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Abstract

The present paper addresses the issue of particle recirculation in discharges where low

energy flux to ergodic divertor target plates is achieved, in highly radiating detached ohmic

plasmas. Plasma temperature and particle flux are measured by flush-mounted probes in the

divertor plates, and by an upstream fast scanning Mach probe. The scalings with core density

of the ion flux and electron temperature are well described by the simple two-point model

used in axisymmetric poloidal divertors. The detachment signature is a pressure drop that

occurs when the edge temperature falls below 10 eV. The parallel ion flux gradient is always

positive, indicating that recombination is unlikely to play an important role in detachment.

Visible spectroscopy of a neutralizer plate shows that attainment of cold detached plasmas

near the density limit coincides with an abrupt increase of fueling efficiency for both

deuterium and impurities. A feedback algorithm based on real time Langmuir probe

measurements has been developed to monitor detachment and avoid disruptions.



1. Introduction

Control of plasma-wall interaction in steady state requires the sustainment of large

radiated powers within the divertor volume. Furthermore, control of a weak core dilution is

only effective if the divertor exhibits very low fueling efficiency both for deuterium and

impurities. The ergodic divertor has demonstrated both of these effects.1 The magnetic flux

surfaces in the edge region of the superconducting tokamak Tore Supra are destroyed by six

octopolar current coils that generate radial perturbations of the magnetic field on the outboard

side. Three principal regions can be distinguished: an unperturbed plasma core, the stochastic

region (known as the "ergodic layer") of field line mixing and enhanced cross field heat

transport, and the laminar layer where field lines are diverted onto 42 actively cooled

neutralizer plates permitting continuous extraction of 3 MW. The ergodic divertor is a

completely open divertor where neutrals are controlled by plasma baffling rather than

mechanical baffling. The significant radial width of the divertor volume, occupying typically

20% of the minor radius, together with its poloidal and toroidal symmetry, appears to govern

its screening capability. The ergodic layer allows active control of heat transport at no expense

to the core plasma. In spite of the intimidating complexity of its magnetic geometry, in the

end it is the parallel physics occuring on the connected flux tubes that largely determines the

behaviour of the ergodic divertor.2 The goals of the present study are to (1) demonstrate the

similarities between the ergodic divertor and the axisymmetric divertor and (2) illustrate

qualitatively the correlation between the edge density regimes and changes in impurity

screening. Langmuir probes are used extensively on Tore Supra to investigate edge physics.3

Indeed, they are one of the few diagnostics that can be used to unfold the twisted three-

dimensional nature of the ergodic edge. Section 2 is dedicated to a detailed description of the



probe geometry and the assumptions used in the interpretation, so that in the analysis of

Section 3, we can consider the effect of instrumental uncertainties on the conclusions.



2. Langmuir probe diagnostics in Tore Supra

2.1. Domed divertor probes

The Tore Supra divertor is equipped with 14 CFC domed probes (hemispherical, 5 mm

diameter) that are mounted between the fingers of some of the vented neutralizer plates. The

probe design is shown in Fig. 1. Each probe is electrically isolated from its CFC housing by

boron nitride sleeves. The housing itself is bolted to the actively cooled target plate to ensure

good thermal contact such that the entire probe assembly cools quickly after the shot. After

two years of operation, the probes show no evidence of damage or erosion.

The probes are biased with respect to the vacuum vessel ground. The ion branch of the

I-V characteristic does not saturate, probably due to sheath expansion (Fig. 2). It is known that

application of the classical analysis technique to such data can lead to overestimation of the

ion current density and the electron temperature, so we compensate by fitting a sloped line to

the ion branch far below the floating potential Ff rather than assuming a flat ion current

saturation.4 The fitted ion current extrapolated to V{ is taken to be representative of the true

parallel ion current density JSAT. This assumption is reasonable when the temperature is low,

but perhaps not when it is high due to the Te
1/2 dependence of the sheath and magnetic

presheath thicknesses. A simple geometrical model based on comparison between the probe

size and the ion Larmor radius indicates that the effective ion collecting area of a floating

hemispherical probe could be enhanced by as much as 30% at the highest recorded

temperatures. In the analysis that follows, the quoted values of ion current density should

therefore be considered as upper limits. The density can be estimated from

Jc.x
n =

e c s

where cs is the ion sound speed



Cs ~
m i

It is usually assumed Z=l for a pure deuterium plasma. The isentropic exponent y is a function

of the number of degrees of freedom of the ions and is expected to vary from y»5/3 in the

collisional plasma far from the target to y«3 in the collisionless zone within a mean free path

of the sheath.5 The ion temperature is not measured and thus introduces further uncertainty in

the calculation of density. Consideration of all the assorted factors and uncertainties lead one

to suspect that the target plate density is overestimated, perhaps by as much as a factor of 2.

2.2. Fast-scanning Mach probe

A vertical fast scanning Mach probe is installed on the top of Tore Supra.6 The probe

head is a hollow CFC cylinder 5 mm thick and 4 cm in diameter that protects six graphite pins

mounted inside. Holes 4 mm in diameter are drilled through the cylinder and aligned with the

magnetic field such that three pins collect charges from the upstream side and three from the

downstream side. The upstream side faces away from the divertor modules towards the ion

direction. Two of each set of three graphite pins are biased in double probe mode to produce

measurements of ion saturation current and electron temperature, and the third pin records the

floating potential. The ratio between the upstream and downstream ion saturation currents

JSATu/JSATd is used to evaluate the Mach number of the parallel flow

C s

and the "unperturbed" electron density

JS= SAT,u

e 0.35exp(l.lM,,)ec,



where the numerical factors are derived from empirical fits to the results of the Hutchinson

fluid analysis.7 The effective area of a pin is smaller than the geometrical cross section of the

hole because charges can be collected by its interior surface. We have run extensive PIC

simulations of the collecting geometry for the full range of expected plasma parameters, and

found good agreement with a dedicated experiment,8 so no major uncertainties need be

invoked to explain the ion flux measurements, unlike the domed divertor probes. However,

the downstream wake generated by the probe is often connected to the divertor, so the

calculated Mach number must be considered as overestimated, and the density

underestimated.9

2.3. Magnetic connection between probes

Two of the divertor probes look towards the top of the machine in the ion direction,

and are magnetically connected to the Mach probe (Fig. 3) for a specific value of edge safety

factor. The magnetic connection is detected by examining the time traces of ion current

density and electron temperature measured by the divertor probes. At the highest

temperatures, the theoretical probe collection length LC0LL « csr^AD / D x , or the parallel

length of its downstream wake, may be longer than its magnetic connection length LCONN=5.5

m. The Mach probe casts a shadow on the divertor probes and both the ion current and

electron temperature are reduced by up to a factor of 2. Infrared TV images of the neutralizer

plate also record the shadowing.

The shapes of the density and temperature shadows are mapped out in the radial

direction by correlating the time traces of the divertor probes with the instantaneous vertical

position of the Mach probe (Fig. 4). The density decay length into the shadow region is quite

broad because the ions have ample time to diffuse perpendicularly during their transit towards



the neutralizer plate. The electron shadow, on the other hand, resembles a sharp step function,

indicating that the electrons travel from the Mach probe to the neutralizer plate without

experiencing significant cross-field diffusion. That enables us to pinpoint precisely when the

tip of the probe head begins shadowing the divertor probes. In the poloidal direction the

connected field line is located by sweeping the plasma current. We estimate that the

connection is known to within +2 mm radially and ±4 mm poloidally. It would not be justified

to seek greater precision since the finite size of the holes automatically imposes an error bar of

±2 mm on the radial position; that is just sufficient to resolve the structures (Ar~l-2 cm) that

arise due to ergodization. This fortuitous magnetic connection provides a rare opportunity to

study parallel plasma parameter gradients without the necessity of relying on insufficiently

accurate magnetic measurements, field line calculations, or heuristic arguments about parallel

pressure conservation.



3. Density regimes and particle recirculation

The deuterium plasma that flows onto the divertor modules is governed by the same

phenomena that give rise to the three density regimes seen in axisymmetric divertors.10 At low

core density is a linear, sheath-limited regime for which the parallel gradients of density and

temperature are expected to be weak. The target ion flux then increases nonlinearly and the

electron temperature drops to the neighbourhood of 10 eV; this is the conduction, or high-

recycling regime. As the core density rises further in response to the increasing gas injection,

the ion flux "rolls over" and begins to decrease throughout the detached regime. The decrease

is caused by momentum loss along the connected magnetic flux tubes, and coincides with a

negative parallel plasma pressure gradient. Ion-neutral friction11 or volume recombination12

gives rise to the momentum loss, depending on the temperature regime. In Tore Supra the

detached phase is always terminated by a MARFE-like phenomenon (swinging of the

maximum radiating zone from the divertor on the low field side towards the high field

side)1314 and disruption when 5 eV < Te < 10 eV, as indicated by the divertor probes.

The experimental picture of detachment in the ergodic divertor has been broadened by

recent measurements with the fast-scanning Mach probe. In what follows will be presented a

series of ohmic discharges with Ip=1.7 MA taken at the end of the 1998 experimental

campaign and for which the magnetic connection between the Mach probe and two divertor

probes (C6a and C6b) permits detailed measurements of the parallel gradients. We only use

one divertor probe (C6a) in this analysis since both of them give similar results. The Mach

probe is situated 5.5 m from the neutralizer plate C6, somewhere near the boundary between

the conduction zone and the ionization (or recycling) zone. The three-dimensional geometry

of the recycling pattern is more complicated in an ergodic divertor than in an axisymmetric

poloidal divertor, but the physical length scales are similar. In Fig. 5 is schematized the



expected region of maximum plasma-neutral interaction for each type of divertor. In an

axisymmetric divertor the recycling zone is toroidally symmetric and extends typically a few

centimetres (ionization mean free paths) above the neutralizer plate, or of the order of 1 m

along the field lines. The recycling in the Tore Supra ergodic divertor occurs in front of the 42

target plates that are mounted between the current bars (see Da images of Fig. 6). The

thickness of the recycling zone is similar in the two cases since it should be independent of

the magnetic geometry, but the distribution of the ionization source term along a field line

may have several maxima corresponding to its distance of closest approach to the discrete

divertor modules. Nonetheless, the total length of the field line segments that intersect or pass

close to the neutralizers is again of the order of 1 m, since the length of each recycling zone is

a few tens of centimetres, and each field line can approach at most 4 modules before

connecting.

The length of the conduction zone is more difficult to evaluate. Magnetic field lines

exhibit a family of connection lengths varying from one to several poloidal turns,15 and so on

average are longer than in axisymmetric divertors, but cross field transport probably renders

this difference insignificant. The outermost cord of the Thompson scattering system measures

the density and temperature deep inside the ergodic layer near the separatrix, and shall be

taken as being representative of the upstream trends in plasma parameters. Low core densities

below <ne>~2xl019 m"3 were inaccessible due to high deuterium outgassing from the divertor,

so the data set begins at the transition between the linear regime and the high recycling

regime. In the high recycling regime when PTOT-PRAD ^ measured by bolometry is about

constant [Fig. 7(a)], the electron temperature [Fig. 7(b)] decreases according to <ne>"22,

compared to <ne>"2 as predicted by the simple two point model.10 As is usually assumed due to

the large convection in the recycling zone, there is almost no temperature gradient along the

field line. The temperature near the separatrix does not vary much, indicating that the



radiation and parallel temperature gradient occur mostly in the ergodic layer. The ion flux

[Fig. 7(c)] increases initially as <n>23 (the exponent is 2 in the two point model), but then

rolls over as the temperature falls below -10 eV. The density, which according to the model

should rise as <ne>
3, increases rapidly as <ne>

36 at both probe locations [Fig. 7(d)]. The

density near the separatrix given by the Thompson system varies linearly with core density

until detachment. At the highest densities, the Mach probe and the Thompson cord indicate

that the edge density saturates, while at the target plate, it drops.

3.1. Parallel ion flux

In the hypothetical absence of reliable temperature or spectroscopic measurements,

one of the signatures of volume recombination would be a reduction of the target plate ion

flux as compared to the same quantity measured before the entrance of the recycling zone,

which would indicate the presence of a negative particle source in the divertor region. The

field-line integrated particle source obtained from the charge continuity equation can be

measured directly by comparing the upstream and target particle fluxes:

(s)s—L
W T

^CONN

The subscripts r and t refer respectively to the Mach probe location (upstream of the

recycling zone) and to the target plate. The ion flux onto the target plate is given simply by

the ion saturation current

6 l , = J SAT.t

while at the Mach probe location, it is

e r =
 JSAT,uM//

r 0.35exp(UM,,)'



We see in Fig. 7(e) that, even given pessimistic error bars based on the discussion of Section

2, the integrated particle source is always positive, indicating that ionization always dominates

over recombination. It is not necessary to invoke recombination to explain the "rollover" of

ion saturation current as the core density is ramped up.16 The drop in ion current with respect

to upstream density can be entirely due to a reduction of the field-line integrated ionization

rate. The ionization rate is lower due to the drop in density associated with the negative

parallel pressure gradient. In fact, the electron temperature measured by the probes is far too

high for recombination processes to play any role; ion-neutral friction (charge exchange and

elastic collisions) is expected to dominate over volume recombination as a momentum sink

for Te>l eV.11 On the other hand, it is recognized that Langmuir probe temperature

measurements can give anomalously high readings under certain conditions.17'18'19'20 In JET for

example,21 experimental indications of volume recombination are obtained simultaneously

with probe measurements of Te~5 eV, perhaps indicating the presence of a non-Maxwellian

tail of the electron distribution function close to the target plate (if such kinetic phenomena do

arise in divertors, it would seem prudent to evaluate their effects on spectroscopic

measurements, too). Although volume recombination clearly does not dominate the

momentum balance in Tore Supra, it cannot be totally ruled out.

3.2. Parallel plasma pressure gradient

The early phase of detachment is characterized by a negative parallel pressure gradient

in the recycling region. Pitcher and Stangeby10 revived a simple analytical model22 that

describes the pressure drop measured in many axisymmetric divertors. The onset of pressure

loss occurs when the divertor electron temperature falls below Tt~10 eV. Charge exchange

reactions and ion-neutral friction dominate over ionization, and efficiently remove parallel



momentum from the streaming plasma. This leads to a density drop near the target plate, and a

corresponding drop of the total ionization source needed to bring the plasma flow up to the

sound speed.

The total plasma pressure is

P = Pi + Pe = n i k T i + m i n i V/'i + nek Te

or, rewriting in terms of the sound speed and assuming ne=ni

where T=T/Te. In Fig. 8 is plotted the pressure ratio as a function of Tt making the

assumptions yt=3, yu=5/3, xt=xu=l, and M//t=l. At low core densities (high TJ when the plasma

is attached we should expect pressure balance, but the measured pressure at the target plate is

three times higher than upstream! If we calculate the target plate ion flux using a pessimistic

upper estimate for the effective collecting area (AEFF=1.5AGEO), and if we suppose that what

we interpret as a parallel flow is due entirely to connection problems and set M//O upstream,

then the pressure ratio would be closer to unity. The pressure ratio could also be brought down

if we assumed, for example, xr=3 while at the target it remained xt=l. Such values are realistic

and have been deduced in other machines,23 so thermal decoupling between ions and electrons

is a plausible explanation for the discrepancy. The ions are expected to be cooler near the

target plate due to acceleration in the presheath and mixing with the cold ions that are born in

charge exchange and ionization events.24 T; will be measured in 1999 with a fast-scanning

retarding field analyzer in order to address this problem. Independently of the absolute values

of pressure, it is clear that as the edge temperature falls, the target plate pressure drops more

rapidly than the upstream pressure, and that the drop occurs in the range 5 eV < Te < 10 eV.

As an aside, we note that the experimental determination of the upstream-to-target

magnetic connection forces one to face the universally admitted problems with Langmuir

probe interpretation. Often, in the analysis of axisymmetric divertor density regimes, target



plate and fast scanning probe measurements are "matched" assuming parallel pressure

conservation in attached plasmas. The uncertainties associated with the absolute determination

of the plasma pressure would seem to suggest that this practice should be regarded with

caution.

3.3. Power balance

The onset of important momentum and energy loss due to charge exchange is

intricately linked to the total energy flux to the target plates, and the disruption that follows

detachment. The power deposited onto the divertor in the form of charged particles, i.e. the

remainder of the total input power that is radiated, PDIV=PTOT-PRAD> is roughly constant

throughout the high recycling regime, until the ion flux begins to roll over and detachment

begins [Fig. 7(a)]. Along with the parallel pressure, the energy flux measured at both probe

locations plummets due to volumetric power losses and to energy dilution among the

increasing number of particles, until the brief apparition of a MARFE that swings away from

the divertor to the high field side, followed by a disruption. This may be the type of density

limit, occuring at core densities lower than the Greenwald limit, that is governed by power

balance:25'26'27'28 there is a minimum power that must be available to ionize the recycling gas

and maintain the particle balance in the discharge. The required ionization energy (including

deuterium line radiation) increases rapidly below Te~10 eV due to the sudden drop of the

ionization rate. At that point, the plasma is already detached and the radiated fraction is high,

so there is not enough energy per particle to maintain the recycling. Thermal instability

ensues. An inward moving cold front could then trigger an MHD instability. The absolute

value of the density limit is difficult to predict because it depends on the impurity content and

the input power. In fact, it makes more sense to speak of an edge temperature limit, because it



is the parameter that governs the physics and ultimate performance of the ergodic divertor.

Experimentally, the divertor electron temperature is observed to be in the range 5-10 when

such disruptions occur. Detachment and disruption are symptoms of a cold edge; high

radiative losses are the cause. Fig. 9 illustrates the role of power balance in the density limit.

Injection of neon into the discharge results in increased radiated power and lower edge

temperature for the same density: detachment occurs earlier, and the density limit is lower, but

occurs at roughly the same value of edge temperature, in this case Te=8±2 eV.

3.4. Impurity screening

It has been shown that the activation of the ergodic divertor leads to an important

reduction of core impurity content as compared to an ordinary limited plasma.29 The ergodic

layer is about 10-15 cm thick and is principally characterized by a very flat, low electron

temperature profile with a transport barrier inside the separatrix linking to the unperturbed

core temperature profile,30 and a relatively unchanged density profile. The typical radial

temperature decay length, averaged over the local small-scale spatial modulations, is Aa-~8-10

cm, reflecting the enhanced radial heat transport that is governed by the radial component of

the parallel heat flux. The density decay length in the outer edge is similar to that seen in most

machines Xn~3 cm and is localized near the particle sink that is the divertor modules

themselves. Furthermore, the density profile displays no small-scale structures. That, and the

high density observed throughout most of the ergodic layer, is indicative of the fact that the

ions are less affected than electrons by ergodization due to their slower parallel tranport along

diverted field lines. The ergodic layer, with its broad profiles of low temperature and high

density, is ideally suited to efficiently radiate power, thereby reducing the energy flux onto the

target plates.



The quenching of the incident energy and particle fluxes has the beneficial effect of

reducing the impurity influx caused by physical sputtering. The impurity content is generally

seen to decrease with increasing core density until detachment as in Fig. 10(a) that displays

the concentration of carbon and ZEFF as a function of Tt. However, despite the reduction of

physical sputtering, the low electron temperature during detachment implies increased neutral

penetration and hence a degradation of impurity screening. This is illustrated by

measurements made by four tangentially viewing optical fibres29 that provide a radial profile

of CII emission in front of a neutralizer plate [Fig. 10(b)]. The radial penetration of the

carbon, roughly characterized by the radial decay length of the emission profile, increases

abruptly in the detached regime when Te becomes very low. This interpretation is justified

because the temperature profile is flat in the observed zone, and the electron density increases

radially inward. The measurement is qualitatively consistent with estimations of the mean free

path for ionization of sputtered carbon, which is also seen to increase. Detailed three-

dimensional calculations of impurity transport near the neutralizer plates are being carried out

with the BBQ code and further confirm this picture.31

The same physics governs the transport of recycling deuterium atoms. The penetration

of neutral deuterium has been calculated taking into account reflection of incident ions,

desorption of deuterium molecules, and the main paths to ionization [Fig. 10(c)]. Like the

carbon penetration, it increases rapidly in the detached regime. This is qualitatively consistent

with CCD camera images of a neutralizer plate in Da light. At low core density and high edge

temperature (attached plasma), the emission profile is very peaked and displays the

centimetric structures associated with the magnetic geometry, indicating that the ionizations

are occuring very close to the surface. At high densities, the emission pattern broadens and

becomes a uniformly glowing blob of light of the order of 10 cm wide (Fig. 6), consistent

with the calculated penetration depth.



3.5. Fueling efficiency; Feedback on edge temperature

The control of the gas injection in ergodic divertor discharges is usually accomplished

by feedback on the core line-averaged electron density. The gain of the feedback loop must be

chosen as a function of the total time response of the plasma system. The empirical transient

fueling efficiency of the discharge, defined as the rate of change of the core electron content

with respect to the gas injection rate, therefore plays a crucial role. At low densities the

fueling efficiency is very low, no higher than 10%. Most ionizations occur in the poorly

confined ergodic layer rather than feeding the core particle content. To increase the density

requires enormous injection rates (typically of the order of 1-2 Pa mV) , but due to the

cooling of the edge plasma as detachment begins, the penetration depths of neutral deuterium

and impurities increase rapidly. This leads to an unstable scenario where the excessive gas

injection further cools the edge, leading to a disruption before the system has time to respond.

The fueling efficiency for shot TS25620 is shown in Fig. 10(c) and is seen to increase

suddenly at the highest core density. The increase in the number of electrons is due in part to

the increased core carbon and oxygen concentrations.

The edge temperature is a reliable signature of detachment and can thus serve as a

control parameter to monitor the state of the discharge. Two probes circuits are selected to

provide I-V characteristics of 1 ms sweep time every 8 ms during the discharge, with the

electron temperature and density calculated in the interval between sweeps. Via a SCRAMNet

card, the results are broadcast to a network of reflected memory that links a number of other

acquisition and control units such as the gas injection system, whose control algorithm

incorporates the probe measurements. We have implemented a modified feedback routine

that, in effect, attenuates the gain of the feedback loop in real time if the edge temperature



drops below an upper threshold T2, and cuts the gas flow off completely if the temperature

falls below lower threshold Tl, independently of the requested value of core density. When Te

is between the two thresholds, the gain is multiplied by the factor (T(t) - Tl) /(T2 - Tl). This

is illustrated by Fig. 11. A high density that would lead to a detachment limit in an ohmic

plasma was requested at t=4 s. As the gas flow began to increase, the edge temperature rapidly

plummeted, and when it fell below 20 eV, the valve was gently shut off and the core density

settled to an equilibrium value far below the requested value, with the temperature maintained

near the preprogrammed lower limit of 14 eV. Later, the power was coupled: the temperature

began to rise, and more gas was allowed to flow, but the requested density was even above the

new detachment limit (the limit is higher with additional heating), so again the gas flow was

attenuated to prevent the temperature from falling below 14 eV. The new feedback scheme

has led to better density control of the discharge, as will be discussed in detail in a future

paper.32



4. Conclusions

The magnetic connection between the Mach probe and two of the divertor probes has

allowed detailed measurements of parallel gradients of the plasma parameters in the ergodic

divertor of Tore Supra. The flux tubes that connect the ergodic layer to the target plates

exhibit the same three density regimes (linear, high-recycling, and detachment) as seen in

other types of divertors. The onset of parallel pressure loss occurs when the edge temperature

falls to around 10 eV, consistent with the increasing momentum loss due to ion-neutral

friction that would be expected at such temperatures. The parallel particle flux gradient is

positive in all three regimes, indicating that recombination is unlikely to play an important

role even if the temperature is really lower than the one indicated by the probes.

Experimentally, it is found that ohmic discharges disrupt when the edge temperature is

in the range 5-10 eV, coinciding with the increase of neutral penetration. This is the same

edge temperature limit predicted by simple models of power balance. Volume recombination

is unlikely to be occuring since the temperature is too high, and the density is too low. This

may be a result of the openness of the ergodic divertor; it is difficult to decouple discharge

fueling from the detachment process. With important additional heating, the edge density can

be greatly increased, and one might look for an effect of plasma baffling that could maintain

high neutral densities close to the target plates, with a possibility of high recycling and stable

total detachment; this scenario is difficult to achieve due to the nonlinearity of the edge

response to changes in the core plasma and the resulting difficulties associated with LH and

ICRH antennae coupling. The divertor probes have proven to be especially helpful in

monitoring and preventing detachment in real time feedback applications, and will aid the

achievement of high performance ergodic divertor discharges.



The recent realization that increased mechanical closure of various poloidal divertors

has led to no improvement of core plasma performance33'34'35 exemplifies the need to explore

less expensive open configurations such as Tore Supra's ergodic divertor and TEXTOR's

upcoming dynamic ergodic divertor.36
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Fig. 6. Da images of neutralizer plate D2 showing an attached plasma on the left, and a

detached plasma on the right. The peakedness of the emission pattern is related to the mean

free path of neutral deuterium, which is higher in the detached case.

Fig. 7. Compiled measurements from a series of ohmic density plateaus with Ip=1.7 MA.

Displayed in (a) is the total ohmic power (TOT), the radiated power (RAD), and the

remaining power flowing onto the divertor (DIV=TOT-RAD). (b) The electron temperature at

the target plate (A), at the entrance of the recyling zone (•) and near the separatrix (•)

measured by the outermost cord of the Thompson scattering system. The numbers are the

measured(theoretical) power law exponents for <rie> dependence in the high recycling regime,

(c) Parallel ion flux density, (d) Electron density, (e) Field-line-integrated ion source between

the connected probes. The vertical error bars represent the calculation assuming pessisimistic

corrections to the ion flux (effective area and connection problems discussed in the text).

Fig. 8. Ratio of the target plate plasma pressure to the upstream pressure assuming Tj=Te. The

solid line is the model of Self and Ewald.

Fig. 9. Target plate (a) density and (b) temperature for ohmic discharges at Ip=1.7 MA with

(A) and without ( • ) neon injection.

Fig. 10. (a) ZEFF from Brehmsstrahlung (O) and impurity radiation ( • ) for the series of shots

shown in Fig. 4. The main radiator is carbon, whose concentration is also shown (A), (b) Data

from a density ramp made immediately after the shots of Fig. 4. Measured radial decay length

of CII emission in front of a neutralizer (solid curve). The highest values have little

significance because the profile basically becomes flat. Using the measured target plate ion



flux and temperature, the calculated ionization length of sputtered carbon atoms shows similar

qualitative behaviour ( • ) . (c) Fueling efficiency for deuterium corrected (dotted curve) and

uncorrected (solid curve) for the carbon and oxygen contribution to the total electron content.

The calculated ionization length of recycling deuterium (•) is also indicated.

Fig. 11. (a) Pre-programmed and measured line-averaged density (left axis), and injected

ICRH power (right axis), (b) Measured electron temperature (thin curve), gas injection rate

(thick curve), and the gas injection rate that would have occured (dotted curve) using the

classical feedback algorithm without input from the Langmuir probe.
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Abstract

Although ergodic divertors are primarily designed to control particle and heat

fluxes at the plasma edge, they also happen to affect the MHD stability of tokamak

discharges. On Tore Supra, the ergodic divertor has long been known to stabilise

the m/n=2/l tearing mode induced, for instance, by edge radiation and detachment

processes, thus allowing safe high-current and high-density operations. More

recently, though, in discharges where ergodic divertor operations were optimised

relative to the control of the edge-plasma (i.e., with large divertor perturbation), a

detrimental increase in the disruptivity has been observed. The action that the

ergodic divertor has on the MHD activity is interpreted in terms of a redistribution

of the current profile. The latter results from a large increase in the edge resistivity,

primarily induced by the degradation of the electron energy confinement in the

ergodic layer. The possibility that a transport barrier develops in the vicinity of the

separatrix strongly affects the considered modelling.



1. Introduction

The control of particle and heat fluxes at the plasma edge is a critical issue on

the path to achieving fusion in a magnetic confinement device. The ergodic divertor,

a concept first introduced by Feneberg [1], and recently reviewed in references [2]

and [3], offers interesting perspectives in this regard. In the present paper, our

focus is on the effect that the ergodic divertor has on MagnetoHydroDynamic

(MHD) stability. This is a key issue to any divertor which has to operate at high

plasma current, hence low edge safety factor, a requirement that is known to impose

strong constraints on MHD stability, primarily through the criticality of the m/n =

2/1 tearing mode in such conditions. On the Tore Supra tokamak, the ergodic

divertor has long been known to stabilise the m/n = 2/1 tearing mode induced, for

instance, by edge radiation and detachment processes [4], thus allowing safe

operations at high plasma current and high density (with a safety factor value of

about 2 at the separatrix). More recently, though, in discharges where ergodic

divertor operations were optimised relative to the control of the edge-plasma (i.e.,

with large divertor perturbation), a detrimental increase in the disruptivity was

observed.

An illustrative experimental behaviour is shown in figure 1. The time

evolution of some MHD mode envelop, a rough signal measured by a pick-up coil

located at the top of the vacuum vessel, is shown for an ohmic discharge where the

divertor current is progressively raised on the plasma current flat-top. A decrease in

this signal is initially observed, indicating some MHD stabilisation, with no

apparent threshold found from zooming on this signal in the earlier phase of the

raise in divertor current. The MHD signal eventually saturates to "noise level" at

some value of the divertor current. For a critical divertor current, well above the one

leading to the latter saturation, a disruption is stimulated which terminates the

discharge with little warning, if any (nothing, to date, that could be used in a

feedback-loop). Although this apparently leaves a comfortable margin for safe

(MHD quiet) operations, the optimum conditions for edge-plasma control appear to



lie close to the disruptive boundary of the operational domain. For this reason, and

in the perspective of an extrapolation to a reactor relevant ergodic divertor, it is

crucial to improve the understanding of the action that the ergodic divertor can have

on the MHD activity.

In section 2, the main features of the ergodic divertor of Tore Supra are

described, with the emphasis on the spectrum of the induced magnetic perturbation.

Section 3 gives an overview of the MHD-related experimental phenomenology of

ergodic divertor operations on Tore Supra. In section 4, a tentative modelling of the

experimental observations is discussed, in terms of a redistribution of the current

profile by the ergodic divertor perturbation. Finally, preliminary conclusions are

discussed in section 5.

2. Main features of the ergodic divertor of Tore Supra

The ergodic divertor of Tore Supra [2] consists of 6 identical modules

(coils) regularly distributed toroidally, on the low-field side of the vacuum vessel.

Each module extends over A(p = 14° toroidally and A8 = 120° poloidally. The

optimum last-closed-flux-surface which leans on the modules has a minor radius rED

= 80 cm and a major radius RED = 2.38 m. A module is made of eight conductors

carrying current of alternating directions (i.e., 3.5 =8-1 periods per module). This

setup generates a magnetic field perturbation SB whose magnitude is proportional to

the total current in the conductors, which can be continuously varied from 0 to 45

kA (a maximum value to be compared with the corresponding plasma current Ip, as

high as 1.7 MA).

