPRA

(The 1(P line shows the detection limit: points below this limit are for neutron free disruptions)

3. Model for runaway electron creation

In classical models, plasma parameters evolve slowly compared to collision time scales,

typical for electrons to cross the Dreicer limit. In disruptions this is no longer true: the thermal

quench duration TqE is much shorter than thcmean collision time T ^ for fast electrons. One of-,

the most strildng feature of disruptions is the fact that this duration is more or less the same on

all tokamaks, irrespective of their size. On figure 2, tmn (a vVnJ has been plotted for supra-

thermal electrons in a typical plasma at 4.1019nr3. It can be seen that 6-10 keV electrons loose

only a small fraction of their energy by collision during the typical 0.5 ms duration of the

thermal quench.
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During the thermal quench, the stored energy is lost through two channels: radiation,

enhanced by impurity influx and lower temperature, and transport due to a partial ergodisation

of the magnetic structure. This suggests a natural model in which the fate of the electrons

depends on their initial energy:

% The colder bulk experiences a high collision rate and strong interaction with impurities.

Electrons lose their energy mainly through radiation on a time scale dominated by atomic

physics: the observed "collapse duration", which does not change from one tokamak to the

other, being due to local phenomena.

•^ The hotter tail is more sensitive to field ergodisation. These electrons are less collisional

and travel more rapidly along the field lines. They are lost in a diffusive process, which means

that their number decreases exponentially with time. At the end of the quench, when the

magnetic track restores, some of these fast electrons are still there. Due to the low temperature

of the bulk, the Dreicer limit is then very low, and all these residual electrons "run away".

2 . 0 ,

1.6;

0,8

/

O . 4 |

Fig 2:

ne = 4.10*19 m-3/Te = 1 keV

\F(Te)

^ ^ ^ ^ ^ ^ ^ ^ ^ Electron Energy (keV)

2.0 4.0 6,0 8,0

Typical Collision Time for fast Electrons (ms)

In this model, the density does not play a dominant role, but the magnetic field and the

size of the device do. It has been observed that runaway electrons confinement is better for

stronger field during plateau conditions [3]. The diffusion process of fast electrons is greatly

enhanced in low field plasma (D a v.(5B/B)2), and the number of electron still there at the end

of the quench depends exponentially on the field strength, as well as on the small radius of the

plasma.

This model is still qualitative: we lack the precise measurements needed 'during the quench

phase to put real numbers on the phenomena. It is anyhow possible to check that the order of

magnitude and tendencies are correct. In particular, the number of runaways is always a small

fraction of the number of the electrons initially carrying the plasma current, and this fraction

varies from one disruption to the other, as expected from a diffusive loss mechanisms.
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Runaway Electron Trajectography

To follow electron trajectories after their creation, with the main goal of determining

possible impact location, a new method has been developed. Initially conceived for fusion

products [4], the code uses adiabatic theory. Collisionless fast particles are followed in the

magnetic topology aid of the conservation of three invariant:

^ Their energy, which change very slowly on the cyclotron characteristic time.

>̂ The magnetic momentum, which is supposed to be equal to zero for runaways.
^ The toroidal momentum: L E 2n.m.vn.R+q.AP(R,Z).R

The magnetic potential A^ is related to the vertical flux function *F The poloidal

projection of the trajectory can then be represented by equation {I}: pp(R,Z) = -^-.—+<pa

where the function (pp(R,Z) is the flux function H^, normalised to uo.R.Ip, p,p is the poloidal

Larmor radius of the electron ^" ' ' f '^o = 0.0166—^—La and cp0 is defined by the initial
I I { )

f o 0.0166
e.ftQ.IP IP{MA)

position of the electron.

The structure of equation {1} suggests a graphical method to find easily the trajectory : it

will be represented by the intersection of the flux function, a usually available equilibrium

parameter, and an oblique plane. The slope of this plane is determined by the electron energy

and plasma current ratio. An example is given on figure 3.

Flux

FLUX MAP

2=0

TRAJECTORIES

Fig 3: Graphical determination of Runaway Trajectories.

[\] Proceedings from the IAEA TCM on Tokamak Disruption, Culham Laboratory, 10-12 Sep. 1991.

[2] J.W. Connor and RJ.Hastie, Nuclear Fusion 15 p415,1975

[3] M. Altman et al., Nuc. Inst. and Meth. 215 p453,1983

[4] C. Doloc et al, accepted to be published in Physic of Plasma, Princeton, 1995
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Spatial Localization of Turbulence During the Sawtooth Crash
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Introduction

While observed for many years, sawtooth activity in tokamak remains an open ques-
tion, mainly because of the variety of observed behaviour and discrepancies between
experimental observations and theoretical explanations. Onset of turbulence during the
process has been suggested both theoretically [1] and experimentally [2,3] as a possible
mechanism to account for unexplained features of the sawtooth cra^h, especially the rapid
crash time scale.

Transient density fluctuations related to the sawtooth crash have been measured on
the Tore Supra tokamak to characterize the turbulence and test the theoretical models. A
previous study [4] provided mainly the temporal characteristics of that specific turbulence,
and a more detailed analysis is presented below dealing with its spatial structure.

Experimental procedure
Experiments have been performed in standard Tore Supra ohmic discharges (ne =

4 1019 m"3, Te = 1.5 keV, Ip = 1.7 MA, BT = 3.S T, q{a) = 3.3, r,=1 « 25 cm). Sawteeth
observed in such discharges have a typical period of SO ms, a typical crash time of 100 fis,
and relative variation of electron temperature (density) of about 15% (5%).

Density fluctuations n(k, t) were measured via collective scattering of a CO2 laser light
(Altair experiment) at different locations of the vertical measurement volume: along a
nearly central chord (X = 7 cm from the center of q = 1 surface), near the q=l surface (X
= 23 cm) and outside this surface (X = 30 cm). The observed fluctuation wave vector k is
directed horizontally towards low field side in the poloidal plane of scattering experiment.

Temperature and density evolutions (ECE emission, interferometry, soft X-ray emis-
sion) and scattering signals were simultaneously analysed to observe the plasma behaviour
on a fast time scale. Figure 1 illustrates the main features of the crash as seen on the
contour plot of the emissivity map, obtained by tomographic reconstruction of soft X-ray

shot 10549.3 1 -• 40.639698 s Figure 1 shot 10549_3 t = 40.639748 s

-0.4 -0.4

-0.4 -0.2 0 0.2 0.4 0.6 "°-4 -°-2 ° 0.2 0.4 0.6

signals, at two times during a crash: first a fast displacement (50 fis) of the hot core
(indicated by an arrow on figure a), and a poioidally asymmetric temperature collapse
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(b) (50-70 (is). The initial kink-like motion is a m = 1, n = 1 mode, according to spatial
variation of signals in each diagnostic port; equivalent relative location of the scattering
chord is reported in X-ray diagnostic port and plotted in dashed line in fig. 1. The angle
between the corresponding hot core displacement direction in the scattering experiment
section, and k direction (fig. 5) will be noted 0 from now on. Hot core fast displacement
direction is statistically evenly distributed in all poloidal directions for our set of ohmic
shot sawteeth.

General features
A detailed analysis of the scattering signal has shown [4] a first burst of density

fluctuations, appearing synchronously with the fas; displacement of the hot core at the
beginning of the crash (referred to as 'first phase'); a stronger burst appears '"hen central
temperature collapses and heat flows outside the inversion surface ('second paase').

As turbulence during the crash has been seen
to be enhanced mainly in high frequency range
[A to l.G MHz), the following treatment, il-
lustrated on figure 2, was done to discrimi-
nate this specific turbulence from broadband
quasi-stationary one (QS) generally associated
to anomalous transport. Four spectra corre-
sponding to k = 4 cm"1 are plotted: (a) is the
average spectrum performed before and after
the crash to evaluate QS contribution (means
over about 50 spectra), (b) S\(u>) is performed
during the first phase of the crash (for typically
50 //s). (c) is the 'specific' fluctuation spectrum
c/5i(u.') obtained by computing the difference
between (b) and (a); (d) dS2(uj) is the spe-
cific one during the second phase, using the
same procedure Furthermore heterodyne de-
tection allows determination of the direction of
propagation of density fluctuations with neg-
ative frequency corresponding to fluctuations
propagating in the k direction. The transient
fluctuations appears either on positive or neg-
ative frequency side of the specific spectrum,
depending on the sawtooth analysed.

-1.5 -l -0.5 0 0.5

t = 40.639648 s

1.5

0.5 1.5

t = 40.639648 s

- f d S l [A. U.)
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-1.5 -1 -0.5 0 0.5

t = 40.639700 s

1.5

• dS2 [A. U.]
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-1.5 -1 0.5 1.5-0.5 0
Figure 2

As an m = l,n = 1 mode is doubtless implicated in the sawtooth crash process^-
levels and propagation direction have been systematically related to direction of hot core
motion 0, inferred from emissivity maps at the end of first phase: figure 1 (a) illustrates
the case of an upward hot core displacement in the scattering experiment port nearly
perpendicular to the analysed wave vector k; corresponding specific spectra on figure
2 %c.d) show fluctuations flowing both along k and opposite to k. The ratio of mean
quadratic value corresponding to positive frequency side of specific spectrum (dS+) over
the whole integral level [dS) is used to quantify the information about the direction of
propagation (dS+/dS ~ 0.5 in the case shown)
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Density fluctuation propagation direction during the crash.

