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Abstract

An overview of the ergodic divertor objectives, theory, and hardware appears in
the Venice EPS Conference Proceedings1. During our first experimental series,
in early 1989, a variety of resonant effects were categorized. Contrasting results
were obtained in three distinctly different plasma configurations covering a broad
range of ohmic plasma parameters. Edge measurements, for divertor operation
with Chirikov parameters (Se) in the range 1-3 show a broadening of the scrape-
off layer profiles and a 200 percent reduction of the neat load on the primary
pump limiter while the pressure in the pump limiter increases by 50 percent.
Infrared images of the outboard limiter show that Xq for power deposition is less
than 9 mm without the divertor and has a poloidal modulation with the divertor.
The confinement of high energy electrons is inversely proportional to the divertor
coil current with a threshold below Sc=I. Impurity profiles are sensitive to the
divertor current with a dependence on plasma position.

I. Introduction

TORE SUPRA is a large (R0 = 2.37 m, a = 0.80 m) tokamak equipped with 18

superconducting toroidal field coils designed to operate at 4.5 T on axis, with inductive

plasma discharges of 30 seconds. It has an array of horizontal and vertical pump limiters, an

actively cooled first wall, and an ergodic divertor for long pulse power and particle control.

There are 6 water cooled ergodic divertor coils mounted inside the vacuum vessel. They are

centered on the equatorial plane (low-field side) with a poloidal extent of A0 = =? and a

toroidal extent of A<)> = ̂ f. The coils are partially covered with graphite tiles and have

particle ducting channels, connected to Ti getter pumps, built into the poloidal coil segments.

This provides additional power and panicle exhaust capabilities and allows the divertor coils

This report is an extended version of paper 9P 31 which was presented at the Thirty-
First Annual Meeting of the Division of Plasma Physics, American Physical Society,
13-17 November 1939, Anaheim, CA. The abstract appears in the Bulletin of the
American Physical Society, Vol. 34, No. 9 (1989) 2168.

* Permanent address: General Atomics, San Diego, CA
** Permanent address: Oak Ridge National Laboratory, Oak Ridge, TN
*** Permanent address: Sandia National Laboratory, Albuquerque, NM



to be used as limitera when the primary pump limiters are retracted. Design details and

specific experimental goals for the TORE SUPRA ergodic divertor program are given in ref.

1.

In general, the ergodic boundary layer is expected to produce an increase in the density near

the wall and reduce the edge temperature. This is accomplished by magnetically inducing a

short connection path from the ergodic layer to the wall. Energy flow along the magnetic

field lines then dominates that due to perpendicular transport causing a rapid reduction in the

confinement time of the ergodic zone. Thus, it is believed that the plasma power and particle

exhaust can be controlled more effectively with the ergodic layer due to the creation of a

uniformly radiating cool boundary. The object of the TORE SUPRA ergodic divertor

program is to test this idea and to investigate the physics of plasma confinement in ergodic

magnetic fields. Although the experiments discussed in this report are of a preliminary

nature, since we have only recently initiated the ergodic divertor program and have not yet

addressed the primary program objectives outlined in réf. 1, they have produced a number of

important results. In particular, a diverse set of resonantly induced.perturbation effects have

been identified which provide a broader range of operational limits for the discharge

parameters and, in some cases, produce an improvement in the performance of the tokamak.

The first TORE SUPRA ergodic divertor experiments were done in ohmically heated helium
and hydrogen plasmas with B^o = 1.8 T, 0.5 MA < Ip < 1.2 MA, and central densities

ranging between 1.5 x 1019nr3 and 3.0 x 1019nr3. Three distinct plasma-wall operating

configurations have been delineated in order to facilitate a discussion of the results. These
are denoted as: the 232 9_7C (high-field side) bumper limiter configuration, the 237 6_ zero

(low-field side) bumper limiter configuration, and the 237 6_ zero (low-field side) pump

limiter configuration schematically represented in fig. 1. Fundamentally different plasma
responses are found in each of these three configurations. In the 237 8_ zero pump limiter

configuration a large outer equatorial plane pump limiter module is moved into the edge

plasma several centimeters beyond the radius of the ergodic divertor coils. The plasma

interacts primarily with the surface of this pump limiter but the divertor coils (and 7 vertical

pump limiter modules) are relatively close to the unperturbed last closed flux surface and can

be expected to have an influence on the results obtained while in this configuration.

The objectives selected for these first experiments were to:

- Classify the principal resonance effects in ohmically heated plasmas for later

comparisons with additionally heated cases,

- Compare TORE SUPRA's ergodic divertor characteristics with those obtained

during previous experiments by other groups 2'7,



- Evaluate the ergodic layer effects in terms of existing theoretical and numerical

models 8-10, and
- Investigate resonant response characteristics for several plasma-limiter

configurations.

The following report provides a survey of the primary results obtained during the

experimental period from January through March 1989. After a brief summary of the

principal resonant magnetic field effects in the next section, we discuss the salient features of

these observations during operations in each of three configurations. The observations are

categorized by key areas of interest with respect to the ergodic divertor program goals.

These are: impurity production and transport responses (in section 3), global (and local)

particle and energy confinement time modifications (in section 4), pump limiter panicle flux

control (in section 5), runaway electron confinement physics (in section 6), and control of

the energy exhaust (in section 7). A general discussion and several conclusions concerning

these points are given in the final section.