The ergodic divertor belongs to the class of so-called Resonant Magnetic

Perturbation (RMP) setups. A given setup in this class can be characterised by the

Fourier spectrum of the magnetic perturbation it creates, over the grid of poloidal

and toroidal mode numbers (hereafter noted m and n, respectively). The spectrum

actually also depends on the perturbed equilibrium (through the Shafranov



parameter pp+ C-J2), since Fourier decomposition along the poloidal direction must

be performed by considering the straight-filed-line poloidal co-ordinate 6'. For

many RMP setups, such as the saddle coils installed on the Compass-C tokamak

[5], for instance, the spectrum consists of a reduced number of Fourier components

with low mode numbers (essentially m/n = 2/1, with weak poloidal sidebands m/n

= 1/1 and 3/1, for the example reported in [5]). These primarily aim at controlling

the associated resonant MHD modes in the plasma, through a mechanism which is

discussed in great detail in reference [6], for instance. The ergodic divertor was

originally designed with other objectives: controlling the particle and heat fluxes at

the plasma edge, by modifying transport properties in an annular peripheral region

with ergodic magnetic field lines induced by overlapping microscopic magnetic

islands. In order to create these many small-scale magnetic islands, the spectrum of

the ergodic divertor consists of a large number of Fourier components with

intermediate modes numbers (typically, m = 18 and n = 6, in Tore Supra), and does

not contain the dominant MHD-unstable components (such as m/n = 2/1 and 3/2).

For a given equilibrium, a detailed spectrum of the ergodic divertor perturbation can

be calculated by the code SPECTRE [7] (illustrative approximate analytical

calculations are discussed in references [8] and [2]).

The number of modules imposes the main toroidal mode number: n = 6,

while the toroidal extent of the modules fixes the "width" of the spectrum:

5n/n = (360°/6)/14° = 4. The poloidal extent of the modules (in terms of the

intrinsic straight-filed-line poloidal angle 0*) imposes the main poloidal mode

number: fn = 18 for, |3p+ tJ2 = 0.7, the typical Shafranov parameter for ohmic

discharges in Tore Supra. The "width" of the spectrum is fixed by the number of

poloidal periods per module: 8m, fn = 2/7. A typical poloidal spectrum, with a

characteristic sine-cardinal structure, is illustrated in figure 2. With the above n = 6

and m = 18 for (3p+ CJ2 = 0.7, the ergodic divertor creates an ergodic layer in the



vicinity of the resonant surface where q = q res = m n = 3. The thickness of this

layer is controlled by both the total current in the divertor Idiv and the pre-existing

safety factor profile q(r). It can extend as deep into the plasma as inside the q = 2

surface, although the ergodic divertor design has taken care to minimise the

dominant m/n = 12/6 component of the spectrum resonant on this surface to

preclude any penetration of the ergodic layer inside q = 2 unless the divertor

perturbation is forced to a large level. As one considers deeper and deeper magnetic

surfaces into the plasma, the magnitude of a given component 5B™ of the

spectrum rapidly decays away from the divertor modules, roughly like (r r^)"1"1 .

Through overlapping of the induced magnetic islands, the applied

perturbation creates an ergodic layer at the plasma boundary. Among other

consequences [2] [3], the current is expelled from this region through two distinct

mechanisms. First, the electron energy confinement is strongly degraded in this

region [2][3][9], leading to a sharp reduction in the electron temperature, hence a

large increase in the resistivity (the anomalous resistance familiar in Reversed Field

Pinches and devices operating in the so-called Ultra-Low-q regime [10]). Second,

field lines in the so-called laminar region [2] [3], at the outer edge of the ergodic

layer, eventually connect to the wall and are thus characterised by the high sheath

resistance. This current redistribution, experimentally observed on the time

evolution of plasma parameters such as the internal inductance tx and the loop

voltage Vloop (see figure 3), is thought to be responsible for the action of ergodic

divertor operations on the MHD activity, as originally proposed in [11]. The

interpretation proposed in the latter reference is revisited in section 4, where

important aspects of the modelling are included which were originally ignored.

3. Overview of the MHD activity in ergodic divertor discharges

Preliminary to any discussion of experimental observations, it is important

to comment on the diagnostics available for their analysis. The Soft X-Ray (SXR)



diagnostic, although not well-suited for a direct analysis of the rather peripheral

MHD activity we are concerned with in this paper, however indicates that ergodic

divertor operations do not seem to induce any significant change on sawteeth for the

ohmic discharges the present paper is restricted to. The Electron Cyclotron

Emission (ECE), a diagnostic that is often considered as a reference for the analysis

of tearing modes, allows limited monitoring of the magnetic islands due to its 4-5

cm radial resolution. In some cases where the ECE channels happened to be

appropriately distributed, ECE data nonetheless allowed the identification of the odd

structure of electron temperature fluctuations across the resonant surface, thereby

confirming the presence of a magnetic island. The island propagation frequency, as

measured from the relevant component of electron temperature fluctuations

(extracted from the total ECE signal by means of a Singular Value Decomposition

[12]), was found to agree with that inferred from magnetic fluctuation

measurements.

Unless specified otherwise, the following discussion essentially relies on

fast magnetic measurements. Tore Supra is equipped with 21 pick-up coils,

measuring the time derivative of the poloidal magnetic field 8Be, and 3 saddle coils,

measuring the time derivative of the radial magnetic field 5Br. There are 15 pick-up

coils distributed in the same poloidal cross section, and 6 pick-up coils evenly

distributed toroidally at a given poloidal location. The sampling rate for data

acquisition is typically 32 (isec, which allows analysis of the dominant MHD

activity whose frequency is of order a few kilo-Hertz (in the absence of Neutral

Beam Injection, there is very little momentum source). The capability of this

otherwise fair system was limited for the present studies by the acquisition system,

which allows data acquisition of 2048 samples only per acquisition, with a

repetition rate of order 1 sec. This apparently severe constraint, for the analysis of

possibly-slow transient-phenomena, was attenuated by the reproducibility of the

considered discharges.



The signal displayed in figure 1, to illustrate the effect of the ergodic divertor

on the MHD activity is a useful reference signal for controlling the discharge by

monitoring its gross MHD activity. This signal actually contains a dual information,

combining both some "ambient noise" (possibly some edge turbulence) and the

low-mode-number MHD modes we are interested in, primarily the dominant m/n =

2/1, 4/2 and 3/2 modes. Some more detailed physical information was extracted

from magnetic measurements, by means of various standard data analysis

techniques: essentially Fourier decomposition [13] and Singular Value

Decomposition (SVD) [12], little additional information being found from wavelet

analysis due to limited frequency resolution and mode-packing in a reduced

frequency interval (as a result of the limited rotation shear in the absence of a

significant momentum source).

3.1. Tearing mode stabilisation at low divertor current

A first set of discharges were performed with synchronised fast magnetic

acquisition and divertor-current ramp (up and down, in about 30 msec, separated by

a steady phase), in order to analyse the mode dynamics in the presence of a transient

ergodic divertor perturbation. Figure 3 shows the behaviour of the internal

inductance tx and the loop voltage Vloop for such a discharge. Figure 4 displays the

evolution of magnetic fluctuations (dominated by the m/n = 2/1 component at low

I^y, and by the m/n = 3/2 component at high Idlv) during the divertor current ramp

up/down. The Power Spectral Density (PSD), shown in Figure 5, with and without

the divertor perturbation Idiv, reveals various frequency peaks. The "ambient noise"

(i.e., the part of the spectrum that is not identified as peaks) is observed to decrease

with increasing divertor perturbation, accounting for most of the behaviour of the

MHD signal displayed in Figure 1. The dynamics (resulting from the ergodic

divertor transient stimulation) of the identified frequency peaks is the following.

- Some low frequency peaks (below 1 kHz) are identified as some parasitic

signal associated with the poloidal field coils.



- The initially dominant m/n = 2/1 mode (the associated island width is about 6

cm, i.e., w/a = 7.5%) is associated with a peak at 1.9 kHz. This peak, which

accounts for most of the signal displayed in figure 3, is clearly seen to disappear

with increasing divertor perturbation Idiv. It falls below the noise level (w less than

about 1 cm) at some modest level of the divertor perturbation (half the maximum

perturbation in BT = 2T discharges). Throughout the divertor current ramp, a

spectrogram analysis indicates that the mode frequency changes by a little amount

only, exhibiting a modest increase (less than 10%, if any) as the mode decays

away.

- Two peaks coexist, in the vicinity of 3.5 kHz, which are hardly separable. The

first one, at about 3.2 kHz, is associated with the m/n = 3/2 mode. The second one,

at about 3.8 kHz, is related to m/n = 4/2 mode, nonlinearly coupled with the m/n =

2/1 mode. A careful analysis indicates that the dynamics of the m/n = 4/2 mode

closely follows that of the m/n = 2/1 mode, while the m/n = 3/2 mode is found to

grow with larger divertor perturbations (a growth that can lead to a disruption if the

divertor perturbation exceeds some critical level, as shown in figure 1). These two

modes do not exhibit any visible frequency dynamics.

- As far as one can tell from the available signal, which is somewhat perturbed

by the sawtooth activity, the dynamics of the above three modes (as followed on the

spectrogram) appears to be reversible with respect to the divertor perturbation Idiv.

The mode amplitude exclusively depends on the magnitude of the divertor

perturbation, and can be analysed as a quasi-static process with respect to the

dynamics of Idiv. The only sign of irreversibility, and dependence with the

perturbation dynamics in addition to the above reported dependence with the

perturbation level, is associated with a "mode" that is clearly identified on the

spectrogram, at about 11 kHz at zero or low-level divertor perturbation, and with

some frequency dynamics at divertor-current ramp-down in the interval 6-8 kHz.

Although it does not seem to play a significant role on the "relevant" MHD activity,

and is thus ignored in the rest of the paper, the nature of this "mode" is not clearly



identified. It is not a propagating mode, but rather a beat-wave, whose magnitude

seems to respond to the divertor perturbation exclusively : both its frequency and

magnitude (as measured by each of the 24 available coils) are found to be

insensitive to changes on the safety factor profile as strong as varying q^ at the edge

from 6 down to 2.5. It is presently suspected that this "wave" is associated to some

response of the plasma surface to an incomplete control of its shape by the discrete

poloidal field coils.

Given the above observations, it seems reasonable to analyse the MHD

stabilisation issue in terms of a quasi-static divertor perturbation, exclusively

characterised by its magnitude Idjv. For the rest of section 3.1, we consider a set of

reproducible discharges where the divertor current is slowly ramped. Fast magnetic

data acquisitions (over a time period where changes in the divertor perturbation are

negligible) are recorded at times distributed over the divertor-current ramp, shot-to-

shot, in order to build a database intended to mimic a discharge with continuous

recording of the magnetic fluctuations. This is particularly useful in identifying a

threshold on the ergodic-divertor-induced dynamics of the observed modes. Such a

threshold is indeed observed in Figure 6, where the filtered m/n = 2/1 component of

the magnetic fluctuations is plotted for a few static levels of ergodic-divertor

perturbation. As far as parasitic oscillations (mostly induced by sawtooth crashes,

which tend to dominate the signal in the high-divertor-perturbation phase) allow one

to tell, the m/n = 2/1 mode behaves in a discrete manner with respect to the divertor-

perturbation level. This behaviour is coherent with the occurrence of discrete jumps

of the separatrix (which separates the ergodic region and the confined plasma) as the

divertor perturbation is increased. However, in the absence of any absolute

correlation with the width of the ergodic layer, one must conclude that any

interpretation of the observed MHD effects in terms of a current redistribution

cannot rely on a single parameter like the separatrix position. As discussed in

section 4, it is necessary to invoke a barrier on the current profile, in the vicinity of

the separatrix, which introduces additional parameters in the model.



3.2. Disruption stimulation at high divertor current

On Tore Supra, the ergodic divertor was designed with a resonance at q = 3

in low-(3 discharges (|3p+ CJ2 = 0.6-0.9 for the ohmic discharges considered in this

paper, but, for instance, the resonance would move up to q = 5 in discharges with

(3 + C/2 = 2 yet to be achieved). This implies high-plasma-current operations,

favourable to both increased energy confinement time and higher density limit, but

detrimental in terms of MHD stability. In such conditions, a careful adjustment of

the ergodic divertor current is required to avoid disruptions. For MHD safe

operations, particularly in the perspective of designing a new generation of ergodic

divertors, it is crucial to identify a robust criterion of disruption, in order to

determine the boundaries of a safe operating domain. Over the 1998 experimental

campaign of Tore Supra, a database was built with 17 disruptive shots, with a

toroidal field BT = 2T and a line-averaged-density nl ~ 4 1019 m'\ by varying shot-

to-shot the plasma current Ip and the major radius Ro (i.e., qY in the range 2.3-3.7 at

the divertor modules). In these discharges, the divertor perturbation was applied

before the plasma start-up phase, at a steady level above the threshold for

stabilisation of the m/n = 2/1 mode, and then slowly raised on the current-plateau

until a disruption was reached. The early stabilisation of the m/n =2/1 tearing mode

allowed to achieve low-edge-safety factor MHD-stable equilibria that would have

lead to earlier disruptions in a limiter discharge, as confirmed from attempting to

perform otherwise comparable discharges where a limiter was positioned as deep

into the plasma as to where the ergodic-divertor-induced separatrix was calculated to

locate. Eventually, a disruption occurred, at some critical divertor current, whose

signature closely resembles that of a so-called low-q disruption (except that the m/n

= 2/1 mode does not appear in the disruption sequence), as one may expect from the

proposed interpretation of MHD stabilisation/destabilization by the ergodic divertor

in terms of current-redistribution.



Some statistics were made on these disruptions, in order to identify a

disruption criterion of a better practical interest than the one based on a marginally

stable current profile. The 17 pre-disruptive states appear to have a common feature

shown in figure 6: the associated radial profiles of the Chirikov parameter (where

the radius is expressed in term of the related safety factor profile) all superimpose at

the position where the Chirikov parameter a is equal to 2 and the safety factor q is

equal to 2+1/6 (1/6 is a natural increment for the considered setup with n = 6).

First, it is remarkable that the Chirikov parameter is larger than 1 at the q=2 surface,

indicating that the latter lies into the ergodic region. Then, it is interesting to

consider the relationship between this empirical disruption criterion and the

interpretation in terms of a critical current profile. The latter is an unresolved issue

that challenges the assumption that the position of the separatrix (i.e., the magnetic

surface where the Chirikov parameter equals some number less than 1, hence far

from the observed critical value a = 2) is a leading parameter, like the limiter's

position in a limiter discharge.

4. Modelling : current profile evolution and MHD stability

The following discussion is largely inspired from a previous analysis [11],

which is revisited in order to include some important, but previously omitted,

effects. In reference [11], the stability analysis was based on comparing two radial

current profiles: the initial (Idiv = 0) one with outer minor radius a = rED, and a

profile presumably reached after complete relaxation of the current expelled from the

ergodic region of inner minor radius rsep, with the however strong hypothesis that

the shape of the original profile is retained (the so-called "similarity hypothesis")

together with the total current carried by the plasma (the considered discharges are

operated at constant plasma current Ip). In addition, at a time when equilibrium

reconstructions were more limited, reference [11] considered model analytical

profiles. In the present analysis, the initial current profile is obtained form an



IDENT-D equilibrium reconstruction (with interfero-polarimetric and magnetic

data), and the complete evolution of the profile is numerically modelled by a

current-diffusion equation [14], in toroidal geometry, where the only free parameter

is a model for the change in the resistivity profile induced by the ergodic divertor at

the plasma edge (the core resistivity is not significantly affected). In addition, the

above mentioned "similarity hypothesis" is released, which has a significant impact

on stability considerations. Indeed, this hypothesis is found to lead to too large an

increase (resp., decrease) in the on-axis current-density (resp., safety-factor) to be

compatible with sawteeth (by a volume effect, the apparently small change in edge

current density leads to a large increase in the core current density). Thus, a

sawtooth model is introduced, which consists in transiently raising the resistivity

inside the large q = 1 surface (typically 45% of the plasma radius a) when required,

in order to limit excursions in the on-axis safety-factor to a realistic range (typically,

0.7 < q0 < 0.8). This, of course, leads to a broader final current profile, as

illustrated in figure 8, which generally corresponds to a less stable equilibrium than

that prescribed by the "similarity hypothesis". The stability index A' (including

toroidal metric corrections [15]), for the m/n = 2/1 and 3/2 tearing modes, is

calculated at each step of the current diffusion and plotted in figure 9. The evolution

(were the time unit is normalised to the global resistive time xR = u.oa r|(r = 0),

of order a few seconds) consists of various phases :

- The first phase corresponds to the fast transient when the edge current is

expelled from the ergodic layer, then forming a bump on the current density profile,

which diffuses towards the plasma core through the q = 2 (resp., q = 1.5) surface

where the m/n = 2/1 (resp., m/n = 3/2) mode is resonant. This phase occurs on a

specific resistive time scale which is short (typically 3-4 orders of magnitude shorter

than the global scale TR) owing to the combined effect of a high resistivity and a

small radial scale associated with the considered region. The size of the ergodic

layer (rED - rerg of order 10 cm) can be evaluated from the radial profile of the



Chirikov parameter, calculated with the DivergQL code [7]. The increase in the

resistivity through the ergodic layer can be adjusted so as to reproduce the change in

the internal inductance Ct and the loop voltage Vloop measured experimentally, in the

steady divertor phase. Throughout this first phase, the narrow bump in the current

density profile, which is observed to diffuse from the edge towards the plasma core

in figure 8, produces large oscillations in the A' stability index of the m/n = 2/mode

resonant at the q = 2 surface it diffuses across. Regarding this particular phase, it is

important to note that the typical time scale for the current-bump transit across the

resonant q = 2 surface (typically 1 msec in figure 9), is shorter than the actual time

required for ramping the divertor perturbation (typically 30 msec in figure 3). This

indicates that the present numerical procedure, where there is no progressive

penetration of the ergodic layer (i.e., the current is flushed out of an ergodic layer of

fixed width, in one single step) cannot account for the proper experimental

dynamics. With progressive ergodic-layer penetration and current expulsion, it is

expected that the excursion in the A' stability index throughout this first phase

should be considerably attenuated (with no subsequent effect on the completely

relaxed state, though).

- The second, slower, phase corresponds to the transient regime when the

current-density bump diffuses down to the core, while broadening. This diffusion

takes place on the conventional resistive time scale (of order 1 sec), and leads to

some slow (and generally weak) variation in the A' stability index.

- The third and last phase, is associated with the model sawtoothing-regime,

when the current is prevented from diffusing further in towards the plasma core.

This phase interrupts the steady variation in the A' stability index observed at the

previous stage and leads to oscillations in the evolution of the A' stability index.

The magnitude and average value (with respect to the initial A', i.e., at Idiv = 0) of



these oscillations depend on both the sawtooth model and the model for the

resistivity increase at the plasma edge. The sensitivity to the resistivity model is the

clear indication that there is a need for an accurate modelling of the effect that the

ergodic divertor has on the current profile, along a line similar to that considered for

the electron temperature [9].

The resistivity profile, initially taken as the inverse of the current density

profile obtained from EDENT-D, is left unchanged inside the separatrix (arbitrarily

defined by the radial location where the Chirikov parameter, as calculated by the

DivergQL code [7], is equal to 1). On the contrary, it is significantly enhanced in

the ergodic layer, typically by a factor 100, as specified coherently with both the

increase in the internal inductance Ct and the loop voltage Vloop and electron

temperature profile measurements (ECE and Thomson scattering, with a modest

radial resolution). In the presence of a divertor perturbation, the resistivity profile

exhibits a rather sharp transition in the vicinity of the separatrix (where drastic

continuity conditions must nonetheless be satisfied to allow later coherent

calculations of the A' stability index). The latter transition is reminiscent of the

intrinsic transport barrier associated with the ergodic divertor [2]. Such a barrier can

be identified on the electron temperature profile [9] [16], as shown in figure 10(a).

Although the present resolution on the edge temperature profile measurements is not

sufficient to constrain our model for an accurate comparison with experiment, it is

clear that an edge barrier on the current density profile, as shown in figure 10(b), is

required to account for the observed stabilisation of the m/n = 2/1 tearing mode.

5. Discussion

The ergodic divertor allows safe (MHD quiet) operations at high plasma

current (safety factor of about 2 at the separatrix). The observed effects on the MHD

stability are interpreted in terms of the current redistribution induced by the ergodic



divertor perturbation. Key ingredients for interpreting changes in the MHD stability

are the intrinsic transport barrier associated with the ergodic divertor and sawteeth.

The change in the A' stability index, after complete relaxation of the current

expelled from the ergodic layer, as compared to the initial value (i.e., Idiv = 0),

depends on the balance between two contributions. The first one, destabilising,

results from an increase in the current density gradient inside the resonant surface,

owing to the current profile broadening induced by sawteeth. The second one,

stabilising, results from an increase in the current density gradient outside the

resonant surface, owing to the formation of a transport barrier in the vicinity of the

separatrix. While the latter dominates the former in the case of the m/n =2/1 mode,

thus leading to the stabilisation of this mode, an opposite situation characterises the

m/n = 3/2 mode. On the one hand, the separatrix does not extend as close to the q =

1.5 surface as it does to the q = 2 surface (owing to the width of the poloidal

spectrum of the ergodic divertor perturbation), thus limiting the beneficial effect of

the barrier. On the other hand, the q = 1.5 surface, closer to the q = 1 surface, is

more affected by the current profile reorganisation through sawteeth than the q = 2

surface, which increases the detrimental effect of sawteeth. As a result, the fragile

balance between the stabilising effect of the barrier and the destabilising effect of

sawtooth-induced current profile broadening turns out to be in favour of a

destabilization for the m/n = 3/2 mode, for a large enough divertor perturbation.

This is though to be the reason why disruptions occur in divertor operations

optimised for edge-plasma control (i.e., with a large ergodic divertor perturbation).

Error bars in the modelling (or estimate, on the basis of the available experimental

data) of both the barrier and the sawtooth-induced current-profile-broadening do not

presently allow safe extrapolation to either a next-generation setup or operations in a

regime with increased performance (with additional power, for instance).
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Figure 1. MHD mode envelop during ergodic divertor operations in Tore Supra.

Figure 2. Typical poloidal spectrum of the ergodic divertor perturbation.
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Figure 3. Evidence of current profile reorganisation at divertor ramp up/down.
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Figure 4. Evolution of magnetic fluctuations during divertor ramp up/down.
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Figure 5. Power spectral density of magnetic fluctuations with and without

divertor perturbation.
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Figure 6. Threshold upon the ergodic divertor effects on MHD activity
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Figure 7. Empirical criterion for ergodic divertor induced disruptions.

(a) The Chirikov parameter profiles (with the radial co-ordinate expressed in terms of the safety

factor q) just prior to disruption superimpose at a specific location: the Chirikov parameter is

equal to 2 at the q = 2+1/6 surface, leading to a disruption criterion with little dispersion (b).
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Figure 8. Current redistribution induced by ergodic divertor current ramp-up.
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Figure 9. Evolution of the A' stability index for the m/n = 2/1 mode ( fast transient phase).
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T~3/2 law. (b) Typical current profile before and after complete relaxation.
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1.Introduction.
The operation of ergodic divertor on tokamak Tore Supra permits power and particle

control of the plasma boundary [1]. The Tore Supra ergodic divertor consists of six multipolar
coils located at the low field side and distributed regularly in toroidal direction. The magnetic
field perturbation generated by ergodic divertor contains a radial component, leading to the
islands topology of the magnetic field. In the ergodic zone the islands overlap (Chirikov
parameter: CQ^T>1), creating the stochastic behaviour of the field lines at the plasma edge [2].
The perturbation spectrum can be presented as follows:

m,n=±«>
Here r is a magnetic surface label 9,cp are the intrinsic poloidal and toroidal angles determined in

the unperturbed equilibrium by condition: — = q(r), q is a safety factor, b(r) is exponentially
d0

decreasing function, being at the edge b(a)~10-3. For typical Tore Supra ergodic divertor
configuration: q(a)=3, main poloidal and toroidal numbers are m=18 and n=6. For more details
concerning ergodic divertor spectrum see [2].

It was shown theoretically that the perpendicular energy transport through the
ergodic layer is amplified by the diffusion of the magnetic field lines, since the parallel transport
has a radial component and acts in addition to the usual transverse transport [3,4,5]. According
to the quasi-linear theory the temperature profile was expected to be flat, due to the large
effective transverse diffusion at the edge [3,4]:
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here L K = KqRtor is a Kolmogorov length, , LT ~ LK log " ^ is parallel

2
correlation length and Dp^ = rcqRtor t>(r)bmn is the quasi-linear field line diffusion
coefficient on the resonant surface q=m/n. If the heat flux from the central plasma is fixed, this
decreasing of the edge temperature gradient would lead to the temperature degradation in the
centre. In fact, it was shown experimentally on that the edge temperature is lower in the ergodic
divertor configuration in comparison with the limiter one, but without central degradation of the
electron temperature [2,5] (Fig.l). On the other hand the local temperature profile measurements
with Langmuir probes on the tokamaks Tore Supra, TEXT and CSTN-II [2,5,6] demonstrated
the existence of stationary periodic radial, poloidal and toroidal structures with the magnitude
about 5-20eV which are larger at the low densities (Fig.2). The small-scale temperature
structures in the ergodic zone and barrier creation near separatrix could not be described in the
terms of the effective ergodic thermal diffusion coefficient from the quasi-linear theory [3,4]
because of the averaging over the ergodic zone. In order to describe this experimental facts the
local heat transport is considered numerically, taking into account the magnetic field lines
stochasticity.

2.3-D non-linear heat transport modelling in ergodic zone.
3-D code ERGOT is based on the heat transport equation in the following form:

| ( | « , T) = V,|(x,,V|,T) + V ^ V j J ) (3)

Here ne-is a plasma density, T- electronic temperature, the parallel heat conductivity is

5£ll = 2 x 1022 TQJ 2 [ m ^ s " 1 ] and the perpendicular one is taken here as %± ~ l[m s~ ] • ne.,

operators V|| ,Vj_ parallel and transverse to the magnetic field B are given by:

Vii = — \— 1 — — + —— \> and V i = V r — Expanding the temperature field as

the magnetic perturbation (1): T = ]£T m n (r^™9"1"1"^ one can present (2) in the form of the
m,n=±<»

system of equations for harmonics amplitudes, depended on r, which is treated by finite
differences in the region r:[rmin,rmax], here safety factor is q(rmin)~2, q(rmax)~3.

+ X± ^ ^ |

or ut

Using the symmetry of the spectrum (1) [see 2,5] one can write:
ibmn = B -m-n = -Bmn and T_m_n = Tmn.The coefficients in (4) are:

T, =-X,,b(r){^km.n, - ^ L | ( l | ( B m _ m . n _ n . -Bm+m.n+n.)

Y2 = -X||b(r)(km+m. n + n- B m _ m . n_n- + km_m . n_n- B m + m - n + n-) (5)

k m n = / - ( - - + n); *l=2 H Bmn I2
K tor Q m > 0,n > 0

The stochastic properties of the magnetic field in the ergodic zone are introduced
consistently in the heat transport equation (4) by non-linear coupling of the temperature
perturbation modes which appears due to the presence of the radial component of the magnetic



field perturbation (l).The boundary conditions are: heat flux from the plasma core is fixed:

~X±—~ = const and at the edge typically: TQO| =45-10eV, on both boundaries
Ul rmin

the temperature perturbations are considered to be small:

« TQQ and Tmn is localised near the surface q=m/n. The

rmin
temperature

= 0, since Tmnm n Irmin.rmax
linear density profile is taken here for simulations (ne =2.5-1.10 m ). The numerical
method developed for solving non-linear system is based on the implicit time-relaxation from
initial temperature profile to the stationary one, using the inversion of multi-block matrix on
each time-step.

3.Numerinal results
The present numerical simulations reproduce the averaged temperature profile

flattening in the ergodic zone, without degradation in the plasma centre, the fact observed in
Tore Supra experiments (Fig 3). Taking the averaged radial heat flux as:

< Q I >e Q ) ~-Xer2 n —~ = const one can estimate the effective transport coefficients from

numerical solution. The amplification of the transverse heat transport conductivity in the
ergodic zone was estimated as %erg/X±~50 for Chirikov parameter a(a)~3 and edge
temperature ~45eV (Fig.4). The comparison with quasi-linear effective coefficient (2) is also
presented on Fig.4.
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Each temperature perturbation harmonic is localised of the corresponding resonant surface:
q=m/n, which explains radial modulations on the temperature field (Fig.5-8). Notice, however,
that in the simulations the radial modulations (-3-5 eV) are smaller then the experimentally
observed (5-20eV). The poloidal and toroidal modulations exhibit the same periodicity as the
magnetic perturbation on the rational surface: q=m/n.

4. Conclusions.
The 3-D non-linear ERGOT code was developed for heat transport modelling taking

into account the stochastic properties of the magnetic field, which are introduced consistently in
the heat transport equation by non-linear coupling of the temperature perturbation modes
governed by the radial component of the magnetic field perturbation of ergodic divertor. The
present numerical results show the edge temperature profile flattening in ergodic zone without
degradation of the central temperature, and the existents of poloidal, toroidal and radial small
scale temperature field modulations, the features reported in the Tore Supra ergodic divertor
experiments.
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Introduction : On Tore Supra, as on many other tokamaks, extensive studies are made to try
to exploit the very attractive potential of edge radiation to spread out the output power and to
avoid excessive heat load on plasma facing components. In such experiments, including
Ergodic Divertor (ED) or limiter experiments, intrinsic or extrinsic impurities, it is important
both to assess the radiating efficiency of each scenario and to be able to perform in each case a
proper power balance, to carry out an accurate and reliable radiated power estimate. Under some
special circumstances it can be difficult, to establish this key parameter, Prad, by the only means
of bolometers. In these cases an analysis based on the coherency of various measurements, as
infrared thermography, which allows an indirect derivation of the total conducted power Pcond,
or calorimetric data which provide a global thermal energy balance can be very helpful to
validate the total radiated power estimate with respect to the other terms of the global power
balance: Pin=Prad+Pcond+Ploss-dW/dt. The preliminary results of these studies are: i)
evidences of the presence of an artefact on some bolometer signals during ICRH in H minority
scheme (HMIN), usually used in highly radiating experiments, ii) the existence of a toroidal
peaking factor of the plasma emissivity with ED, which reveals the influence of the three
dimensional structure of the plasma edge on the radiation pattern, iii) the non negligible impact,
on the global power balance, of Ploss the power lost by fast ions trapped in the toroidal
magnetic field ripple, the so called ion ripple losses and iv) a better estimate of the sensitivity of
the calorimetric diagnostic which allows one to analyse even ohmic discharges. More than the
absolute results themselves, some of which are still affected by large error bars, it is the method
employed to validate the total radiated power estimate which will be reported in this paper.
Bolometer and ripple losses :In order to improve the confidence of the Prad estimate and
to address the problem of the toroidal symmetry assumption, which usually underlies this
estimate, TORE SUPRA has been equipped with three bolometer systems providing three full
plasma profiles, at different toroidal and poloidal locations, from which one can derive three
independent Prad estimates. It has been already reported [1] that, usually, the three estimates are
close enough to point out the existence of a symmetry of measurements from ports to ports,
except in the noticeable case of ICRH-HMIN scheme and mainly in Deuterium plasmas
compared to Helium experiments. The main difference of this particular heating scheme,
compared with others, is the existence of a fast ions tail. Recently, it has been shown that the
difference between the larger estimate provided by the vertical top port bolometer system and the
much lower estimate provided by the horizontal one, has to be attributed to an artefact which
enhances the vertical top bolometer signals rather than to a low toroidal number asymmetry [4].