The ratio dS+/dS, plotted on figure 3 versus 0, shows a strong correlation between
the propagation direction inferred from the spectra shape and kink-like motion; dashed
lines indicate angles corresponding to kink-like motion towards the scattering volume
intersection with q = 1 surface (see figure 5): as shown in figure 3 (a), during the first
phase, fluctu.-rions propagate mainly in the direction opposite to the hot core motion.
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Figure 3 : Fluctuation propagation direction versus hot core poloidal displacement.
This is still the case during second phase (figure b); though hot core motion is no longer

valid because of temperature collapse, we still relate fluctuation propagation direction to
it as it is characteristic of the mode. Fluctuations seem to propagate towards colder zone
of fast collapse of the temperature, which is seen on emissivity maps to invade the q = 1
surface from a side, quite opposite to the hot rore location at the end of the first phase.

Spatial localisation of turbulence

On figure 4 is plotted the total fluctuation level dS\ corresponding to a central chord of
measurement, versus 0: turbulence level is strongly correlated with the poloidal position
of the hot .ore at the end of the first phase; it can vary by a factor up to 6 to 10 and is
roughly higher when the hot core coincides with the scattering measurement chord (for
A' = 7 as well as X = 23 cm). Levels are similar for motion towards interior and exterior
(0 « 0° or ISO"), the slight difference being due to the 7cm shift of the scattering chord.

Surprisingly there is an asymmetry between
hot core moving upwards (0 « 90°) and
downwards (0 « 270°), though both corre-
sponds to a motion close to the scattering
volume, in a symmetrical direction with re-
spect to the equatorial plane. This could be
explained by Doppler shift of specific spec-
trum clue to plasma rotation (v « Vje) on ei-
ther higher or lower frequeacy depending on'
the fluctuation propagation direction and lo-

~o 50 ioo 150 200 250 300 350 calisation: due to kink motion, compression
Figure 4: turbulence level versus 6 (first phase) on q = 1 surface induces two fast flows
along separatrix (figure 5): fluctuations propagate from hot core compression zone along
q=l surface at a velocity about 5-10 times larger than hot core motion, and are detected
near hot core while their level and velocity are high enough compared to QS one:
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on one side, fluctuations flowing against plasma
rotation are seen on turbulent --lectra in the QS
turbulence frequency range <i: . are not taken
into account in our treatment. This hypothesis
has been checked numerically, and agreement
with both spectra shape and turbulence level
behaviour versus 0 is rather good (to be pub-
lished).

F/gure 5: schematic vue of turbulence and scatter-
ing: experiment geometry.

X JS

= 23cm

x I

10-x
X

0-
0 [degj

o 50 IOO 150 :oo :so
Figure 6: rurbu\ence lvvel icollapse

Levels a.-".- >ciated to collapse phase for a

scattering chord located near q = 1 are pre-

sented in figure 6: variation with 0 is less

pronounced, probably indicat ing tha t turbu-

lence is less localised a t t ha t s tage. Though

correlation with 0 is less clear because the

fast collapse zor.- is wide and not always

in «.-: posite direct ion to hot core motion, we

can infer tha t m a x i m u m fluctuation level is

reached when one side of the colder zone in-

300 350 vades the observation volume, as if turbu-

•Vi.ve) lence was located in t h e two frontier zones

shown in grey on figure 5.

Xo enhanced turbulence has been observed for a chord passing outs ide q = 1 surface.

The enhancemen t of turbulence levels dur ing collapse by a factor 50 to 200 compared

to the QS one in the corresponding region shows that o: <et of turbulence could explain

the fast hea t t ranspor t outside q = 1 surface, which is wo orders of magn i tude higher

compared to QS one. These density fluctuations can be the sign of magnet ic and /o r

e lec t ros ta t ic turbulence: it is not e lucidated whether they are associated to convection by

plasma flow or conduction during the whole nrocess.

Conclusion
Transient density fluctuations measured during the sawtooth crash are spatially local-

izod within the r/ = 1 surface: initial kink-like motion of the hot core is accompanied by
fluctuations flowing in opposite direction along </ = I: higher level of turbulence is seen
'.luring fast collapse, coming; from two more •: ral zones where temperature collapses.
Theoretical models implying onset of stociia.iin-.iy !o.6] have predicted some turbulent
zone near destroyed </ = I separatrix. but:jdetailed dynamical behaviour still has to be
clarified. »

'lj M. A. Dubois and A. Sninain. Xuckar /">/- [-1] A. True ef <i/. Proc'. m !u- Mh EPS Int.
•-ion. 20. 1101. ( 1980). <'onf. on PPCF ( L is bonne i'J!)3). Vol. II. 497.
'•J! F. Orvais et nl. Pmr. nf the Kith EPS Int. [•')] R. Sabot ef nl. Proc. of'he ).',th IAEA Int.

'onf. on PPCF (Venice 19.S9). Vol. II. -197. Conf on PPCF (Wurzburg is)92). Vol. I. 409.

;j R. Xazikian el nl. Pmr. nf the iSth EP.'r. Int.. [<j] A. J. Lichtenberg et a/. Xuclear Fusion. 32 .

Conf. on PPCF ( Berlin 1991). Vol. I. 2(55. .195. \ 1992).
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Introduction. The dynamo mechanism responsible for the sustainment of Reversed-

Field Pinch (RFP) configurations is believed to be related to strong magnetic fluctuations. A

fluctuation-induced electromotive electric field <~,v x ,B>» consistent with typical values of the

poloidal current, has been measured at the edge of MST [1], supporting the MHD-dynamo

model [2]. On the other hand, the presence of fast electron distributions (routinely observed at

the plasma edge in many RFP experiments) is a signature of the radial diffusion associated with

magnetic field stochasticity, which could also be responsible for the dynamo effect, according

to the KDT (kinetic dynamo theory) model [3]. Both theories allow the computation of

substantially correct configurations of currents and magnetic fields, by means of 3-D non-linear

MHD simulations [4], or 3-D Fokker-Planck codes [5], respectively. However, in both cases,

in view of the complexity of the computational models, agreement with experimentally

observed configurations is obtained by adjusting parameters that are not easily measurable. In

such comparisons between theoretical models and experiments, an important additional

requirement is the consistency between the macroscopic quantities (Bo, Ip, F, 0 , current and

magnetic field profiles) and the microscopic structure (electron distribution function in velocity

space). In fact, as it will be shown later on, similar RFP configurations can be obtained from

completely different electron distributions, and fast electron diagnostics could be extremely

useful to discriminate between different theoretical models. An example of this method is given

here: the current and magnetic field configuration of a typical MST discharge are computed self-

consistently with the electron distribution function, by means of a 3-D Fokker*Planck code [5],

and experimental soft X-ray spectra are used as a powerful constraint on the only important free

parameter of the simulation, the magnetic turbulence level in the plasma core.

Computational model. The Fokker-Planck code used in this work is discussed in

detail elsewhere [5]. It solves the kinetic equation in 3 dimensions (r,vn,vjj
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3f eEM 3f
3t m

= C(f) + D(f) (1)

where f(t,r,vn,vi) is the electron distribution function, averaged on both the cyclotron motion

and the guiding center orbit, C(f) is the collision operator, DM(I") is the magnetic field line

diffusion coefficient and EA(r) is the ambipolar electric field, arising because electrons diffuse

faster than ions. The parallel electric field En = EcpBq/B is evaluated self-consistently with the

magnetic field B, which is related to the current density J via Ampere's law V x B = [IQJ. This

is achieved by i) numerically solving the kinetic equation, ii) computing the current density, iii)

numerically solving Ampere's law for B, iv) recomputing En, v) injecting the new En into the

kinetic equation, and iterating the procedure until the distribution function, the current density

and the magnetic field profiles are in steady-state. The effect of a MHD-dynamo field can be

simply included in the calculation by entering an ad hoc parallel electric field Ed, with intensity

and radial profile deduced from non-linear MHD simulations [4]. For instance, in order to

mimic the dynamo field computed for typical MST parameters in Ref. 4, the following

analytical expression has been used

A - atan[a(r - r*) / a]
EH=E dO" A + atan[a(r * /a)]

(2)

where Edo is the value of the dynamo field at the plasma centre, and the parameters A, r*, a are

used to define the shape of the field as a function of radius.

Experimental results and simulations. We have performed self-consistent kinetic

calculations for typical parameters of a low-density MST discharge (R = 1.5 m, a = 0.5 m, Ip =

350 kA, Vioop = 14 V, ne0 = 0.9 x

1 0 ° | i i i m i • • l i m n i n ! • • • • • M I •• l 0 i 3 c m - 3 , T e 0 = 2 5 0 e V , F = - 0 . 2 , 0

*(E) Id -3 = 1.7). A radially constant DM = ~,b2L

is assumed, where L - 1 m is the

longitudinal auto-correlation length of

the turbulence, and ,b is the ratio of

the fluctuating to the static magnetic

fields. A radially constant Zeff = 2.2

is also assumed, based on incomplete

spectroscopic measurements. Global

discharge parameters in fair agreement

with the experimental ones are obtained

for ,b ~ 0.4 %, somewhat lower than

the 1-2 % level measured in the plasma

edge. A very similar result (i.e., the

10-8

(keV)

Fig. 1: Computed distribution functions at the
plasma center, for the same current
density; KDT (solid) and MHD
dynamo (dashed) models
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1012 same global parameters) can also be

obtained by means of a purely MHD-

dynamo model, namely by running the

^ 1 0 1 0 E- \ J^ " n e S \ code with ~>b = 0 and Ed * 0 (with
27uREd0 = -4 V, A = 0.5, a = 10, r*/a

= 0.5). The central distribution

functions (integrated over pitch-angle)

computed for the two cases (purely

, A C I . , . . mi ti KDT and purely MHD models) are
I ( ) t ) I I I I I I I I I I I I l l I I I J i l l W i l l ll i i \ II

0 1 2 3 4 5 shown in Fig. 1. Despite the fact that

hv (keV) the central current densities are exactly
Fig. 2: Measured (points with error bars), and the same, the two pitch-angle averaged

computed (lines) X-ray spectra. KDT distributions are very different in the
model (solid); MHD dynamo model . . . , ~rr>.r~
(dashed); MHD + KDT(dotted). high-energy part: in the KDT case,

radial diffusion (« IVHI) prevents the

flattening of the tail, despite the higher

local electric field. Such large differences are generally observable by means of diagnostics

sensitive to the pitch-angle integrated distribution, such as soft X-ray spectra. This is illustrated

in Fig. 2, where an experimental spectrum is shown, together with the two spectra computed

from the distributions of Fig. 1 (solid and dashed lines). It appears that the purely MHD-

dynamo model yields a spectrum which is too high and flat. This result is systematic, and

demonstrates that radial diffusion and the resulting non-local conductivity are essential

ingredients of the RFP dynamics. This is also supported by edge fast electron measurements in

MST [6].