• 9

2. Summary of the Principal Resonant Field Effects Observed

The effects of magnetically induced resonances on the plasma performance are particularly

sensitive to the horizontal plasma position and plasma-limiter configuration. A comparison

of the principal resonance effects found in each configuration provides an explicit

demonstration of this point For example, we have observed: 1) an electron density decrease
accompanied by an increase in the Hn recycling and soft x-ray emissions during operations

in the 237 6_ zero bumper configuration (i.e., reduced particle confinement times), 2) an

electron density increase with an Hn recycling emission decrease during operations in the

232 BJC bumper configuration (i.e., increased particle confinement times), 3) a reduction in

the carbon impurity emissions at the edge with the resulting peaks in the radial profiles
shifted inward while in the 237 9_zero bumper, 4) a reduction in the MHD activity with the

237 6_ zero bumper configuration while little or no change in the substantially lower MHD

activity is observed in the 232 9jt bumper configuration, 5) a large increase in high z

impurity emissions during operations in the 232 9_n bumper configuration, 6) a substantial

redistribution of heat fluxes on each of the plasma facing components during operations in

the 237 9_ zero bumper and 237 9_ zero pump configurations, and 7) an increase in the

ergodic layer radiated (bolometric) power with little or no change in the central radiated
power during operations in the 237 9_ zero pump configuration. This list summarizes the

diversity of effects which have been attained by simply shifting the horizontal position of the

plasma center ± 2.5 cm about R = 234.5 cm during resonant magnetic perturbation
experiments.



In addition to a sensitive dependence on plasma position we find that wall conditioning and

fueling species (i. e., either hydrogen or helium) play an important role in establishing the

response of the plasma to the applied magnetic perturbations. Resonance characteristics
during operations in the 237 6_ zero pump configuration show an especially strong

dependence on the type of fueling species injected. The particle flux at the throat of the pump

limiter appears to increase in hydrogen fueled discharges when the ergodic divertor coils are

pulsed. There is a 50% increase in the pump limiter chamber pressure with a 20% decrease

in the line averaged plasma density. This increase in the pump limiter particle flux is

substantiated by an increase in the ion saturation current measured on several Langmuir

probes installed in the throat of the pump limiter. In discharges fueled with helium the pump

limiter response during an ergodic divertor pulse is very different than that found in

hydrogen. The pressure in the pump limiter decreases along with the plasma density. These

results are difficult to interpret due to the absence of a significant database in this

configuration. Nevertheless, the measurements indicate that the scrape-off layer properties in

TORE SUPRA are very sensitive to the magnitude of the magnetic perturbations and that the

details of these effects are related to both the composition of fueling species used and to the

nature of the surface conditions at the plasma-wall interface.

Thermal and non-thermal particle confinement is substantially modified by the resonant fields

for cases with relatively low perturbations (i.e., where <l -r1 1> is of order 10'4 and only
a

coherent magnetic island present in the boundary region) and for higher perturbation

amplitude cases (i.e., where <l -j* \> is of order 10'3 and field line ergodicity is produced at

the plasma edge). One indication of this is seen in the response of runaway electrons to the

magnetic perturbations. It is found, in particular, that the runaway electron confinement time

is substantially reduced when an ergodic layer is introduced at the boundary in either the 237
6_ zero bumper or the 237 9_ zero pump configuration. Superthermal electrons are expected

to be particularly sensitive to changes in the magnetic topology because of their low
collisionality. As for thermal particle transport, experiments in the 232 6_7t bumper

configuration have demonstrated that improved global particle confinement times of up to

40% above typical, non-saturated, ohmic values are possible with S0 < 1 (i.e., non-

overlapping magnetic island surfaces) and qa= 3. In this case it appears that mass effects

play an important role and that the particle confinement is more sensitive to edge magnetic

perturbations than is the energy confinement. In the other configurations with an ergodic

layer imposed at the plasma edge the particle confinement time appears to be reduced across

the ergodic layer similar to previous results from the TEXT ergodic magnetic limiter

experiments 2. Impurity particle confinement and impurity emission profiles, as well as



impurity production, are relatively sensitive to the amplitude of the divertor coil current and

the operating configuration.

Small magnetic perturbations have a strong influence on the power flowing to each of the

primary plasma facing surface. The time integrated surface temperature measured on the face

of the midplane pump limiter is reduced by a factor of four with a divertor current Idiv of 36

kA. At the same time, the power flowing in the scrape-off layer is increased substantially

causing a factor of two increase in the total energy absorbed by the walls, the divertor coils,

and the divertor target plates at Idiv = 36 kA.

3. Impurity Profiles and Plasma Densities are Modified with the Ergodic Divertor

Edge carbon impurity profiles are strongly dependent on the magnitude of the ergodic
divertor coil current in the 237 6_ zero bumper configuration while high charges states of

iron and nickel are sensitive to both the divertor coil current and the magnitude of the plasma
current in the 232 6_n bumper configuration. ,.

Figure 2 shows a redistribution of the radial emission profiles for two charge states of carbon
with four different divertor coil currents while in the 237 6_ zero bumper configuration. It

should be noted that the coil currents shown in this figure must be multiplied by 18 to obtain

the total divertor coil current. Oxygen lines are affected to a lesser extent by the ergodic

layer. Note the inward shift in the radial position of the CV peak while the CVI peak remains

fixed as the current in the divertor coils is increased. There is also a change in the ratios and

the relative widths of these two emission peaks as the divertor current is varied, which

suggests that these changes are not simply due to a modification of the carbon source term.

These profiles are believed to be indicative of a reduction in both the ergodic layer electron

temperature and the carbon impurity confinement time, as previously observed in the TEXT

ergodic magnetic limiter experiments 6-7. The TORE SUPRA plasma parameters and
perturbation coil settings in this configuration were such that a highly ergodic layer (i. e., 5C

> 2) covers the edge region between 70 cm > r > 80 cm with small resonant island surfaces

extending in to about 62 cm.