It has been demonstrated by installing a
bolometer system on a bottom port (at the same
toroidal location as a top one) that the artefact
originates from the vertical drift of fast ions
(upwards in TORE SUPRA) trapped in the

toroidal magnetic field ripple. Normally, the
well defined trajectories of trapped ions [2] do
not intercept the bolometer sensor itself. The
different behaviour of deuterium and helium
experiments have pointed out the role of the
neutral gas pressure inside the port, which can
be significantly higher in deuterium than in
helium due to the recycling properties of both
gases. Thus it is believed that a small part of
these fast ions can transfer their energy during
the vertical drift to the bolometers (located at
the top of a vertical port) by means of charge
exchange reactions. The required gas pressure

this

BOLOMETRY SHOT 26240

FIG.l the three independent estimates of Prod
vs time, Pradh coming from horizontal, Pradt
from top and Pradb from bottom bolometers,
displayed with the total input power Ptot and
the heating power Picrhl&2 delivered by two
antennae. At t-6s a controlled neon injection is
used to increase the radiated power in this ED
shot

needed inside ports, to explain
phenomenon is of the order 10s Pa
Radiated power and calorimetry of the~outer firsT wallTTorelSupra, designed to
produce long and energetic pulses, is the first tokamak where all first wall components, except
viewing ports, are actively cooled by a pressurised water loop (T~150°C P=33bars).
Each cooled element is equipped with a
calorimetric sensor. The inner and outer
first walls (IFW and OFW) protect the
plasma vacuum chamber, which is one of
the walls of the cryostat, containing the
superconducting toroidal coils, against
heating from plasma radiation. While the
IFW (on the HFS) can be used as a toroidal
limiter the OFW (on the LFS) is always
away from limiting objects (10cm min
radially). This actively cooled OFW, only
heated by radiation, acts as a giant
uncollimated bolometer with a cooling time
constant of the order of 5s. The analysis
performed on energetic shots (Ein>60MJ,
Pin~5MW, ICRH-HMIN+LHCD, limited
on the IFW), shows that the radiated energy
ERADh estimates
bolometer system

from the horizontal
is proportional to the

3?(MJ)
FIG.2 Correlation between the radiated energy
estimates from horizontal bolometer system
ERADh and the Energy exhausted from the OFW
showing that ERADh~3.6*EOFW

thermal energy EOFW exhausted from the
OFW: ERADh=fexp*EOFW.

Experimentally fexp=3.6 ( Fig.2). The analysis shows that fexp is the product of three
terms which either can be calculated or measured : fexp=fcal=fcov*fcoll*fenh. Where fcov is
the coverage factor corresponding to the effective irradiated area with respect to the total area of
the OFW:. fcov~2.15. fcoll is the efficiency of the photon collection of the OFW. It is calculated
from the OFW geometry and from tomographic reconstructions of plasma emissivity for
nlasmas having similar radiating nattern than those used in Fip.2. Tn this case fooll is found of



the order of 1.4. The factor fenh. represents the weak over estimate of Pradh for this type of
experiments, where the outboard pumped limiter installed in an adjacent port of the bolometric
one, is placed at lcm of the last closed magnetic surface to play the role of a guard limiter for
RF antennae. This analysis confirm ,with an uncertainty lower than 20%, the estimate of Pradh
in these experiments ICHR-HMIN in IFW limiter configuration.
Global power balance and toroidal peaking factor (ftp) in ED experiments :One
of the main issues for the physical program of TS is to study the specific properties of the ED
[3]. The ED is composed of six meanderlike magnetic coils equally spaced in the toroidal
direction on the low field side of the machine. These coils of poloidal and toroidal extension
120° and 10° respectively, create an alternated radial magnetic perturbation. With this device the
plasma-wall interaction is mainly focused on the neutraliser plates installed between the current
bars of the coils. The ED coils are installed away from the viewing ports, such that the plasma-
wall interaction region cannot be seen by CSHQT ?392S Power Ralance
bolometers. Thus, if a toroidal structure of the
6th order appears in the toroidal distribution of
radiation, it is possible that Prad be under-
estimated. This trend seems to be pointed out
by the global power balance analysis:

Pbalance=O(e)=Pin-Prad-Pcond-Ploss+dW/dt,
where the estimates of the various terms are
obtained with a multifactor fit procedure, based
on the time behaviour coherency of the various
signals [4]. Prad is taken as Prad=ftp*Pradh.
Pcond is estimate from thermographic
measurements on a given neutraliser plate.
This analysis shows that ftp varies from 1.5 to
1 with the radiation rate and radiating
impurities. The peaking factor decreases when FI

h
G-3 Global power balance ED shot 23925

. . , _ . . . ° , , , . showing the complementarity between Pcond
high Z impunties are used and when plasma md 15%Pradh an^ the amplitude ofPioss.
approaches detachment (Fig3). Prad=Pradhfor t>10splasma detached

With this Prad estimate the radiating efficiency of ED experiments does not seem to
exceed a factor of 2 with respect to the Mattews law [6]. The best values being obtained with
intrinsic impurities at high density. This analysis gives, in addition to the estimate of the toroidal
peaking factor, due to the discrete plasma-wall interaction, also an insight into the missing
power, Ploss, mainly attributed to the ripple losses and possibly to the accuracy of the RF
power estimate. The figures obtained, significantly higher than expected, Ploss~.2-.3*Picrh
agree well with the unexplained deficit of the global calorimetric balance usually observed on TS
discharges. This last result and the agreement found between ERADh and EOFW have led to
revisit the calorimetric data (see below).

Due to the importance of the accuracy of ftp on the determination of the radiating
efficiency of the ED some independent methods, based on calorimetric measurements of internal
components, are being developed to constrain as much as possible this parameter. The simplest,
among others, is to consider that for ED experiments the IFW, as the OFW, receives only
radiated power and then to study it in the same way. Thus one get directly:
ftp*ERADh=fcoll*ElFW, fcov=fenh=l, The tomographic analysis gives for ED shot a collection
efficiency for the IFW of the order of fcoll~5.2. With this analysis, preliminary results, gives
also a toroidal peaking factor ftp in the range of 1 to 1.5 [5].
Calorimetrv and global energy balance: On Tore Supra the calorimetric balance has
always been a serious problem which has put in question the quality of the calorimetric
measurements: at hiph enerpv. i.e. with auxiliary heatinp nower meaning RF nower onlv on



TS, it shows a large deficit (~.3*Ein, Fig4b) and at low energy (Ein<40MJ) an unfavourable
signal to noise ratio prevents the analysis of the global energy balance on the basis of individual
shots. In the light of the above mentioned results, if one has to attribute the calorimetric deficit
to the ripple losses and other RF losses, it is of first importance to demonstrate that for ohmic
shots, for which the input energy (Ein~15MJ) is believed to be known with an accuracy of
10%, the energy balance effectively cancels. A statistical analysis has shown that the noise on
calorimetric data can be significantly reduced using coherent summing methods. This, applied at
series of ohmic shots, has shown that the effective sensitivity of the calorimetry is of the order

of 1-2MJ. The energy recovering rate for ohmic shot is found to be in the range of 0.9±. 1, with
a special difficulty for ED experiments where the electrical power dissipated in the ED coils, not
measured, has to be calculated (Fig.4a). This recovering rate which is within the uncertainty of
the ohmic power estimate, seems to validate the calorimetric balance and open the way to an
accurate analysis of Ploss and of these various components : ripple and RF losses and also to a
check of the accuracy of the auxiliary heating power. However further additional analysis, to be
made on dedicated experiments, are required to finally conclude on the calorimetric problem.
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FIGA.a Calorimetric energy balance for
ohmic limiter and divertor series of shots. The
larger error bars for divertors shots are due to
the uncertainty on the power dissipated in the
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from calorimetry
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FIG.4.b Calorimetric energy balance for
various heating schemes, showing that the
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Conclusions: This set of preliminary results shows the interest of global power and energy
balance analysis to improve the accuracy of the independent estimates of the various terms and
especially Prad. It also shows the various points on which effort have still to be made: 1) an
improvement of the signal to noise ratio of the calorimetry, 2) a calorimetric measurement of
ripple losses, 3) a measurement of the electrical power dissipated inside ED coils and 4) a check
of the calibration factor of RF power sources. With these new methods and measurements it
will be, may be, possible to obtain accurate power and energy balances. It is possible that future
results, if they confirm the already observed trend, will have a non negligible influence on the
whole TS performance estimates.

Ref [l]Vallet & al. 24th EPS vol I p233 Berchtesgaden 1997
[2]Basiuk & al Nuclear Fusion Vol.35 No 12 (1995)
[3]Ghendrih &al. Plasma Phys. Control. Fusion 38 (1996) 1653-1724
[4]Reichle & al. 25th EPS, (CD rom) p.0631 Praha 1998
[5]Reichle & al this conference
[6]Matthews G.F. J. Nucl. Mat. 220-222 104 (1995)
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1. Introduction

To minimise the power load on target plates via radiation losses is crucial for any next step
device. Tore Supra (TS) investigates as alternative to axisymmetric divertors, the radiative
properties of the Ergodic Divertor (ED). It has been postulated on the basis of a power-
balance method [1] that the total radiation can be 1.5 times higher than the actual bolometer
[2] measurements due to local radiation enhancement near the target plates, outside the lines of
sight of the bolometer array. For detachment this factor is 1. The relevance of this factor is that
1 corresponds to an agreement with the multi-machine scaling law for radiation [3]. The ripple
losses were deemed to amount to 30% of the ICRH energy. Improvements in the analysis of
the calorimetry indicate that for ohmic discharges 100% of the input energy are recovered,
whereas 30% of the ICRH heating power are missing [4], which seems to confirm the power
balance finding. The main emphasis of the present contribution is the search for independent
indications concerning local radiation enhancement in the vicinity of target plates by the
application of the power-balance analyis to impurity seeded discharges and the use of spatially
resolved calorimetry.

2. Measurements

Fig. 1 shows an ICRH heated discharge
with Argon puffing. The radiation Pradhor
as measured by the horizontal bolometer
array and Td,v, the temperature rise of the
B4C surface of the target plates of the
ergodic divertor [5] react strongly on the
impurity gas puff. The Pradhor trace is
more positively peaked in time than the
Tdiv trace is negatively peaked around the
time of the maximum of the Argon trace.
Irip, the ion current caused by lost ripple
particles [6] is positively correlated to Fig- 1: Typical dischar8e

ICRH heating power PICRH and inversely
to the electron density ne. Fig. 2 shows
the spatial distribution of the
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3tnan the ergodic divertor target plates.
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Measured parts of outer wall
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Fig. 2.: Spatial distribution of energy deposition according to calorimetry. From left to right: ED target
plates, ED structure, normal titanium pumps, titanium pumps next to limiter, limiter (maximum 20.8
MJ/m2), ICKH antennae, outer wall midplane, midplane ports, rest of outer wall, vertical ports, inner
wall. In red: localised extra radiation as extrapolated from the titanium pump measurements.

The interesting point are the fluxes falling onto the titanium pumps at the side of these target
objects (see fig. 3). All of them receive higher flux densities than the outer wall. The pump next
to the limiter receives a significantly higher flux than the ones only adjacent to a divertor. The
energy flux on the inner wall is found to be practically equal to the energy flux on the outer
walL

3. Analysis

Four analysis methods have
been employed. The first
method uses the
measurements of Pradhor, TdjV
and Inp and adjusts
individual fitparameters Frad,
Fdep and FnP such that
^ balance"^ in"-Trad""de""loss"

dW/dt is minimised, where
Pin is the total input power,
Prad=Frad-Pradhor the total
radiation, PdeP

=TdiV-FdeP

[1,5] the total conducted
power and Fioss-lrip-rrip tne

Titanium ***** Bolometer array

Divertor structure
Target plates

Lower extrapolation
estimate:

Higher extrapolation
estimate:

measurements on titanium pumps

measurement on wall panel

Extra radiation on: Limiter Dtvertor

Fig. 3: Geometry of outer wall with ED, titanium pumps, hmiter,
fo^^/ bolometer sight lines. Superimposed is the assumed extra

lost power not used tor radiation distributions. Below projections of an upper and a lower
heating the plasma. extrapolation estimate of the presumed extra-radiation deposition onto
The second method is to the outer wall for both the ED and the limiter.

use the enhancement of the
flux on the titanium pumps (see fig. 2) to estimate E ^ the integral of Prad- Based on the
simplified assumption that the extra radiation near a target falls off linearly over 40 cm in the
parallel direction and 15 cm in the perpendicular direction (fig. 3) the total local extra



radiation created in the vicinity of the limiter
and directed towards the outer wall, is
estimated to be about 11.5 (± 2.5) times as
much as the extra radiation on the adjacent
titanium pump when compared with the load
on the other titanium pumps. The part of the
extra radiation which falls onto the limiter itself
is 67% of this radiation. What can be seen as
justification to the assumption of the 40 cm fall
off length is that the enhancements from the
limiter are only measurable on the nearby
titanium pump and the nearby wall panel. The
effect on the adjacent bolometer is much
smaller. It is only « 10% of the enhancement ° 5 ^° 1 5

on the titanium pump next to the limiter. , „ , , . , . , , , , , , , ,
r T Fig. 4: Illustration of the power balance method.

Similarly the total extra radiation on the Best resuhs are achieved when gowning that Frad

divertor is estimated to be 12 (±1.3) times is lowered when heavy impurities are picffed and
larger than the extra radiation on the titanium then stepped down to 1 when the discharge
pumps when taking the load on the standard ^tacnes-
outer wall panels as reference. Even though the Da distribution is very peaked at the
protruding tip at one end of the divertor target plates, the CIII emission falls off only slightly in
the parallel flux direction along the plates, and less than a factor 2 over 10 cm perpendicular to
them. This is also seen as being compatible with the assumed fell off lengths of the localised
extra-radiation. The total of End is for this analysis calculated as the sum of these extrapolated
extra radiations (illustrated in fig. 2) plus the calorimetry measurements on inner and outer
wall, extrapolated for the uncovered port areas. Part of the localised extra radiation should fall
onto the inner walL
Based on tomographic reconstructions for ED discharges [2,4] and an extrapolation factor of
the surface one can estimate that the total radiation should be 5.1 times larger than the

calorimetric measurement from the inner walL
The ratio between this estimate and the
radiation measured by the bolometer is the
simplest estimate (third method) of the
enhancement factor Frad.
The fourth method, which is an improved multi-
parameter fit method is to determine first the
energy loss by calorimetry as a fraction FICRH of
the ICRH-energy and then to fit TdiV and Prad to
a remaining total power Ptot

=Pin-FicRH-PicRH. In
the case of heavy impurity injection it is
furthermore proposed to make Frad a function of

such that

2.5

2 -

Inner wall Old fit New fit
estimate before/during before/during

Outer wall estimate 1 / impurity puff

Discharge number

Fig. 5: Estimates of Frad: the normal fit procedure
(blue), the estimate based on the inner wall

the impurity radiation intensity Iimp

Frad(t) = Fradmax-C-Iimp(t)/Pradhor(t), where C is

„ , also fitted. An illustration of this procedure is
calorimetry (1st green), outer wall estimate (2nd . • c A \. n , n « / r l L T/̂ TITT
green), improved fit (red). For the fits: The left 8 1 V e n m fi§"4 w h e r e P > - * 3 0 % o f t h e I C R H "
value is before and the right value is during the power and the variation of Frad is between 1.78
impurity injection. (24770 Ar, 26240Ne). and 1.38. The results of the different methods



concerning the postulated radiation asymmetry
are summarised in fig. 5 which shows the
resulting Frad factors for discharges with and
without impurity seeding. Both calorimetric
values and the advanced fitting procedure
assuming 30% ICRH losses agree rather well.
The original fitting procedure is less precise
and gives slightly higher Fra(j values. The trend
that the injection of heavy impurities lowers
Frad is seen with both fitting procedures. The
other clear trend is, that Frad fells with rising
density, getting close to unity near detachment
(fig. 6). The discharges with Neon or Argon
are distinct from the trend of the discharges
with intrinsic impurities.

4. Discussion and conclusions

3.5 6.54.5 5.5
ne(1019rrf3)

Fig. 6: Frad values against the electron density for
the discharges of fig 5. The red values are the
results of the improved fit procedure. The blue ones
are the average of the two calorimetric procedures.
The dots and crosses are intrinsic impurities. The
triangles are Argon, the squares Neon. The open
symbols are the initial values of Frad before the
impurity is puffed

All methods confirm the existence of an important local radiation enhancement in front of
target objects. Their toroidaliy localised nature and the lack of short scale toroidal resolution of
the bolometers cause an underestimate of the radiation. Observed corrective factors for
radiative divertor discharges range between 1.1 and 1.6 depending on the density. The impurity
seeded discharges show during the impurity injection a reduction of this factor which can be
explained by the radiation distribution becoming toroidaliy more symmetric due to the larger
ionisation lengths. The consistency of the results (fig. 6) seems to validate the assumption of a
fell off length of the radiation of 40 cm as used for the radiation extrapolation from the
outboard calorimetry. The localised extra radiation falling onto one individual neutraliser is
about 1 kW (fig. 2). This should be compared with spectroscopic radiation measurements and
modelling [7] to see whether there is room for charge exchange neutrals to be important. The
feet, that there is a strong dependency on density seems to indicate, that neutrals may play an
important role. With the observed loss fraction of 30% of the ICRH and the deposition profiles
on the ripple detector [6] one can estimate an upper limit for the extra heat load onto the
planned toroidal limiter, the next upgrade of Tore Supra kown as CIEL, to be maximal 2.3±0.9
MW/m2 in the central area between adjacent toroidal field coils for an RF heating power of 10
MW. It is however difficult at the present stage to decide how much of the losses detected as
deficit in the calorimetry have to be attributed to the ripple losses and how much to an
overestimate of the ICRH power coupled. The observation, that a fit using the measured ripple
current as proportional to the losses, overestimates Frad slightly (fig.5), whereas a fit using the
ICRH power seems to underestimate Frad slightly (fig. 6) in comparison with the calorimetric
values, seems to indicate that both effects have to be considered.

[1] Reichle, R., et al., Contr. 25th EPS,, 29 June - 3 July 1998, Praha, Czech Republic.
[2] Vallet, J.C, et al., Contr. 24th EPS, 9 - 13 June 1997, Berchtesgaden, Germany
[3] Matthews, G.F., et al., Nucl. Fusion 39 (1999) 19.
[4] Vallet, J.C., et al., this conference.
[5] Grosman, A., et al., JNM 241-243 (1997) 532-537.
[6] Basiuk, V., et al., Nucl. Fus., Vol 35, No 12 (1995) 1593-1596.
[7] Giannella, R., et al., this conference.
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1) Introduction:
The detached plasma regime is envisaged as an operating condition for next step

tokamaks. In this regime, the edge incident ion flux decreases dramatically and goes down to

nearly zero on the wall. A proposed method of pumping is to capture backscattered neutrals due to

atomic processes, namely FC (Franck Condon) dissociation and CX (charge exchange), with a

dedicated vented structure. This solution has been tested with the Ergodic Divertor (ED) of Tore

Supra. In this configuration, the field lines connect to neutralizers located between the divertor

current bars (7 neutralizers per module - 6 identical modules distributed toroidally around the

vacuum chamber). These neutralizers are vented structures which are semi-transparent to neutrals

and can be used for particle pumping. A comprehensive set of diagnostics has been installed: 14

Langmuir probes poloidally and toroidally distributed, pressure gauges in the modules plenum and

D<x measurements along the neutralizer located in the equatorial plane. The results for quasi-

steady state operation (>2s) have been presented in ref.[l]. In the present study, we analyse

transient experiments performed for density scan studies and concentrate on high recycling and

partially detached plasmas. The investigated range of parameters is 2.5-^4.5x1019m"3 for the

volume-averaged density and 1.5-r6MW for the total power, with a radiative fraction varying from

40 to 90%. Under these conditions, the neutral pressure in the divertor plenum (Sm^s"1 of

pumping speed) increases with density and total power and is about 2^-9xlO"2Pa for the high

recycling regime and 1.5-7-3.5xlO~2Pa for semi-detached plasmas. The corresponding domain of

edge density (temperature) is 1.0-2.51019m"3 (15n-30eV) and 0.5-rl.5xl019m'3 (8-s-15eV),

respectively. For known density and temperature profiles at the edge, two quantities are sufficient

to describe the neutral recirculation and particle balance: the pressure in the ED plenum (which

characterizes the particle collection) and the distribution of the D a emission line in front of the

neutralizers (which characterizes the ion source due to recycling). Their behaviour during the high

recycling and semi-detached phases is described in the next two sections. The multi-ID model

presented in ref.[l] is used to interpret the measurements. Scaling laws of the edge parameters and

pressure in the pumping chamber with volume-averaged density and total power are given in the

last section.



2) Particle collection during the high recycling and semi-detached phases:
All the discharges used for this study have been performed with a density ramp-up. They

begin in the high recycling regime and are terminated by a semi-detached phase. The ED is

activated during the whole discharge. An illustration is shown on Fig. la and lb where the plasma

current (Ip), the volume-averaged density (<ne>), the probe saturation current (Jsat) and the safety

factor at the edge (qa) are displayed versus time. The pressure measured in the ED plenum (Tlexp)

is shown on Fig.2a. The different phases can be clearly identified on the trace of the probe

saturation current. Before te2s and after telOs, the condition for the ED resonance (qa=3±0.3) is

not satisfied. The neutralizes are not wetted by the plasma outflux and Jsat̂ O.
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Until fe6s (<ne>=4.5xl019rn~ ), the discharge is in the high recycling regime and Jsat increases

rapidly with <ne>. For t>6s, the discharge enters the semi-detached phase and Jsat decreases

abruptly until the loss of the ED resonance where it vanishes. The volume-averaged density at

which the transition between the two regimes occurs varies from shot to shot (between 2.7 and

3.7xl019m"3). Its precise value depends on the radiative fraction and total power coupled to the

plasma The trace corresponding to Ilexp displays less clear features. To interpret it, one must

account for the propagation time of the pressure front in the tube which links the pressure gauge to

the ED plenum (T=2S for D2 with a tube of 4.5m long and 0=1.5xlO'2m). Due to this long



response time, the pressure signal is significantly distorted. This is shown on Fig. 2a where the

latter, deconvoluted from the time constant of the tube (Ildec), is displayed versus time. The

corresponding simulated pressure (ELcalc) is also plotted, which shows a good agreement

with Ildec. A remarkable point is that Ildec remains always proportionnal to Jsat, even during the

semi-detached phase. This is shown on Fig. 2b where the normalized Fldec and Jsat are plotted

versus time. This similarity is not surprising since the lowest edge temperature obtained when

operating the ED is s6-=-8eV, which is too high for volume recombination to take place. But that

stresses the fact that, to satisfy the particle control requirements, the ED must be operated in the

high recycling regime, at least at this level of power coupled to the plasma (Ptot<6MW).

3) Partial detachment of the ion source:
The second point to investigate for consistently modelling the particle balance is the ion

source, which can be characterized by the Da light distribution. The absolute brightness of the

latter is measured along four lines of sight (Ll to L4) at 1, 2.4, 4 and 7cm of the neutralizer

surface, respectively. When the plasma edge transits from the high recycling to the semi-detached

regime, the peak of D a emission shifts from Ll to L3 [5]. An example is shown on Fig.3a and 3b

where the edge temperature (Te(a)), density (ne(a)) and the D a measurements (LlW) are plotted

versus time. For t<2s, the ED resonnance condition is not fulfilled and the neutralizes are not

wetted by the plasma outflux (Te(a)=ne(a)=0).

Fig.3: (a) ne(a), Te(a) vs. time
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Fig.4: Da brightness vs. distance from target



Partial detachment occurs at the beginning of the current plateau (te2.8s): Te(a) drops abruptly
1 f t "X

from 30 to =10eV when ne(a) slowly increases to saturate at s5xl0 m" . Just after the

detachment, the brightness measured on the two lines Ll and L2 drops to stabilize at 1/3 of its

initial value. Three radial profiles of the D a light are displayed on Fig.4a for t=2.95, 3.5, and 4s

(indicated by dotted lines on Fig.3a and 3b), showing the shift of the light emission. Simulations

have been done by coupling the calculation of the ionization rate with a collisional-radiative model

[2] (the molecular ions contribution is neglected). The measurements can be fitted by the

appearance of a drop in the temperature profile: in the closest 3cm to the neutralizer surface, the

electron temperature decreases from 15eV to 9eV between t=2.95 and 4s, but remains unchanged

outside this region. No major changes are required in the shape of the density profile. Results are

displayed on Fig.4b where the calculated D a profiles (dotted lines) are plotted with the

corresponding synthetic signals (thick lines) for comparison with Fig.4a. The agreement is

satisfactory (within 20%) for the shape of the profiles as well as for their magnitude. During the

transition, the ion source distribution follows the appearance of the step in the temperature profile

and the neutral penetration increases accordingly: from As2cm for fully attached plasmas (t=3s) to

=8-e-10cm when detachment arrises (t>7.5s). The corresponding screening factor (e ' , where

fel2cm is the thickness of the stochastic region) increases then from 2xlO~3to 0.2-K).3.

4) Edge parameters and exhausted flux in the high recycling regime:
For practical purpose, it is useful to know the dependence of the edge temperature and

density on the main control parameters of the discharge (e.g. Ptot and <ne>). This has been done in

the high recycling regime (more promising for particle pumping) for which it has been established

[3] that the edge density was varying as the cubic power of the volume-averaged density:

ne(a)[m~s]» 2.1 x 1017 < ne > [1019/n~3]34. Taking advantage of the moderate variation of the

radiative fraction in this regime, one can write Ptot oc Pcond « ne (a) • Te(af'2, which yields for the

edge temperature: T.(a)[eV\ « 1.1 xlO2 < ne > [\0i9 m'3]'23 • Ptot[A4Wf ' \ For given Ptot and

<ne>, one can then estimate what would be the exhausted flux by using the proportionality

between the pressure in the modules plenum and the saturation current Jsat ««e(a)- Te(a)V2,

which yields: U[Pa] « 3 x 10~3 < ne > [1019/w~3]23 -Ptot[MW]U3 (With no pumping. For limiter

discharges, a similar scaling law for II has been reported in ref.[4].) The exhausted flux per

module can then be written: Tpomp[Pa m3sl]» U[Pa]SC/(S+C), where S is the effective

pumping speed and C^On^.s"1 is the molecular conductance of the neutralizers slots.
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[4] B. Pegourie, T. Ix)arer et al., J. Nucl. Mat., 241 - 243 (1997) 494.
[5] R. Guirlet, J. Hogan etal., J. Nucl. Mat, 266 - 269 (1999) 513.
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Introduction

In the past few years, effects induced by the ergodic divertor such as impurity screening and

transport modifications in the plasma edge have been used to achieve high radiation, low

contamination regimes. A crucial issue in understanding these effects is that of impurity

generation and propagation across the plasma edge, especially in the vicinity of the Ergodic

Divertor (ED) neutraliser plates. A variety of diagnostic tools and techniques are used for this

purpose1. In the case of Tore Supra, interpretation of spectroscopic data is strongly complicated by

the complex geometry of the ED, leading among other effects to the total lack of uniformity of

the sources. Indeed, due to the specific pattern of impurity sources on the neutralisers and to their

particular orientation with respect to the local magnetic field, densities of lowly ionised impurities

are deeply modulated on the sub-centimetre scale in both directions perpendicular to the magnetic

field. Because of this, accurate 3D simulations are essential for the evaluation of experimental

signals.

The code

The actual geometry of a few chosen neutralisers, including their fingered structure, the gaps

between fingers terminating into V-shaped notches, their actual positions and slight misalignments

as deduced from telemetric surveying, have been included in a new adapted version of the Monte

Carlo code BBQ2. The code follows particles within a cuboid containing a neutraliser plate and

generates impurity densities in the same simulation box on a 3D grid of 106 points. Magnetic field

lines are calculated by the Mastoc code3. A suite of post processors then produces and visualises

lines emissivities, synthetic endoscope pictures and absolute intensities for the various diagnostics

to be compared with experimental data. The analysis presented here refers to the neutraliser PJ1D

i.e. the 4th neutraliser down from the top (a D plate) in the divertor module on the machine's

JUNCTION PLANE 1 (there are six divertor modules around the torus, from PJ1 to PJ6). D plates are

located on the machine's equatorial plane.

Plasma and impurity modelling

The ergodic nature of the magnetic field makes the structure of plasma near the neutraliser

quite complex. The path of magnetic lines away from the neutraliser region is affected in an

intricate way by the divertor windings and by the discrete structure of the toroidal magnet. Along

their way around the torus the field lines explore a region whose radial extension is of the order of

several centimetres. Lines leaving the neutralisers from very close positions are suddenly found to

step away radially from one another after running in consistently narrow bundles over lengths that

may be just a few metres or even several or many times the toroidal circumference. So, over a



limited length of say a few turns round the torus, field lines that are very close near the neutraliser

will probe the outer plasma to markedly different radial depths.

Due to the strong electron thermal conductivity, domains that, within such parallel distances,

are connected to deeper regions in the plasma periphery will be hotter than neighbouring zones.

Perpendicular transport cancels out any effects due to longer connection lengths. This effect parts

the region close to the divertor plates into a few alternately hotter and colder layers. It is confirmed

by the experimental evidence of brighter, bands of higher energy flux onto target plates4.

Based on these considerations, the 3D electron temperature profile Tc(x,y,z) in the modelling

region was generated as a linear function of the field lines penetration depth inside the torus:

Tc = - k * (rmin-c), where rmin(x,y,z) is the smallest minor radius attained by the field line passing

by the point (x,y,z) over a path length of 1.5 poloidal turns (i.e. approximately 4.5 toroidal turns).

A suitable choice of k and c can be made as to have agreement of the temperature values on the

neutraliser plates with those given by Langmuir probes that are embedded on several D plates.

However data from probes that are situated on the electron side (as all those on D plates are) are

believed to be affected by the presence of supra-thermal electrons in the pulse analysed in this

study. Therefore we reduced the Tc values by 25% with respect to those giving the best

reproduction of the probe data. This choice brings the Te values closer to those measured by

probes embedded on C plates that are situated on the ion side. Electron density values as given by

the probes on D plates were used in the simulation. T; = Te was assumed everywhere.

For the region within the simulation box (see fig. 1) whose points are directly connected by

field lines to the neutraliser plate (zone D), we assumed the plasma velocity directed along the field

lines towards the neutraliser and with Mach number Md= 1. At smaller radii in the same box,

however, there is a region (zone U) that is not connected to PJ1D but to another neutraliser (PJ6B)

some 3 m away on the same side (left in fig. 1). For this region (the zone U) the pre-sheath

constraint M ~ 1 is less stringent due to the longer distance from the solid surface of contact.