Now, can a purely KDT model describe any RFP discharge satisfactorily ? As shown in

Ref. 5, it is possible to obtain reversed-field configurations by a KDT model, as long as ,b is

regarded as a free parameter. If ,b is constrained by a measurement of the distribution

function (as in our case), this is no longer generally true. For instance, in the case of Figs. 1,

2, the optimum combination of parameters that simultaneously fits the X-ray spectrum and the

total plasma current yields Bo = 0.5 T, 0 = 1.95 and F = -0.1. The corresponding profiles of

parallel current density and magnetic fields are shown in Figs. 3 and 4, respectively (solid
J

lines). It has not been possible to obtain values of F = -0.2 and substantially^lower values of

0 . Runs performed for higher densities confirm that the field reversal is difficult to obtain

under the constraint imposed by the X-ray spectrum. The optimum is always obtained by the

combination of the two models. For instance, using ,b = 0.3 % and 27cREdo = -2 V, the

central distribution function is very similar to that of the purely KDT model, and fits the X-ray

spectrum (Fig. 2, dotted line). On the other hand, the current and magnetic fields profiles are
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Fig. 3: Computed parallel current densities;
KDT (solid), and MHD+KDT (dotted)
models

broader (Figs. 3,4, dotted lines), and

the configuration is more deeply

reversed (Bo = 0.5 T, 0 = 1.9 and F =

-0.2). Using an adjustable MHD

dynamo field, it is, of course, possible

to match the experimental parameters as

closely as desired. However, full

validation of the theoretical

understanding of RFP discharges

would only be provided by a fully self-

consistent MHD + kinetic calculation.

Conclusions. In conclusion, a

new technique, based on 3-D kinetic

simulations constrained by measure-

ments of the central fast electron

distribution, has been applied to the analysis of RFP discharges. It is found that radial

diffusion of superthermal electrons due to magnetic stochasticity is essential to simulate the X-

ray spectra, which cannot be reproduced on the basis of a purely MHD-dynamo electric field.

However, excellent agreement in all respects (both microscopic and global quantities) could

only be found by adding a MHD-dynamo electric field of the level and shape predicted by non-

linear MHD simulations [4]. These results reconcile the two models and clearly demonstrate

the importance of both 3-D kinetic codes and 3-D MHD codes (ideally, self-consistently

coupled) for the correct interpretation of

RFP discharges.
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Introduction. Direct measurement of the magnetic turbulence in the plasma core is one of

the most challenging tasks in tokamak plasma diagnostics. Due to the lack of well-established

and reliable techniques to measure the magnetic fluctuation levels in the central region of the

plasma, doubts still persist even on the nature of the dominant core turbulence, i.e., whether

magnetic or electrostatic. In view of the importance of this subject for the problem of

anomalous heat transport in tokamak reactors, indirect methods to determine the nature of the

turbulence and its level could be extremely useful. Fast electrons are known to be sensitive to

magnetic turbulence, and this property has been exploited in the past to obtain indirect

measurements of the turbulence level at the plasma edge [1]. In order to use such a test-particle

population for measurements of the core magnetic fluctuations, fast electrons have to be: i)

generated in the plasma core, ii) observed by appropriate diagnostics, iii) simulated by

appropriate codes for comparison with the experiments. Superthermal electrons are naturally

present in ECRH plasmas on TEXT-U, for central densities below 2 x 1019 nr3. They can be

generated in the very centre of the plasma, since ECRH is highly localized. A vertical ECE

(VECE) system [2] has been installed to observe electrons in the energy range 0-120 keV.

Discussion of the method. In order to illustrate the method proposed here, some typical

VECE spectra are computed by means of a relativistic emission/absorption code, coupled to

toroidal ray-tracing, using as an input the electron distribution function obtained from a 3-D

bounce-averaged Fokker-Planck code. This code is decribed in detail elsewhere [3,4]. It

includes the Coulomb collision operator, the q'uasilinear operator describing interaction with the.

RF waves, the dc electric field convective term, and a quasilinear radial diffusion term

describing the interaction with magnetic and/or electrostatic turbulence. The code has been

benchmarked against experiments, in similar ECRH regimes [5] and in LHCD regimes, both

for weak [6] and strong [7] radial diffusion. Additional experiments with variable injection

angles and power modulations of the ECRH beams have been performed on TEXT-U in order
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to test the accuracy of the models used to describe the process of power absorption. Computed

VECE spectra (in the absence of wall reflections) are shown in Fig. 1, for typical high power

ECRH TEXT-U parameters (R = 1.05 m, a = 0.26 m, B = 2.1 T, Vioop = 0.75 V, Zeff = 4, Te0

= 2.25 keV, neo = 1.6 x 1019 nr3, PEc = 450 kW, toroidal injection angle \|/ = 10°, wave

frequency f = 60 GHz). The spectra have been computed with different radial diffusion

coefficients: Dr = 0 (a); Dr = L(~,B/B)2lvul (b); Dr = L(~,E/B)2IV||H (c), where ~,B and ~,E are

the magnetic and electrostatic fluctuating fields, respectively, L is the longitudinal auto-

correlation length of the turbulence, and VH is the parallel velocity. The following turbulence

parameters have been used: L ~ 27iR, ~,B/B = 2.5 10'5, *",E/B = 1 km/s.

The corresponding parallel distribution function and perpendicular temperature at the plasma

centre (Fig. 2) show that the central superthermal distribution is strongly affected by radial

diffusion. Furthermore, Fig. 1 shows that the shape of the superthermal spectrum depends on

whether Dr °= IVHH or Dr °= Ivnl, namely, whether the dominant turbulence is electrostatic or

magnetic. Thus, VECE is, in principle, suitable for determining both the nature and the level of

the turbulence in the plasma core.

Experimental results. We now present the results of a systematic experimental study

performed on TEXT-U. The ECH system consists of one 56 GHz and two 60 GHz

gyrotrons, each one delivering up to 200 kW. Three ECH launchers are located on the mid-

plane, low-field side of the machine.

energy (keV) T w o Of t h e m provide Gaussian

1 0 0 5 0 0 beams that are focused and steerable

(one poloidally and one toroidally, ±

30°). The beam spot size at the

plasma centre is ~ 6 cm. A third

launcher is unfocused (spot size =

15 cm) and fixed. The heating

system has been operated at the

fundamental gyro-resonance, in the

ordinary mode. The VECE system

[2] observes the plasma nearly

vertically (toroidal angle 10°) from a

bottom port, at the 2nd harmonic,

extraordinary mode. It consist of

two, 8-channel -heterodyne

radiometers, covering the frequency

bandwidth 98-125 GHz (2 GHz

spacing, 0.4 GHz bandwidth per

i. , , . i , , . , j * , , ,i

(keV)

95 125105 115
frequency (GHz)J

Fig. 1: Computed VECE spectra for PEC = 450 kW,
V = J0°, Vloop = 0.75, ne0 = 1.61013 cm-3.
alno turbulence; b) electrostatic turbulence
(E/B = 1 km/s); c) magnetic turbulence
(B/B = 2.5 W'5). Maxwellian spectrum
(dashed line)
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channel). The collection optics define a

collimated Gaussian beam throughout

the observation bandwidth (spot size =

3.5 cm). A silicon carbide viewing

dump is located on the opposing wall

of the vacuum vessel, in order to limit

wall reflections (-20 dB). The antenna

can be radially displaced over 15 cm, in

order to get information on the radial

structure of the superthermal dis-

tribution: such measurements have

confirmed that during ECRH the fast

electrons are strongly peaked at the

plasma centre.

A typical experimental VECE

spectrum is shown in Fig. 3. The main

discharge and ECRH parameters were:

B = 2.025 T, ViOop = 1.7 V, Zeff = 4,

Te0 = 1.2 keV, ne0 = 1.6 x 1019 nr3 ,

PEC = 170 kW, y = 10°, f = 56 GHz.