An understanding of the details of these impurity profile modifications is expected to follow

from impurity transport modelling and impurity injection experiments which are planned for

the next series of ergodic divertor experiments. The electron density response to the ergodic

layer is an integral part of the impurity transport dynamics. As was pointed out in réf. 1 we

require the ionization mean free path of the neutral flux from the wall to be less than the

width of the ergodic layer. This shields the core plasma from impurities and triggers a large



increase in the edge density. To satisfy this condition we must start with a target plasma

which has a sufficiently high edge pressure to accommodate the ergodically assisted edge

density accumulation regime. The edge transition pressure depends on <l -g11>. For TORE

SUPRA, with Idiv = 45 kA and a toroidal field of 3 Tesla, <l ̂  l> = 3.9 x IQ-3 near the

boundary. Thus, an upper limit estimate of the central density required for accessing the

edge accumulation regime 8 yields n0 = 1.7 x 1020nr3 assuming a parabolic profile with an

effective mass of 2.5 and an edge temperature of 30 ev. An increase in the edge temperature

or a decrease in the effective mass reduces the required n0 value and provides supplemental

parameters with which to test the pressure transition criterion. Since the n0 evaluation given

above is based on conservative assumptions it is expected that the ergodic layer will be

capable of producing an edge density accumulation regime during high n0 operation with

additional heating in the future.

During these initial experiments we have observed small line integrated electron density

decreases with a general increase in the recycling at the wall indicating a reduction in the

plasma particle confinement time. Considering the relatively low n0's and edge temperatures

in these ohmically heated plasmas this is to be expected. The TORE SUPRA ergodic
divertor, when operated in the 237 9_ zero bumper configuration, produces plasma density

reductions and impurity transport modifications which are very similar to those observed in

TEXT 2^7. The fundamental question to be addressed during the next series of experiments

is that of plasma performance control while operating in the edge density accumulation

regime. This includes detailed studies of effects due to impurity production, screening and

transport. A state-of-the-art rotating, multi-pellet, injector is installed on TORE SUPRA to

assist in these experiments.

The behavior of high z impurities during resonant perturbation experiments in the 232 Qjt

bumper configuration is very different than in the other configurations. Figure 3 shows the

time dependent behavior of the Fe XV line emission and the central radiated power as a

function of time for a constant ergodic coil current and a triangular plasma current waveform.

Large increases in the Fe XV line emission (the dotted line) occur at two distinct values of the

plasma current during the increasing and decreasing phase. The radiated power evolution

shows a much broader characteristic increase without strong individual peaks at particular

values of the plasma current.. High z impurities are strongly influenced by the magnetic

perturbations in this configuration. This behavior is not observed in either of the low-field

side limited configurations (i. e., with an ergodic layer). A factor of four to five increase in

the FeXV emission is typically observed at ̂  = 36 kA with similar but smaller increases

observed for perturbation coils currents as low as I^v = 9 kA. Other high z impurities



demonstrate the same behavior in this configuration. It is important to note that these large

increases in the central impurity emissions have only been observed over two narrow ranges

in qaeven though the perturbation coils produce a relatively broad poloidal mode spectrum.
The first is centered at qa = 3.0 and the second at qa = 3.7 with a Aqa < ± 0.2 in both cases.

These effects appear to be related to an increase in the global particle confinement time, as

discussed in the following section, since this also only occurs during operations within these
specific qa limits (i. e., qa = 3.0 ± 0.2 with Ip = 850 ± 50 kA) in the 232 0_Jt bumper

configuration. It is reasonable to assume that the mechanisms responsible for increasing the

particle confinement time contribute to an improved confinement of the impurities as well.

Nevertheless, we must be careful in this assessment since we do not have an adequate

knowledge of the impurity source production terms at this time.

4. The Global Particle Confinement Time is Increased by up to 40% in the 232 Qjt Bumper

Configuration

These experiments were motivated by a proposal that magnetic islands can be used to insulate

the plasma from the wall thus creating a sufficiently large edge temperature gradient to access

an H-mode confinement regime ll and by results from previous experiments on TEXT and

JIPP T-IIU which showed favorable modifications in the edge temperature profiles 6 and

indications of improved energy confinement12 with small magnetic islands located in the

boundary region. Prior to the experiments studies were carried out with a field line tracing

code to investigate the structure of the magnetic fields produced by the TORE SUPRA
divertor coils while in the 232 0_;t bumper configuration . It was found that the coils

produce relatively large islands near the inner wall if qa is chosen such that resonant surfaces

corresponding to the largest coil harmonics are located within a few centimeters of the last

closed flux surface. On the other hand, since the divertor coils have a rather dense poloidal

mode spectrum it was not clear that an individual mode can be used to dominate the plasma

wall interaction. The initial experiments appear to confirm that either the— = ̂  or the — = ^j-

(the two largest spectral components in the coil spectrum) or both are capable of controlling

the wall interaction characteristics with qa = 3.0.