Indeed experimental data indicate that for the Mach number in this region the condition

Mu = O(0.1) is verified (see below).

Carbon production impurities at the neutraliser is calculated by using different models for

physical sputtering (including that by Garcia Rosales and Roth of 1993s and that by Roth of

19986) as well as chemical sputtering (including those from ref. [6] and those from B. Mech et al.

of 19977). The physical sputtering models lead to results that are quite close to one another (within

40%) and the chemical models appear to imply for our cases a total production of carbon

impurities typically 10 times or more smaller than that due to physical sputtering. Self-sputtering

of carbon, which is probably not important for low power pulses, as the one presented in this study,

has not yet been included in the model.

The propagation of carbon ions in the plasma is determined in the simulation by the pre-sheath

parallel electric field, by friction with the background plasma, as well as by parallel and

perpendicular diffusion. The friction effect turns out to be of crucial importance even at plasma

velocities much lower than the plasma sound speed (see below), while the effects of parallel

diffusion and of the electric field appear of lower importance in determining the carbon ion



distribution. For perpendicular diffusion D±=l m2/s was used in the simulations. On this effect we

must observe that, the role of Dx being primarily that of determining the radial extent of the

impurity plume in front of the divertor plate, no clear-cut test against experimental data appears

feasible when the impurity plumes are long in the magnetic field direction (as confirmed by

endoscope pictures). In these cases the orientation of the existing telescopes is not sufficiently well

aligned with the field to distinguish this feature from the parallel length of the plume (see fig 1).

Comparison with experimental data
In fig. 1 we present a simulated distribution of C+I ions near the PJ1D plate in a side view. Light

straight lines represent the viewing cones' axes of 4 telescopes located at the base of the

neutraliser. A prominent feature in the picture is the long plume extending along the magnetic

field in the direction contrary to that of the plasma flow, in the zone D, to the neutraliser PJ1D (the

thick white line in the figure). The systematic existence of this plume is confirmed by data from an

endoscope looking at another D plate, although the quality of its data for the pulse presented here

is not good enough to allow a detailed quantitative comparison with synthetic pictures based on the

simulations. Our analysis, however, shows that this feature would be totally suppressed if the

plasma velocity were everywhere in our simulation box of the order of sound speed and in the

same direction as in the zone D. Indeed a plume in the opposite direction would appear. The

absolute values of CII intensities from the 4 telescopes would also be lower by ~ 50-200 relative to

measurements. Furthermore ratios between signals from different telescopes would be far from

being reproduced.

Such a stark discrepancy with the experimental observations seems clearly to exclude the
existence in the zone U of a significant plasma velocity field directed towards the PJ6B neutraliser
(i.e. say with Mu>0.01). The carbon distribution presented in fig. 1 was obtained with the
assumption of Mu = -0 .03 (i.e. plasma velocity towards the left in fig. 1). It is useful in this
context to record that Doppler shift measurements made in the same region with the same
telescopes on Da line emission indicate plasma velocities directed away from PJ6B8.

C+1 ion distribution - side view
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Fig.l. The margin, tangent to the neutraliser's top, between the lower and higher carbon density regions marks the
edge between the domain that is directly connected to the neutraliser (zone Dj and the domain (zone U) that is connected
to another neutraliser some 3 m away on the left side. The y-axis is roughly parallel to the magnetic field and the x-axis,
directed towards the plasma core, parallel to the local major radius.

Fig. 2 shows that the experimental signal levels are nearly matched by simulations, the

discrepancy in the overall level being very easily accountable by the uncertainty on density and



_Q

io13h

1 2 3 4 5 6 7
distance of l-o-s from neutraliser top (cm)

Fig. 2. Simulated data presented here were obtained with
the physical sputtering model of ref. [5]

Simulated and measured intensities Cl I 6580 A temperature alone. The shape of the

experimental curve profile is only

very weakly sensitive to the source

distribution and to the emitted

particle energy for physically

sputtered particles. The fact that it is

matched best by the cases with

Mu < 0, clearly implies that the

plasma flow in zone U is directed

away from the neutraliser PJ6B and

that a reversal of flow direction takes

place at the top edge of the D plate.

For the case analysed here, the

total power radiated by C in the close

vicinity of neutralisers is mostly due

to low ionisation states and amounts

to a minor fraction of the total

radiation: between 0.2 and 0.4 kW

from the simulation box shown in

fig. 1. These values are obtained by

re-scaling the simulation data by the factor needed to match the intensity measurements. Using the

same re-scaling method we estimate the total carbon extraction from the PJID neutraliser plate to

around 1 to 2-1018 atoms/s; the immediately re-deposited fraction around 40% to 50%.

Conclusions

• We verified the substantial quantitative consistency of the present day models for production,

edge propagation and radiation of impurities with experimental data from Tore Supra.

• Our modelling tool is a versatile instrument to analyse physical phenomena occurring in the

plasma. It is also useful for estimating important unmeasured parameters from the actual

measurements such as radiated powers, particle extraction and re-deposition.

• The initial analysis reported in this paper suggests that the of plasma state of motion in the

region just clear of the divertor neutraliser is sharply different from that existing in the region

directly connected to it and that possibly a (mild) flow reversal occurs in that place.
1 L. Cherigier et al. 24th EPS Conf. on Contr. Fus. and Plasma Phys., Berchtesgaden, 1997 Vol. 1 p. 201.
R. Guirlet et al. Journ. Nucl. Mat. 266-269 (1999) 513

2 J. Hogan et al. 16* IAEA Conf. On Contr. Nucl. Fusion, Montreal, 1996, Vienna, 1997, Vol. 2 p. 625.
3 P. Ghendrih et al. Plasma Phys. and Contr. Fusion 38 (1996) 1653.
4 P. Ghendrih and A. Grosman Journ. Nucl. Mat. 241-243 (1997) 527.
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1. Introduction
The broadening of spectral line shapes has long been used in the past as a non-

interfering probe to obtain information on the plasma parameters of the emitter
environment. It is therefore a useful tool to analyze the sources and radiating species in
high density, highly radiative Tokamak experiments. Precise information can generally
be obtained with the help of a complete modelling of the radiating particles and their
environment. A general line shape code PPP [1] developed by the Marseille group for
modelling the Stark broadening of both neutral and charged emitters, has recently been
modified to take into account the Zeeman effect due to the magnetic field present in
Tokamak devices. Line broadening calculations for different emitters have been
performed in the conditions of Tore-Supra edge plasmas during ergodic divertor
operation, and Alcator C-Mod divertor plasmas.

2. Spectral line analysis during ergodic divertor operation in Tore-Supra
An in situ optical fiber is used, which views the plasma edge near a divertor

neutralizer plate, tangentially to the magnetic field lines and in the counter direction of
the plasma current [2]. An equatorial viewing line in the poloidal plane, crossing the
plasma between two ergodic divertor modules, is also used. The Deuterium and ionized
Helium temperatures near the neutralizer plate are obtained by modeling the D a line and
both the n=4—>n=3 (4685.7A) and n=6->n=4 (6560 A) transitions of Hell. For the
plasma conditions considered here (Te~10 eV, Ne~2 10 m*), the Zeeman-Doppler
broadening mechanism is dominant. For a line shape study of the Da line, it is first
necessary to estimate the intensity of the nearly coincident n=6—>n=4 transition of Hell.
This calculation is done by using the measured intensity of the Paschen-cc line of Hell
and the assumption that the three-body recombination as well as the quasi-resonant
charge exchange between D and He2* are negligible. The result shows that the intensity
of the n=6—»n=4 transition of Hell deduced from a collisional-radiative model [3]
cannot contribute significantly to the blue wing of the Da line.

An overview of the Tore-Supra spectroscopic database reveals that the D a line
shapes observed tangentially to the magnetic field lines do not vary strongly during a
shot and are of two types. In the first type, the D a profiles (like shot #26676 on Fig. 1)
exhibit two well separated and symmetric a components. The line profile analysis
shows that the major fraction of Da emission results from the Franck-Condon
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population (T=3 ± 0.5 eV). A good fit of the line blue side requires the inclusion of a
hot (T=50±10 eV) but minor (-10%) deuterium population due to charge exchange. The
remaining discrepancy on the red wing is probably due to the Ha line which is not taken
into account here. In the second type of profiles (like shot #22316 on Fig. 2), the same
line is asymmetric and does no longer exhibit separate o components. Such a profile
cannot result from the emission of a single Franck-Condon population. Our analysis
shows that this profile results from a superposition of two populations, with one of them
emitting a blue shifted component. This suggests that in addition to the cold Franck-
Condon deuterium atoms, a hot emitter population flowing toward the emission
spectrometer contributes significantly to the line. Such a population is most likely to
relate to deuterium atoms which are thermalized through charge exchange.

6558 6561 6564 X(A)

Fig. 1: Symmetric spectrum ofDa for ICRF
or ohmically heated plasma in Tore-Supra.
Synthetic profiles are computed for 2 values
of the neutral temperature with B=2 Teslas.
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Fig. 2 : Asymmetric profile ofDa obtained for
ohmic plasmas in Tore- Supra. Dashed and
solid vertical lines show the positions of the
unperturbed and shifted frequencies. Theoretical

spectra are calculated with B=2 Teslas.
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Fig. 3 : Hell Pa line spectrum. Measured data
in Tore-Supra are best fitted for B=2Tand an
ion temperature of 40 eV.

Fig. 4 : Da line profile under perpendicular
observation of a region located between two
divertor modules of Tore-Supra.
Theoretical profiles are computed for B=2 T.
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We have found that more than a half of the emission arises from the charge
exchange population (Fig. 2), and that the temperature for such atoms reaches 15 eV.
The knowledge of the plasma edge and wall conditions influencing the relative
importance of the Franck-Condon and charge exchange populations for the Da emission
is in progress. From the blue shifted Da component, the Mach number of the deuterium
flow is estimated to 0.25. This flow direction is corroborated by the Hell Paschen-a
spectrum which is slightly asymmetric with most of the emission distributed in the blue
side (Fig. 3). The temperature for the charge exchange atoms is consistent with the
deuterium temperature deduced from the D a spectrum measured along the equatorial
viewing line between the divertor modules (Fig. 4, shot #24722). In addition, a
temperature value of 40 ± 5 eV is deduced for Hell ions from the analysis of the
Paschen-a line (Fig. 3).

3. Spectral analysis of D5 line for a disruptive discharge of Tore-Supra
We also present a study of the D5 (6—>2) line observed with the viewing line

tangential to magnetic field lines in disruptive plasmas obtained at the end of a
discharge in Tore-Supra (shot #26195). Under such conditions, a high electron density
is usually expected. Because Stark effect increases with both the upper quantum number
n of the radiative transition and the electron density, this line is dominated by Stark
effect. Assuming a Franck-Condon emitter population at 3 eV, and a same temperature
of 10 eV for both ions and electrons, we have fitted the D§ line spectra with Stark-
Doppler profiles obtained with our PPP code (Fig. 5). Our calculations indicate that
most of the broadening is due to Stark effect by a plasma with an electron density of
about 2.2 1020 m"3. This line is thus found to be useful for a density diagnostic in
disruptive plasmas.

* Shot #26195

- -3 1O2Om3

4098 4100 4102 4104

Fig. 5 : D5 line spectrum observed for disruptive plasmas in Tore-Supra compared with
computed profiles.
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4. Deuterium Stark broadened high-n Balmer series lines in Alcator C-Mod
If edge plasma conditions reach a recombining regime with high electron density

and low temperature, the plasma detaches and Stark broadened Deuterium and
Hydrogen high-n Balmer series lines can be observed in the edge and divertor regions.
Balmer lines up to n=15-16 were observed in axi-symmetric divertor configurations of
several Tokamaks (Alcator C-Mod [4, 5], JET [6] and DIII-D[7]). As Stark effect is the
major broadening mechanism which affects the profiles of these lines, electron densities
can be deduced by comparing the entire spectrum, not single transitions, to the
experimental data. Spectra are computed using a two step method. First, from the best
fit of one Balmer line of the experimental spectrum, the electron density is deduced by
using an improved model for electron broadening [8], assuming a given electron
temperature. Second, the entire spectrum is computed and compared to the experimental
one. The density populations of the high levels are calculated assuming a Saha-
Boltzmann equilibrium. Fig. 6 shows a synthetic spectrum (transitions n=8—>2 to
n=12—>2) compared to the experimental data from ref. 5 for Te=4 eV and Ne=9. 1020 m"3.
Here the density value is obtained from the best fit of the D9 (n=9—>2) line and impurity
lines are not fitted.

2,0

1,5

2 1,0
3
O
U

* Measured data from ref. 5
Synthetized spectrum

3760 3800 3840 *• (A) 3880

Fig. 6. Synthetic and experimental spectrum of high-n Balmer line series. The best fit is for Ne=9.1020 m3.
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I. INTRODUCTION

The design of actively cooled Plasma Facing Components for steady state operation faces a
technological limitation in terms of extracted power per unit surface. In standard analysis of
Scrape Off Layer (SOL) transport, the power flux to the wall results from a balance between
parallel and transverse transport. In this approach, the energy deposition is governed by

parallel transport while cross field transport determines the SOL radial depth, Xq. As a

consequence, large surface elements with shallow impinging angles have been designed to

handle large powers at reasonable power flux. The actively cooled Inner First Wall (IFW) of

Tore Supra follows this prescription. It is a continuous 10 m2 toroidal limiter with curvature

RIFW = 2.36 m, aiFw — 0.80 m located on the high field side [1]. The elementary unit of com-

ponent is a flat area (so called "sites") of 130x80 mm comprising six tiles. The assembly of

these sites forms a polygonal surface which matches closely the magnetic surfaces. The rows

of tiles are separated by toroidal gaps measuring between 8 and 40 mm. For standard plasma

operation, a = 0.75 m, 10 % of the SOL length can stand at less than 1 mm from the IFW

surface. Infrared imaging (poloidal and toroidal coverage), Langmuir probes and thermo-

couples in a given poloidal plane are used in the experimental investigation of this specific

geometry.

II. EXPERIMENTAL OBSERVATIONS

Unfolding the data for the shot #23871 [2,3] shows that the power flux pattern on the IFW is
characterised by a large continuous background, ~0.3 MWm", with ~1.2 MWm" peaks in
the equatorial plane. These peaks are located toroidally between the toroidal coils. For
plasmas leaning on the IFW with additional heating, this pattern is constant. Only the heat
flux levels depend on the injected power. The continuous background accounts for 50 % of
the deposited power, the peaks for the other 50 %. The power repartition between the two
contributions is not known with accuracy, because the temperature rise of the background is
small (20-40°C) in the operational range of the infrared camera (typically 150°C-650°C with
the wide optic) and the measure has a large error bar. The peaks are not only confirmed by
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Figure 1 : density (•) and temperature ( • ) profiles obtained
from langmuir probes on the IFW and comparison to the

density with global e-folding (dotted line) and e-folding with
continuous background (continuous line)

thermocouples [2], but also by the
Langmuir probes fixed on the IFW
(figure 1). The equatorial probe (not in
function until 1998) shows a strong
peaking of the electronic density close
to the last closed flux surface (LCFS).
The following interpretation and
modelling will focus on the peaks
which are the most striking pattern.
Conventional e-folding (continuous
curve for the least square best fit) does
not apply when all points are
considered. The contributions of the

peak and the background have to be separated before evaluating the characteristic lengths.

Considering solely the peak gives a XN of 5 mm. The electronic temperature being almost

constant at 10 eV on the IFW, this XN is equivalent to XQ. This is coherent with the

observation that the power of the peaks is deposited in the first millimetres of the SOL. Their
periodicity being 18 (the number of toroidal coils in Tore Supra), they are associated with the
ripple of the toroidal magnetic field. The maximum is found where the LCFS is in contact
with the IFW, at vanishing impinging angles. This is in contradiction with the usual cosine

model for which a twin peak pattern would be expected. The
peaks were therefore associated with some kind of "anomalous

perpendicular heat flux" [2]. In that description, the effect of

incidence angle disappears and the heat flux is mainly a
function of the distance to the LCFS. Consequently, the belly of
the ripple in the equatorial plane leads to the one-peak pattern.

However, this idea is not supported by a close observation of
the IFW which was carried out in 1998 with an infrared camera

equipped with a zoom x3 (figure 2). On the infrared picture,

only one site is integrally observed. The spatial resolution is
sufficient to show that the ridges of the tiles are much hotter

than the front faces. This is an evidence of parallel heat flux,
because the perpendicular deposition would heat the tiles

uniformly.

in. MODELLING

Figure 2 : close infrared view of
one site (130x80 mm)

location q> = - 1.6°, 0 = 210°

For the peaks, the modelling of the conventional cosine law has then to be reconsidered in
view of these results. As it appears that a decisive part of their physics happens in the first few
millimetres of the SOL, the model should at least consider all phenomena with that scale. The
ripple with a characteristic length of 2 mm is already accounted for. But previous heat flux
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models supposed an idealised IFW with a perfect toroidal shape.
The characteristic length of the perturbation caused by polygonal-
ity to the ideal toroidal surface is 0.5 mm and it has also to be
considered. This requires however to consider the shadowing
effects. Two of them occur : the shadowing of a tile by itself and
its immediate neighbours, and the shadowing caused by the ripple
which takes place over longer distances. This latter effect is
described in [4]. The numerical code TOKAFLU was upgraded in
1998 to integrate the shadowing effects, allowing such a calcula-
tion. Another difficulty comes from the gaps situated between the
tiles, into which a significant fraction of the power flows.
Considering individual tiles requires also to consider the gaps. The
penetration of the field lines here is a few tenths of millimetres.
The mesh close to the surface has therefore to be finer than this
value to avoid averaging errors. The first result obtained with the
code is the shadowing pattern shown figure 3. The sketch displays
a 20° toroidal sector limited by toroidal coils, and the cuts corre-
spond to observation ports. The white areas are wetted whereas
the black ones are shadowed. The area wetted by the parallel

convective heat flux is only 18 % of the overall carbon surface. The equatorial sites with the
largest wetted surface are located in the same poloidal section as the ports. This is coherent
with the position of the peaks observed on

the infrared images. Local heat fluxes in the
peaks are calculated by the classical cosine

law O = Oo • e q b • n where O is the heat

flux, <3>o the heat flux on the LCFS, 8 the

depth in the SOL, XQ the heat e-folding

length, b the unit vector along the magnetic

field and n the unit vector out of the

surface. <t>o is deduced from a

normalisation to the overall power

Iff III " W v\̂
f» in * ^

Figure 3 : Pattern of the
shadow on 20° of the IFW
(observed site is framed)

2 I-—*. _ simulation without shadowing—!
Q | —|—simulat ion with shadowing j

p — * — IR measurement !

5 10 15
Toroidal position (°)

20

Figure 4 : toroidal profile on 20° of the equatorial plane

extracted by the IFW (2.2 MW measured by calorimetry) assuming a continuous background
of 0.3 MWm"2. Maximum heat deposition is found at the same location as the infrared images
(figure 4), thus showing that parallel heat flux can explain the peculiar heat flux peaks
observed on the IFW. A least square method on the averaged power per elementary units

gives a XQ evaluation of 2.5 mm for the peaks, comparable to the one found with the

Langmuir probes. The calculation shows that 37 % of the parallel power goes into the gaps

and only 63 % on the front faces. A zoom on the result of the simulation for the site observed

by the infrared camera shows that the heat fluxes are very disparate (figure 5). On shadowed



-2
areas, the heat flux amounts to 0.3 MWm
due to the continuous background. On wetted
area, the flux increases to 0.5 MWm"2 on the
front faces and up to 3 MWm*2 on the ridges.
This pattern is coherent with the IR image
shown figure 2, although the pattern observed
is dominated by a misaligned row of elements.
The most exposed sites of the equatorial plane
receive 3 MWm"2 on the front face and up to
20 MWm"2 on the ridges. Due to the angle
variation caused by the ripple, the penetration
of the field lines into the gaps can reach
0.8 mm.

IV. CONCLUSION

0.3 MWrr.

0.

0

0.

0

0

0.

0

0.

0.

1.

10

MWm

Figure 5 : Calculated heat flux on the observed site

The heat flux deposition on the IFW is marked by hot peaks located on the equatorial plane
between the toroidal coils. The pattern suggests at first a perpendicular heat flux with a very
short decay length. It can however be explained by parallel heat flux alone. The peculiar
shape of the peaks obtained on this very tangent limiter is caused by a combination of effects
of the toroidal field ripple, the surface polygonality and the shadowing effects. The decay
length in the peak is 2.5 mm, showing an increased heat flux in the first few millimetres of the
SOL. This results is similar to the one observed on TEXTOR'S ALT-II [5]. The good agree-
ment between the simulation and the observed heat flux pattern is a validation of the heat flux
deposition code TOKAFLU. It gives confidence in the engineering work that was done to
prepare the Tore Supra's Toroidal Pumped Limiter. More work has to be done to investigate
the causes for those very short decay lengths which can not be linked today to a unique
phenomenon.
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1 Introduction

The fluctuations in the Scrape Off Layer (S.O.L.) of Tore Supra are studied with a movable

Langmuir probe biased to ion saturation current. The probe system consists of three probes

separated poloidally ( 0.68 cm between two nearby probes). The probe has no magnetic

connection to the mid plane limiter on which the plasma is leaning, but the radial profile of the

ion'saturation current fluctuations displays a dip at the limiter position . At the same location the

ion saturation curent displays an inflexion point. A correlation analysis technique is developed

to study the radial behaviour of the fluctuations. It reveals that this dip is associated with a

reduction of the poloidal velocity of the fluctuations with no sign reversal. In the dip the mean

poloidal correlation length of the fluctuations is also reduced. These observations are consistent

with a reduction of the fluctuations by a shear of the radial electric field created at the limiter

surface. The autocorrelation time is also calculated. It increases slighty in the dip and is found to

be sensitive to both the convection time and lifetime of the turbulent structures, because these

quantities are of the same order

2 Experimental set-up

The probe which is used is the standard reciprocating probe used in Tore Supra as a Mach

probe which measures routinely the density and temperature profiles at the plasma edge and in

the scrape off layer. The probe consists of 6 composite carbon tips of 6 mm diameter poloidally

and toroidally separated. All these tips are shielded from the plasma by a 4 cm diameter cylinder

with holes drilled through it. The surface collection of the probe is then defined by the size of

the holes which are 4 mm in diameter. Three probe tips poloidally separated by 0. 68 cm are

facing the plasma in the upstream current direction and three other are facing the plasma in the

downstream direction. The probe tips are biased relatively to machine ground at - 100V to

measure the ion saturation current. The reciprocating probe is located on a vertical port and

moves at 1.5 m/s . The acquisition system is composed of a fast acquisition (1 MHz) which is

triggered at a selected probe penetration. For each probe plunge, typically 10 kbytes are

recorded per probe tip, allowing to make correlation studies between the poloidally separated

tips. A slow acquisition measures the root mean square level (averaged over 1 ms) of the



fluctuations all along the probe reciprocation. Therefore, both the profiles and fine details of the

fluctuations of the ion saturation current are available during one reciprocation.

40 45 50

Figure 1: Plasma Scenario

3.Experimental results
Figure 1 shows the plasma scenario on which the analysis is performed. The plasma major

radius is R=2.4 m, the minor radius is a= 0.72 m, the toroidal magnetic field is 3.8 Tesla. The

plasma current is 1.3 MA. The density is increased during the shot and changes from a line

integrated density of 2 to about 4 x1019 m'2 and 2 MW of LH power are applied to the plasma.

The probe plunges 4 times, before and during the LH heating. The magnetic connection of the

probe is illustrated on Fig 2. In Figure 2, the x

axis corresponds to 3 toroidal and the y axis to 1

poloidal turns unfolded. The plasma is leaning on

the inertial limiter lying in the outboard/inboard

midplane but the probe is not magnetically

connected to it for at least 3 toroidal turns. The

probe is connected in the S.O.L. at short distance

(2m) to an ergodic divertor module and to the two

hybrid antennas with a connection length of about

6 m.

Figure 3 a shows the profile of the fluctuating ion

saturation current (5j) measured by the RMS

acquisition system. The three vertical bars on the figure correspond to the radial locations of the

limiter, the lower hybrid antennas and the ergodic divertor module. The profile displays a dip

just at the limiter radial

position . A close

examination of Figure 3 a

reveals that a feature is

also associated with the

hybrid antennas on the 8j

profile (a small plateau) at

r=0.749m. The dip has a

width of 5 mm and

corresponds to a 50%

decrease of oj. On Figure

3b, the ion saturation (jsat

) profile displays an

inflexion point but no
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Figure 2: magnetic connection of the probe



strong reduction at the position where the dip is observed. As a consequence, the relative

fluctuation level dj/jsat plotted in Fig. 3c is reduced by 50%. This behaviour is obtained for the

4 consecutive probe plunges exactly at the same radial location thus proving that the

phenomenon is robust and stationary.

The 1 MHz acquisition is used to recover more detailed information by calculating the cross and

autocorrelation functions of consecutive 800 points segments overlapping by 700 points.

Sj(A)
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Figure 3a: profile of oj
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Figure 5: Poloidal correlation length
calculated with three probes

Figure 4 shows the fluctuations poloidal velocity

profile deduced from the crosscorrelation calculated between two probes. The poloidal velocity

shows a dip at the same radial position where the fluctuation level is decreased and goes from

900 m/s down to 400 m/s. In fact, the dip is a double shear configuration. It must be noted that

the poloidal velocity does not reverse, so that this shear phenomenon does not correspond to the

usual observation of the E r inversion radius. The E r inversion radius in Tore Supra is usually

found to be a few centimeters inside the plasma M- The poloidal correlation decreasing length

(10) at 1/e is also calculated by fitting the cross correlation amplitude of three probes with a

decreasing exponential. It's radial profile is shown in Figure 5.



* autocorrelation time
— convection time
— lifetime

0.724 0.726 0.728 0.73 0.732
Figure 6: autocorrelation, convection and
life time of the turbulence in the dip.

10 is found to decrease from 1.2 to 0.4 cm in

the dip and recovers after the dip. This

suggests that the shear is responsible for the

decorrelation of the fluctuations in poloidal

direction and most probably in the radial one,

leading to the turbulence reduction. Finally,

the turbulent structures lifetime (xturb) is

obtained using the following expression of

the autocorrelation function.

where xi is the width of the measured

autocorrelation function at 1/e, xconv =l0/v0

is the convection time with 10 and v0 as determined above. Using expression 1, the three

different times are found and are plotted in Figure 6 as a function of the geometrical radius, xj

increases only slighty in the dip although v0 is reduced by a factor of 2. This can be explained

by the fact that xconv dos not change too much. As the poloidal speed and length of the

fluctuations are both reduced 10/V0 remains unchanged. Figure 6 also shows that for this

particular case, the autocorrelation time depends equally on both convection and lifetime of the

turbulence because these quantities are found to be of the same order.

4.Discussion
At the limiter radial position, we observe that the fluctuations are decorrelated and

reduced. This coincides with a shear of the poloidal velocity which is dominated by the Er x B

term. As the probe is not magnetically connected to the limiter, the perturbation of the radial

electric field created by this limiter must extend poloidally. In fact, the limiter radial position

defines two regions of closed and open field lines and a perturbation of Er is expected at the

frontier. Some instabilities can be created by the limiter and have been observed in Tore

Suprat2! but they propagate along the magnetic field lines and cannot be seen by the probe

because of the lack of reasonably short magnetic connection to the limiter. The results of the

data analysis are consistent with what is usually interpreted as a radial electric shear effect in

other machines^. Finally, this observation suggests that the shear effect on turbulence is a

universal phenomenon which exists for dynamical events such as ion transport barriers, L to H

transitions etc. but which can also be associated to limiters and other static objects as is shown

in this paper.
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1. Introduction
In magnetic fusion devices, the effect of plasma facing components on plasma turbulence is a

key issue for several reasons. Firstly, the edge turbulence controls the power deposition on
plasma facing components. Secondly, the possible influence of the edge parameters on the core
fluctuations is a central question, since the core turbulent transport is responsible for the
confinement degradation. It is in practice difficult to determine whether the plasma core
influences the edge, or the opposite. We show here that spatial edge asymmetries of density
fluctuations, and particularly up-down asymmetries, provide a powerful tool to investigate this
problem. Up-down asymmetries have already been observed in TEXT [1], ALCATOR [2],
CCT [3] and TORE SUPRA [4]. Nethertheless, only TEXT and TORE SUPRA measurements
show a permanent asymmetry, which reverses with the plasma current direction in TEXT. In
TORE SUPRA, previous scaling analyses with various plasma parameters have emphasized that
a very clear effect on the asymmetry level appears when the plasma leans on the lower modular
limiter located close to the measurement chord [4]. We present here recent measurement results
concerning that specific case. They tend to show that the limiter configuration has some effect
on the core turbulence.

2. Experiment
The measurements were performed on a set of steady state deuterium ohmic discharges,

which parameters are Ip = 0.9 MA, B^ = 3.1 T, <ne> ~ 2xl019m"3, a = 0.72 m and Ro = 2.35
m. The plasma current and toroidal field directions are parallel, and both in the anticlockwise
direction with respect to the vertical axis when seen from above. Data are taken during the
stationary phase of plasma discharges.

Density fluctuations are measured with the CO2 laser coherent scattering diagnostic ALT AIR,
which is described in detail in [5]. The apparatus can measure simultaneously two independent
wavenumbers of the density fluctuations contained in the plasma cylinder crossed by the laser
beam. An heterodyne detection is used, allowing to determine the direction of the fluctuation
propagation. The setup is such that the recorded bottom and top fluctuations are mainly localized
in the outer halves of the discharges. Details on the spatial localization can be found in [5-6].

3. The limiter effect on density fluctuations
In the experiment reported here, the plasma leans on a modular limiter located in the

equatorial plane (outboard limiter), far from the laser probing chord. Shot to shot, the lower
modular limiter located close to the measurement chord is introduced into the scrape-off layer.

3.1. Top and bottom fluctuation levels
When the plasma leans on the outboard limiter, a weak up-down asymmetry of density
fluctuations is observed (but larger than the experimental error bars). Introducing into the srape-
off layer a lower modular limiter located close to the measurement chord has a dramatic effect.
Figure 1 shows the fluctuation level 5ne at the top and the bottom of the plasma versus the
distance between the lower limiter and the LCFS (rlim - rLCFS), for kQ = 10 cm"'. The transition
is sharp: when the distance between the lower limiter and the LCFS is close to one centimeter,



the fluctuation level increases significantly at the bottom of the plasma whereas it remains
unchanged at the top. This leads to the onset of an up-down asymmetry with a higher level of
turbulence at the lower part of the plasma. When the limiter reaches the LCFS, the fluctuation
level at the bottom is 2.5 times larger than at the top.