All the observed spectra, in a wide

range of plasma parameters (1019 < neo

< 2.5 x 1019, 170 < PEC < 450 kW)

display the same, magnetic turbulence-like structure, i.e., monotonically increasing in the

superthermal part of the spectrum (thus, decreasing with energy). Simulated spectra, for three

different magnetic fluctuation levels, are also shown. It appears that the experimental spectra

cannot be reproduced (not even qualitatively) without including radial diffusion in the

calculations. A fluctuation level of the order of 4 10-5 is compatible with the experimental

result, in fair agreement with expectations based on magnetic probe measurements made outside

of the TEXT limiter and with measurement of runaway electron diffusivity in the outer edge of

the plasma. Sensitivity studies have been performed by varying the simulation parameters

(Vloop> Zeff, PEC> etc.) within the experimental error bars, in order to determine the expected

accuracy in the determination of the fluctuation level, which is < 50 %. The correlation of

~,B/B with heating power and confinement time has been investigated by heating with one or

two gyrotrons, both at 60 GHz and \j/ = 10°, during the same discharge (B = 2.15 T, Vioop =

0.8 - 0.9 V, Zeff = 2, neo = 1.6 x 1019 rrr3). The measured spectra are presented, together with

optimized simulations, in Fig. 4. The excellent agreement between theoretical and experimental

-100 0 100
parallel energy (keV)

Fig. 2: Computed parallel distribution and
perpendicular temperature for the
• three cases of Fig. 1
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95 115100 105 110
frequency (GHz)

Fig. 3: Experimental (full circles) and computed
(lines) VECE spectra for a 1 gyrgtron
shot, a) no radial diffusion; b) B/B =
3 10-5; c) B/B = 5 10-5.

spectra gives confidence in the

interpretation model. The fluctuation

levels weakly increases with heating

power, following the general trend of

c o n f i n e m e n t d e g r a d a t i o n

(experimentally measured energy

confinement time decreases with power

from 10 to 9 ms).

Conclusions. A new technique,

based on 3-D kinetic simulations

constrained by measurements of the

central fast electron distribution, has

been used to determine the turbulence

level in the core of hot tokamak

plasmas. Vertical ECE has proved to

be appropriate for diagnosing the fast electron dynamics in the centre, which is sensitive to the

nature and level of the plasma turbulence. The main limitation of this method is the need for

good simultaneous measurements of various plasma parameters (ViOOp, Zeff, PEO ne, Te). All

the observed spectra carry the signature of magnetic turbulence. Typical fluctuation levels of

the order of 4 10"5 are found, which is too low to explain thermal transport in TEXT-U,

although some correlation of the turbulence level with the degradation of confinement is

observed.
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Abstract. Observations from a high-resolution crystal spectrometer and from
collector arrays for ripple- lossed fast particles (electrons or ions) show a strong
correlation between the toroidal plasma velocity and the nature of the particles
leaving the plasma. The velocity is in the direction parallel to (opposite to) Ip, when
the net charge leaving the plasma is negative (positive). We observe Av/AI = 22-36
km s"V 100mA (Av=toroidal velocity; AI=net current collected in one out of
the 18 magnetic wells ).
Analysis of X-ray line spectra. On Tore Supra, high resolution line spectra from the
n=2-n=l transitions in He- and Li-like ions of intrinsic impurities are recorded with
a multi-crystal spectrometer [1]. The present study is based on the strong Fe and Cr
spectra in the 1.85 - 2.2 A region. A typical spectrum from Fe is shown in fig.l. The
spectrum contains the lines w, x, y, and z from Fe24+; the remaining lines are from
Fe23+ (n>3 designates a group of low-intensity lines). The spectra are taken at a rate
of 5 or 10 per second. The spectrum shown in fig.l is the result of a summation
over 1.5s.
The solid line through the w, n>3 and j lines is the result of x2 - fitting of a (partial)
synthetic spectrum. The lines j and n>3 are produced by di-electric recombination,
and their intensities (relative to the intensity of w), are known functions of Te
(decreasing with increasing Te).Ti is obtained from the width of the line w,
corrected for natural and instrumental broadening (Voigt profiles). Filially, the shift
of the line w from its position during the ohmic heating phase, gives the
(differential) toroidal plasma velocity, Av.
The spectra of Cr, such as the one shown in fig.2, are treated in the same way, but
the fit includes the line z because of the partial overlapping with j .
As an example, fig.3 illustrates qualitatively the effects we observe when LH is
replaced by ICRF: Te decreases (the intensities of the n>3 lines go up), Ti increases,
and the spectrum shifts to shorter wavelengths (given the geometry of observation,
the plasma is accelerated in the direction opposite to Ip).
In the following, all quantities are relative to the ohmic phase (Av, ATe, ATi). The
uncertainties of these quantities (fitting errors) may be quite low. For spectra with a
goodS/N we have typically 5v = l - 2 k m / s (occasionnally 2 - 4 km/s for low
intensity "ohmic" spectra) and 8Te, 5Ti = 0.05 - 0.1 keV.
Ripple-loss diagnostic. This diagnostic consists of two arrays of twelve polarisable
graphite collectors on the top and on the bottom of a vertical port. They act as probes
for the low-density plasma in the port, and as collectors for the high-energy,
collisionless particles, locally trapped in the magnetic well and drifting into the port
(electrons down, ions up) [2,3]. In the present experiment, all collectors are
set at +100V (in order to recollect possible secondary electrons). Consequently, the
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bottom array collects thermal and fast electrons, arid the top array collects thermal
electrons and fast ions. The net ripple current collected in the port (i.e. in one out of
the 18 magnetic wells) is defined by

AI= I Iadd - lohm I top - I ladd - W i I bottom = Ali -Ale (1)
with subscripts add (ohm) for additional (ohmic) heating. Consequently, AI>0 (<0)
indicates a net positive (negative) charge leaving the plasma in the port (the total
current should be 18 times this value). Finally, from a large data base of shots with
LH, we have obtained the following scaling law:

AIe[mA] = 820* P L H * (nl) ~2 * Ip/Bt + -10; [ MW, lO^m-Z MA, T ] (2)

Experiments. We discuss the results from two series of shots:
series I: shots 11956-11969, low density plasma, nl=2.5 1019m"2

Ip=0.8MA, PLH=2.7-2.9MW, PiCRF=l-3MW (H-minority heating)
spectrometer set on Fe24+, 23+

series II: shots 12990-13006, high density plasma, nl=6 1019m"2

Ip=1.51MA, PLH=l-8-3.8MW, PiCRF=3.6-5MW (H-minority heating)
spectrometer set on Fe24+, 23+ for shots 12990 andl2991
spectrometer set on Cr22+, 21+ for shots 12992-13006

Common discharge parameters are: a=0.77m, P.=2.34m, B-3.7T, He filling.Typical
electron and ion temperatures prior to the additional heating are 2.4keV and 2keV,
respectively .The results for Av, ATe, and ATi obtained from the two series are shown
in fig.4 and 5. First we notice that, as expected, the LH additional power favours
electron heating, whereas the ICRF additional power goes to electrons and ions.
ATe and ATi attain 2keV and 1.3keV, respectively. Secondly, we observe that when
ICRF is applied, the plasma is accelerated in the direction opposite to the plasma
current (Av >0); with LH applied, the acceleration is in the direction of Ip (Av<0).
Finally, with both heating methods present, we observe the sum velocity.

The correlation of the sign of Av with the species of heated particles suggests the
existence of a relation between the toroidal rotation and the electric charge leaving
the plasma. In fig.6 we have plotted Av against AI for series II. Obviously, the
correlation is quite strong, i.e. the plasma is accelerated in the direction parallel
(opposite) to Ip, when the net charge leaving the plasma is negative (positive),
creating an outward (inward) radial electric field. For the shots of series I, the
electron -loss diagnostic (bottom array) was not in operation. In spite of this, we get
interesting results from this series too, by proceeding in the following manner:
i) for the "ICRF only" time- slices, the ion current always dominates and,
consequently, AI is not affected by the missing electron array; ii) for the "ICRF+LH"-
time- slices we can calculate a correction using the scaling law, eq.(2), for AIe;

iii) for the "LH only" time slices, Ali =0, and AI = - Ale, with Ale again calculated
from eq.(2). The result of this approach is shown in fig.7 (the "horizontal" error bars
of + - 10mA follow from the use of eq.(2)). Although there is much scatter in the
points, it is again obvious that high electron losses are on a par with Av<0.
A quantitative relation is obtained by looking on individual shots as shown in fig.8
(which is a a zoom on the data of fig.7).
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In view of the data presented here, the correlation of ripple losses and toroidal
rotation seems quite well established. A further argument in favour of this relation
is expected from another RF heating scheme used on Tore Supra, the direct fast wave
electron heating (FWEH) [4], with typical parameters: 48MHz, Ip=0.4-lMA, Bt=
1.5-2.2T. Both experiment and theory [4,5] show a strong heating of bulk electrons
without the creation of fast particles. Therefore, no toroidal rotation is expected.
However, the electron temperature (1.2keV at 2T) of the ohmic plasma (serving as
the reference) is too low to produce Cr orjFe spectra with good photon statistics.
These experiments, with FWEH, will be repeated using Titanium or Argon.
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Introduction. On Tore Supra, high-resolution X-ray spectroscopy of the n=2-n=l
transitions in He- and Li-like ions of intrinsic impurities (Cr, Mn, Fe, Ni, Cu) is a
standard diagnostic for electron and ion temperatures, and for the toroidal rotation
velocity [1]. In this paper, we present a technique for the absolute calibration of our
crystal spectrometer [2] which enables us to determine also the absolute densities of
these impurity elements.
Basic relations. For any spectral feature, i.e. a line or an interval of the continuum,

the count rate, r, of the detector is linked to the brightness, e, of the source, by :

r [counts/s] = T| [counts/photon]*C [cmA2 sr]* e [photons/cmA2 sr s]

where C = TBe * THe * he * lc * Ri * hd / (R*sin0)

Here r| is the quantum efficiency of the detector, and C is the effective throughput.

xBe and THe are the transmission factors of two Beryllium foils (each 0.027cm thick)
and of the Helium in the spectrometer (total path length 590cm; pressure 1 arm),
respectively, he and lc are the height and length of the crystal, respectively. Ri is the
integrated reflectivity of the crystal, and R the bending radius; hd is the height of
the position-encoding proportionnal counter and 0 is the Bragg angle.
In principle, the r\*C product may be calculated (Ccalc, in the following) with the
data given in table I, probably with considerable uncertainty (transmission of Be

at ?i>3A, Ri,...). It is the purpose of this paper to present, and to make the use of,
an experimental procedure to determine T\*C (Cexp, in the following).
Experiments. As will be explained in the following paragraph, Cexp is obtained
from the continuum radiation (which is dominated by the filling gas and the light
impurities). The line spectra from the metal impurities discussed here are
superposed on this continuum, together with a parasitic background from neutrons,
gammas and stray light. In order to get the true "spectral" continuum (ff + fb),
we have placed a metal strip on the focussing circle (on the source side)
producing an "absorption dip" which indicates the true continuum level we need.
This is shown in Fig.l and 2 for highly ionized Cr and Mn, respectively. The data
we take from the spectra are the intensities of the (ff + fb)-continuum (counts/A s)
and of the n=2-n=l transition, w, of the helium-like ion (counts/s). The Mn
spectrum demonstrates the situation for an extremely low-density impurity.
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Finally we notice that the measured continuum level is not affected by contributions

from higher orders of diffraction, because both e and Ri decrease with the photon
energy.