With qa = 3.0 ± 0.2, while in the 232 6_7C bumper configuration, and 1^1 > 9 kA we observe

large increases in all the high z impurity emission Unes (as discussed in the previous section)

and obtain an increase in the plasma density with a simultaneous decrease in the rate of

density decay and the edge hydrogen, helium, and carbon recycling emissions. The

recycling is substantially reduced at each observation points around the inner wall of the

machine (L e., the limiting surface). Similar changes in the confinement are observed at qa =

3.7 ± 0.2. At other qa values, outside these two intervals, the edge recycling typically



increases with a small decrease OT no measurable change Jn the chord integrated density. It is

of interest to note that these experiments were done without continuous gas feed by

introducing a short helium puff just prior to the initiation of the breakdown phase. Strong

helium recycling continues throughout the increase of the plasma current and during plateau

phase. In addition, hydrogen plasma fueling, derived exclusively from recycling at the inner

graphite wall, is present until the initiation of the magnetic perturbation pulse at which time

both the hydrogen and helium recycling are significantly reduced (along with carbon).

It is noted, that this magnetically induced particle confinement time improvement scales

linearly with the perturbation coil current over the range 9 kA £ Ia;v ̂  36 kA, rather than

with the island widths as. one. might expect. Coil currents below 9 kA do_not produce

measurable effects and currents above 36 kA were not used during these experiments. While

in the 232 9jiJjumper configuration we produce plasmas^ith relatively^mall radii (a = 76

cm) for which the primary resonant surfaces are located between 7 and U 6 cm from the
perturbation coils. This insures a relatively small effective radial perturbation SB1 (i. e., due

to a rapid spatial decay, 8Br (Ar = rc - rm=i7) = OBr (rc) e-^^.in the amplitude of the

perturbation produced by the coils) and guarantees the absence of externally driven magnetic

ergodicity with the divertor coil currents used in this configuration. (Note: this does not

necessarily imply that magnetic ergodicity is totally absent from the discharge), therefore,

the coils produce coherent islands on several mode rational surfaces which increase in width

as the square root of the perturbation coil current but never reach an overlap condition. The
numerical field line calculations also indicate a Sc = 1 with a coil current of 36 kA while in

the 232 6_JC bumper configuration.

Representative data for the.qa ~ 3.0, magnetically induced, enhanced confinement mode is

shown in fig. 4. Line integrated densities signals taken from three centrally located

interferometer chords (Tjei, T|e2, TUs) and Ha responses from several horizontal chords

viewing the fnne'- wall during a shot with a 36 kA perturbation coil pulse are plotted as a

function of time. When the perturbation coils are energized, a 5% density increase is

observed on each of the T)6 chords with a simultaneous 35% reduction in the H0 recycling

signal near the mid-plane on the inner wall where the primary plasma interaction takes place.

A vertical view through the center of the plasma, which does not see an active recycling

surface, remains constant during this time. There is also a reduction in the ̂  decay rate

during the perturbation coil pulse. The global plasma particle content is maintained by

balancing plasma losses through the boundary with neutral particles from sources located at

the inner wall with no external gas fueling. This particle balance requires that:



where

Tp*=-^- (2)

and SR is a measure of the wail fueling efficiency (i. e., the so-called recycling coefficient).

With Ne = T|eVp, where Vp = 2jc2a2R<, is a constant, and the assumption that rate of change

in the neutral pressure between the plasma and the wall, enclosing a volume Vw, (i. e., the

second term on the right in eq. 1) is much smaller than -r6 we have:

A *p
5N6,. , dNe, ,d5Nevi

where Sip* is the effective particle confinement time during the magnetic perturbation pulse.

Using the data shown in fig. 4 we find ( ̂  ) = 1.05 and ( ̂  ) - ( d-̂  )"! = 1 .3 which

from eq. 3 gives ATp* = 1.4. A direct calculation of Tp* and STP* from the same data yields

Tp* = 57 seconds and 5rp* = 80 seconds thus confirming a 40% improvement in the effective

global particle confinement time during the application of the divertor coil pulse. The
absolute particle confinement time (Tp) is proportional to tp* as long as SR is constant. Since

31 is established by wall conditioning it is expected to be constant as long as the plasma- wall

contact conditions are unchanged. In these experiments, small modifications in the plasma-

wall contact may occur due to the imposed magnetic islands near the last closed flux surface.
Nevertheless, any changes in SR which occur as a result of these small magnetic

rearrangements in the plasma-wall interactions decay rapidly in time (i. e., of order ms) and
have no significant effect oa the long term value of SR. This has been verified by moving the

plasma up and down on the inner wall (without a perturbation coil pulse) during several
discharges. Thus, the increase in Tp* is indicative of an equivalent increase in Tp.

We note that the wall recycling response to the perturbation pulse is rather different at each
point on the inner wall, as seen from the four H0 signals in fig. 4 (keeping in mind that the

amplifier gains of these four channels are set differently). H0U is a view of the inner wall

near the equatorial plane while the other H0 signals are taken at wall positions below the

equatorial plane where the plasma interaction is diminished relative to that of H0U due to a

difference in the wall and plasma curvature. View H0S follows the density time evolution

rather closely and suggests that the magnetic perturbation causes a change in the confinement



which drives the plasma from one steady state to a new one during a relatively short time.
The plasma flux at the boundary is related to the Ha brightness (BHa) by: Tp = (A

BHa)/(«Rne<0v>i) where A is a calibration/conversion constant and <av>; is the rate

coefficient for ionization. Assuming 91, ne, and «yv>i to be constant we see that a reduction

in BHU implies a reduction in the radially outward plasma flux.

A dramatic demonstration of the degree to which the wall recycling is reduced by the

perturbation pulse has been obtained with CCD cameras viewing the inner graphite limiter.