3.2. Frequency spectra associated to fluctuations located in the lower part o f
the plasma.
During this experiment, the density fluctuation frequency spectrum at the bottom of the plasma
exhibit a striking behaviour. In TORE SUPRA, density fluctuation frequency spectra exhibit
typically two bumps, centered on positive and negative frequencies [6-7]. These double bump
shape is attributed to a differential Doppler shift due to the sign reversal of the radial electric
field in the plasma edge, at a normalised radius xja close to 0.9 [7]. This property allows to
discriminate between core and edge fluctuations located on both side of the radial electric shear
layer, respectively (rs > r > a/2) and (r > rs). Both fluctuation contributions can be determined
using the time derivative phase of the complex signal [8]. Figure 2 illustrates the frequency
spectra measured at the bottom of the plasma for k$ = 10 cm , before the transition (rlim - rLCFS

> 1 cm, figure 2a), at the transition (rlim - rLCFS = 1 cm, figure 2b), and finally after the
transition (rlim = rLCFS, figure 2c). It is remarkable that at the transition (see figures 2a and 2b) a
new spectral component with a large amplitude appears in the spectrum, at high positive
frequency (figure 2b). This additional bump could be due to the Doppler effect associated with a
large local electric field appearing when the limiter approaches the LCFS. It could also
correspond to the onset of a new source of fluctuations. The associated fluctuations drift in the
ion diamagnetic direction, and are therefore located in the plasma edge (r > rs) [6-7]. When the
limiter is introduced further into the plasma and reaches the LCFS (figure 2c), the bump
broadens and merges with the bulk spectrum. It has to be stressed here that no significant
change is observed in the top fluctuation frequency spectrum. Thus, this experiment suggests
that an additional turbulence appears at the bottom of the plasma because of the limiter
introduction.

3.3. Edge and core fluctuations

Performing the specific analysis [8] on the bottom fluctuation frequency spectra, both core (rs >

r > a/2) and edge (r > rs) fluctuation levels 5ne are determined (figure 3). When the limiter
distance to the LCFS is equal to 3 cm, an excess of edge fluctuations clearly appears. When the
limiter reaches the LCFS (rlim = rLCFS), an increase of the core fluctuations occurs, showing
that the asymmetry develops primarily in the scrape-off layer and spreads into the core. This
stresses that the edge fluctuations due to the limiter influences the core fluctuations.

3.4. Characterization of the observed asymmetry
Several features characterize the asymmetry. Previous analyses showed that it increases with the
edge safety factor , and that the wavenumber spectra are not the same at the top and the bottom

-4 7 -2 9
of the plasma, with power laws being respectively k ' and k [4]. These features suggest
that the fluctuations generated by the lower limiter are charaterized by short correlation lengths
along the magnetic field lines, and the connection lengths play some role.
We interest now to the relation between the asymmetry and the plasma current direction, wich is
important to discriminate between different theories. Indeed, among the various possible
theoretical models, only the rippling [9] and Kelvin-Helmholtz [10] instabilities are sensitive to
the plasma current direction. When the plasma current direction is reversed, more turbulence is
observed at the top than at the bottom of the plasma, so the up-down asymmetry inverts with the
plasma current direction (figure 4) as observed in TEXT [1]. However the level of asymmetry is
weaker in this case and does not depend on the value of the edge safety factor, in contrast with
the case where the plasma current and toroidal field are oriented in the same direction [4].



4. Conclusions
Introducing a lower limiter into the TORE SUPRA scrape-off layer, close to the

measurement chord, has a dramatic effect. A new spectral pattern with large amplitude appears
in the frequency spectrum, at high positive frequency. This induces a strong up-down
asymmetry of density fluctuations, with a maximum of turbulence at the bottom of the plasma.
The asymmetry is observed primarily in the plasma edge, then spreads in the core when the
limiter reaches the LCFS. Several features characterize the asymmetry. It increases with the
edge safety factor, reverses with the plasma current direction, and the wavevector spectra are
not the same at the top and the bottom of the plasma. These observations stress that a limiter can
induce locally an additional turbulence with small correlation length along the magnetic field
lines. This asymmetric edge turbulence affects the core turbulence, and therefore likely the core
confinement.
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Halo currents, induced in the first wall components during major disruptions, are a real
concern for large Tokamaks. Previously reported by most of the elongated Tokamaks, where
they can cause severe damage during vertical displacement events (VDE), they have now been
observed on Tore-Supra with a circular shaped plasma. A new set of voltage pick-up points
has been installed behind one of the inner wall panels: measurements are in reasonable
agreement with a simple model, predicting halo current intensities around 5 to 10% of the pre-
disruptive plasma current value. The mechanical strength of the first wall is sufficient to
support the induced constraints.

I) Halo current simplified model

In a Tokamak, the radial position Rp of the plasma is controlled by a fine tuning of the
vertical magnetic field Bv, created by external coils, in interaction with the plasma current Ip.
This radial force Feq = 27tRp.Ip.Bv balances the internal pressure (magnetic and kinetic) of the
plasma. During a disruption, the sudden loss of the temperature destroys this balance, and the
plasma is pushed inward on a time scale too short for any power supply reaction. With its
circular cross-section, Tore-Supra plasma is vertically stable : this fast movement is thus purely
horizontal, toward in high field side inner wall (figure 1). When the plasma collapses against a
limiter, or divertor plates, strong currents are induced in the first wall elements and in the
scrape-off layers : the halo currents.

A simplified model [1], allows an estimation of their intensity with some assumptions :
{i} The current flows successively in the first wall elements in contact with the plasma, and in

the scrape-off layer, where it follows the magnetic field lines.
{ii} The electrical resistance pp is dominated by the scrape-off plasma : pp = Rp.q^ / ap.S.c,

where ap is the small radius of the plasma, qv is the safety factor at the edge, 8 is the thickness
of the scrape-off layer and a its resistivity.
{iii}The driving electric field EH is given by the shrinking of the flux of the toroidal field BT

encircled by the plasma edge : EH = Bx.5(7cap2)/5t = 27t.BT.ap.VR, where VR is the horizontal
velocity of the plasma : VR = <9Rp/St.

The values of 8 and a are not known experimentally. Their product can be estimated
within a factor 2 with the results from JET and DIII-D [1] : 8.CT * 1800 SI'1.mi2. Replacing the
safety factor qv by its circular approximation, the halo current intensity IH = EH/OP can be
written as IH = IP.VR/VH, where VH = l/|io-8.a « 450 m/s.

The forces induced in the first wall by interaction of these halo currents and the toroidal
field are FH = LH.IP.BT.VR/VH, where LH is the length of the vertical current path in the wall. For
typical parameters values, LH = 50 cm, Ip = 1.5 MA, BT = 5 T and VR = 50 m/s, this force
reaches 400 kN (i.e. 40 tons). It is of the same magnitude as the change in the equilibrium
force F^ due to the disruption : AF^ = Viuo.y'.AP * 560 kN for Ap = 0.4.

II) Diagnostic set-up



The Tore-Supra inner wall is a toroidal belt limiter located on the high field side. It is
made of 108 poloidal panels. One of these has been equipped with 17 voltage pick-up points
(figure 1). A set of wires, twisted together to avoid die formation of loops, connects these
points to differential amplifiers. 16 signals are obtained, as voltage differences between eight
upper and eight lower points, relatively to the central point (equatorial plane).

T O F ->

3-

R

Fig. 1 : Halo current geometry and experimental set-up (1/18 of the inner wall is plotted).

in) Experimental results

During a typical disruption, a strong signal is observed on the voltage pickup,
correlated with the plasma current fall (figure 2-A).
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Fig. 2-A : Typical signal versus time Fig 2-B: Signal versus time and channel number

After a temporal smoothing (low pass < 2 kHz), a structure is observed versus the
channel number (figure 2-B), which clearly indicates that the signal is not random noise picked
up along the transmission lines. The odd and even channels show, the same evolution, with a
systematic deviation (figure 3-A): it corresponds to the voltage induced along the toroidal
direction. The time evolution of this voltage is more or less the same for all pick-up points



pairs, and follows the plasma current fall (figure 3-B). It must be stressed that the current
measurement is performed behind the first wall, which provides a low pass filtering (« 500 Hz).
The absolute values are much lower than the 1/108 of the total loop voltage (typically 300
V/turn), as most of the voltage drop occurs between successive panels rather that across the
panel where the measurement is performed.
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The mean value obtained for each pair represents the poloidal voltage along the panel.
The structure versus the poloidal angle 0 is regular (figure 4-A), and evolves rapidly with time.
At each time, a parabolic fit versus 0 is performed (figure 4-B). This fit is composed of an odd
and an even component, relatively to the equatorial plane (9 = 180 deg.).
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Fig 4-B : Odd and Even components in the signal

It is assumed that the halo currents correspond to the odd component. The even
component is related to eddy currents, flowing in closed loops in the first wall, and induced by
local variations of the poloidal field during the plasma ramp down. To get the total halo current
intensity, this voltage WH has to be divided by the resistance of the panel pw and multiplied by
the number of panels Nw = 108, with the assumption of toroidal axisymmetry. pw has been



measured at 1.6 mO/40 degrees, but this value can be altered by the mechanical connection of
the panel to the vacuum vessel and other elements.

The plasma position is determined with poloidal and radial magnetic coils, using the
vertical flux method [2]. The reliability of the calculation decreases when the plasma radius
becomes too small or the current too low. None the less, the radial velocity is measured during
most of the ramp down: it increases almost linearly with time, and reach around 100 m/s
toward the end of the disruption (figure 5-A). The expected values of IH = Ip.SRp/dt/vn, with
VH = 450 m/s, are in a good agreement with the measurements.
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Fig 5-B : Experimental and calculated Halo current

The fast spikes observed on WH, which are not correlated to plasma movements, might
be due to local inhomogeneities in the halo current distribution, not seen on the global plasma
equilibrium. In addition, at the end of the disruption, the values for Rp are no longer valid, and
the comparison becomes meaningless.

The induced forces FH, deduced from these measurements, are well within the
mechanical specifications of the first wall elements. The geometry of these forces is also more
favourable in this case of a vertically stable plasma than for VDE's, since the main component
of the force is only radial, and does not cause any global displacement of the vessel.

IV) Summary and references

The measurements of halo currents has been achieved with success on Tore-Supra.
Observed intensities are in the range of 5% to 10% of the plasma current value, which is
around one third of that observed on Asdex-U for comparable plasma size and current [3].
This difference is mainly explained by a slower velocity of the plasma during the disruptive
ramp down, in which the vertical equilibrium is maintained. The resulting forces are tolerable
for in-vessel elements, and no damage has been observed in Tore-Supra related to these
currents. To get more precision about this phenomena, more diagnosed points would be
needed, in particular to assess the toroidal asymmetries which have been observed on other
Tokamaks.

[1] G.W. PACHER et al., 17th EPS Conf. on Controlled Fusion, AMSTERDAM, p423-426, 1990
[2] T. WDNANDS et al.. Fusion Technology vol. 32, p471-486. 1997
[3] G. PAUTASSO et aL 22nd EPS Conf. On Controlled Fusion, BOURNEMOUTH, pIV37-40r 1995
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At Tore-Supra, the plasma position, the magnetic axis, the density and the current profiles are calculated
in real time, using data from magnetic probes, infrared interferometry and polarimetry. Measurements and
calculations are performed by several VME microcomputers and the data are shared in a common memory
(SCRAMNet bus). The infrared interfero-polarimeter has been upgraded to self-calibrate for a few seconds
before each discharges. This provides more accurate data needed for the determination of the current profile
shape. New powerful algorithms are used to compute profile shapes, and several control parameters are tested in
order to feedback on LHCD power and/or the wave number spectrum.

1 - INTRODUCTION
Real time control of the current profile in a tokamak is a challenge for advanced

scenarios of high performance discharges, since a large number of experiments on various
tokamaks have demonstrated that current profile shaping leads to stable plasmas with
improved energy confinement. At Tore-Supra, initial experiments have successfully been
achieved, with a feedback on the LHCD power and/or the parallel wave index to reach
desired values of the internal inductance 1; [1]. A global improved confinement was obtained
when a large amount of non-inductive driven current was generated. A feedback control of
the global current shape was then attempted for steady state discharges. But ls is not sufficient
to define the current profile, especially when reverse shear profiles are requested. A full
computation of the current profile must then be attempted and further data are required to
implement the algorithm. Local measurements of the current density such as Motional Stark
Effect detection can be used, but these are not yet available on Tore-Supra. We therefore take
advantage of the existing polarimetry and IR interferometry measurements which have been
upgraded to deliver Faraday rotation angles and line integrated electron densities in real time.

The new generation of microcomputers and the associated new fast shared memory
network (SCRAMNet) allows the sharing of data coming from individual diagnostics. In
addition the development of new algorithms gives us the opportunity to calculate the plasma
position as well as the density and current profile shapes fast enough for a real time control
purpose. A feedback control of these profiles becomes then possible.

2 - PLASMA POSITION CONTROL.
The currents in the poloidal coils of TORE-SUPRA are controlled in real-time by a

single matrix algorithm to produce the ohmic heating and the position control of the plasma.
The nine coils (figure 1) are connected in parallel and associated with nine voltage
generators. The main generator drives the central solenoid, mainly used for the plasma
current control. The other eight drive the external coils to insure the plasma position control.

Using the magnetic measurements, the vertical flux and its derivatives are calculated on
a reference surface by using the Grad-Shafranov equation in vacuum, and extrapolated in
vacuum with a polar geometry using Taylor and smoothed spline expansions. The plasma
edge is then located along 16 radial directions (22.5° spacing), by looking for points with
equal vertical flux, and fixing the plasma to touch the wall/limiter at the first point of contact.
These positions are compared to desired values (computed from the target plasma position
defined by major and minor radii R and a, vertical position Z, elongation £ and triangularity

t) , taking into account the toroidal field ripple. The 16 radial errors are converted to 9
voltages using a feedback matrix in a full P.I.D. control loop. These voltages are then applied
to the generators. Finally, by including diamagnetic measurements, an iterative procedure is
used to calculate global parameters of the actual plasma, position as well as qv, P, 1;, Vloop.



The measured CPU time, using a 100 MHz PowerPC CPU in a VME crate, is around
330 fis for the plasma position determination, and a convergence is reached after 8 ms.

i

Target values
no(io19rn-3) :

jo(MA/m2)

Convergence started at 2s

Exponentiei fit with x = 30ms

j | Interferometer Chords || j

Figure 1: Tore-Supra configuration
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Figure 2: Convergence of the real time profile
calculations

It has been shown that a small oscillation with a characteristic time of 20ms ( t = 1/2 nt)
is generated after an abrupt change of the plasma position [2j. This oscillation is directly
connected to the time response of the poloidal system (12ms delay and 12ms integration
times). A reduction of the delay has enabled us to double the gain of the P.I.D control loop
leading to a better control of the plasma position.

3 - DENSITY AND CURRENT PROFILES.
The integrated line electron density is measured along five equally spaced vertical

chords using a Mach-Zender interferometer (figure 1). The Faraday rotation created by the
magnetic field induced by the plasma current is measured along the same chords. The laser
beams are polarized parallel to the toroidal field before entering the plasma. After traversing
the plasma, the two components of the polarization are separated, and the rotation angles are
deduced from the formula :

aF(rd) = 2.615x 1(T13 xX2jnfigdl

The zero rotation angle and the slope calibration are performed a few seconds before
the plasma discharge to improve the accuracy. Using the plasma geometry, the location of the
magnetic axis is deduced either from a formula fitting a large set of Tore-Supra shots, or by
adjusting a feedback loop to better reproduce the maximum localization of the density
distribution and the radius where the Faraday rotation vanishes.

For the profiles, a polynomial shape is assumed for both density (4th degree) and current
(4th or 5th degree) distributions. With physical restrictions at the centre and the edge of the
plasma (e.g. j(a) = 0), three free parameters remain for the density profile, and one (two) for
4th (5 th) degree current distribution respectively. The time evolution of these parameters is
determined by a linear iterative procedure : i) test profiles are assumed, ii) corresponding
values of linear density and Faraday rotation angles are computed by integrating these
profiles along the diagnostic chords using a toroidal geometry and assuming a circular
poloidal section, iii) these values are compared to the measured values and the differences are
used to correct the test profile parameters by means of a feedback matrix. For a given plasma
geometry, this matrix is designed as the pseudo-inverse matrix of the 1 a derivative terms of
the rotation angles expressed as a function of the major radius R, with respect to each free
parameter. These terms are corrected for the Shafranov shift and for the plasma location
before to be used in the feedback loop.



This method takes advantage of the real time environment: one step of the convergence
is achieved at each loop of the plasma position control program (4 ms). The measured CPU
time is around 370 (is for the two profile reconstruction. A convergence is reached with a
characteristic time of 30 ms for both the density and the current profile computations (fig.2).
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Figure 3: Comparison of the central density and the
central current obtained with several approaches.
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Figure 3 shows a comparison of the central density and of the central current density
obtained in real time, and calculated after the shot. A good agreement is reached, even during
the density fluctuations generated by the ICRH heating between 4 and 9 seconds. The central
current density also compares well with a full plasma equilibrium calculation (Ident-D code).

The measured integrated line density is well modeled by a 4th degree polynomial fit. An
overall accuracy of ±0.5% is obtained for a broad set of Tore-Supra pulses, including shots
with ergodic divertor, low and high density, ohmic and wave heating. For the Faraday
rotation, the accuracy is ±15% using a 4th degree polynomial, and ±10% for 5th degree.

We have used this procedure on reversed shear profile experiments [3]. During a very
fast current ramp-up, a transient hollow profile is observed both in real time and after a full
equilibrium treatment (fig.4). The internal inductance calculated from the profile distribution
agrees well with the measured value using magnetic probes.

Nevertheless, a spurious structure within p/a < 0.5 is observed (fig.4), due to the chosen
polynomial parameterization. To avoid such a phenomenon, the profile can be described as a
stack of disks, their thicknesses being adjusted using a mimmization/regularization procedure
with a Lagrange multiplier technique to constrain the most reliable data (Ip). Constraints on
the 2 nd derivative are included to avoid large oscillations in the profiles (regularization).
Encouraging results have already been obtained on the plasma simulation code (CRONOS).

4 - CURRENT PROFILE CONTROL.
In order to control the current profile, a relevant variable, usable for feedback, has to be

defined. This variable must carry a large part of the shape information and must be as robust
as possible. In that sense, the central current density j 0 or the central safety factor q0 which are
too sensitive to the measurement accuracy are not robust enough. We have tested an
integrated quantity given by the following normalized expression :

a/2

4 = J Bf,pdP

107



where the integration is performed using a toroidal geometry. The inner inductance A5
measures the internal inductance carried by the plasma from the centre to the mid-radius.
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Figure 5: Expected profile shapes. A : hollow profile, Figure 6: Typical profile shape obtained with the 5th

B: peaked with shoulder, C: peaked. degree polynomial fit.
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Figure 5 shows As as a function of the
profiles (5th degree polynomial). For a given 1
shape. In particular, reverse shear profiles are
\, typical profiles are given in figure 6.

Figure 7 shows the time evolution of A^
and 1; for the shot TS#25195. At the
beginning of the ramp-up (t = 8.4-8.7s), both
AH and 1; decrease : the profile flattened. At
the end of the ramp-up (t = 8.7-9.0s) a
minimum is reached for both AH and 1; : a
reversed shear profile is formed. At the
beginning of the plasma current plateau, At
starts to increase, although ^ stays constant:
the current diffuses towards the center and AK
is sensitive enough to measure this evolution.
Afterwards both quantities grow again : the
additional heating is not strong enough to
freeze the distribution and the current relaxes.

This quantity is promising to build a
feedback control of the current profile.
Nevertheless, other feedback variables based
on the safety factor at various radii are also
under investigation [4].

internal inductance lj for a large set of current
j, Au classifies the profiles with respect to their
well separated from peaked ones. For the same

0.22
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Figure 7: Time evolution oflt andAa (see text) during
the Ip ramp-up of the shot TS#25195.

5 - FUTURE PROSPECTS.
The on-line calculation of the density and current profiles is fully implemented and

operational. The choice of a suitable variable associated with the internal inductance should
allow a real time feedback control of the current profile shape in Tore-Supra in the near
future. The full feedback loop will be tested in the next experimental campaign.

[1] T. Wijnands et a l : Nuclear Fusion, Vol.37, No.6 (1997)p 777
[2] G. Martin et a l : 19* SOFT Conf. on Fusion Technology, Lisbon (1996), p 917
[3] G.T. Hoang et al, Oral contribution to this conference.
[4] D. Moreau et al, Nuclear Fusion, Vol 39, No.5 (1999).
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1. Introduction
EXB velocity shear has been shown in tokamaks by both theoretical modelling and

experimental observations to be the key parameter for the suppression of the turbulence and
the formation of transport barrier in improved confinement regimes [1]. Experimentally,
except the plasma edge and the scrape off layer where the radial electric field Er can be
measured by Langmuir probes, Er is not directly measured, but deduced from the radial
balance equation by measuring the rotation velocity and the pressure gradient of one species
(electron, ion or impurity):

— ™ _ F B +y Be (1)

From this equation, one can note that a rotation shear in the poloidal direction as well as in the
toroidal direction can contribute to the Er shear. The plasma rotation in tokamaks has so far
been measured by spectroscopy of impurity or neutral beam diagnostics [2]. Nevertheless both
methods have drawbacks, associated with poor space and time resolution and, for the latter, to
the complexity of the required neutral beam injection system.

Reflectometry is a microwave diagnostic widely and exclusively used in tokamaks to
measure the density profile or to investigate the core turbulence [3]. In this paper we present a
new method to measure the rotation velocity by using a non standard reflectometry, namely
oblique and off-axis, where the incident wave is not perpendicular to the cut off layer. In this
configuration, the turbulence frequency spectrum obtained by back-scattering is Doppler
shifted, and this Doppler shift frequency allows to determine the turbulence rotation velocity.
From this measurement, and then using a simple modelling for the turbulence, one can extract
the plasma poloidal rotation velocity.

2. Diagnostic
The reflectometry is based on a radar technique with a reflection layer inside the

plasma. The incident wave is then reflected on the cut-off layer and detected by the emission
antenna (see Fig.l). The cut-off position of an ordinary mode depends only on the plasma

density, and a critical density at the cut-off is defined by ne(rc) = (27tf0) £§me I qe . The
experimental set-up of this diagnostic is described in the Fig.l. This diagnostic is constituted
of three main parts: micro-wave sources, a gaussian quasi-optic system and a heterodyne
detection system. The micro-wave source used here is an Extended Interactive Oscillator
(EIO) of 60 GHz (/to = 5 mm) with an output power of 8 W. The local oscillator (LO) is a
Gunn diode (70 mW). Then the frequency difference between EIO and LO is stabilised by a
phase lock loop. The absolute sensitivity (noise equivalent power) of this heterodyne detection

system is NEPH =10 W/ Hz. The half angle of divergence of the wave beam launched

by the gaussian quasi-optic antenna into the vacuum is less than 2°, the corresponding

resolution in wavenumber is Ak < 0.6 cm" .
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The detected signal includes several physical processes: the direct reflection without
frequency broadening; the forward scattering, where the wave-numbers of the turbulence
selected by Bragg's rule kjLuct = ks-ki ~0 are small, this contributes to a small spectral

broadening on the reflected signal; the backscattering, where the wavenumbers of the
turbulence selected by Bragg's rule
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Fig. 1 Schematic microwave set up of the reflectometry.
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to a large spectral
broadening of the reflected signal. In
the backscattering configuration, on
one hand Jcfluct takes the minimum

values in the cut-off layer, and on the
other hand the turbulence energy is
much more concentrated in the small k
range as shown in [4], these explain
why the signal backscattered by the
turbulence is localised in the vicinity

of the cut-off layer [5]. The spatial resolution of this diagnostic is estimated to be
Ar = 2 — 3 cm.

3. Doppler shift and the turbulence ^-spectrum
In the case where the incident wave is perpendicular to the cut-off, it is difficult to

distinguish the three processes described above. However, Fourier transform analysis allows
us to separate clearly the different processes in the
oblique incidence configuration. Fig.2 represents a typical
frequency spectrum of the density fluctuations measured
by the oblique reflectometry illustrated in Fig.l. In this
figure, two spectra can be clearly observed: a narrow
spectrum around / = 0, and another spectrum, very broad
and Doppler shifted at fD. The narrow spectrum
represents the direct reflection in which the incident ray is
perpendicular to the cut-off, and its wavenumber selected
by this configuration is thus entirely radial i.e. ke = 0 ,

kr *• 0, hence the Doppler shift frequency
fD = (1 / 27t)kgVe = 0 . The broad spectrum corresponds

to the backscattering configuration which is shown in
figure 1, in this case the wavenumber of fluctuations
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Fig.2 Typical frequency spectrum of
the density fluctuations measured by
the oblique reflectometry.

selected by Bragg's rule at the cut-off is given by kfluct(pc) = - 2 ^ ( p c ) . The wavenumber

selected by this configuration is nearly poloidal, and the Doppler shift is given by this
equation : fD = - ( 1 / JT) £;(/?<, )V0(/3C) . By measuring fD, and by calculating k{ with a ray-
tracing code, one deduces the poloidal rotation of the turbulence. In Fig.3, the shift frequency
fD is plotted as a function of k^luct (pc) in the Bragg backscattering. In this experiment, the

plasma has been horizontally moved in order to change the incident angle, thus &j(/?c). A
quasi co-linearity betweenfD and kflua(pc)is observed, and fD changes sign as kt

changes. This linear dependence confirms that the frequency shift is actually due to Doppler
effect. The poloidal rotation velocity of the turbulence defined by the slope is estimated to be
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Fig.4 represents the ^-spectrum of the back-scattered power Ps measured by this
oblique reflectometry. This backscattered signal level is proportional to the square of the
density fluctuations at the cut-off. Compared to the ^-spectrum previously obtained by CO2
laser coherent scattering [4], two observations can be made: the Kolmogorov scaling relative

to the 2-D turbulence (<= &~2'8) has been confirmed in the high k range; no saturation has

been observed below k = 4 cm"1 contrary to that observed by CO2 laser coherent scattering.
The discrepancy in the low k range between the two methods likely shows the limitation of the
laser scattering diagnostic in the small k values. Density fluctuation energy is hence
concentrated in the large spatial scale (small k), and this emphasizes the spatial localisation
effect in the cut-off layer for the perturbed phase measured by the reflectometry.

4. Rotation shear measurement
In order to measure the rotation shear i.e. radial profile of the rotation, one solution

consists of sweeping the cut-off position from the plasma centre to the edge by density scan
during a discharge. Fig.5 represents the turbulence poloidal rotation as a function of the
density. Large variation of V6 has been found for a small density change, this means that the

variation in rotation is not a simple parametric dependence in density, it is likely resulting
from the cut-off change i.e. radial profile effect. Assuming that the radial structure of the
rotation is not strongly affected by the density change, a radial profile of the poloidal rotation
velocities of the turbulence have hence been obtained in Tore Supra by plotting Ve as a

function of pc (cf. Fig.6). Two regions of large rotation shear have been observed: one
located at the edge p ~ 0.9 ; the second one located at p ~ 0.6 in the gradient region. The
rotation inversion at the edge is simply a consequence of the inversion of the radial electric
field. Indeed the radial electric field has to be positive in the scrape off layer due to the fact
that the limiter tends to attract the electrons and push back the ions; the electric field has to be
negative inside the plasma where the ion transport is larger than the electron transport
according to the neoclassical transport theory. On the other hand, the presence of the rotation
shear in the gradient region is more surprising. Several potential candidates exist to explain
this feature: one is based on the neoclassical expression of the poloidal velocity
y0 = -y(\ 1 qgB)dTe I dr where y can change sign when the collisionality regime is changed,

but this model has difficulty to explain the drastic change in the rotation; another one is due to
the fast particle losses in the ripple channel. In the turbulence suppression theory by the EXB
velocity shear, the key parameter is the plasma rotation. Note that the turbulence rotation
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velocity can be decomposed into two terms V0=Ve0+Vturb where Ve0 and Vturb are

respectively plasma rotation velocity and turbulence own phase velocity. Using the model of
drift wave turbulence, Vturb is simply given by the diamagnetic velocity Ve* = qeTI(LnB),
where Ln is the density gradient length. It is important to note that Ve * is almost constant
along the radius as shown in Fig.6. This means that the main contribution in the plasma
rotation shear comes from the turbulence rotation shear. However if the turbulence
suppression term is the turbulence rotation shear as in the fluid turbulence case, then the
reflectometry allows us to have direct access to this quantity, and in this case the reflectometry
presents a considerable advantage compared to the spectroscopy. Experiments have shown an
evident effect of different additional heating (LH, FWEH and ICRH) on the rotation.
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Fig. 5 Poloidal rotation v.s. density.
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Fig. 6 Poloidal rotation v.s. cut-off position.

5. Conclusions
In this paper we have shown how the turbulence rotation is directly measured by the

oblique reflectometry, then this measurement allows us to deduce the plasma rotation.
Compared to the spectroscopy, in addition to its simplicity, the reflectometry is a diagnostic of
rotation with high spatiotemporal resolution. Moreover the turbulence level is simultaneously
given by this reflectometry. Assuming that the radial structure of the rotation is not strongly
affected by density variation, a radial profile of the poloidal rotation of the turbulence and
plasma has been obtained in Tore Supra by sweeping the cut-off layer from the plasma center
to the edge. Two rotation shear regions have been clearly observed: one located at the edge
p = 0.9 whereas the other one located at the gradient region p ~ 0.6. Furthermore an evident
heating effect has been observed on the rotation with different additional heating systems (LH,
FWEH, ICRH). A new ^-spectrum of density fluctuations has also been obtained by the
reflectometry. It confirms the Kolmogorov scaling in the high k range, but it shows
discrepancy in the low Jc range with that measured by laser CO2 coherent scattering. This
spectrum indicates that the turbulence energy in the tokamak is mainly concentrated in large

scales, i.e. small wavenumbers k (k < 1 cm~ ) .
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1. Introduction
Rotation plays an important role in many regimes of tokamak plasma. For example, poloidal
rotation in the edge plasma region has been closely associated with the L-H transition, and
toroidal momentum confinement is well correlated with energy confinement. Core plasma
toroidal rotation is usually investigated by measuring the rotation of impurities. The
behaviour of main ions is then calculated using theoretical models. We present preliminary
measurements of core toroidal rotation velocity Vt of deuterium ions deduced from the
observation of charge exchange neutral fluxes on Tore-Supra. The necessity to take into
account toroidal plasma rotation to interpret measured "parallel" ion temperature for
discharges with NBI heating has been reported in ref. [1]. The possibilities to extract poloidal
and toroidal rotations of main ion by measuring neutral fluxes are shown in ref. [2,3]. In [3],
the plasma attenuation of neutrals is neglected, and a good accuracy is obtained only for very
low density. In order to increase the density range for this measurement, we present a method
based on simultaneous measurement of near "perpendicular" and "parallel" spectra of fast
neutrals. Thus Vt is obtained for line electron density up to 4 1019 nr2, which corresponds on
Tore Supra to <n e> < 2.5 1019 nr3.
2. Method
For a moving plasma, the familiar expression for the neutral flux emitted into a Neutral
Particle Analyser (NPA) must be modified [2, 3]. For modest plasma velocity V
(V «-v/2E/M), the expression writes:

T Af / ^AEVEY, [W] f E V-V2EM . X
In = Aj nino<ccxv>—3j2- 1-2VJ— exp - — + — p(E) Ul (1)

s *i V VZtiy V. M M )

Here, A is a numerical constant; AE is the width of the energy channels; V is the component
of the plasma velocity in the direction of the analyser; exp(-f$(E)) is the attenuation of
neutrals (CX and ionisation). With E and T in keV, we have - ^ E / M = 309-v/E [km/s] and
V2EM = 0.0065-VE [keV/km/s]. The integral runs along the NPA line of sight S. However,
for E » T ; and not too high density, most of the flux is emitted by a restricted volume.
Therefore we may write:

Jf (2)
dE Tj V2E^E T j dE

where f = In /«GCXV)->/E) and T; is the ion temperature in this volume. For a set-up with two

analysers (a and b), symmetrically implanted in the equatorial plane (see fig.l), making
angles ocaand CC{,= (180°- oca) with respect to the toroidal direction, the terms —— are

dE

identical. If we note Ta and Tb the apparent temperature - — given by the two
V dE )

analysers around energy E*, the toroidal velocity in the restricted volume is:
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v - 1 pEM/Tb-l/Ta
1 2cosa a V M 1/E*+1/Ti

Too small angles ("very parallel" line of sight) would imply a high value for P(E) and would
not permit to "see" the plasma bulk. It would also enlarge the volume of emission and
decrease the accuracy (a is changing along the line of sight).
On Tore-Supra, the experimental set-up is not in this ideal symmetrical situation. The two
analysers in the equatorial plane, number 1 and 6, make different angles with the toroidal
direction, respectively (Xi = 100° and oc6 = 38° at R = 2.5 m (see fig.l. With our sign
convention, a positive velocity means motion towards analyser 6). From geometrical
considerations on the absorption length of neutrals along the line of sight, we expect:
P1cos(90-a1) = P 6 cos (90-a 6 ) . So we can eliminate the third term in eq.(2), and eq.(3)
becomes:

sinou sinai —=-+— (4)
6] VTi T U A E T i /

where A =sinagcosa6 — sin04 cosa^ and E = ( E Q ^ + Em jn)/2 (maximum and minimum
of the energy range taken into account for the determination of the apparent temperature, see
fig-2).
It has to be mentioned here that the analysers 1 and 6 are not at the same port. Due to the lack
of toroidal symmetry in particle recycling, the neutral density and consequently the radius of
the origin of fast neutral could be different for the two analysers. For this reason we apply
this method only for plasmas leaning on the toroidaly symmetric inner wall and we check
that the neutral fluxes are of the same order of magnitude on the two analysers.
The accuracy of measured Vt is given by the uncertainties of Ti5 Tx and T6 (count statistics),
and by the variation of the angle a along the integration path. Due to the non-ideal
configuration, the error bar is quite large in our experiments.