Determination of Cexp (or r/e) At any wavelength (visible or X), the brightness of
the continuum is dominated by the ions from the working gas and from light
impurities (carbon, oxygen). On Tore Supra, we have a Zeff - diagnostic based
on an absolute measurement of the continuum in the visible, and an XUV
spectrometer for the lines emitted by the C and O ions. Data from these two
diagnostics are the input of an atomic physics and particle transport code [3,4 ],
which calculates the radiation properties (lines and continuum) of the plasma.
We therefore know the spectral brightness of the continuum at the wavelengths of

the lines w of Cr22+, Mn23+ and Fe24+. The values of Cexp (=r/e) thus obtained
are given in the last column of Table I. For Cr and Fe, we have been able to apply
the procedure to several discharges and time slices with ohmic and additional
heating, and have found very little scatter for Cexp (5 % for Cr, 14% for Fe).
Several factors may be responsible for the differences between Ccalc and Cexp (see
table I) . For Ccalc, for exemple, a possible candidate is the value of the integrated
reflectivity, Ri, (calculated here following Hirsch and Ramachandran ) which is not

necessarily valid for a real, curved crystal. TBe has been calculated from the

physical data and chemical composition of" typical" Be foils, and t| from the photo-
electric cross-section of the gas used for the proportional counter ( 80% Xe,
20% CO2; 1.5atm.).
Determination of absolute metal impurity densities. The code mentioned above
also contains "test densities" for the metal impurities (at a level too low to affect the
continuum) and calculates the corresponding brightnesses of the principal lines of
the X-ray spectra (w, q, j). From the experiment we have got the absolute
brightness of the line w (= r/Cexp ), and thus obtained the absolute density of the
impurity element by adjusting the test density.
In Fig.3 we show the results from two similar discharges with four pulses of LH

additional heating (Bt=3.8T, Ip=0.6MA, nl=3 1019m"2) in which we have studied
the densities of Fe and Cr. Notice the strong modulation of Te (between 2 and
4keV) and of the brightnesses of the continuum at 2.173A and of the resonance line
w of Cr22+ ( similar modulations are seen on the features recorded for Fe, i.e. the
continuum at 1.844A and the line w of Fe24+). For the absolute density (in units of
10l4m~3 ) we have obtained values as low as 0.8 for Fe and 0.4 for Cr during the
ohmic time slices, and up to 2.7 for Fe and 1.0 for Cr during the time slices with the
LH additional heating.
In another type of discharges ( Bt=3.7T, Ip=1.5MA, nl=6.6 1019m-2, ICRF at 1MW)
we have studied Mn. With the data obtained from Fig.2, we have obtained a
density of 0.25 1014m"3 during ICRF.
Minimum detectable impurity densities. The threshold for detection is given by
the photon noise of the spectrum. If we consider a time resolution of a few seconds,



-119-

the spectrum shown in Fig.2, with 5000 + - 200 counts in the line w of Mn23+, may
illustrate the minimum quality required. Inspecting Fig.l, with an excellent
signal-to -noise ratio for the line w of 0 2 2 + , we estimate that a much lower count
rate for the line (say, 5 times lower) would also be quite acceptable. We conclude
that for Cr and Mn the minimum detectable density in Tore-Supra plasmas with
Te > 2keV is of the order of 2 1013m~3. For Fe, the same threshold needs a slightly
higher temperature (> 2.5 keV).
Impurity transport and fractional ion densities. For the deduction of the total
densities of Cr and Fe (nCr, nFe in the following) from the measured absolute
brightnesses of the lines w (from the 2-electron ions), the fractional ion densities,
i.e. the nature of the ionization equilibrium, must be known. It is interesting to
check the impact of the latter on nCr and nFe. This approach is also suggested by
the observed line intensity ratio Iq/Iw, always higher than expected (a similar
discrepancy for Ni is discussed in [5]). For example, for Cr with LH additional
heating (see Fig.l) we observe 0.2, rather than 0.1, indicating that the plasma is less
ionized than expected from the standard transport model (diffusion coefficient D
and inward convection velocity v=r/a*VA )-The origin of this "under -ionization"
is not well understood, but it can be recovered by an appropriate modification of
the coefficients D and V A [4], or by adding charge exchange recombination (CX).
In Table II we show the results from six runs with different coefficients, including
standard or near standard (No 2,3,5) and unlikely (No 1,4,6) ones. Obviously, the
value of nCr is very little affected.
Conclusion We have measured absolute densities of Cr, Mn, and Fe with an
absolutely calibrated crystal spectrometer. Minimum detectable densities are of the
order of 210 1 3 m- 3 .
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Cr
Mn
Fe
he

22+
23+
24+

Xw[A]

2.1814
2.0061
1.8498

= 2.3cm, lc =

hkl

223
312
115

4.5cm

2d[A]

2.3604
2.1632
1,9792
, hd = '

xBe
0.56
0.65
0,55

xHe

0.92
0.93
0.96

4cm, Rsin©

Ri [rad]

1.24 e-5
0.59 e-5
0.65 e-5

= 295cm,

Tl
0.95
0.91
0.82

Ccalc[*]

8.5 e-7
4.5 e-7
3.9 e-7

Cexp[*]

10.8
7.4
2.80

e-7
e-7
e-7

* counts/(photon/cmA2 sr)
Table I

Run

1
2
3
4
5
6

^ D vA
nvVs m/s
0.15 0.4

1.5 4
1.5 4
1.5 4
1.5 8
4.5 12

comment

corona equilibrium
Tore Supra standard conditions

D andVA divided by 10 for r < 0.3*a
with CX; central D° density = 5 1013nr3

VA = 2 times standard value
very fast inflow and diffusion

Iq/Iw

p

0.06
0.1
0.07
0.18
0.09
0.18

nCr
10l4m-3

0.82
0.80

" 0.90
0.81
0.76
0.82

Table II
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Introduction

The main gases used in the fusion devices are up to now hydrogen (H2, HD, D2) and helium. They

are used as fuelling gas for plasma discharges or for conditionning purposes by means of glow

discharges. To monitor the partial pressure of these gases, residual gas analyser (RGA) are widely

used. Unfortunately, the standard mass spectrometers do not allow to separate elements with

proximate charge over mass ratio. Due to the very small mass difference between helium (m=4.0026

a.m.u.) and deuterium (m=4.0282 a.m.u.), quantitative measurements are not possible in a mixture of

these gases without highly turned RGA.

A new method which allows to quantify the deuterium content in a He/D2 mixture by using a

commercial residual gas analyser is presented.

Experimental set up
Experiments have been performed with a balzers QMG 420 mass spectrometer (length rod : 100

mm, HF : 3 MHz, SEM detector). The RGA is installed on Tore Supra with a differential pumping

system allowing a pressure reduction of factor 10 for deuterium. An another similar RGA has been

used in laboratory to check the reproducibility of the measurements.

From electron impact in the RGA source, deuterium molecules become either D2+ or D + ions with.a

ratio of D+/D2+ equal to 3/100 for 100 eV electrons [1]. Second order reactions occur in the RGA

ion source which provide D3 + ions. The source of D3 + is mainly the reaction D2 + + 0 2 " ^

D34" + D° which exhibits the highest cross section at these energy levels [2]. D3+ production is'

strongly dependent upon the electrical conditions in the ion source (emission, current, primary

electron energy), [3].

Assuming a second order reaction, the mass 6 signal (D3+) should follow a quadratique dependence

of deuterium pressure. Experimental data are in good agreement with this theoretical law. The D3 +

signal as function of deuterium partial pressure is plot on fig I. In spite of a non exact quadratic
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dependence (the fitted curve gives a P n dependence with n=1.9 ), the mass 6 signal can be used to

evaluate the deuterium partial pressure. On the fig II, we can see the pressure in the torus chamber

(a), the T>2+ and D3 + measurements in the RGA (b) and the ratio of D3+/D2+ as function of the

time during a deuterium injection.

The D3+/E>2+ ratio is fitted as function of D3 + (fig III). This allows, from the mass 6 signal, to

calculate the partial pressure of deuterium and its contribution to the mass 4 signal. In a deuterium

and helium mixture, the difference between the measured value of mass 4 and the calculated value of

deuterium, provides the helium contribution on mass 4 and therefore the helium partial pressure. To

illustrate this method a calibrated gas mixture 5 % D2 + He has been used. The total pressure

measured in the torus chamber, the calculated partial pressure of deuterium and helium and the

deuterium concentration is shown on fig IV.

From these curves one can notice that this method gives accurate results as soon as the partial

pressure of deuterium in the main chamber is larger than 10"3 Pa. The detection limit can be reduced

to 10"4 Pa by increasing the conductance between the main chamber and the mass spectrometer. The

discrepancy between the deuterium concentration measured and the real value is less than 20 %. As a

consequence, it is not possible to evaluate the helium content in a He/D2 gas mixture where helium

concentration is very low (less than 10%).