Figures 5 and 6 show color enhanced images of the Ha recycling over a relatively large

section of the inner graphite wall. In the center of fig. 5 (upper frame) we see a rectangular

window which apertures a 42 cm (in the poloidal direction) by 21 cm (in the toroidal

direction) area of the inner wall near equatorial plane (indicated by a light blue line with the

pitch angle of a magnetic field line) and below. This view is located-^ toroidally from the

line integrated Hn views shown in fig. 4. The largest BHO values are indicated with dark red

contours. Each change in color (or shade) from dark red, to light red, to light and dark green
and blue represents an approximate 5% reduction in the intensity of BHO- Part of a smaller

circular window is also seen on the left hand side of the figures. Figure 5 shows a camera

frame taken just prior to the perturbation pulse while fig. 6 (lower frame) shows the same

view just after the initiation of the pulse. (See the vertical arrows in fig. 4 for the reference

times of the frames shown in fig. 5 and fig. 6.). The unperturbed recycling distribution

peaks near the equatorial plane and falls off, as expected, due to an increase in the distance

between the plasma and the wall with poloidal angle (i. e., curvature differences between the

plasma and the wall as shown in fig. 1). When the magnetic perturbation is introduced we

observe a relatively large recycling reduction at every point within our field of view. Other

toroidal views of the inner wall confirm this general characteristic. Carbon and helium line

filters were also used on the CCD cameras during these experiments. The same general

reductions, as ihose shown in fig. 6, were found in all cases.

Impurity confinement in this configuration appears to be changed as noted in the previous

section. In addition, the data suggests that the confinement times of different impurity

species scale differently than those of helium and hydrogen. This may be related to mass

effects which influence the transport mechanisms of various species or to other complex

atomic and/or molecular processes which are not yet understood. Some of the characteristics

of this improved confinement mode are similar to those observed during H-modes in other

machines while others appear to be related to the ASDEX IOC mode. A particularly

interesting point is that these experiments were done in relatively low density, ohmically

heated, plasmas. In this case, an enhancement in the particle confinement may involve a

change in the so-called anomalous diffusion process or may result from an increase in the

10



inward particle pinch velocity. This suggests that we may be able to significantly reduce the

effects anomalous diffusion by inducing small rearrangements in the magnetic topology near

the edge. A more comprehensive understanding of the physics involved in producing this

mode is expected to provide fundamental insight into the mechanisms which control

anomalous diffusion and inward panicle convection. For example, previous experiments on

TEXT have suggested that static electric fields inside non-overlapping magnetic islands may

be responsible for enhanced particle convection, due to E x B drifts, around the islands 13

Rn
and that substantial modifications in I—I are induced by the magnetic islands u.

"e

Finally we note that magnetically induced enhanced confinement appears to be sustainable for

the duration of the perturbation coil pulse and thus is limited only by the length of the

discharge. Assuming the same is true for additionally heated plasmas a steady state high

confinement mode could be achieved. Recent results obtained during q-mode experiments

on XKrR15 show that it is reasonable to expect improved confinement with magnetic islands

located near the inner wall and high power additional heating. Experiments en JIPP T-IIU 12

have also demonstrated improved energy confinement with small magnetic perturbations and

high power additional heating under conditions similar to those used in the TORE SUPRA
237 0_ zero pump configuration.

5. An Increase in the Particle Flux to the Pump Limiter is Observed when Combined with

the Ergodic Divertor

These experiments were done in the 237 9_ zero pump configuration with either helium or

hydrogen fueling. A comparison of the pump limiter and plasma density response with and

without the ergodic divertor is shown in figures 7 and 8. In the helium fueling case the

results are difficult to interpret while the hydrogen results appear to indicate an increase in the

particle flux to the pump limiter with increasing field line ergodicity. These measurements

again emphasize the sensitivity of the edge plasma and scrape-off layer parameters to small

magnetic perturbations and demonstrate the way in which fueling species and plasma

composition play a role in determining the characteristics of the plasma response to the
perturbation coils.

Figure 7 shows the neutral pressure evolution in the chamber of the pump limiter and the line

integrated electron density for increasing ergodic divertor coil current during a helium

discharge. The pressure in the limiter drops abruptly as the amplitude perturbation coil

current ramp reaches 7-8 kA. The plasma density, which seems to be affected to a smaller

extent, also appears to decrease. When the perturbation ramp terminates, both the limiter

11



pressure and the plasma density undergo a recovery. These results indicate that the limiter

recycling and the width of the scrape-off layer are instrumental in establishing the fueling and

pump limiter removal efficiency. Figure 8 shows similar data, taken in the same plasma-

limiter configuration as that of fig. 7, except with hydrogen fueling instead of helium. When

the ergodic divertor is pulsed, the pressure in the pump limiter chamber increases by 50%.

The ion saturation current, measured with Langmuir probes in the throat of the pump limiter,

increases at the same rate as the pressure in the limiter tank. The line integrated electron

density decreases by 20% during this period as compared to a previous shot without the

ergodic divertor energized. Additional recycling measurements are needed to fully

understand the effects of field line ergodicity on the particle collection efficiency of a pump

limiter. These preliminary results indicate that in some cases the collection efficiency may be

improved (i.e., the hydrogen case) while in others the efficiency appears to be degraded.

These observations are similar in many respects to earlier results from TEXT 7-13 and JIPP

T-IIU1Z during ergodic magnetic limiter and resonant helical divertor experiments.