3. Absolute measurement of core Vt in ohmic deuterium plasmas

During a current-inversion experiment, we have studied a set of deuterium discharges, for
which all plasma parameters are kept constant except the sign of the current (llpl = 1.0MA,
see fig.3). The spectra are cumulated over the 5 s long stationary phase of the discharges.
The ion temperature is deduced from X ray crystal spectroscopy [5] and from simulation of
the measured perpendicular deuterium spectra (analysers 1 to 5) [6]. Both methods give close
results. In fig. 2, one can see the clear difference in the slope of deuterium spectra for the
"parallel" analyser (number 6) between positive and negative plasma current. We find
deuterium rotation in the direction opposite to plasma current, with a typical value for Vt of
40±20 km/s, as shown in fig.4.
We can also consider the parallel analyser only and determine the relative rotation between
identical shots with opposite current. By analogy with eq.3, we have:

r

V = I 6z_ 6± m$ w e g ^ 37+15 j^n/s m the direction opposite to the
1 2cosoc6 V M 1/E +1/Tj

current.
4. Core rotation in plasmas with LHCD
We have also examined discharges with scenario of additional heating or current drive, in
particular those discharges where both the ohmic and LHCD phases last for several seconds.
As an example, we report here on a low-density, low-Ip (+0.75MA) shot with LHCD at
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3.6MW. For the ohmic phase (<ne>=1.3 1019 m'3) we get Vt = -43±25km/s; for the LHCD
phase (<ne>=1.45 1019 m3) we get V t= +25±20 km/s. Despite of the large uncertainty (±20
km/s) it is well established that the plasma is always accelerated in the positive direction
when LH power is switched on. This confirms earlier measurements based on the Doppler
shift of X-ray lines [7].

5. Conclusion
We have presented the first measurements of near-axis toroidal rotation of the main ions. The
measurements are based on the analysis of the energy spectra of the CX neutrals as observed
in near parallel and near perpendicular directions (with respect to Ip). Taking advantage of a
current-inversion experiment, we have studied ohmic plasmas. The toroidal velocity of the
main ions is always opposite to the plasma current (Vt = -40 ±20 km/s in the presented
experiment). The magnitude of counter rotation is an issue. The core radial electric field is
estimated at 10 kV/m (negative field) for a central electron temperature around 2 keV. The
possible source of the strong negative electric field could be related to ripple trapped ions
losses. The results for the ohmic plasmas, as well as the results from the X-ray diagnostic
will be revisited in the frame of neo-classical theory in a forthcoming paper [8].
When LH-power is applied, the plasma is accelerated in the co-current direction
(A Vt=+65±30 km/s in a particular example), in agreement with earlier measurements of the
Doppler shift of X-ray lines from heavy impurities.

Fig.l: Ideal and Tore Supra experimental set-
up for Neutral Particles Analysers.

Fig.2: D spectra (NPA6) for positive
and negative plasma current.
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Fig.3: Central electron temperature and line
integrated density for two plasmas of the current
inversion experiment (#25733 and 25738).

Fig.4: Toroidal velocity of the main ion
in a 1 MA current-inversion experiment.
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1. Introduction
Identification of parameters and scenarios allowing to control accurately the Lower

Hybrid (LH) power deposition profile remains nowadays one of the most challenging task in
view to achieve steady-state advanced tokamak operation. The hard X-ray tomographic system
of Tore Supra is a powerful tool to carry out this type of studies, by allowing measurements of
the LH power deposition profile at a level of accuracy which has never been reached so far on
any tokamak [1,2]- Recent observations by means of this diagnostic are reported, which bring
evidence of the highly sensitive dependence of LH power deposition on the safety factor profile.
The radial position of the wave absorption, which has been investigated both in transient
(during plasma current ramp-up) and stationnary (during Ip flat-top) regimes, during shots
where the ohmic contribution to the total plasma current is dominant, shows a strong correlation
with the value of Ip and the position of the q = 1 surface. Elements of interpretation of this
behaviour are found using ray-tracing and Fokker-Planck (RT/FP) simulations, carried out with
a new ray-tracing program coupled to equilibrium reconstruction code EDENT-D [3].

2. Experimental study of the dependence of LH power deposition profile on
safety factor profile

Numerous experiments have been carried out at various plasma current values (0.6 < /
< 1.6 MA) and moderate input LH power levels (P^ < 2.5 MW) to study the dependence of LH
power deposition profile on the safety factor profile, in regimes where the ohmic contribution to
the total plasma current is dominant (25 % < lu/Ip < 50 %). The value at which the launched
LH power spectrum is peaked ranges between n//peak =1.8 and 2.3, with a full width of 0.4.
However, since the LH power deposition profiles are very weakly dependent of the waveguide
phasing but of the strong toroidal upshifts and downshifts, as observed experimentally,
variations of this parameter are not critical for the following analysis. Core electron density
ranges between 2.0 and 3.0xl0+19 m'3. It is observed that at low plasma current values (7p < 1
MA) the LH power deposition profile is peaked or weakly hollow, and always localised in the
inner region of plasma r/a < 0.3. Morever, it becomes broader as IP is increased, and may fill
the whole region r/a < 0.6 at very high /values (Ip = 1.6 MA for this serie of discharges). The
broadening of LH power deposition profile as / increases, which has been already observed in
other machines and also with the former HXR diagnostic of Tore Supra [4-7], is verified either
during Ip flat-top (fig. 1) or during LHCD assisted current ramp-up experiments, in which the
position of the maximum of the HXR emissivity between 60 and 80 keV shifts towards the
plasma edge as Ip increases and remains constant once the flat-top is reached (fig. 2 and 3).

A more detailed study concerning the safety factor profile in these discharges shows
evidence of a strong correlation between the outermost peak of HXR emissivity and the q = 1
surface : during Ip ramp-up discharges, the HXR profile becomes slightly hollow roughly at the
same time the q = 1 surface appears in the plasma, the occurrence of q0 = 1 being deduced from
polarimetry measurements (fig. 4). Furthermore, both in stationnary and transient conditions,
the localisation of the observed HXR outermost peak is close to the radial position of the q = 1
surface, determined by the IDENT-D code (fig. 5).

Interpretation of these data is not straightforward since the electron temperature profile
broadens as Ip increases, which is in itself a source of broadening of the LH power deposition
profile. Nevertheless, the both spatial and time correlation with the q = 1 surface, as well as the
reproducibility of the LH power deposition behaviour in a wide range of density and
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temperature profiles gives strong confidence that details of the safety factor profile have a large
direct effect on the LH wave propagation and/or absorption.
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t*-*r\ -t 1
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Figure 1 : Abel-inverted HXR
emissivity profiles between 60 and
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Figure 5 : Position of the q = 1 surface as determined
by IDENT-D code vs. position of the maximum of the
HXR profile at 60-80 keV, for ramp-up experiments
(filled markers) and flat-top measurements (hollow
markers) at different plasma currents.

3. Interpretation
Ray-tracing calculations carried out with equilibria reconstructed from experiments

predict an outwards shift of the LH power deposition profile as Ip increases, in agreement with
the radial broadening of the HXR emission (fig. 6). However, simulated profiles are much
narrower than experimental observations. A similar agreement is also found during LH assisted
current ramp-up phase, though in this case results of the simulation are sensitive to input density
and temperature profiles, which contrasts with the robustness of the experimental behaviour.
Since simulations talcing into account no specific modeling of the q = 1 surface predict a
dependence of LH power deposition profile on the value of / similar to experimental
observations, it seems that no new physical effect is introduced by the presence of the q = 1
surface in the plasma. The experimental evidence of strong correlation between LH power
deposition profile and the position of the q = 1 surface hence leads to the conclusion that the
latter plays in this type of discharges the role of a characteristic parameter of the safety profile
which is representative of the influence of equilibrium on LH wave propagation.
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In Tore Supra, like in most present day tokamaks, the LH wave propagates in the "few
pass" regime [6]: since electron temperature is not high enough to cause wave absorption on its
first pass from the launcher towards plasma center, ray trajectories have to be
followed during a longer time to determine the
position where strong wave damping will
occur. The stochastic nature of LH wave
propagation makes the rays highly sensitive to
details of plasma equilibrium, and no simple
rule may be found to predict the resulting
power deposition profile. However,
observations of the ray trajectories shows that
off-axis absorption is in "few pass"
configurations always triggered by strong n,,-
upshift related to reflection of the rays in the
bottom (or top, depending on the orientation
of plasma current and toroidal magnetic field
[8])part of the plasma (fig. 7 and 8). Hence, Figure 6: Simulated power deposition profiles for the
for a given electron temperature profile, the three shots presented in fig. l :ip = 1.0 MA (#25375,
broadness of LH power deposition profile solid), 1.4 MA (#25351, dash-dotted), 1.6 MA
entirely depends on the fact that some rays (#25367, dashed)
may or may not undergo reflection at strongly negative Z (Tore Supra case), where Z is the
vertical coordinate, with origin at the equatorial mid-plane of the torus.

For the serie of discharges studied in this paper, where current density profile is peaked
and total current dominated by the ohmic contribution, it appears that high Ip equilibria with a
broad q = 1 surface lead to fast and important n^-upshift because most rays undergo their first
reflection in the bottom part of the plasma, which results in off-axis power deposition. In lower
current configurations, two combined effects contribute to make the rays damp near plasma
center : the first reflections do not occur at strongly negative Z, resulting in a weak /^/-upshift
(or even downshift) during the first pass. This n^-upshift is not large enough to fill the spectral
gap in the major part of the plasma except in the center, where electron temperature is
maximum. Hence weak ny-upshifted rays are easily absorbed in the central part of the plasma.
The second point is that even when some rays undergo reflection in the strongly negative Z
region after a few pass, their /^-upshift appears to be less important than in high current cases.
This effect could be justified by means of the shape of the rays by considering the usual
expression of dn/d8 (6 is the poloidal angle) which may be deduced from equation (6) of ref.
[8] with the assumption of circular concentric magnetic surfaces and taking electrostatic
approximation for the dispersion relation. Though this expression has no explicit ^-dependence,
the fact that LH rays turn faster in a poloidal cross-section at low q (high current) provides
higher variation of 6 during one reflection, and therefore greater ny-upshift. This explanation is

nevertheless only a clue, since the electrostatic expression of dn/dd is in most cases found to
strongly underestimate the n^-upshift in the negative Z region, as compared to RT calculations
taking into account electromagnetic terms of the dispersion relation and the exact structure of the
equilibrium. More accurate calculations have to be carried out to justify rigourously the
observed greater n^-upshift at negative Z in high Ip equilibria.

4. Conclusion
Experimental observations using the HXR tomographic system of Tore Supra have

brought evidence that the LH power deposition profile becomes broader and shifted towards
plasma edge as plasma current is increased in discharges where the current density profile is
peaked and total current dominated by the ohmic contribution. A correlation between the
position of the LH outermost absorption peak and the location of the q = 1 surface is also
observed. Ray-tracing/Fokker-Planck simulations taking into account the experimental
equilibrium show a similar tendency as HXR measurements without any specific modeling
associated to the q = 1 surface, which seems to be merely a characteristic parameter of the
influence of plasma equilibrium on LH wave propagation. In these simulations, the shift of the
profile towards plasma edge at high Ip is due to two combined trajectory effects related with
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wave propagation in the bottom zone of the plasma, where important n/rupshift occurs : in high
current equilibria where exists a broad q = 1 surface, rays undergo reflection in the bottom zone
of the plasma during their first pass, and hence rapid «/rupshift. Furthermore, this upshift is
more important than for similarly bottom-reflected rays in lower current configurations. No
rigourous explanation has yet been found to this last effect, though the ^-dependence of the
shape of the rays is likely involved.

These encouraging interpretative results show that though still failing to reproduce the
detailed shape or certain small variations of LH power deposition profile, RT/FP modeling is a
useful tool for interpreting general tendencies of the experimental phenomenology in the
complex "few pass" case.

25375, tp=:1.0 MA
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25351, lp=1.4 MA 25367, lp=1.6 MA

0.5 f

N 0

-0.5

0.5

N 0-

-0.5

1.5 1.5

Figure 7: projection of the ray trajectories in apoloidal section for three different plasma current values (same
discharges as in fig. 1 and 6). R is the major radius and Z the vertical coordinate, in meters. The red (dark) part of
the rays are locations of strong absorption. Red (dark) crosses indicate the different launching points. 80 rays were

used in these simulations.
25375, lp=l.fl M A 25351,1p=1.4MA 25367, lp=1.SMA

7

Figure 8: n,, of the rays as a function of normalised small radius for the same discharges as in fig. 7. The red
(dark) part of the rays are locations of strong absorption. The dashed curve plots the criteria of strong electron

Landau damping, i.e. Tl/f — 7/y Te , where Te is the -electron temperature.
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1.Introduction
Recent RF heating and current drive investigations [1] revealed a growing interest in a

scheme based on mode conversion (MC) of externally excited fast waves (FW) to ion
Bernstein waves (IBW). Full-wave analysis of MC phenomena in bounded plasma shows [2]
that high efficiency of mode conversion is attainable with FW excitation from the low field
side (LFS) of the tokamak regardless of the parallel wave number k,, of the launched wave. On
the other hand, strong kN variation inherent to IBWs [3] can lead to their strong interaction
both with bulk and accelerated plasma particles. Thus, a number of reactor-relevant MC
applications can be considered, including localised plasma heating, current profile control [4],
synergy with low hybrid current drive (LHCD) [5] and a-particles' energy channelling [6].

Suitability of MC scheme for on/off axis electron heating has already been reported on
Tore Supra [7]. New results, which were obtained during MC experiments combined with
LHCD are presented in this paper. Application of new experimental tools and numerical
techniques provided better insight into the problem of MC power deposition (see also [8]). An
outcome of active search for synergistic LHCD-IBW current drive effects is also reported.
2. Key aspects of the studies

The experiments were conducted in H- He plasma with the following parameters:

R0=2.33m, a=0.75m, B0=3.68T, Ip=0.65-1.0MA, ne(0)=3-6 1019 m"3. The plasma current was

partially or totally (Vloop=0.8-0.0V) sustained by PLH<3.3MW LHCD. ICRH power
PIC<2.6MW was injected into the plasma by dipole/monopole phased FW LFS antennae,
operating at the frequency of f=48MHz. The fundamental cyclotron layer of hydrogen

intersected LFS plasma region at r/a=0.5. Preprogrammed puffing of He, which was
maintained either constant or linearly increasing controlled the MC layer position.

A procedure of reconstruction of direct electron power deposition profiles was
invoked to provide more detailed picture of the investigated heating scheme. Both Fourier and
"break-in-slope" techniques were applied to analyse the temporal behaviour of electron
temperature, measured by 16-channels superheterodyne ECE radiometer (At=lms, up to 2¡is)
during 100% modulation of injected ICRH power (fmod~10Hz).

A new approach of numerical description of MC phenomena, combining advantages
of FW full-wave and IBW ray-tracing treatments was applied during simulations of power
deposition profiles [8]. 2D global field patterns produced by the "ALCYON" code [9] were
used to extract "incipient" IBW fields and to determine IBW rays' starting parameters. The
IBW behaviour was analysed by ray-tracing "RAYS" code [3], which is capable to account
for the ray trajectory and wave-vector evolution in 3D tokamak geometry. Up to 50 rays were
launched in plasma cross-section for each toroidal harmonic number with subsequent
summation over the antenna spectrum.
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3. Localised electron heating
Experiments on Tore Supra have confirmed reliability of MC scheme for localised

electron heating. On/off axis peaked electron power deposition profiles (Fig. 1) with half-
maximum width r/a<0.2 were registered. The maximum power Pe directly deposited on
electrons within the central plasma region (r/a<0.5) was estimated as 70% of the injected
ICRH power, providing the MC layer was located at the high field side (HFS) of the magnetic
axis. This fraction turned to be 20-25% lower as the layer was shifted to the LFS region.
Simultaneously, signs of increased hydrogen cyclotron damping were registered by ion ripple
losses diagnostic and CX analysers. As an example, shots #23139 and 23109 can be compared
on Fig. 1: having the opposite location of the MC layer relative to the magnetic axis due to the

different helium content (nH/n3He~3 and nH/n3He=l), they are characterised by Pe/PIC=0.68

and Pe/PIC=0.46 correspondingly. About 30-35% of P1C presumably was deposited in exterior
(r/a>0.5) plasma regions and unaccounted by the measurements.

Simulations based on "ALCYON'VRAYS" codes coupling adequately represented
observed peculiarities of power deposition (Fig. 2). They accounted for at least 15% of P1C

power deposition to hydrogen ions (shot #23109), in contrast to negligible ion damping, given
by purely full-wave modelling. Noticeable power deposition in the outer (r/a>0.5) plasma
regions was also predicted, which can explain the registered ICRH power balance deficit.
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Fig. 1 Electron power deposition profiles, normalised
to the injected ICRH powers: measurements in
discharges with different positions of the MC layer.
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Fig. 2 Electron power deposition profiles (not
normalised), P,C=1.4MW, dipole antenna phasing:
comparison of measurements and simulations.

Off-axis HFS localised electron heating was accompanied by transient (~ls)
stabilisation of low-level sawtooth activity. The phenomena took place only if electron power
deposition profile was peaked somewhat outside the sawtooth inversion radius. The presence
of fast ions population was not registered in these discharges, thus, the observed stabilisation
can be connected with local modification of the current profile during localised electron
heating, as was reported previously during a number of ECRH experiments (e.g. see [10]).

Electron heating efficiency and global plasma performance typical to MC and LH
schemes were found comparable (in discharges with L-mode confinement). Consecutive
injection of equal RF powers caused similar plasma response (Fig. 3). Efficient electron
heating was observed also during MC application in discharges with stationary LH driven
current. On-axis electron power deposition resulted in formation of centrally peaked
temperature profiles (Fig. 4 a,b). High central temperatures were attained due to improved
electron confinement, which characterise LHCD operation on Tore Supra [11]. Low Hybrid
Enhanced Performance mode was not disturbed during MC experiments (Fig. 4 c,d).
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4. Search for LHCD/IBW synergy
Synergistic current drive effects were registered some years ago during combined

ICRH and LHCD operation on JET [5]. Since then, a question is discussed: can mode
converted IBW accelerate LHCD driven fast electrons and increase current drive efficiency?

Experiments, performed on Tore Supra in stationary non-inductive discharges with
different ICRF antenna phasing gave negative answer to this question. No sign of synergy
was found in more than 25 discharges with constant or linearly increasing injection of He.
Comparison of the measured loop voltage with predictions of 0-dimentional discharge
scenario simulations, based on known Tore Supra scaling laws has shown that no additional
current is generated during ICRH pulse. Hard X-ray measurements [12] have demonstrated
unaffected spectra (E=20-200keV, AE=20keV) on 59 available chords indicating no
detectable variation in the behaviour of the fast electrons.
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Recent numerical simulations, based on full-wave/ray-racing codes coupling have
revealed possible reason of the missing synergy. It was shown that very rapid ky up-shift takes
place during mode conversion. Even if initial parallel phase velocity of the launched fast
wave is high enough to match the fast electron parallel velocity, it quickly slows down up to
thermal electron velocities. More important is that the IBW amplitude, growing generally
with ky remains quite small when the phase velocity is favourable for interactions with fast
electrons. Thus, only bulk electron damping could be expected in such situation, which
actually was observed in experiments. An example of simulations for NT0R=5 (k||FW=NT0R/R)
is shown on Fig. 5. When IBW rays were launched from the region with noticeable amplitude
of small-scale waves (Fig. 5a), their parallel phase velocities were found to correspond to
thermal electron velocities (Fig. 5b) and strong bulk electron damping (Fig. 5c) was predicted.

As IBW evolution is quite sensitive to parameters of MC experiment (and particularly
to the nature of used ion mixture), proposed explanation can not exclude feasibility of
LHCD/IBW synergy in different conditions.
5. Conclusions

Reported experiments have confirmed reliability of MC scheme with LFS fast wave
excitation as an efficient tool for localised electron heating. On/off axis peaked electron
power deposition profiles were registered during MC experiments combined with LHCD. Up
to 70% of the injected ICRH power was directly deposited on electrons in the central plasma
regions (r/a<0.5). Off-axis electron heating was accompanied by transient (~ls) stabilisation
of sawtooth activity, providing the power was deposited outside the sawtooth inversion
radius. Low Hybrid Enhanced Performance mode was not deteriorated during mode
conversion. New approach of MC numerical treatment based on full-wave/ray-tracing codes
coupling was proposed and demonstrated good agreement with the experimental observations.

Active search for synergistic LHCD-D3W current drive effects has been undertaken in
stationary non-inductive discharges with varying ion concentration. No sign of synergy was
observed with dipole and monopole ICRF antenna phasing either by the loop voltage analysis
or by hard X-ray tomography. Possible explanation was proposed as a result of simulations.
Peculiarities of IBW evolution in H-3He plasma of Tore Supra (very rapid ky up-shift with
low Ey values corresponding to V||Wave~V||ast e ) can be responsible for the missing synergy.
Acknowledgements: The authors wish to thank D.A. Hartmann (IPP,Garching), D.Fraboulet,
P. Gomez, G.T. Hoang, X. Litaudon, A. Romannikov, and J.-L. Segui for helpful discussions.
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Figure 3: ICRF H-minority heating discharge
with preformed hollow current profile.

Figure 3 illustrates a typical discharge (#TS25196) carried out at the central density of
6.5x1019m"3. After a stationary current plateau of 0.4 MA / 8.5s, I is ramped to 1.2 MA. An
ICRF power of 4 MW is applied at the end of the Ip ramp-up (t = 9 s), after the formation of
the hollow profile. The preformed RS configuration (at t = 8.7 s, with central value of safety
factor, q(0), between 2.5 and 3) is transiently maintained for about 0.2 s, from t = 9 s to
t = 9.2 s, when the ICRP power is applied. The time evolution of the current density profile is
shown in Fig. 4. Within the error bars the minimum value of q (slightly higher than 2) is found
to be located between r/a = 0.5 and r/a = 0.6. This transient hollow profile relaxes to a flat
profile. In spite of a dominant on-axis electron heating the flat profile remains until the end of
the Ip plateau (t = 11 s). At the time t = 10 s, an improved confinement transition is observed
(Fig. 5). Normalized beta increases until the end of the current plateau, t = 11 s reaching the
value of 0.7, while the total power is kept constant and the gas fueling is switched-off at t = 9 s.
The total energy is found higher than the ITER L-mode prediction [6] by about 40%

(confinement time tE = 130 ms compared to 95 ms of a reference L-mode shot, and tE
ITER =

90 ms). Also, the electron energy exceeds the Rebut-Lallia-Watkins L-mode scaling, which
usually reproduces the Tore Supra L-mode [7], by a factor of 1.4. Ion temperature profiles are
not available in our experiments, but the same enhancement factor in both total and electron
energies suggests that the ion confinement is also improved. A clear transport barrier is
observed inside the region r/a = 0.6 in the electron channel. Electron temperature and density
profiles become more peaked inside the low shear region. Figure 6 shows the electron pressure
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and magnetic shear profiles of shot #TS25196. One can see that the electron pressure gradient
significantly increases within the region r/a < 0.6 where the magnetic shear is lower than 0.3
(usually 0.7 in the L-mode).
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Figure 4: Current profiles of discharge
#7S25196, in Fig 3, before (at t = 8.2 s: cross,
and t = 8.7 s: square) and after ICRF application
(at t =9.1 s: diamond, t = 9.8 s:
t = 10.8 s: circle).
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A 1-fluid transport analysis shows that the effective heat diffusivity (%eff) is reduced by a
factor of 3-4 from the L-mode value in the flat q profile region. Figure 7 shows the profile of
Xett °f s h o t TS25196 for three time slices during the improved confinement phase: 0.1 s, 0.4 s,
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and 0.8 s after the transition (t = 10.1 s, 10.5 s, 10.8 s) together with a reference L-mode
shot. For this analysis, the ICRF power deposition is computed by the PION code [8]. The
calculation gives a power coupled to the electrons of about 80% of the total injected power with
an unchanged deposition profile during the improvement phase.

A stability analysis with a gyrofluid code indicates that the stabilizing effect in the core
region is mainly due to the magnetic shear reversal during the transient preformed current phase.
The radial profile of the maximum linear growth rate (Y™*), calculated at t = 9.1 s (hollow

profile), is plotted in Fig. 8. 7™", computed by assuming a monotonic profile, is also reported

in this figure. This suggests that the negative magnetic shear reduces 7"iax to the level of the ExB

shear stabilizing effect (yE =— —- , E being the neoclassical value including the ripple
drV B J

effect). In the plateau with ICRF heating, this effect of magnetic shear (flat profile) becomes
weaker, and a larger stabilizing ExB shear takes place.

For this experiment, the density fluctuations are measured by heterodyne CO2 laser
scattering diagnostic for k = 8 cm'1. Preliminary results indicate that the turbulence intensity,
during the current ramp-up phase when the hollow current profile is formed, is significantly
reduced and remains at a low level during the ICRF power application. Figure 9 shows the
normalized rms signal ((5n/n)2) as a function of the product ne. VTe. It decreases with increasing

ne.VTe, while an opposite variation is usually observed in the L-mode (Fig.9).
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1. Introduction and motivation for RF plasma experiments
Wall conditioning techniques in the presence of high permanent magnetic field will

certainly be required in the next generation superconducting fusion devices to minimize
tritium retention and/or control of the impurity content in the vacuum vessel. For present and
future tokamaks, RF plasma production in the ion cyclotron range of frequencies (ICRF) is
mainly envisaged as an effective tool because of its high potential and large efficiency for
wall conditioning in the presence of magnetic field [1-4]. An asset of the RF technique is the
ability of conventional ICRH antennas with Faraday shield (FS) to produce reliably target
plasma (1016 m"3 < ñ^ < 1019 m3) in tokamaks without any changes in the hardware [5].
According to the theory of ICRF plasma production, the £z-component of the antenna near
RF field (along the total magnetic field) is responsible for neutral gas breakdown and initial
plasma build-up [5,6]. This field is induced by the RF voltage difference between the antenna
strap and box (side limiters) and by the RF voltage generated between the tilted rods of the
FS [5]. Recent numerical modeling showed that the £z-field near the antenna may extend
further out in the toroidal direction due to the presence of poloidal bumpers [7].

Conventional ICRH antennas of the loop-type may have low coupling in the regime of
RF discharges. The antenna-plasma coupling efficiency will be characterized by the ratio TJ =
R I (R +R ), where R is the antenna vacuum resistance and R is the resistance due to plasma
. pi , . V Pi v " v pi V

loading.
Several ideas have been proposed how to improve coupling of the ICRH poloidal

antennas in that particular case. ITie first one is to reduce the width of the evanescent layer at
the edge. For fast wave (FW) propagation in a non-uniform plasma with parabolic density
profile, the width of this layer • r may be given in the form:

*rla • (1-N2
Z) (£2 -1) / 2 N2

A(0),
(1)

where a is the plasma radius, Nz = ^c/co < 1, fi = (û/(ûa > 1, NA(0) = (ûJ0)/(ûa(0) is the Alfvén
refractive index in the plasma core. It is clear from (1) that • r becomes smaller at larger
plasma density or lower toroidal magnetic field BT (high harmonic FW regime (HHFW)). The
dependence of R on the two last parameters was studied in the RF plasma experiments on
TEXTOR-94 [5]'and was found in qualitatively good agreement with the wave vector kt and
• r behavior predicted by a 1-D dispersion code [8].

Antenna coupling may also be improved in the regime of slow wave (SW)
propagation (ne > 3xlO13 m"3 for f=47.9 MHz) by tilting poloidal antenna strap along the In-
direction [9]. Tilting at small angles (-1-2°) may be achieved by so-called "antenna magnetic
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rotation" as a result of superimposing the vertical magnetic field Bv on the toroidal one BT

[9].
A study of RF plasma production in the frequency range co • 2o). has been undertaken

on TORE SUPRA taking into account antenna coupling predictions of theory and the
TEXTOR-94 database [5]. Two scenarios for RF discharges have been tested (fixed
frequency of the RF generator): (i) operation with pure toroidal magnetic field, at standard
and lower B and (ii) operation in the magnetic configuration with a small vertical (Bv) field
superimposed on BT (Bv « BT).