Results
The He/D2 simultaneous measurement has been used to analyse the recombination gas after a plasma

discharge in .Tore Supra. Deuterium is the fuelling gas for the plasma discharge and helium has been

used for routine glow discharge cleaning. It is well known that hydrogen isotopes are implanted in

the graphite wall of a tokamak during the discharge ; this effect provides a high pumping speed at the

periphery which is essential to control the plasma density. Once the wall is saturated with hydrogen

isotopes, the pumping capability is reduced and helium glow discharges must be applied to desorb

hydrogen isotopes from the wall. Up to now, helium retention in the wall was considered as

negligeable. The figure V shows for the first plasma discharge of an experimental session after an

overnight He G.D., the mass 4 and 6 signals in the RGA and the calculated deuterium and helium

partial pressures. Three phases can be distinguished : the injection gas prior to the shot, the plasma

discharge and the recombination after the discharge. During this shot, 11.5 Pa.m3 of deuterium have

continously been injected, nevertheless, the recombination gas is mainly helium. From shot to shot,

the deuterium concentration increase due to a-1 combination of 2 effects : a decrease of the helium

source in the wall and consequently the helium partial pressure and an increase of the D2 partial •

pressure due to a decreasing pumping capability of the wall. The comparaison of two similar shots

during one day gives evidence of these effects. In fig VI, the deuterium concentration D2/(D2 + He)

is ploted as function of the number of shot in a day, showing that it takes about 10 discharges to

have a helium concentration negligible. In particular, the first shot exhibits an almost pure helium

recombination gas at the end of the discharge ; the helium content, calculated from the integrated He



-123-

partial pressure is about 102 0 atoms, corresponding to a plasma dilution of about 20 %. The total

helium desorbed during the 5 first shots of the day, which can be aproximated to the helium

inventory in the wall, is of the order of 1 Pam3. Therefore, the average helium retention under the

glow discharge condition ( E = 500 eV) is about 3 1018 He/m2.

Conclusions
A new method allowing to measure deuterium partial pressure in a He/D2 gas mixture by using a

standard RGA is presented. This method is based on a second order reaction producing D 3 + ions.

After measurement of the T>2+fD2 ratio as function of D2 partial pressure, mass 6 signal (D3+)

provides the deuterium partial pressure with a 20 % accuracy. Subtracting the D2 contribution on

mass 4 gives helium partial pressure as long as helium is not a minority. Analysis of deuterium

plasma discharge in Tore Supra with this method has shown that a not negligeable quantity of helium

is trapped in the wall during the GD and released during the plasma discharges.

This wall retention must be taken into account and may limit the benefit provided by using He glow

discharge just prior to the shot.
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1. Introduction

Reflectometry is used in all major tokamaks for density profile measurements. It is known that

density fluctuations can seriously perturb the phase shift determination, hence leading to an

erroneous density profile. On the other hand, one can try to deduce some basic properties of

the fluctuations from reflectometry measurements. One-dimensional models of fluctuation

reflectometry have been studied in a number of papers[l-3]. They put the emphasis on the

process of Bragg resonant scattering, in which the incident wave is preferentially scattered at

the particular location where its wavenumber is half the perturbation wavenumber. As we will

show, processes physically different can occur: when the density perturbation lies at the cut-off

layer and produce also phase shifts. One of the aims of this paper is to show situations for

which these processes play a dominant role, and to analyze existing experimental results[4]

accordingly . A second aim is to compare ID and 2D results, in order to see to what extent

multi-dimensional effects[5-6] are important. We study with a 2D full-wave code the phase and

amplitude modulation induced by radial and poloidal perturbations.

2. ID model: cut-off oscillation and Bragg scattering

As a consequence of the Bragg selection rule, the time delay of the reflectometer response to a

wavetrain propagating down the density gradient must increase with the pulse wavenumber.

On the contrary, the experiments[4] find a time delay independent of the wavenumber.

Furthermore, the phase modulation observed is much greater than predicted by a ID model.

We have developed a ID code based on a modified finiie-difference method (error proportional

to h4, with h the grid step). The numerical scheme consists in inverting the set of linear

equations by a tridiagonal algorithm. »

To understand the respective roles of the cut-olï oscillation and the resonant scattering, we lake

a linear density profile and a perturbation in the form of a periodic wavetrain of wavenumber kf

iluu propagates down the density gradient, and damps while it propagates. In AQ units (the tree

space wavelength) the gradient length is 1100, the pulse width is 55 and the damping length is
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110. Figure 1 displays the phase response versus the waveirain position Xf for two values of

the fluctuation wavenumber: kf=O.O5ko and O.Sko. In case (a) there is a response localized at

the cut-off layer, it corresponds to the cut-off oscillation at the same frequency as the

wavetrain. Case (b) shows the usual Bragg scattering at the wavetrain position Xf=xeraea-

However, there is a much more extended pattern. This comes from the fact that the phase

response is related to the Fourier transfomi of the perturbation. Low-k Fourier components are

weak, but near the cut-off, where these components are Bragg resonant, the wavetrain is still

not damped. Hence an "off-resonant" Bragg scattering occurs near the cut-off.
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Fig. 1: Phase shift for kf=0.05 k0 (a) and kj=0.8 k0 (b)
Doited and dashed lines: leading edge of the pulse at the cut-off and Bragg resonant layers

Obviously the damping length plays a crucial role in weakening the phase shift due to usual

Bragg resonant scattering. At intermediate values of kf, both processes of cut-off oscillation

and "off-resonant" Bragg scattering exist together at the cut-off layer. Similar effects, although

less pronounced, occur for Gaussian pulses.
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Figure 2 presents results for a situation very close to the experiment[4]. The agreement is good

for the phase shift value on the whole range of perturbation wavenumbers. It can also be

shown that the phase response is localized at the cut-off.

3. Comparison of ID and 2D codes for localized radial perturbations.

In order to estimate the two-dimensional effects, we have designed a 2D full-wave code of the

same type as the ID code (error in h4, numerical scheme by inversion of a band-diagonal

matrix). The computation grid is typically of 20x20 or 10x50 vacuum wavelengths. The

unpertubed plasma is homogeneous along the y direction and has a linear density profile along

the x direction. The horn antenna launches the wave in the x direction. A perturbation of

Gaussian shape (relative amplitude of 10%) has been displaced along the density gradient on

each side of its Bragg position. Figure 3a displays the total phase response versus the pulse

position, computed by the ID code. Figure 3b shows a zoom of the central part, with the

results of the 2D code superimposed on it. The shift between the two curves results from the

freedom in the choice of the phase reference. The shape and amplitude of the phase

modulation, howewer, agree quite well. It can be concluded that the effect of radial fluctuations

is well approximated by ID codes.
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Note also the high value (5TT/4) of the peak to peak phase modulation, which indicates a strong

Bragg resonant scattering.
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4. Localized azimuthal perturbations

The effect of azimuthal perturbations is a purely 2D effect. Together with phase modulations,

one can expect strong amplitude modulations. A qualitative analytical model[7] predicts a rather

chaotic field pattern for azimuthal perturbations localized at the cut-off. Figure 4 displays the

relative amplitude modulation for a localized perturbation with a wavenumber of 0.25/AQ and a

relative amplitude of 0.02. The recurrent time variation of the phase and amplitude modulations

is related to the product the coherent wavenumber by the azimuthal velocity of die pertubations.

There is indeed a strong amplitude modulation, in contradistinction with the case of radial

perturbations, where there is essentially a phase modulation.
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Fig. 4: Evolution of the amplitude modulation and phase modulation

of the reflected signal over a -^period of the perturbation.

Conclusion

1) ID code results show that the phase response to a perturbation propagating across a plasma

can be very different depending on the shape and time evolution of the perturbation. For

strongly damped wavetrains, the main response becomes localized at the cut-off, and results

from the process of "off-resonant" Bragg scattering from the small k-components of the pulse.

2) For radial perturbations, ID and 2D results are comparable, so that ID codes can provide

useful approximate results.

3) For azimuthal perturbations, preliminary results confirm the existence of large amplitude

modulations that can make phase measurements difficult.

References
[lj Zou XL, Laurent L and Rax JM, Plasma Phys.Control. Fusion 33, 908 (1991).
|2] Hutchinson IH, Plasma Phys. Control. Fusion 34 , 7 (1992).
[31 Afeyan BB, Chou AE and Cohen BL Plasma Phys. Control. Fusion 37, 315 (1995).
[41 Rhodes TL, Baang S, Chou AE, Domier C\V, Luhmann Jr NC and Peebles WA, Rev. Sci.

Instrum. 63, 4599 (1992)
[5] Irby JH, Home S, Hutchinson IH, and Stek PC, Plasma Phys. Com Fits. 35, 601 (L993)
[6| Bruskin LG, Masc A, and Tamano T, Plasma Phys. Control. Fusion. 37 , 255 (1995).
|7 | Maz/.ucato E, Nir/.ikian R. preprint



-129 -

PLASMA SCRAM IN ITER L-MODE IGNITED PLASMAS
t
i

J. VILLAR COLOME, J. JOHNER, J.M. ANE

Association EURATOM-CEA sur la fusion
C.E. CADARACHE. 13108 Saint-Paul-lez-Durance (FRANCE)

ABSTRACT

The security of ITER will depend on the capability of the system in fastly extinguishing
the 1.5 GW of nominal fusion power without disruption. The local RLW transport model
is used to simulate such a Plasma Scram. The conditions for a passively secure operation
point in steady-state are discussed in terms of particle exhaust. The time scales of the
process should determine the power supplies of both equilibrium coils and central solenoid.