6. Modification of Runaway Electron Confinement with the Ergodic, Divertor

The confinement time of runaway electrons is significantly reduced during ergodic boundary

layer experiments. Figure 9 shows the evolution of the runaway electron confinement time

Te* = Ne*( —jp )~l in the top frame, a typical photoneutron signal in the center frame, and the

plasma current and ergodic divertor coil current (Idiv) in the lower frame. The first ergodic
divertor current pulse is below the value needed for island overlap (i.e., 8C < 1.0). T6*

increases sharply at the end of this pulse and a small effect is observed on the photoneutron

signal. An increase in the effects are observed as the amplitudes of the current pulses are
raised. The second pulse corresponds to 5C = 1.0 with an ergodic layer width of 10 cm.

Subsequent pulses increase the value of 5C without changing the width of the ergodic layer.

For 8C > 1.0 (i.e., the last three pulses) Te* scales approximately as 0.06(IdIv)"1 + const.,

where the confinement properties appear to be consistent with a transport model in which the

runaway electron diffusion coefficient (De*) is given in the form D6* = D0(I + c0exp ̂ ^ )
ro

assuming 30 Mev passing electrons with D0 = 400 —, C0 = 1, and r0 = 25 cm.
ScC

A simulation or the temporal evolution of runaway electron interactions with the machine

walls and the production of photoneutrons is shown in fig. 10 for a single value OfD0 and 3

different values of C0 and r0. The first case is that of a spatially uniform De* with no
r\

imposed perturbation pulse (i. e., C0 = O). With D0 = 400 ̂ - this curve matches the

unperturbed photoneutron evolution rather well. In the second case we assume that the
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perturbation field induces a spatial variation in the diffusion coefficient with an exponential

fall-off length r0 = 5 cm taken from the plasma boundary. An arbitrary weighting parameter

(c0) is used to model the diffusion enhancement due to field line ergodicity. C0 is chosen to

reproduce the photoneutron signal for each value of r0 selected. For the r0 = 5 cm case the

value of C0 which agrees best with the experimental data is C0 = 4. By adjusting the values

of C0 and r0 we eventually find good agreement between the simulated response and the

experimental measurements. The lower frame of fig. 10 shows the best fit simulation results

and the parameter settings required to match the experimental photoneutron signal shown in

fig. 9. The results indicate that the effective perturbation for 30 Mev electrons extends

inward from the plasma boundary to a radius of approximately 25 cm. Ordinarily we expect

drift orbit shifts which are larger than the magnetic island widths found in the region between

55 cm < r < 70 cm given 30 Mev runaway electrons. Therefore, we must consider the

possibility of indirect effects, induced by the ergodic edge or small interior islands, such as

changes in the fluctuation levels or instabilities which may enhance the runaway electron

pitch angle scattering process. Other results obtained during these experiments suggest that

there may be several complex processes evolving on separate time scales which produce

effects over a longer duration than the period of the ergodic divertor pulses shown in fig. 9.

7. Ergodic Divertor Modifications of the Heat Load Distribution on Primary Plasma Facing

Components

The integrated thermal energy collected on each of the pump limiters, ergodic divertor coil

structures, divertor coil neutralizer plates, bumper limiters, and plasma facing walls is
substantially redistributed in the 237 6_ zero pump and 237 6_ zero bumper configurations

with the ergodic divertor. Infrared cameras and time integrated calorimetry of the cooling

water flowing to each of these components are used to characterize the changes induced by

the magnetic field perturbations.

Figure 11 shows the total energy absorbed by each of the four principal plasma facing

components and its scaling with ergodic divertor coil current. The overall power sharing

among these components is more evenly distributed with the ergodic boundary layer due to a
broadening of the energy scrape-off layer width (Xq). Without the ergodic divertor X1, = 10 ±

1 mm and it increases to <Xq>s = 30 mm with the ergodic divertor. There is a linear increase

in the energy deposited on the divertor neutralizer plates with increasing divertor coil current

and a corresponding reduction in the energy collected by the primary limiter. At l^v = 30 kA

to 35 kA each of the four component collects approximately 25% of the W = 4 MJ total

thermal load. This demonstrates a particularly beneficial aspect of the ergodic layer. It

provides an efficient method of controlling the total thermal load on the primary limiter. In
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the present case, with ohmic heating only, we observe a factor of two reduction in the total

thermal load on the primary pump limiter. However, if we assume an increase in the thermal

diffusion coefficient with a higher edge temperature, as predicted by theory *6, this effect

will be enhanced during experiments with additional heating. Thus, magnetic islands and

field line ergodicity provided access to a set of fundamental control parameters which can be

used for protecting the primary pump limiter from excessive thermal damage. This becomes

especially attractive when combined with the possibility substantially improved panicle

removal efficiencies, such as have been observed during resonant helical divertor

experiments on TEXT13. Thus, it is apparent that resonant magnetic perturbation coils must

be considered an essential component of any pump limiter system.

Additional details concerning resonantly induced modifications in the thermal loading

characteristics of the plasma-facing components are given in fig. 12. Here we compare

changes in the energy collected by each of the primary power handling components during

resonant (Ip ~ 850 kA, shot 1564) and "out of resonance" (Ip =* 650 kA, shot 1574) ergodic

divertor shots with a case in which there was no ergodic divertor outrent (shot 1562). The

temporal evolution of the surface temperature on each of these components is also studied

with infrared cameras. An example of this is shown in fig. 13 where the surface temperature