2. Effect ofBT variation on antenna coupling and RF plasma parameters
In this set of experiments, helium RF discharges were performed in the toroidal

magnetic field range BT = 2.43 T - 3.85 T. One double loop antenna (Q5) was used. Figure 1
shows a scenario of such RF discharges. Continuous He-flow into the vessel provided a
pressure in the range p^ • 0.02-0.1 Pa. A total RF power of 50-200 kW was applied to the
antenna straps from two independent RF generators driven in phase at the frequency f=47.9
MHz in the multi-pulse mode of operation ( r • 50 ms). Prompt and reliable RF plasma
production is clearly seen (signal from central channel of the interferometer). Despite of He
gas injection, Ha-signal of high enough amplitude was also registered from all chords used for
observation. It indicates the presence of large amounts of hydrogen isotopes in RF discharge
due to desorption from the wall [2]. Both, R and ne were roughly proportional to P^. The
latter dependence is typical for weakly ionized plasmas. BT scanning showed that RF plasmas
with the central line averaged density up to n^ • 7xlO17 m"3 were reliably produced in the
mentioned range (Fig.2). An increase in antenna coupling of up to 23% (depending on P^.
and gas pressure) was obtained by decreasing BT, in close agreement with the TEXTOR
results [5]. However, no concomitant increase in line averaged density (like for small B
decrease in TEXTOR) was also observed. The line averaged density profile was centrally flat
at B T =3.09 T and strongly shifted toward low magnetic field side (LFS) at lower B T (Fig.3).
To understand the results, a numerical analysis of dispersion curves for the TORE SUPRA
RF plasma case has been undertaken using a 1-D dispersion code [8]. The code solves the
dispersion relation D(k, r)=Q for Maxwellian plasmas, fully accounting for finite temperature
effects. Taking into account very low temperature (Te <10 eV) and ionization degree (-10%)
in RF plasmas [2], the following ion species and its concentrations have been used in the
calculations: (70-85)%He+ + (5-10)%He~ + (5-10)%JT + (5-10)%D+. The obtained
dispersion diagrams show a presence of an ion-ion hybrid resonance (IIHR) due to
conversion of FW, into SW near the plasma core for high magnetic field (BT = 3.09 T - 3.85
T, n^ = (3-6)xl0 m3, kz ~ 1/RQ). On decreasing the BT-field, this resonance shifts to the high
magnetic field side (HFS) and at BT = 2.43 T, the IIHR disappears and the FW is evanescent
between HFS and rla < -0.7 (RF plasma radius was assumed to be a • 0.83 m). This could
reasonably explain the shapes of the RF plasma density profiles in the tested range of BT.

At even lower magnetic field (BT =1.7 T), FW and ion Bernstein waves (IBW) are
propagative over the whole plasma cross-section. However, RF plasma production in TORE
SUPRA did not succeed at BT < 2.43 T, contrasting with the TEXTOR database and the code
predictions. A possible explanation of this phenomenon is the observed monotonic increase of
the reflected power (>30%) with decreasing BT, indicating a matching problem in the lower
BT range.

3. Influence ofBv-field (Bv « BT) on antenna-plasma properties
In the second scenario (Bv» 0), helium RF discharges were performed in a magnetic

configuration with the magnetic field lines tilted by 1-2 degrees with respect to the
horizontal. The applied vertical field was |BJ = (6-12)xlO2 T as compared to BT =3.09 T or
BT =3.85 T. Figure 4 shows that RF voltage at the antenna V^ slightly decreased and loading
resistance R ,̂ increased in the presence of Bv for the given transmitted RF power Ptt. This
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behavior of the antenna parameters follows from the relation between antenna voltage and
radiation resistance:

P ^ ' V2
ml (* +R)/2X2

a m• Ptt, (2)
where X^ • eo L a » (R +R). The first experiments demonstrated a slight improvement in
antenna coupling (up to 1*5%} at larger |BJ and a dependence on the sign of Bv (Fig.5). Here
K^R at B »0 and R^R at B =0, respectively. The observed asymmetry in the relative
change of ^ versus the sign of Bv may be reasonably explained by asymmetry in the FS
geometry: the FS rods are tilted at fixed angle ~ +7°.

ICRF plasma production in pure toroidal magnetic field is usually accompanied by the
generation of intensive flux of energetic CX neutrals (which may play an essential role in the
wall conditioning process) [2,3,5]. The fast hydrogen and deuterium atoms, registered by
NPA so far, result from ion cyclotron acceleration (©=20)^=0)^). The power absorption in
helium RF plasmas with multi-ion species was estimated using 1-D full wave kinetic code
"VICE" [10,11] and the relation to the location of the ion cyclotron layer position was
confirmed experimentally [5].

The preliminary analysis of the fast CX hydrogen and deuterium atoms escaping RF
plasma showed a tendency to get higher perpendicular equivalent temperature of the fast ions
and the presence of energetic CX neutrals in toroidal direction for the case with B #0 (Fig.6).
In this case, the intensity of the toroidal flux of neutrals was comparable with that one in
perpendicular direction. In ICRF discharges in pure toroidal magnetic field (B =0), fast
neutrals in the toroidal direction were not registered. One should note that superimposing Bv

over BT may improve not only antenna coupling, but plasma confinement properties as well.
Particle and energy losses along the resulting magnetic field lines will be dominant in this
magnetic configuration [6]. Better antenna coupling and/or changes in the magnetic
confinement configuration resulting from the presence of Bv-component may modify the fast
particle trajectories. The distribution function of fast ions was observed to be more isotropic
in this configuration. This might improve ICRF-wall conditioning efficiency compared with
the results in pure toroidal magnetic field [4].

4. Conclusions
Two scenarios expected to lead to antenna coupling improvement have been

successfully tested during RF plasma production experiments on TORE SUPRA using a
standard ICRH antenna. At fixed transmitted power, antenna-plasma coupling efficiency was
improved:
- up to 23% by operation at toroidal magnetic field values lower than the standard one (fixed
frequency of the RF generator,/=47.9 MHz);
- up to 15% by superimposing vertical magnetic field Bv on toroidal one BT (Bv « BT).

The distribution function of fast ions resulting from ion cyclotron acceleration in
ICRF plasmas was more isotropic in the presence of Bv (Bv « BT).
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1/ Introduction

A significant part of the non-inductive current in Tore Supra will be driven by a new
launcher, to be installed in September 1999. The antenna phase 2 is made of 6 rows with 48
active waveguides and 9 passive ones in each [1]. Passive waveguides are inserted at every 6th
active one. This grill has been designed in the frame of the CIEL project [2]. It will inject 4
MW at 3.7 GHz at a safe power density of 25 MW/m2 for a pulse length of 1000 s. The
radiated spectrum peaks at N// = 2.03 with a possible variation of ± 0.35 and a FWHM of 0.35.
In order to prepare for operation with this grill, the coupling properties and the power
directivity of the radiated spectra have been studied as a function of:

- the electron density and electron density gradient,
- the feeding phase shift between the 8 antenna modules,
- the geometry of the antenna.

Furthermore, the interaction of plasma edge electrons with the antenna is analysed and
a comparison with the previous Tore Supra [3] antenna is made. This is done for a range of
plasma parameters and feeding phase.

2/ Antenna description

The antenna is made of 2 rows with 8 modules in each made of:
- a TEio to TE30 mode converter which feeds a 3 waveguides H plane junction in

order to divide the power into 3 poloidal sections.
- In each row there is a 3 waveguides (0 71 0) multijunction of length Is which then

feeds E plane bijunctions (0 7i/2) of length \.
The toroidal geometric periodicity A is 10 mm, leading to a waveguide width of 8 mm.
Passive waveguides are inserted between the modules.
In order to optimise the coupling properties , the effect of the multijunction lengths has

been studied using SWAN code. The results are ls = n Xs/2, n = 1,2,... and X,g being the
waveguide wavelength and It = (2n +1) Xs/2.

The optimum passive waveguide depth is Xg/4, a value which maximises the amplitude
of the passive waveguide electric field, at the plasma antenna interface.

The phase shift leading to the radiated spectrum with the best directivity and a main
peak at 2.03 is the one which corresponds to a linear increase of the phase by 90 degrees in the
toroidal direction between neighbouring waveguides in a module, and about q> = -90 degrees
between the modules due to the passive waveguide width of 11 mm.

135



3/ Coupling properties

The scattering matrix of the multijunction is calculated with a code based on the
moment method in rectangular geometry. The first part of the multijunction includes a section
which is larger than Xs/2. Thus there are two propagating modes ; LSEio and LSEn which are
both considered in the computation. On the other hand, the poloidal cross-coupling through
the mode converter is neglected.

This matrix is inserted in the SWAN code where the plasma is modelled as an electron
density step, n», followed by a gradient Vn-. In the following the ratio ne/Vne is denoted by L.

The reflection coefficient and the power directivity have been studied as a function of 3
different parameters : the feeding phase shift between modules, q>, the electron density n», and
the gradient Vrie .

a/ Variation with the feeding phase shift.

For rie = 8.5 1011 cm"3 and L = 1 cm, the power directivity, r\p , remains at 74% for <p
varying from -180 to 0 degrees. The small variation of % is explained by the existence of a E
plane oversized part at the input of the multijunctions and of the passive waveguides.

The reflection coefficient is given in Figure 1. The mean reflection coefficient at the
mouth of the active waveguide is Ract, at the input of the module it is Rmoy. Rl, . . , R8 are the
power reflection coefficients at the input of the multijunctions. Due to the self matching
properties of the (0 7t/2) multijunction, it is expected that on matched load Rmoy equals Ract2.
However, that is not true in the present case, due to cross-coupling through the plasma
between active waveguides.
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Figure 1: Power reflection coefficient versus feeding phase (p, for ne= 8.5 10" cm'3, L = 1 cm

b/ Variation with the electron density

The density scan has been carried out for <p = -90 degrees and L = 1 cm for
densities between the electron cut-off n-c = 1.7 10n cm"3 and 10 neC. The power directivity
equals 62% at low density and is then fairly constant from 3 nee. In Figure 2, the reflection
coefficient at the input of the multijunction is minimum around 2 nee. The power reflection
coefficient at the input is higher near riec and smaller at large density due to the change of the
cross coupling. In accordance with this, the maximum amplitude of the electric field decreases
from 3.6 to 2.2 times the amplitude of the incident wave, whilst the average expected value
(1+ V Rmoy)2 changes from 2.5 to 1.4.
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c/ Variation with the electron density gradient

The density gradient scan was done at n- = 8.5 10ncm~3 and cp = -90 degrees between
1.5 to 8.5 101' cm"4 corresponding to L changing from 5.6 cm to lcm. The effect on the power
directivity and on the coupling is negligible.

T 4 0 Rmoy
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-t-R6

R7
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- • -Rac t0 5 10 15 20

electron density ne (1011 cm"3)

Figure 2: Coupling versus the density for <p = -90 degrees, L = 1 cm

4/ Interaction of plasma edge electrons with the antenna

The acceleration of electrons in the near field of the launcher observed in many
experiments is one of the main drawbacks of the LHCD grill [4], [5]. The induced flux on the
guard limiter observed in Tore Supra can reach 10-30 MW/m2. One explanation is based on the
presence of power in the high N// part of the radiated spectrum. That can be reduced by using
septa with rounded corners [6]. Here, we study the electron energy gain for the antenna phase
2 as a function of the power and ne. The effect of rounded corners is also examined.

To carry out this analysis, we use the electric field calculated by SWAN. With the
rounded corners, the amplitude vs the geometry is modified . The edge plasma temperature is
assumed to be 40 eV. For an ensemble of 1000 electrons, a Monte-Carlo method is used to
compute the mean energy of passing and reflected electrons respectively E+ and E-. The
number of reflected electrons is denoted n-, of passing electrons n+.

a/ Effect of the power

For a case with ne=8.5 1011 cm"3, L=lcm and (p = -90 degrees, as the power is increased
from 0 to 250 kW per module (4 MW for the total antenna), the electric field increases and
the energy E+ reaches 1500 eV, see Figure 3.

-1-1200

- E+ (eV)
-E-(eV)

0 100 200
Power (kW)

Figure 3: Mean energy and number of the electrons accelerated in the near field
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b/ Effect of the electron density

With increasing electron density, the coupling improves and therefore the electric field
amplitude decreases. Therefore, the average energy of the electrons decreases. Due to the
increase in density, the power flux computed with the obtained distribution function which
does not take into account plasma effect, grows almost linearly from 50 MW/m2 at ne=neC to
320 MW/m2 at lOnec. In the computation of the flux, a factor nsWe/Te is applied to take into
account the ponderomotive force, with We the average energy and Te the temperature [7].
The comparison of antenna phase 2 with the previous antenna shows that the highest energy
near n-c is respectively 3.7 keV and 4.5 keV, and at 10 n^ it is 1.2 keV and 2.2 keV for the
same amount of power (4 MW) (figure 4). The factor between the electric field amplitudes is
1.4.
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Figure 4 : Mean electron energy and number with the electron density

d Effect of rounded septa corners

Under the same conditions as in a/, we calculate the energy and the power flux versus
the electron density for rounded septa corners. The septum thickness is 2 mm between
waveguides and 3 mm between modules. The maximum energy obtained is 100 eV, leading to
a power flux varying from 10 to 50 MW/m2. To withstand this flux, the face of the CFC tiles of
the guard limiter has been shaped to have a magnetic field grazing angle smaller than 10
degrees. This lowers the intercepted power flux level to less than 10 MW/m2.

5/ Conclusion

We have shown that the coupling properties of antenna phase 2 are expected to be
good over a wide range of parameter : n-, <p, Vns; with the advantage that the new launcher
will allow the injection of twice the power of the previous one at a safe power density.

References

[1] Ph. Bibet et al,1998, proceedings of the 20th Soft, p 339-342
[2] P. Garin et al, 1998, proceedings of the 20th Soft, p 1709-1712
[3] V. Fuchs et al, 1998, EPS Prague, Plasma Physics and Controlled Fusion, 41 (1999) 495
[4] M. Goniche et al, Nuclear Fusion, 38 (1998) 919.
[5] J. Mailloux, Y. Demers, V. Fuchs et al, J. Nucl. Mater. 241-243 (1997) 745
[6] P. Jacquet, Y. Demers, V. Glaude, J. Mailloux, A. Cote, V. Fuchs, Rep. CCFM RI 474e

[7] V. Petrzilka, Plasma Physics and Controlled Fusion, 33 (1991) 365

138



FR0002688

Analysis of the Influence of Different ICRF Heating Scenarios
on the Performance of Optimised Shear Discharges in JET

L.-G. Eriksson, MJ. Mantsinen ' , A. Becoulet, V. Fuchs,
C. Gormezano1, T. Hellsten3, X. Litaudon and F. Rimini1

Assoc. EURATOM-CEA sur la Fusion, CEA Cadarache ,
F-13108 St. Paul lez Durance, France

1 JET Joint Undertaking, Abingdon, 0X14 3EA UK
2Also at Helsinki University of Technology, Association Euratom-TEKES, Finland

3Royal Institute of Technology, Stockholm, Sweden

INTRODUCTION

Optimised shear discharges, i.e. discharges with an Internal Transport Barrier (ITB), are
normally heated by a combination of Neutral Beam Injection (NBI) and Ion Cyclotron Range
of Frequency (ICRF) heating in JET. Although the NBI power in general dominates, ICRF
power has been found to be important for obtaining good performance. Several ICRF heating
scenarios have been tested, including the use of hydrogen and 3He as a minority species, on
and off-axis heating and different phasings of the ICRF antennas. Here, we concentrate on
analysing the influence of the different phasings of the ICRF antennas on the performance.

In JET the ICRF antennas can be phased to launch toroidally directed waves. In
general, the performance of optimised shear discharges has been found to improve when the
phase difference between the currents in the JET four strap antennas has been set to +90°,
which corresponds to waves propagating along the current, as compared to -90°
corresponding to propagation antiparallel to the current. Smaller differences have been
observed between +90° and symmetric phasings.

A possible theoretical explanation for these experimental results could be the
presence of an ICRF induced spatial pinch of the resonating ions. Theory predicts that the
turning points of trapped resonating ions are driven inward/outward when the waves
propagate parallel/antiparallel to the plasma current [1,2], and experimental evidence for this
has been observed [2]. An important consequence of the ICRF induced pinch is a peaking of
the fast ion pressure profile and a concomitant peaking of the collisional heating of the
background plasma when the waves propagate along the current and a broadening for
antiparallel propagation. The current driven by the fast ions is also modified.

In optimised shear discharges one would intuitively expect the fast ion pressure, and
thus the heating of the background plasma, within the ITB to play a significant role. It is
therefore important to establish whether the ICRF induced spatial pinch is strong enough to
explain the experimental results.

EXPERIMENTAL RESULTS

Here we will show results from two discharges obtained during the MKBa divertor
campaign; similar results have also been obtained with the MKJJGB ("Gas box") divertor.
Figure 1 shows an overview of two deuterium optimised shear discharges heated by NBI and
ICRF, using the hydrogen minority scheme. One of them has +90° phasing of the ICRF
antennas and other has -90°. As can be seen, the performance in terms of neutron production

139



is significantly better for +90° than for -90° phasing. However, the stored energies in the two
discharges are nearly identical, indicating similar global confinement. The difference in
neutron production lies in the ion temperature profiles as shown in Fig. 2. Here one can see
that the ion temperature profile is more peaked for +90° phasing, with the ion temperature
reaching about 27 keV in the plasma centre while for -90° phasing the central ion
temperature stays below 20 keV. On the other hand, for -90° phasing the pedestal edge
temperature is higher, which is a sign of the presence of an H-mode edge. This is confirmed
by the D« signals displayed in Fig. 3, which show grassy ELMs for -90° phasing whereas the
+90° case is ELM free. Similar observations have been made earlier in ICRF only
discharges [2], where -90° phasing produced stronger ELM activity.
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Fig.2 Ion temperature profiles versus major radius
measured by charge exchange for the two
discharges in Fig. 1 at t=6.5 s.

In addition to the differences in the neutron rates and ion temperature profiles, there
are differences in the time it takes to trigger an ITB. Analysis of the ion temperature
measurements shows that for +90° phasing an ITB is triggered around t = 5.6 s whereas for
-90° phasing ITB formation is delayed until t = 6 s. Since a high pressure in the centre is
thought to be beneficial for the formation of an ITB, a possible explanation for this is that the
pressure in the centre of the plasma is lower in the discharge with -90° phasing.

THEORETICAL CONSIDERATIONS

The ICRF induced spatial particle pinch arises owing to a fundamental relationship between
the change in energy E and toroidal angular momentum Pp = mRv^ +Zey/ of a particle,

where y/ is the poloidal flux. One can show that during interaction with a wave having a
toroidal mode number N the change in toroidal angular momentum is given by
APy =(N / 0})AE [1]. As a consequence, ions interacting with waves having an asymmetric

toroidal mode number spectrum experience on average a drift in their toroidal angular
momentum, with the sign depending on whether the waves have predominantly positive or
negative toroidal mode numbers. The effect of the changing toroidal angular momentum is
most obvious for trapped ions. Since at the turning point of a trapped ion P =Zey/ and y/

is a flux surface label, we can see that the drift in toroidal angular momentum corresponds to
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a drift of the turning points of the interacting trapped ions. One can show that for waves
propagating along the current the drift is inwards and for antiparallel propagation it is
outwards.
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In order to assess the importance of the ICRF induced pinch for the optimised shear
discharges reported here, we use the ICRF code FIDO [3]. This code solves the 3D orbit

averaged Fokker Planck equation, df Idt = (C(/)) + (g ( / ) ) [4], with a Monte Carlo
method, where the distribution function,/, is a function of three invariants of the unperturbed
particle motion and {• • •) denotes orbit averaging.

The distribution functions of the resonating hydrogen ions in the two discharges with
different phasings have been simulated with the FIDO code using experimental data (density,
temperature profiles etc.) taken at t = 6 s as input. In Fig. 4 the volume integrated energy
densities of the resonating ions are shown as a function of the normalised minor radius r/a.
As can be seen, the energy content of the resonating ions is higher and much more
concentrated in the centre of the plasma for +90° than for -90° phasing. This is also reflected
in the simulated electron heating profiles. The volume integrated collisional power densities
from the resonating ions to the electrons are shown in Fig. 5. Inside the barrier, i.e. within
r/a ~ 0.4, almost twice as much power is deposited to the electrons for the +90° case as for
the -90° case. Thus, the ICRF induced pinch has a significant effect on the RF-power
absorbed within the barrier. This indicates that a central power deposition is important for
the performance of an optimised shear discharge cf. [5].

The current driven by the resonating ions is also affected by the phasing of the
antennas [6]. Figure 6 shows the current densities as simulated by the FIDO code (note: the
electron back current has not been included, which gives a reduction of about a factor two).
The current densities approach values of the order of magnitude of the total current density
only close to the centre of the plasma, with the total driven current being less than 0. IMA for
+90° phasing as compared to the plasma current of 3MA. Thus, the central q could be
somewhat affected, but the influence on the total current profile should be modest. The signs
of the currents are such that for +90° phasing the driven current would tend to reduce the
central q value, whereas it would increase it for -90° phasing. Furthermore, simulations with
the ACCOME code [7] indicate that the other current components (ohmic, beam driven and
bootstrap currents) provide less current in the plasma centre and/or more current at the edge
for -90° phasing (e.g. the higher edge pressure for -90° phasing will drive more bootstrap
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current at the edge). Thus, the simulations do not indicate that the poorer performance for the
-90° discharge was caused by a higher positive shear than in the +90P discharge.
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Fig.5 Volume integrated collisonal power densities Fig. 6 Current densities driven by the resonating ions
to the electrons as given by the FIDO code. according to FIDO simulations.

CONCLUSIONS

The experimentally observed differences between optimised shear discharges using different
phasings of the JET ICRF antennas are consistent with an ICRF induced spatial particle
pinch. This particle pinch has been shown to be strong enough to significantly affect the
power deposited within the internal barrier. In addition, the current driven by the resonating
ions is also influenced by the phasing. However, the total current driven by the resonating
ions should have been too small to have had a substantial effect on the total current profile,
but the sensitivity of the performance to central q reported in [8] should be noted.
Nevertheless, a high pressure of the resonating ions in the centre and a power deposition to
the background plasma concentrated within the barrier appears to be essential for obtaining
good performance.

This work has been performed within the frame of the RF/CEA/02 task agreement
between JET and CEA.
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Abstract. Formation of core regions with reduced electron transport is reported in regimes with
current profile shaping at JET. The electron heat diffusivity (%c) is reduced down to 0.5 mVs in
the region of low magnetic shear with an ICRH power of 1MW with no indication of a threshold.
In the high performance optimised shear regime, obtained in scenarios dominated by ion
heating, internal transport barriers on the ion temperature profiles are simultaneously
accompanied by a significant reduction of the electron heat diffusivity at two-third of the plasma
radius. In this regime, recent results and measurements obtained with the new gas-box divertor
configuration are reported together with their transport analyses. The results indicate that %c is
reduced by one order of magnitude in a spatially localised region.

Formation of internal transport barriers (ITB) with dominant ion heating schemes has produced
high performance plasmas in JET [1-2]. In order to extrapolate this regime to fusion tokamak
reactors one must establish whether an ÜB can be formed and sustained with mostly electron
heating and low particle fuelling rates as' expected in burning plasmas. To address these long
term problems, current profile control experiments performed at JET using dominant electron
heating schemes alone together with their analyses are reported in the first section. Then, in the
second section thermal electron transport in the optimised shear regime with clear ITB on the
ion temperature profiles is described [3] in the light of the recent experiments performed with
the recently installed gas-box divertor.

1. Improved core electron confinement with RF heating scheme
Improved core electron confinement is observed on JET when Ion Cyclotron Resonance
Heating (ICRH) power using the helium-3 minority heating scheme is applied during the initial
ramp-up phase of the plasma current. The plasma composition is a mixture of deuterium (D)
and helium-3 (He3) gas at low plasma density (the central electron density is 1.51019m"3). The
ICRH antennae are operated in dipole configuration, the launched wave frequency is 37MHz at
a toroidal magnetic field (Bo) at the centre of 3.4T. In the experiment shown on Fig. 1, up to
1MW of ICRH power is applied when the current is raised at a rate of 0.4MA/s to form a broad
current density profile characterised by a low internal inductance (1¡ =0.9) without sawtooth
activity. A significant peaking of the electron temperature profile (Teo = 7keV) is produced
when the ion-ion hybrid resonance layer is located close to the magnetic axis (Rmag=2.95m)
(Fig. 1). Formation of a core region (3 m < R < 3.3m) with a steep electron temperature
gradient, indicative of enhanced electron confinement is observed on the radial electron
temperature profiles measured with the electron cyclotron emission (ECE) diagnostics (Fig. 1,
right). For comparison, lower electron temperatures (dashed line on Fig. 1, right) are measured
during experiments conducted with 1MW of ICRH power in the hydrogen minority heating
scheme (H, f=52MHz) applied on a monotonie q-profile (see below and Fig. 3, right).

The He3 concentration (nHe/ne0) directly estimated from the input gas flows has reached
20%. For such high values, mode conversion from the fast magnetosonic wave to the slow ion
Bernstein wave near the ion-ion hybrid resonance is predicted to play a major role and was also
observed in other tokamaks [4]. We have analysed this heating scheme using the PION code [5]
to calculate the ICRH power deposition profiles and to estimate the amount of mode converted
power. In dipole configuration, i.e. with high nn, the resultant IBW is excited with a low
parallel phase velocity and is assumed to be damped directly on the electrons in the vicinity of
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the mode conversion layer. Consequently, very few suprathermal ions are produced in such
case as confirmed by the low fast ion energy content. Indeed, the fast ion energy content
estimated from the difference between the thermal energy and the diamagnetic energy represents
less than the 10% of the stored energy, i.e. three time less than in the H-minority case.

3.0

2.0 -

1-0 ->

Te(keV) t=3.6s
—a- ECE radiometer
—£s— ECE Michelson
#42055

6 3.0 3.2 3.4 3.6 3.8
Time (s) Major radius (m)

Fig. 1 : (left) Time evolution of plasma current, ICRH power and electron temperature in the He3

minority and on-axis case (42055). (right) Te profiles using He3 (full curve,42055) and H-minority heating.
In the high concentration He3 minority heating scenario, the launched wave frequency

has been varied at a constant toroidal field: the ion-ion hybrid resonance layer and the localised
ICRH power deposition profile have been changed from on to off-axis locations. The ICRH
power is also applied during the initial current ramp-up phase of the discharge. As shown on
Fig. 2, the off-axis electron heating results in the formation of a broad electron temperature
profile for t < 3.7s. In this inductive regime, broad Te-profiles correspond to hollow current
density profiles. After the transient formation of a hollow q-profile at t = 3.7s (see below), the
electron temperature keeps rising up to 5keV in the plasma core while its value at R=3.3m is
maintained at 3keV. PION simulations indicate that the power deposited on the electrons (Pe) is
absorbed (i) at the off-axis mode conversion layer (around 50% of Pe), localised at a normalised
minor radius, p=0.3 and (ii) at the plasma centre due to the direct wave absorption on thermal
electron (through transit time magnetic pumping and electron Landau damping).

T e (keV)

#42054
t = 3.7 s
t = 4.9 s

#42054

3 4 5
Time (s) Major radius (m)

Fig. 2 : (left) Time evolution of electron temperature at various radii and ICRH power in the He3 minority and
off-axis heating case (#42054). (right) Te and & profiles before (t=3.7s) and after the core transition (t=4.9s).
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Interpretative electron transport analyses of these discharges reveal a reduction of the
electron thermal confinement in the plasma core. In the on-axis electron heating case, the
electron heat diffusivity is reduced from 1.4 m2/s down to 0.5 nr/s at p = 0.3 (Fig. 3, left).
An upper limit of %<. is obtained by assuming that (i) the electron-ion equipartition and radiated
power densities are equal to zero, (ii) 80% of the injected power is absorbed on the thermal
electron inside p = 0.3 as indicated by PION modelling. For comparison, the thermal
diffusivities from the mixed Bohm/gyro-Bohm model [6] have been calculated using the
experimental profiles and plotted on the same figure. The electron thermal coefficient is
decreased from the anomalous Bohm level at mid-plasma radius down to the gyro-Bohm level
inside the plasma core. Similar results have been obtained with the discharge shown on Fig. 2.

Current diffusion simulations show that broad or reversed q-profiles are produced in
these experiments. In the on-axis and He3 minority heating case, the high Teo value is sufficient
to slow down the resistive current penetration of the off-axis ohmic current and form a region
with low magnetic shear in the plasma core. For comparison, the current profiles deduced from
the current diffusion simulation are monotonic in the H-minority case since these discharges
have a lower Teo and therefore a faster current diffusion time. In the off-axis electron heating
case, the resistive current diffusion simulations indicate that q-profiles are hollow with a
minimum q at p =0.3 (Fig. 3, right) as anticipated on the initial broad shape of the Te-profile.

We conclude that %e is decreased down to gyro-Bohm level in the low magnetic shear
region as also observed on Tore Supra or previously on JET with lower hybrid waves [3,7-8].

4

#42055
t=3.6s

1

Safety factor

He minority case #42054
H minority case #42050

t=4.8 s

0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Square root of toroidal flux Square root of toroidal flux

Fig. 3 : (left) Electron thermal diffusivity profile (#42055). xe values deduced from the Bohm/Gyro-Bohm
model [6] are shown for comparison, (right) q-profiles from resistive current diffusion simulation (TRANSP).

2. Electron confinement in the optimised shear regime
The improved core electron confinement observed with RF heating alone has only been
obtained at reduced power and plasma density corresponding to low performances in terms of
normalised beta and fusion power. On the other hand, high-performance plasmas are produced
in the optimised shear scenario at higher densities and powers in a. regime with dominant ion
heating, combining NBI (neutral beam injection) and ICRH [1-3]. In this scenario, significant
reduction of the electron anomalous transport is systematically obtained when an ITB on the
thermal ion heat diffusivity is triggered [3]. We report in this section on electron transport
analyses of a standard optimised shear discharge obtained during the 98/99 experimental
campaign with the gas-box divertor configuration at Bo = 2.5T. Optimised shear discharges
during this campaign were characterised by a combination of an ITB with an ELM'y H-mode
edge [2] where the edge pressure pedestal is controlled by injecting Argon impurities at the
plasma boundary as thoroughly described in [9]. The ICRH power in the H-minority heating
scheme is first applied at a level of 1MW (t=2.5s), the NBI phase starts 1.2s latter and the full
power is injected at t=4s (PICRH = 3.8MW, PNBI = 13.5MW) (Fig. 4). The current is ramped
up to 2.5MA until t=5.1s. The ITB is formed during the high power phase (t=4.2s) at a major
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radius of R=3.45m and expands radially in
0.7s up to R=3.65m. In addition to the
edge temperature pedestal of the ELM'y H
mode edge, the formation of a steep
gradient in the Te profile (inside R =3.65m)
is clearly observed with the high space
resolution of the ECE diagnostic (Fig. 5).
For the same pulse the radial profiles of xe
deduced from TRANSP are shown before
and after the transition to a state of reduced
anomalous transport. When high power is
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Fig. 4 : Current and power wave-forms, #46123. p g p
applied xe

 1S °f m e order of 4m2/s in the confinement zone, and decreases at two-third of the
plasma radius down to 0.2-0.4m2/s after the ITB formation (Fig. 5). The region with low
electron transport is spatially localised between R=3.5m and R=3.7m. The localised nature of
the transport barrier for the electron channel has also been observed in the ERS mode of TFTR
[10]. Nevertheless, in the JET case the electron temperature profiles are not flat in the core and
%e is maintained at a level of Im2/s inside the ITB region. This trend is generally not observed
on the ion thermal diffusivities which continuously decrease close to the neo-classical level at
the plasma centre. Explanations of the localised nature of the electron transport barrier are still
investigated and we follow two hypotheses for future works : (i) either the thermal electron
transport is sensitive to some weak level of MHD activity in the plasma core, or (ii) the micro-
turbulence stabilisation mechanisms which reduce the ion transport in the plasma core does not
affect in the same manner the thermal electron transport as suggested by recent density
fluctuation measurements [11].