INTRODUCTION

A key aspect for the ITER security studies is the system capability of managing the 1.5
GW of nominal fusion power coming out from the ignited plasma. Heat overloadings due
to loss of burn control or to LOCA/LOFA accidents in the cooling system, might provoke
severe damage on the plasma facing components and in-vessel shield surfaces, implying
potential safety problems related to tritium inventory and metal activation [1].

In those conditions the heat received by the insufficiently cooled first line elements must
be minimized by a so called plasma scram. A plasma scram (PS) is a fast and controlled
reduction of the power emitted by the thermonuclear plasma, implemented in such a way
as to avoid major disruptions. Its objective is not the termination of the plasma discharge
as in the case of a plasma shutdown, but the extinction of the thermonuclear burn towards
a low-Q final state.

Differences between plasma scram and plasma shutdown are much more evident from
the point of view of time scales. A plasma shutdown, imposed by the reaching of the
flux-swing limitation in a tokamak-type reactor, implies a current rampdown that has to
be slow enough to prevent vertical desplacement events [2]. In ITER it should last for
200-300 seconds. This is unacceptable for a plasma scram which should be able to switch
off the fusion power in a few tens of seconds in order to avoid material damage.

As a first approach to the problem we consider a highly passive PS scenario by cut-off of
the DT fuel while maintaining constant the particle exhaust efficiency as well as the plasma
current to their nominal values. Simulations were made using the 1.5-D PRETOR code
[3], which implements the local Rebut-Lallia-Watkins transport model [4]. We consider
the version of the model in which no Bahm correction is introduced for the jon heat
transport, so that ignition is reached in L-mode for the ITER-ED A [5] parameters.

PLASMA SCRAM BY FUEL CUT-OFF

Several strategies can be envisaged for PS: impurity and pellet injection, ash accumulation
or soft disruption. However, only DT fuel cut-off offers the essential passivity criteria for
a security system like PS.
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Starting from the nominal ITER-EDA ignited operation point in steady-state at (Te)=12.7
keV, (ne)=1020 m~3, whose parameters are given in Table 1, a sudden cut-off of the fuel
would provoke a fast decrease of the or-power, as simulated in Fig.l. This is not directly
caused by the fuel running out but mainly by the fast plasma cooling.

However, this same cooling effect leads to a density limit disruption [6] after 12 seconds
due to the formation of a much too dense cold plasma in the edge regions. This event can
be avoided by reducing the plasma density, operating at higher particle exhaust efficiencies
than the nominal one (eefr=2%).

THE CRITICAL SCRAM EXHAUST EFFICIENCY

We assume that the eefr during the PS is the same as in steady-state, as it is not techno-
logically possible to enhance it in a PS time scale.

The evolution in time of the ratio between the plasma edge density (ns) and the edge
density limit (n^) was calculated for the simulation of PS at different values of eefr .
Fig.2 shows that a critical scram exhaust efficiency (e^) exists, above which the disruptive
density limit is no longer reached during the scram. For the ITER-EDA parameters this
£g is found to be of the order of 5%.

A NEW NOMINAL OPERATION POINT FOR ITER?

The POPCON traced in Fig.3 shows that for a given steady-state fusion power of 1.5
GW, the ITER operation point moves to higher temperatures and lower densities than
the nominal ones for increasing values of e «•. Actually, in order to guarantee the success
of a potential PS, the required £g ~ 5 % leads to a new operation point at (Te)=16 keV,
(ne)=0.7xl020 m~3, with a new set of parameters summarized in Table 2.

Starting from the latter conditions, PS simulations show (Fig.4) that the emitted power
reduces to the half in less than 8 seconds and by more than 90% about 15 seconds after
the fuel cut-off. These durations decrease for increasing exhaust efficencies.

PLASMA CONTROL DURING SCRAM

A three coil model of the ITER. poloidal field system is used to simulate the plasma
control during scram. The reduction of the equilibrium field required by the poloidal beta
ramp-down (0P : 0.77 -*• 0.08 in 15s.) tends to further decrease the current in the central
solenoid (CS). If the scram is triggered after typically the first half of the burn duration
is reached, the current in the CS is found to exceed the maximum allowable value.

Power requirements during scram for the CS power supplies amount to 600 MW if the
plasma current is held constant at 24 MA. In the same conditions, power requirements
during scram for the equilibrium coils power supplies amount to -400 MW, which could
be reduced by using dump resistors. These powers are to be compared to the 300 MW
and 200 MW respectively needed for the nominal ITER current ramp-up.

CONCLUSIONS

Although in the case of an L-mode ignited operation point, the efficiency of a plasma scram
by fuel cutoff is shown. However, a minimum particle exhaust has to be guaranteed in
order to avoid a disruptive density limit.

For the ITER-EDA parameters, this critical scram exhaust efficency is found to be e% ~
5%, which would lead to an operation point in steady-state in a region of high temperature
and low density.
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In the latter conditions a sudden fuel cutoff would permit to divide by two the emitted
power in less than 8 seconds, even faster if the particle exhaust is still increased. These
time scales are more determinant for the design of the equilibrium field coils and the
central solenoid than the current ramp-up phase or the heating phase itself.

However, before the quantitative results could be applied to design and security studies,
further validation of the transport model is to be made. Modelisation of particle exhaust is
also a key aspect to be treated, and the influence of impurities coming from the overheated
first wall should be studied by coupling plasma transport codes to thermohydraulics codes.
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(ne) (10^um-a)
<Te) (keV)
Power Sources(MW)

Ohmic
Alpha

Power Losses(MW)
Radiated
Convected

ZefJ
T*(S)

^(95%)
g Troyon
Boot-strap current (MA)

U

1.0
12.7

1.5
310

123
188.5
1.43
6.51 s
3.33
2.18
3.59
0.948

Table 1: Characteristic parameters for the

nominal steady-state ITER-EDA opera-

tion point (CCJJ — 2%) as calculated with

PRETOR S. 1

(ne) (10*°m-a)
(Te) (keV)
Power Sources(MW)

Ohmic
Alpha

Power Losses(MW)
Radiated
Convected

z*ff
T£(S)

^(95%)
g Troyon
Boot-strap current (MA)

U

0.7
16

1
310

118
193
1.32
6.16 s
3.32
2.26
3.69
0.938

Table 2: Characteristic parameters for the

critical scram steady-state ITER-EDA op-

eration point (tejj = c*s = 5%J as calcu-

lated with PRETOR 2.1
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I INTRODUCTION

The main objective of the PBX-M (Plasma Beta Exp't - Modification) tokamak

experiment is to use current and profile control techniques to explore advanced tokamak

regimes. In this machine, Lower Hybrid Current Drive (LHCD) with a 2 MW source power

at 4.6 GHz has been chosen to shape the current density profile. Wave-induced MHD

oscillations are expected to affect the confinement of the suprathermal electrons created by the

LH waves degrading both the performance and the control of the discharges. We analyze

here the role of MHD activity in those discharges so as to optimize the plasma performance.

This work is supported by a data base of about 200 shots selected in the 1993 run period of

PBX-M. The tools used for this study are i), a soft X-ray (SXR) diode array with a

frequency bandwidth of [0-300] kHz and a detectivity in the energy range of [1.2-12] keV

ii), a 2D hard X-rays (HXR) pinhole camera III working in the energy range of [45-150]

keV with a temporal resolution of 5 ms and Hi), a magnetic probe array with sampling rates

up to 100 kHz.

II OBSERVATIONS BEFORE THE MHD ONSET

In the data base, the average line density just before the application of the LH power

(up to 480 kW) is in the range 1-3 1019 nr3, the plasma current ranges between 145 and 250

kA and the toroidal magnetic field between 1.25 and 1.9 T. In most of the cases, the filling

gas is D2 and the plasma bean shaped.

The HXR images are often characterized by a bright ring that is supposed to roughly

localize the LH power deposition in the poloidal plane. The radius of this bright ring is

plotted in Fig. 1 versus — » ——, a parameter relevant of the accessibility of the LH waves.

The linear dependence observed1 indicates that the wave absorption (Landau damping of the.

wave launched at N//= 2.1 on a 1 keV Maxwellian distribution requiring U// > 5) seems to

occur at a radial position determined by the wave accessibility condition. If the HXR bright

ring were related to the power absorption radius, this would imply that there is no N// upshift

for the waves absorbed in PBX-M. Another possibility is that the bright ring corresponds to

the emission of a few energetic electrons only (which also corresponds to most of the RF

current deposition since the current drive efficiency is higher for high energy electrons). As a

consequence, the HXR bright ring will be supposed to represent the deposition of the RF
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current It appears on Fig. 1 that the localization of the RF current is not the parameter able to

separate MHD active and quiescent discharges before the MHD onset.

A way to separate those discharges is to plot the internal inductance lj (taken in most

of the cases 50 ms after turning on the LH power) as a function of the parameter P —

where P is the LH power (Fig. 2). High power combined with on-axis coupling of the LH

waves is most likely MHD unstable. The fact that li may be a determining parameter confirms

the role played by the current profile on MHD stability. Within the error bars in the

determination of the internal inductance, it is reasonable to define two separate domains on

the figure. The separation curve is attributed to the local contribution of LHCD to the total

plasma current. This representation then combines local effects associated with the RF

current deposition (—) and the global property of the ohmic target plasma (li).