(Js), at 3 points separated by 7 cm each in the toroidal direction, on the front face of the outer

midplane pump limiter are followed as a function of time during the discharge. We see

modulations in these temperatures which are correlated with the ergodic divertor pulses. As

the amplitudes of the divertor pulses are increased a current threshold appears (i. e., starting

with the pulse at t = 5.8 sec.) above which the temperature modulations begin to have an

influence on both the ion and electron drift directions sides of the limiter. The central T5

modulation depth is approximately constant as the coil current is increased and when the

modulation appears at the two off center positions it is larger on the ion side than on the

electron side. It is interesting to note that the rate at which T5 increases during the recovery

intervals between divertor coil pulses is larger than that observed during similar discharged

without an ergodic layer This indicates an additional enhancement in the heat flux after the

ergodic layer is removed (relative to the unperturbed case) which may be due to profile

modification which occurred during the ergodic layer phase (i. e., a memory effect due to the

ergodic layer). The difference in the heat flux is substantial and appears to be primarily

related to modifications in the edge electron temperature profiles during the ergodic layer

phase. The temporal evolution of the decay in T5 during each divertor pulse are also of

interest It appears that two characteristic decay times are involved. The fast decay is

probably associated with the ergodically induced reduction of the thermal confinement time at

the edge while the slow decay may be related to the heat transport properties of the limiter
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material. Similar thermal responses have been observed during ergodic magnetic limiter and

resonant helical divertor experiments on TEXT «.

Finally, fig. 14 shows how the surface temperature at a single central point on the face of the

pump limiter decreases with increasing ergodic divertor coil currents. The IR camera frame

which was analyzed for each of these five shots is taken at the peak in the plasma current

ramp (indicated in the insert showing the evolution of Ip with an X at t = 6.5 sec.). The time

integratea surface temperature (T5), at the hottest point on limiter face, has an appro. drnate

Idiv functional dependence of the form Ts = T50 exp^1* where V50 = 250 0C and ?*..,;>
div

13.5 kA for divertor currents ranging between O to 36 kA (Ijiv = 36 kA w;is the iargesf

divertor current used in these experiments although the coils are designed for operations up

to 45 kA). As noted earlier our calorimetry data indicates a factor of two reduction in the

total thermal load on this limiter while this surface temperature data show a factor of four

reduction.

8. Discussion and Conclusions

The TORE SUPRA ergodic divertor coils can be used to produce either coherent (non-

overlapping) magnetic islands, localized poloidal and toroidal asymmetries, ergodic layers,

or highly stochastic magnetic fields in many plasma limiter configurations. Each of these

operating regimes is characterized by substantially different resonant characteristics. Some

have important technological implications while others are interesting on a more fundamental

physical level. In addition, the position of the plasma, the limiter configuration, and the type

of fueling species injected into the discharge all have an important influence on the plasma

response to the perturbation fields.

The initial ergodic divertor and resonant helical perturbation experiments reported here did

not concentrate on the key program objectives outlined in réf. 1 since several of the primary

subsystems (i. e., additional heating, the pellet injector, and some of the essential

diagnostics) needed for these studies where unavailable at the time. Nevertheless, the results

obtained during this brief experimental phase have provided a number of interesting insights

into a diverse collection of effects associated with the existence of magnetic islands and

ergodic layers in the edge of a large tokamak. In addition, these studies have demonstrated

that important technological benefits, such as a reduction in the thermal loading on the

primary pump limiter, are accessible with the ergodic divertor. These results are particularly

encouraging in terms of the anticipated divertor performance during high power, long pulse,
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experiments since ohmically heated, low density, plasmas are expected to produce relatively

poor divertor efficiency compared to full power discharges.

An impo-^nt general aspect of magnetic perturbation experiments is that they provide an

essential »et of data which is needed to better understand the nature of the physical processes

involved in particle and energy transport through magnetic islands and ergodic layers in a

tokamak. This understanding is required to improve the performance and confinement

properties of tokamaks. Initial experiments on TORE SUPRA have demonstrated that both

thermal and non-thermal panicle confinement times are significantly modified by introducing

either an ergodic layer or multiple coherent magnetic island surfaces near the plasma

boundary. For example, we have shown that runaway electrons are transported rapidly to

the walls during magnetic perturbation experiments. In fact, we have been able to control the

confinement times (i. e., the transport process) of these particles with the divertor coils.

Thus, it is apparent that magnetic perturbation coils provide a unique opportunity for

studying the confinement physics of high energy particles and for controlling their

populations and energies. The ability to control high energy particles may be of particular

importance for large tokamaks since it is conceivable that an ergodic boundary layer could be

used to moderate runaway electrons during high current disruption events. Thus, it may be

possible to exhaust non-Maxwellian particles before they reach energies which are large

enough to damage the plasma facing components.

Particularly interesting particle confinement results were observed with the plasma limited on

the high magnetic field side bumper limiter. These resonant helical perturbation (RHP)

experiments, as they are termed to distinguish them from ergodic layer studies, have been
done in the 232 9ji bumper configuration with non-overlapping magnetic islands. Two

well defined qa values were identified in which improved global particle confinement times

are accessible. The mechanisms involved in establishing this improved confinement regime

are not yet fully understood. Preliminary indications suggest that several processes are

coupled in such a way that the outward radial plasma flux near the boundary is effectively

reduced when relatively large magnetic islands are properly positioned with respect to the

wall. A reduction in the edge density fluctuation may be involved along with an increase in

the inward convective velocity. We are considering several possibilities with respect to these

two mechanisms. First, that modifications in neutral particle penetration lengths, which

occur when magnetic islands are located near the inner wall, coupled with changes in the

edge temperature, the impurity production rate, and poloidal modulations in the fueling

sources modify the inward convective motion through adjustments in the edge resistivity,

collisionality, and radiation processes. Second, that the edge turbulence is modified by

localized electric fields induced within the islands themselves. Indications from other
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experiments suggest that small scale electric fields (of order 50^— ) can be found inside

magnetic islands13 which create convective particle flows that alter the poloidal fluid motion

and the local properties of the turbulence. This model implies that we can expect a strong

poloidal dependence (over relatively short poloidal scale lengths) in the radial diffusion

coefficient near the resonant surfaces.