Before ITB formation
(t=3.9s)

After ITB formation
(t=5.0s)

3.3 3.4 3.7 3.83.5 3.6 3.7 3.8 3 - 3 3 - 4 3 - 5 3 - 6

Major radius (m) Major radius (m)
Fig. 5 : (left) Tc radial profiles measured with the ECE heterodyne radiometer diagnostic (nco = 3.5 1 0 l 9 m ! ) .
(right) Radial electron thermal diffusivity profiles (TRANSP) (#46123).
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Fig. I Geometry of hard X-ray
camera viewing chords for a typi-
cal EC-heated TCV plasma
(R = 88 cm, a = 23 cm). The
chords are partially overlapped.

1. Introduction

A multichannel hard X-ray (HXR) diagnostic system de-
veloped for the Tore Supra tokamak [1] has been employed on
the TCV tokamak with the aim of characterising the spectral
and spatial distribution of fast-electron bremsstrahlung emis-
sion during electron cyclotron heating (ECH) and current drive
(ECCD). The system consists of a vertically viewing pinhole
camera equipped with an array of CdTe detectors. CdTe technol-
ogy was chosen for this system in order to satisfy the combined
requirements of good temporal and spatial resolution, of efficient
7-ray rejection and of compactness. On TCV, 14 partially over-
lapped viewing chords span the entire outer minor radius of the
plasma, with a radial resolution of ~2 cm on the midplane (see
Fig. 1). The intrinsic energy resolution is ~5-7 keV. After am-
plification, each signal is distributed to 8 discriminator-counter
chains, generating spectra in the range 10-150 keV. Count rates
up to 1.5 x 105 s"1 can be detected before the onset of pileup ef-
fects. The time resolution, determined by the requirement of a
relative statistical noise < 10%, is in the order of 1-5 ms.

The ECH and ECCD experiments described in this pa-
per have been carried out with up to three 0.5 MW gyrotrons,
operating in X-mode at the second harmonic (82.7 GHz) [2].
The launching mirrors can be independently rotated in both the
poloidal and the toroidal direction, providing great flexibility in
the choice of heating locations and parallel wave numbers. The
HXR camera constitutes a crucial tool for investigating the loca-
tion of the power deposition and the distribution and dynamics of
suprathermal electrons. Initial results are presented in this paper.

2. Suprathermal electron population during ECH and ECCD

The parallel wave number of the electron cyclotron (EC) wave was scanned in a set of simi-
lar discharges by varying the toroidal launching angle $ from -35° to +35° (this angle is defined
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CO-ECCD

-40 40-20 0 20
Toroidal launching angle (degrees)

Fig. 2 Hard X-ray emission from the plasma center in the
range 40-50 keVas a function of the toroidal launching angle,
at constant current, density and plasma shape (central heat-
ing, 1.5 MW).

at the launcher, the 0° case correspond-
ing to pure ECH). In these discharges
the plasma current was 170 kA, the
toroidal field 1.4 T, the peak density 2 -
2.5 x 1013 cm"3 , the plasma elongation
1.3 and the triangularity +0.3. A total
power of 1.5 MW was injected near the
plasma center.

The intensity of hard X-ray brems-
strahlung emission increases with | $ | ,
in both the co- and counter-ECCD di-
rections (see Fig. 2). Concurrently, in
the co-ECCD case, the current-drive ef-
ficiency has also been found to increase
with $, and the largest non-inductive
currents on TCV to date have been gen-
erated at the maximum toroidal angle
explored in this scan (35°). This is
somewhat in contrast with predictions
from numerical codes, which have gen-
erally placed the optimum angle between 20 and 30° [3]. This scan has proven fruitful also in
allowing us to identify a range of angles (5-15°) in the counter-ECCD direction in which very
high central electron temperatures (up to ~ 10 keV) are obtained.

In the pure ECH case the shape of the measured spectrum is consistent with the emission
from a Maxwellian plasma of temperature equal to that measured by the Thomson scattering

diagnostic; this comparison can be
quantified by calculating an effec-
tive photon temperature through an
exponential fit to the spectrum: an
example is shown in Fig. 3. Rough
analytical estimates of the expected
absolute photon emission from a
Maxwellian plasma are also in good
agreement with the measurement.

In the ECCD cases, not only
is the intensity considerably larger
than in the ECH case at all ener-
gies, but the photon temperature is
typically in the range from 20 to 60
keV (see Fig. 4), clearly revealing
the presence of a non-Maxwellian,

0 0.5 1 1.5 2 suprathermal tail in the electron ve-
Time (s) locity distribution.

Fig. 3 Comparison between central electron temperature mea- The dissimilarity between the
sured by Thomson scattering (solid line) and effective temperature -cr^u A TTZ-'OT^ r û

, . ' , , 3 . • /£ i , J V r bCH and ECCD cases, further seen
obtained by a 3-point exponential fit to the hard X-ray spectrum from
the plasma center (circles), with 1.5 MW of central EC heating. l n t h e integrated Spatial profiles in

Fig. 5, is in qualitative agreement

7

I4

1

0
o

Central Te (Thomson)
T from fit to HXR spectrum
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with numerical simulations carried out with the CQL3D Fokker-Planck code [4]. In the pure
heating case the effect of the EC wave is to increase the temperature of the bulk plasma without
appreciable modification of the shape of the distribution function, owing to rapid thermalisation
of the heated electrons. By contrast, the preferential heating of suprathermal electrons on the
low-field side of the resonance in the ECCD case permits the generation and sustainment of a
non-Maxwellian tail, which carries the non-inductive current.

>

3. Investigation of fast electron dynamics

Studies of fast electron dynamics in large tokamaks have generally indicated [5,6] that
collisional slowing-down (momentum destruction and pitch-angle scattering) is the dominant
relaxation mechanism, whereas radial
diffusion plays only a secondary role. \Qf

In the TCV tokamak the charac-
teristic times for these phenomena are
comparable with the temporal resolu-
tion of the HXR camera. In order
to study these response and relaxation
phenomena in detail, we have carried
out an experiment with modulated EC
power. Under stable plasma condi-
tions, the excellent repeatability and
localisation of EC-wave-plasma cou-
pling have allowed a substantial en-
hancement of the effective time resolu-
tion (down to ~300 /J.S) through sum-
mation of the photon counts over mul-
tiple modulation periods. The modula-

c/3 i rr
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Fig. 5 Spatial profiles of line-integrated hard
X-ray emissivity (24—32 keV),for the same con-
ditions as in Fig. 4. The chords are numbered
from the plasma edge to the center, with a ra-
dial separation of~2 cm.

20 40
Energy (keV)

Fig. 4 Spectral hard X-ray emissivity for similar shots with
co-ECCD($ = 21°), counter-ECCD($ = 21°), and pure ECH,
respectively (central heating, 1.5 MW). In the exponential fits in
the ECCD cases the lowest energy point was ignored, as it is
influenced by the bulk Maxwellian distribution.

tion period must of course be a multiple of the sam-
pling interval of the HXR diagnostic. In the ex-
ample shown in Fig. 6, 1 MW of ECCD power
was modulated at 100% with a period of 9.44 ms;
the HXR sampling time was 585 ^s and the counts
were then summed over 10 periods. The resulting
signal is shown in Fig. 6 for a central chord and
four different energy levels. The relaxation dynam-
ics at turn-on and turn-off are clearly adequately re-
solved.

To extract the essential physics of the supra-
thermal electron dynamics, we have employed a
simple model consisting of a source (the localised
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Fig. 6 Hard X-ray emission from the plasma center, for four different
energies, and EC power vs. time (ECCD, <5 =21°). The photon counts
are summed over 10 successive EC modulation periods.

EC power), a Krook collision
operator, and a radial diffusiv-
ity. The characteristic times
are varied to simulate the time
history of the experimental
HXR emissivity. In a pre-
liminary comparison, we have
found that a satisfactory agree-
ment is obtained only when
the collisional term is domi-
nant, with characteristic relax-
ation times of the order of 1-3
ms: these values are consistent
with the collisional slowing-
down time for the energy range
under consideration.

Under these conditions,
the spatial distribution of the
HXR emissivity can be taken
as a good measure of the EC
power deposition profile.
More detailed studies are cur-
rently in progress. Compar-
isons between the measured
local (Abel-inverted) emissiv-
ity profile and the power depo-
sition profile calculated by the
ray-tracing code TORAY [7]
are also underway.
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Abstract. Evolution of thermal and particle internal transport barriers (ITBs) is studied by
modelling the time-dependent energy and particle balance in DIII-D plasmas with reversed
magnetic shear configurations and in JET discharges with monotonic or slightly reversed q-
profiles and large ExB rotation shear. Simulations are performed with semi-empirical models
for anomalous diffusion and particle pinch. Stabilizing effects of magnetic and ExB rotation
shears are included in anomalous particle and heat difiusivity. Shear effects on particle and
thermal transport are compared.

Improved particle and energy confinement with the formation of an internal transport barrier
(ITB) has been produced in DIII-D plasmas during current ramp-up accompanied with neutral
beam injection (NBI) [1]. These plasmas are characterized by strong reversed magnetic shear
and large ExB rotation shear which provide the reduction of anomalous fluxes. The formation
of ITB's in the optimized shear (OS) JET scenario starts with strong NBI heating in a target
plasma with a flat or slightly reversed q-profile pre-formed during current ramp-up with ion
cyclotron resonance heating (ICRH) [2]. Our paper presents the modelling of particle and
thermal transport for these scenarios.

1. Heat and particle transport coefficients

The evolution of the electron density, ne(t,r), ion temperature, Tj(t,r), and electron

temperature, Te(t,r), has been simulated using standard energy and particle balance equations.
The particle source includes a core fueling due to NBI and wall source produced by the
ionization of recycling wall neutrals. Additional and ohmic heating, energy exchange between
electron and ion species and energy losses due to the ionization of wall neutrals are taken into
account in the energy balance of the corresponding plasma species. The transport coefficients
are based on the L-mode large-scale Bohm-like model [3] completed with magnetic and ExB
rotation shear dependences which reduce the anomalous transport to neoclassical values for
electron density and ion energy and to a combination of gyroBohm-like and neoclassical
transport for the electron energy:

Xi =XBohm,iFshear,Ti + Xneo,i (1)
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Xe = XBohm,eFshear,Te + XgyroBohm + Xneo,e (2)

D = DBohmFshear,n + Xneo,i *Xneo,e'(Xneo,i +Xneo,e) (3)

Here Xj is the thermal diffusivity of corresponding species Q=e,i), XBohmj is t n e Bohm-like

thermal difiusivity (XBohm,e=3-3xl° (cTe/eBt)(aVp/p)q , XBohm,i =2xBohm,e> all notations

from [3]), XgyroBohm is the gyroBohm-like transport coefficient,

XgyroBohm=0-035(cTe/eBt)(p*/a)(aVp/p), Xneoj is t n e neoclassical thermal difiusivity and D is

the L-mode particle diffusion coefficient, D=0.15xe- The function Fsheaj-j describes the shear

stabilization of large-scale Bohm-like transport due to low/negative magnetic shear, Sm, and/or

large ExB rotation shear that is roughly estimated with the measured toroidal rotation velocity

of the carbon impurity, Vtor:

Fshear,n=l/(l+exp{[0.05|l- | W t o r | / y j - smq]/0.1q}) (4)

Fshear,Te= 1/(1 + exp{[0.05 | 1 - | W t o r | /YTe l - SnJ/0.05}) (5)
The shear correction for the thermal ion flux is given in Ref. 4. Two functions, yxe and yn,
characterize thresholds for an ITB formation on the electron temperature and density profiles:

yTe=1024(T/ri)
3/2VTi3/(c2nia

3kR); ynN).14kVaXV®ce)4 (6)
Here V-n is the thermal ion velocity, n, is the ion density, k is the elongation, R is the major
radius, 0)^ is the electron gyrofrequency and ©pe is the electron plasma frequency. These
threshold functions have been adjusted to describe the experimental evolution of the density
and temperature in DIII-D and JET.

A particle pinch term includes the anomalous pinch velocity as proposed in Ref. 5 and
the neoclassical (Ware) pinch:

V = O.OlSCcOce/OpefDBoh^nFsh^nVq + C81/2Ep|^Bpoi (7)
Here s is the inverse aspect ratio, Epi is the plasma toroidal electric field, Bpoi is the poloidal
magnetic field. The transport coefficients given in Eqs. (l)-(7) are used to model the
temperature and density evolution in the DIII-D and JET scenarios. The shear stabilization
effects on thermal ion transport have been analyzed in Ref. 4. Here we complete our previous
study with the simulations of particle and thermal electron transport. The simulations discussed
below have been performed using the 1.5D transport code ASTRA [6].

2. Electron particle transport
Modelling of the density evolution in JET OS scenarios has been performed using experimental
temperature and current density profile (Figs. 1, 2). The Bohm-like model for the diffusion
coefficient (Fshear,n=l) provides a good agreement with the experimental density profile in L-
mode target JET plasma, but it underestimates the density when strong central NBI fueling is
applied. The ExB shear-dependent model allows to reproduce the formation and extension of
particle ITB's (Figs. 1,2). Our results are weakly sensitive to a possible underestimation of the
wall source (Fig. 3). In these simulations the prescribed wall source distribution has been
multiplied by a constant coefficient and the values of the density in the center and at mid-radius
obtained with an increased particle source are shown. The weak sensitivity of density profiles
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to the value of the wall source can be explained by a strong non-linear density-dependent
diffusion and pinch. The modelling of a DIII-D discharge is shown in Fig. 4.

JET 40847

-full model
- experiment
• L-mode model

JET 40847

0,2 0,4 0,6 0,8
Radius, m

1,0

Fig. 1. Modelling of the density evolution in a JET OS discharge with an L-mode edge terminated
with an ELM-free H-mode (shot 40847) : central density (left) and density profiles (right).
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Fig. 2. Central density evolution in a JET OS
discharge (shot 40542).

DIII-D 84682
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Fig. 3. Sensitivity of the density modelling to a
variation of the wall particle source (shot 40847).
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Fig. 4. Modelling of the density evolution in a reversed shear plasma in DIII-D (shot 84682).

3. Thermal electron transport
Thermal electron transport has been simulated using the experimental values of ne(t,r), Ti(t,r)
and current density profiles (Fig. 5). The electron temperature in plasma core has been
reproduced assuming full stabilization of large-scale Bohm-like transport.
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Fig. 6. Comparison of thermal ion and particle transport in a JET OS plasma (shot 40847): particle and
thermal ion shear corrections (right) providing the fit of temperature (left) and density (central) profiles.

4. Summary
Empirical shear-dependent transport coefficients for the anomalous particle and energy fluxes
are presented and applied to advanced scenarios in DIII-D and JET to describe the ITB
formation and evolution. Combined stabilizing effects of magnetic and ExB rotation shear
suppress the anomalous large-scale particle and ion energy transport in the RS region in DIII-
D discharges reducing particle and thermal ion diffusion to neoclassical levels. Both anomalous
particle and thermal ion fluxes reduce strongly at the ITB location in JET OS plasmas whereas
they are affected differently by the ExB rotation shear inside an ITB (Fig. 6). Stabilization of
thermal transport is stronger than stabilization of particle transport in plasma region inside the
ITB location in JET OS scenarios. We presented preliminary results on the modelling of
thermal electron transport in JET discharges based on the full suppression of the Bohm-like
transport. The x^-vaiae inside an ITB is described with the remaining gyroBohm and
neoclassical terms. However, further development of the gyroBohm term is required for
understanding the thermal electron transport inside an ITB in other tokamaks as well as
possible shear stabilisation of the gyroBohm-like term with a large Te-gradients [7].
Acknowledgment JET and DIII-D teams are warmly acknowledged for performing these interesting
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A new approach, different from P.I.C. or fluid simulation, based on a direct numerical

solution of the Vlasov equation, is proposed to study ion turbulence in tokamaks. This so-called

semi-lagrangian method1, allows good phase space and time resolution together with low noise

level. It is inconditionnally stable and free from CFL conditions. The present work focuses on

trapped ion driven modes which are expected to produce a significant transport because of their

large radial scales. They are driven through the resonant interaction between the wave and the

trapped ion precession motion and a kinetic treatment must be done. Averaging the kinetic

equation over both cyclotron and bounce motions allows to reduce the number of independent

variables in phase space. The distribution function averaged over the fast motion depends only

on 2 variables (precession angle (j)3 and poloidal flux y/) and the energy. The final problem is

therefore 2D, parametrized by the particle energy, allowing for an efficient parallelization of the

code.

I Equations of the model

We assume that the plasma pressure is small, so that the analysis can be restricted to

electrostatic modes, whose self-consistency is ensured by the quasi-electroneutrality constraint.

Electron density fluctuations are assumed here to be adiabatic, whereas ion density fluctuations

have to be calculated with a kinetic equation (passing ions are neglected).

The motion of a charged particle in a tokamak equilibrium field is separable between the

motion of the guiding center and the ion cyclotron motion and it is integrable and quasi-periodic.

Thus, it is convenient to use a set of angular and action variables2 to describe this motion; the

ion response is given by a gyrokinetic equation, gyroaveraged over both the cyclotron motion

and the bounce motion. Consequently we have reduced the 6D Vlasov equation into a set of 2D

Vlasov equations acting on a 2D phase space y/, 03 parametrized by the energy E. The self-

consistency constraint he = ht is expressed by using the adiabatic electron response

ne
lneq = e& ITeq- W i m little algebra2, one obtains the perturbed density together with the

self-consistency constraint

2 e r~T ' I s dX 7 2
utr xeq 1 ^utrWb 0
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where atr =7z/(2(2e)u2) is the fraction of trapped particle, £ the aspect ratio and JQ the

gyroaverage operator. Morover, fE, the distribution function associated to a given energy E, is

the solution of the gyrokinetic equation

(?03 (903 V y <?!//-

T h e quasi-electroneutrali ty constraint3 , wi th appropriated condit ions, is reduced to

•A) fEW'V'tjdE ~ l (2)

II Stability analysis

The trapped ion driven instability is characterised by a temperature gradient threshold.

This critical value is determined using the linear dispersion relation and looking for real

frequency solutions. The dispersion equation is obtained by linearizing Eq.(l), assuming

/ = / 0 + / j , U = UQ+ £/, with a particular equilibrium solution which depends on the

temperature gradient AT. Assuming fx of the form fin(¥)e ' ^ m e quasi-neutrality

equation (2) then reads

£ [dE

ncod

There are two possibilities.

On the one hand, a marginal steady solution corresponding to a real frequency co can be found

using co/n = (3/2)cQd. Eq.(3) then leads to a differential equation the solutions of which give

the critical gradient AT = ATC. On the other hand, introducing Aco = (<o/n)-(3/2)(od , one

gets the dispersion relation

Aft)

co,,

3
ft), U 2 ft).Jd

_ (AT-ATC)

2 AT,
(4)

where Z is the well-known plasma dispersion function.
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Ill Numerical results: linear and saturation stage

The phase space (03, \ff) is divided into 128*64 mesh points for the precession angle and

the poloidal flux respectively, the normalized banana width 5b is 10"2, the level of the

perturbation on the first mode is 10"4, and 55 values of energy E are retained. In the linear

stage, according to (4), it appears that the growth rate (imaginary part of Ao)) depends both on

the quantity A T - A T , , and the precession pulsation. Figure 1 shows the growth rates of the first

mode for differents values of A T - ATC. A good agreement is found between the simulations

and the theorical values given by the dispersion relation (4) which gives confidence in our code.

Furthermore, the solution at the threshold has been tested succesfully.

Figure 2 shows the behaviour of electric potential fluctuations in phase space. Small structures

appear as a consequence for the non linear mode coupling. These structures coalesce leading to

a saturated state dominated by large scale structures (figure 3), where the energy is transfered to

low wavenumbers. This phenomena has already been observed in previous studies45. Figure 4

shows the time average wavenumber spectrum of the electric potential fluctuations for two

values of A T - A T C . Excepting large k's (which may be affected by aliasing effects due to

numerical cut off), the spectrum is close to a straight line. Its slope is approximative^ equal to -

3. This is similar to the spectra obtained in simulations of 2D fluid turbulence6'7.

It is also interesting to compute the turbulent heat flux .This turbulent flux can be compared to a

quasi-linear estimate8. For A T - A T C = 0 . 0 2 and 6b=0.01, we find j = 6.1CT2m2.y~1. This

weak value is not surprising since it corresponds to a low value of AT - ATC , i.e. to a situation

close to the threshold. It is expected to reach a value of order lmV1 for larger values of the

gradient.

Figure 1 Figure 4

5
- -10

. - - - • ' " '

I

dffnul
d» 0.005 —-
dl(0.01..-v»--
0J0.02 .

d> 0.005 —•-.-
d>guM'--"--

, .-d«0.02

10 2 0 3 0 4 0 5 0 6 0 7 0 6 0 9 0 100
Tlm*(1/tto)

157



Figure 2

T =29 COQ"1

Precession angle ( 03 )

Figure 3

T=287tt0 '1

Precession angle (<j)-; )

-10-4 + 10" -0.35 -0.1 -0.16 +0.41

5e-0S

4«-05

3«-05

2e-05

ie-05

0

Figure 5
I«210

-

-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
PoJofdal flux <if

IVConclusion
Vlasov simulations have been performed and

compared successfully with analytical

predictions concerning both the instability

threshold and the growth rate in the linear

1 regime. In the non linear regime, after

saturation, a turbulent spectrum is fully

developed with a tendancy to condensate into

large structures. Therefore, our code is a good

candidate to study trapped ion turbulence

driven by ion temperature gradient.

1 E. Sonnendrucker, J. Roche, P. Bertrand, A. Ghizzo, Journal of Computational Physics, v

149, 2 (1999).
2 X. Garbet, L. Laurent, F. Mourgues, J.P. Roubin, A. Samain, Journal of Computational

Physics, 87, 249 (1990).
3 G. Depret, P. Bertrand, A. Ghizzo, X. Garbet, to be published.
4 R.D. Sydora, V.K. Decyk, J.M. Dawson, Plasma Physics And Controlled fusion 38

(1995)
5 F. Jenko, B. Scott, Physics of Plasmas, v 6, 6 (1999).
6 C.E. Seyler, Yehuda, D. Montgomery, G. Knorr, Physics of Fluids 18, 803 (1975).
7 D. Fyfe, D. Montgomery, Physics of Fluids 22, 246 (1979).
8 A.A. Vedenov, E.P. Velikov, R.Z. Sagdeev, Nucl. Fusion 1, 82 (1961). W.E.

Drummond, D. Pines, Nucl. Fusion Suppl. 3, 1049 (1962).

158



rnuuu^ioao

Current Drive Generation Based on Autoresonance and Intermittent

Trapping Mechanisms

Y. Gell1 , R. Nakach2

; CET, P.O.B. 39513, Tel-Aviv 61394, Israel

2 Departement de Recherches sur la Fusion Controlee, Association Euratom -
Commissariat a I'Energie Atomique, Centre d'Etudes de Cadarache,

13108 St. Paul lez Durance Cedex, France

ABSTRACT
Two mechanisms for generating streams of high parallel velocity of electrons are presented.

One has its origin in Autoresonance (AR) interaction taking place after a trapping
conditioning stage, the second being dominated by the trapping itself. These mechanisms are
revealed from the study of the relativistic motion of an electron in a configuration consisting
of two counterpropagating electromagnetic waves along a uniform magnetic field in a
dispersive medium. The operation of these mechanisms was found to circumvent the
deterioration of the electron acceleration process which is characteristic for a dispersive
medium, allowing for an effective generation of current drive.

The possibility to utilize electromagnetic waves in the electron cyclotron range of frequencies
for heating plasmas is successfully realized in many laboratories around the world. This
heating process is generally based on a resonance interaction of the electrons with some
harmonics of the electron cyclotron waves. There is, however, a very powerful mechanism for
transferring energy and momentum from these waves to electrons, which has drawn much less
attention in the past: this is the AR interaction. When applying this AR interaction to realistic
plasmas, one encounters two basic obstacles : a) the necessity of having exact appropriate
initial conditions for this mechanism to be operational and b) the necessity of having the
refractive index of the medium of the propagating wave equal to 1. In previous publications"21,
we have shown that for waves propagating in the vacuum, the dephasing limitation ( first
obstacle) could be circumvented by introducing two circularly polarized electromagnetic
waves propagating in opposite directions along a constant magnetic field. Such a
configuration allows for the generation of a stochastic base, from which multiple AR
accelerations can repeatedly take place and results in a velocity distribution having a high
averaged velocity parallel to the magnetic field. Here, we will show that the same
configuration itself can support a high averaged velocity parallel to the magnetic field even for
a dispersive medium.
The basis for the generation of such a high stream of electrons is the existence of a trapping
process taking place in the system. Indeed, when the parallel velocity of the electrons lies in
the vicinity of the phase velocity of the ponderomotive propagating potential generated from
the nonlinear interaction of the two waves, the electrons might get trapped in this potential and
move with it. This trapping is crucial for the onset of the AR acceleration. Moreover, it turns
out that under appropriate conditions, it might serve also by itself as a mechanism for
generating a high averaged velocity stream of electrons. Whether this stream of electrons will
be generated by one mechanism or by the other depends on the choice of the parameters and
the initial conditions of the system.
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To show this explicitly, we consider the relativistic motion of an electron due to its interaction
with a constant uniform magnetic field taken in the z direction and two electromagnetic
circularly polarized waves having different frequencies and different wavenumbers
counterpropagating along the magnetic field in a dispersive plasma. Using a Hamiltonian
formalism, the relativistic equations of motion of an electron could be written as follows:

y/=-
cH 1

-k(kP-i -Q)2 (1)

oH 1
+-

sin (j> + A2 sin y/
- c o , (2)

(3)

(4)

where

v . (5 )

These equations have been derived from a conservative Hamiltonian:

(6)

The wavenumbers are assumed to obey the usual linear dispersion relation associated with
electron cyclotron waves, and their normalized expressions take the form:

co:
where eo=' (7)

For details, notations and normalization, we refer the reader to references [1] or [2].
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In order to exhibit all these considerations we have solved numerically the set of equations (1)
- (4) and presented in Fig.I(a) a portion of the time dependency of the normalized velocity
Pz for a representative electron in the system. As is clearly seen, a particle having initially a

relative low parallel velocity {/3z0 =0.3324] has its velocity increased considerably attaining a
time averaged value fiz = 0.9 and retaining this value for a rather long period of time. One
readily observes here, the signature of multiple AR processes. Similarly to the case where the
index of refraction N is equal to 1 , such an AR process is characterized by a slow variation of

one of the phases {(j) or \jf) and the fast variation of the other phase [\y or (f) accordingly,

thus leading to the averaged in time constancy of the corresponding action.
As for the condition for the system to enter into a AR process, we found it convenient to
represent the dynamics of the motion in phase space. The phase space picture /5. versus £ , (

modulo 2;r ) is shown in Fig.I(b). In this figure one sees that just before undertaking an AR
acceleration the particle is going through a trapping process. We mention here that the
characteristics of such a trapping are : a) the trajectory of the particle is limited to a restricted
portion of phase space ; b) the trajectory in phase space is centered around the phase velocity
of the ponderomotive well: / | =v§/ c={Ml-m2)l(]lx+ k2) . These characteristics hold true also for
the case N*l . The underlying mechanism for the generation of a high averaged parallel

velocity retained for a rather long period of time, as presented in Fig.I, has been the multiple
AR process. In this process the trapping condition is an intermediate step for starting an AR
interaction which leads to the generation of a high parallel velocity of the particles. As we
show now, it turns out that such a trapping in the ponderomotive well might be not an
auxiliary step but is itself the basis of a mechanism for generating such a stream of electrons.
Indeed, a trapped particle might move together with the ponderomotive propagating well, and
its averaged velocity will be large if the parameters of the system are chosen such that /?. is

large. In Fig.II we show that such a mechanism is operative. In frame (a), we readily sees a
similar behavior of f$z as compared to those represented in Fig. I. One notices here that the
parallel velocity is fluctuating around the phase velocity of the ponderomotive well which is
marked by a straight line in the figure. This type of time dependency is definitely of a non AR
like characteristic. What is involved here, is really a long trapping process taking place in the
system as is apparent upon inspecting Fig.II(b).

In all the examples presented in these figures either characterized by AR processes or by
trapping processes, the intermittent nature of the time evolution of the system is always an
inherent part of the dynamics which reflects the possibility of the system to undergo a
transition to a stochastic state. While, not being a desired feature of the interaction, the real
impact of the intermittence of the motion, is very limited when considering a large distribution
of particles followed for a long period of time.
In conclusion, we show here that the two waves configuration allows to circumvent the
deterioration of the acceleration of the electrons which is characteristic for a dispersive
medium. This is achieved by making two mechanisms operational each permitting a rather
high parallel velocity built up with a non too large acceleration, utilizing a trapping process of
the particles in the ponderomotive well generated from the nonlinear interaction of the two
waves. The velocity so acquired might not be enough for accelerators but might be quite
sufficient for driving currents.

REFERENCES [1] Y. Gell and R. Nakach, Physics Letters A 207, 342 (1995).
[2] Y. Gell and R. Nakach, Physical Review E 55, 5915 (1997)
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Fig. I (a) The change with normalized time T of the nonnalized velocity in the z direction, /?. = vjc . The

normalized parameters and initial conditions are: A,=0.45 ; A2=0.06 ; cy,= 3.0 ; <a2=0.7 ; 0O= 3.1 ;

CO
</0=1.3 ; P.0=0.2 ; P^0=0.08 ; eQ=—— = 0 . 1 . The waves numbers (ki ,k2) were calculated

ce

according to Eq.(7) . The straight line marks the value of the phase velocity of the ponderomotive well :

0. =vJ c={(Qx—(D2yQc
l+k2) . (b) The trajectory of a panicle in phase space f3z versus t, (modulo

IK ). The normalized parameters and initial conditions are the same as in Fig. I(a).
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Fig. II (a) The change with nonnalized time T of the normalized velocity in the z direction, />. = v./c . The

normalized parameters and initial conditions are : A,= 0.5 ; A,= 0.25 ; £y, = 0.7 ; CO2=0.03 ; <po=3.\ :

= 3.1; />0=0.9; R*=0.6; e0^
CO

pe

TT = 0.06 . The waves numbers (k, ,k2) were calculated

according to Eq.(7) . The straight line marks the value of the phase velocity of the ponderomotive well :

4 = v ^ / c = ( ^ - 6 ^ ) / ( ^ 1 + ^ 2 ) . (b) The trajectory of a particle in phase space J3_ versus t, ( modulo IK ).

The normalized parameters and initial conditions are the same as in Fig. II(a).
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