In the horizontal mid-plane, a direct Abel inversion of the HXR integrated image can

be achieved. An inverted profile calculated for a typical off-axis coupling of the LH power

namely, a "hollow" discharge, is shown on Fig. 3a. An asymmetry such as the one visible on

Fig.3b appears sometimes on several successive profiles prior to the MHD onset for all the

hollow-type discharges analyzed. This corresponds in all the cases (7 available in the data

base) to LH pulses starting with hollow images, characterized by a bright ring that suddenly

becomes rather uniform, with an intensity averaged with respect to the previous images. The

good correlation with the MHD activity may exclude any instrumental problem. A resonance

between the population of fast trapped electrons and turbulent waves present in the

background plasma has been proposed elsewhere to support the observations 111.

m NATURE AND EFFECTS OF MHD
The onset of a 1/1,2/1, 3/1 rotating mode is frequently observed a few tens of ms

after turning on the LH power. The three components are coupled (same frequency) but the

SXR normalized fluctuation amplitude is maximum for 2/1 and 3/1, which turn out to be the

driving modes (Fig. 4a). After saturation of the mode, we observe a minor disruption with an

inversion radius of 20 cm. The minor disruption associated with the collapse of the 2/1, 3/1

components, triggers a very fast growth of the pre-existing 1/1 component (Fig. 4b). The

radius of the HXR bright ring (< 16 cm) is consistent with a RF current driven within the

q = 2 surface (= 20 cm). It has been observed that the m = 2 and m = 3 components are

more destabilized at deposition radii closer to the q = 2 radius, which is consistent with a

steepening of the current density gradient inside this resonant surface. The destabilized 2/1

mode then drives the 3/1 and 1/1 components by toroidal coupling since the frequencies are

the same for the three modes. The minor disruption probably involves a reconnection

between the q = 2 and q = 3 surfaces.

MHD instabilities induce SXR intensity losses of about 50% mainly.localized around

10 cm, between the q = 1 and the q = 2 surfaces. This is consistent with HXR

measurements except that intensity losses are smaller by a factor 2 for energetic electrons. On

the other hand, global modes reduce by a few centimeters only the deposition radius of the

RF current. MHD reduces slightly the HXR profile hollowness (enhanced diffusion of fast
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electrons) and tends to smooth the asymmetries if any. The increase of peakedness of the

HXR images usually observed during MHD activity is the effect of the associated minor

disrruptions that trigger runaway electrons. Hot spots appear often on the HXR images as

soon as global MHD develops. These generally do not induce a catastrophic end of the

discharge. Mode locking is a particular evolution of a growing magnetic activity. HXR

intensities do not behave differently in that case in other words, whether island chains

rotate or not (in the range 1-5 kHz) does not affect substantially the behaviour of energetic

electrons.
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I INTRODUCTION

Mirnov coils in tokamaks account for the rotation of magnetic perturbations (or

island chains) around the plasma magnetic axis. We present in this work a fluid

description of the equilibrium between these perturbations and the plasma around. Instead

of writing the self consistency of the magnetic perturbation to derive a dispersion relation

giving the rotation frequency [1], we introduce the fluid effects of this perturbation in a

resonant layer in which the density, the temperature and the electric potential gradients

cancel. The various friction forces generated in the unperturbed outside region are then

applied to that layer. It is shown how the balance of the forces exerted outside and inside

the resonant layer and which can be used besides to derive the radial flux F, the

equilibrium velocities v of the ion and the electron assemblies and the electric drift

velocity proportional to -r- , allows to determine in particular the stationary rotation

velocity of the magnetic perturbation.

II EQUILIBRIUM OF ISLAND CHAINS

The density n, the temperature T and the electric potential (U)^ (where the

superscript fel is refering to the frame where the islands are static and the subscript p to the

perturbed region), are supposed constant over a resonant layer of radial extension of the

order of the island width. Using the Lorentz transform, the potential gradient (-T-)* in the
CO

laboratory frame is used to express the island velocity r — :
CO 1 m

H B d P p
The calculation of Cj-)p actually determines the island velocity. It may be obtained by

expressing the equilibrium of the resonant layer along (0,cp) taking into account all

friction forces applied to the electron and the ion assemblies. This is detailed in the next

section.
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III EQUILIBRIUM OF THE PARTICLE ASSEMBLIES

We study the balance of various forces averaged over each magnetic surface on

each assembly of particles in the unperturbed plasma and in the resonant layer previously

introduced to determine the difference of the electric drift in these two regions, i.e., in

view of (1), the island velocity. To simplify, we assume a constant temperature T. Each

assembly, ions (i) and electrons (e), exhibits an average velocity v = (vg.Vq,) along each

magnetic surface of label r and an average radial flux T. In the radial direction, the

equilibrium of each assembly (charge e) is dominated by the local pressure gradients T -r-
JTT Qr

and the radial electric field —r- in the laboratory frame. It is given by the equation :

v )y n e dr dr K '

The equation (2) determines the component of v in the transverse direction er x B . This

is the sum of the electric drjft velocity vE = - -T— —E—-̂ — and of the diamagnetic

velocity v^ = - —— -r- ——x— . Along the magnetic surfaces, the balance of the

Lorentz force and of the various friction forces is expressed by the relation:
FLorentz + Fcoll + FNC + F J + Fyisc = 0 (3)

where the force FjLorentz is that due to the average radial flux T:

FLorentz = e Te^X # (4)

and the collisional Fcoll > neoclassical FNC > turbulent FT and viscous Fvisc friction

forces along (6,(p) are determined by the velocities v of the electron and the ion

assemblies. Then, for given -j— and -r- , the equations (2,3,4) determine for each

assembly, the radial flux T and the two velocities VQ,\y. The potential U which gives vE

is in turn determined bv the ambipolarity relation:

Xe"f = 0 (5)
ei

IV ISLAND VELOCITY
CO

A very simple derivation of the island velocity r ^ can be given in the

axisymmetric case. The sum over all species of the <P component of Eq.(3) written inside

the resonant layer leads to:

X
I

Irf ( F T + Fvisc)<p = 0, which writes [2]:
ei

D T n e 2 B 2 • • j 2

kT(p(0DT - k^.v7) + Dvisc n; mj -^(vfJunp- (v[)p)(p = 0 (6)
dr2

We first assume that viscous effects are negligible, we obtain :

DT (coT - kT . v ) = 0, (coT, kT are the frequency and the wave vector of an

average turbulent mode) where k^.v = kT Vj_ and Vj_ is derived in the resonant layer
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from Eq.(2) by taking -£= 0 and (-^-)p = B r - .It follows : r ^ = ^ , which

means that the island is stirred at the same velocity as that of the turbulent modes in the

case where the turbulence penetrates inside the islands. On the other hand, the mechanical

equilibrium of the turbulence expressed in the resonant layer, Za F T = 0, can be used to

express -H- and then, m that case, we obtain :
T

^ = (vE )unp+- (7)

X DT
with (vE)unp = - g (-^)u n p and e i (vd)unp = - n e B ^r . In the cases

where the viscosity effects are negligible, the island velocity is thus determined by the

sum of the electric drift velocity and a compromise between the diamagnetic velocities of

all species taken in the unperturbed region, outside the resonant layer.

On the contrary, when the turbulent friction is negligible, we deduce from (6):
—> —>

((vi )unp - (Vj )p )(p = 0, which means that the viscous forces stir the ions in the islands at

the same velocity as the ions outside. A same statement can be obtained for the 0

component so that in that case, the island velocity can be derived from those latter

equations and Eq.(2) written inside and outside the resonant layer:
r - = (vE)unP + (vdi)unp (8)

As far as the ions are at rest in the laboratory frame, Eq.(8) then shows that the islands

become static, which is a situation comparable to the mode locking described in terms of

an interaction with the resistive wall surrounding the plasma.

V MEASUREMENTS ON TORE SUPRA

A magnetic probe array consisting of 16 coils disposed in a poloidal plane at

minor radius rmes = 0.921 m is used to monitor the Mirnov activity on Tore Supra. Using

a time dependent frequency analysis of the 8Br and 8Be signals, it is possible to plot the

island half-width as deduced from :
fines3;. ._-\/lime

in function of the measured rotation frequency. In Fig. 1, open (resp. closed) symbols

correspond to measurements deduced from the 5Br (resp. 8B9) coils and are in principle

more relevant of smaller (resp. larger) rotation frequencies. Magnetic islands are

decelerating almost linearly with their growing size and then lock for half-width around

5-6 cm. The same behaviour has been observed during shots with the ergodic divertor

turned on and shots with Lower Hybrid Current Drive i.e., in situations where the current

density profile is clearly affected.
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According to the model, we compare the island velocity — measured in the

range [1600-4800] ms"1 (corresponding to [1000-3000] Hz frequencies on the figure) to

the electron diamagnetic velocity expressed for Tore Supra plasmas, Vde « 650 ms"1.

The proportionality observed, — = [2-7] Vde, is compatible, within the frame of this

simple model, with turbulent friction forces applied to the electron assembly since the

velocity is expected to range from 0 for a turbulence coupled to ions, to 2vde for a

turbulence coupled to the electrons [2]. Since there is no obvious reasons for the

turbulence to drift from electrons to ions while the island is growing, mode locking may

be interpreted here as a progressive dominance of ionic viscous effects versus turbulent

friction during the growing phase.

These experimental results obtained on Tore Supra tend to prove that the original

friction forces stirring the island chains as long as their size remain in the millimetre

range, are turbulent friction forces exerted on electrons dominantly. When the island half-

width exceeds 2 cm, the convection mechanism responsible for the stirring effect is no

more sufficient to allow the turbulence to penetrate significantly into the islands. The

velocity of the latter is then influenced by ion viscosity effects and the islands lock

progressively. The reproducibility of these results for various plasma conditions, in

particular for different current density profiles, may suggest that the stabilizing properties

of a resistive wall are not the dominant process able to account for mode locking.

[1] R. Fitzpatrick, Nuc. Fus. 33, 1049, (1993).
[2] M. Talvard et al, submitted to Nuc. Fus.
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