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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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