Although it appears that there are number of similarities between magnetically induced

confinement improvements in TORE SUPRA and the confinement properties found during

H-modes on other machines there are also some important differences. For example, it

appears that the relatively small increases observed in stored energy of the plasma (i. e,,

approximately 5% for the case in which the particle confinement increased by 40%) are

predominantly due to an increase in the plasma particle inventory rather than an explicit

change in the energy diffusion process. In addition, specific qa values and plasma

configurations are required. It is noted, however, that a highly ergodic layer when combined

with intense additional heating may provide the conditions necessary establishing an H-mode

in TORE SUPRA. It was pointed out in réf. 1 that some of the equilibrium solutions which

are produced with an ergodic divertor have profiles which appear to match the L-mode while

others are similar to H-mode profiles. A final point, with respect to improved confinement,

is that the resonant helical divertor configuration 12 when combined with high power

additional heating may be capable of producing typical H-mode confinement17. Each of

these three enhanced confinement approaches will be investigated in future experiments on

TORE SUPRA.

Modifications in the impurity production and transport are an important part of the ergodic

divertor program. Preliminary results obtained during this brief experimental period indicate

that impurity responses to changes in the edge magnetic structure involve a number of

complex issues. In general, the edge carbon impurity profiles and emission levels are
substantially modified in both the 232 9_jc bumper and 237 9_ zero bumper configurations

with the details of these modification depending on the particular plasma limiter arrangement

used, the divertor coil current, and the plasma current. Other edge impurities, such as
oxygen, are weakly influenced. At this point the results obtained in the 237 9_ zero bumper

configuration appear to be consistent with those found in TEXT 7 where the dominant effect
was due to a reduction in the edge impurity confinement time. Alternatively, in the 232 9jt

bumper configuration it appears that a reduction in the impurity source terms may -be the
important factor. In addition, high z impurity emissions increase drastically in the 232 9_n

bumper configuration (i. e., during the improved particle confinement phase of the

discharge) suggesting an accumulation of the central impurities. Finally, it is noted that,

these initial impurity production and confinement studies have been impeded due to a general

17

Simulation Results



lack of information concerning changes in the source terms and edge temperature profiles.

This will be rectified, to some extent, by impurity injection experiments and additional edge

diagnostic systems which will soon be made available.

The initial Tore Supra ergodic experiments discussed here were done in ohmically heated

plasmas, with a toroidal field of 1.8 Tesla, and with pulse lengths of 8-10 seconds. During

the next experimental period, starting in early 1990, we intend to increase the toroidal field to

4.0 Tesla, begin operations with high power additional heating systems (NBI, ICRF, and

LHCD), and to extend the plasma pulse duration. In addition, several new diagnostic

systems will begin operations during early 1990. This provides an opportunity to scale up

the results presented above and to investigate a range of plasma parameters which have never

before been accessible during RHP or ergodic boundary layer experiment We plan to study

a number of important technical issues under these conditions and to continue testing the

theoretical models which have been developed.
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11. Figure Captions

Fig. 1 Poloidal cross section showing the positions of the inner wall, one of the

ergodic divertor coil, the mid-plane bumper or pump limiter (at a different

toroidal positions between 2 of the ergodic divertor coils), and one of six

vertically movable bottom lirniters with respect to the last closed flux surface of

the plasma in the 232 and 237 configurations. In the 232 configuration the
plasma is limited on the high-field side inner wall (i. e., the 6_n bumper

configuration) and in the 237 configuration, the plasma is limited on the low-
field side bumper limiter, pump limiter or ergodic divertor coils (Le., the 0_

zero bumper, pump, or EDC configurations). Results from the 237 6_ zero

EDC configuration are not presented in this report.

Fig. 2 Radial carbon emission profiles observed in the 237 6_ zero bumper

configuration. The ergodic divertor coil currents CUa) shown here must be

multiplied by 18 to get the full coil current value.

Fig. 3 Plasma current (Ip), radiated power (P bolo), and Fe XV brilliance as a function
of time in the 232 0_Jt bumper configuration. The ergodic divertor coils are

energized at 27 kA during the entire shot

Fig. 4 Line integrated density for three central chords (Tjei, Tje2, T]63), four Ha views

of the inner graphite wall and the ergodic coil current (Ied) during RHP
improved confinement mode in the 232 6 JE bumper configuration.

Fig. 5 A CCD camera image of the inner graphite wall in the 232 6_Ji bumper

configuration just before the perturbation coil pulse (in Ha light). One half of a

small circular window is also seen at the left edge of the image. The largest

recycling intensity is indicated by white to yellow regions and falls off in the

red to green regions. Light blue and blue regions have the smallest recycling

component. The inner wall equatorial plane is roughly indicated with a light

blue horizontal Une drawn between the two windows.

Fig. 6 Same view as fig. 5 taken 500 ms later after the ergodic divertor coil current has

reached 36 kA. The H1x emissions have dropped everywhere within the field of

view.
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Fig. 7 Line integrated density (M^z) and pump limiter pressure (P) response the a

ramp in the ergodic divertor coil current (I^v) with helium fueling.

Fig. 8 The total number of plasma electrons (Netot) and pump limiter pressure (P)

response the a pulse in the ergodic divertor coil current (IE.D.) with hydrogen

fueling.

Fig. 9 The confinement time for runaway electrons (T) is shown in the upper frame.

The photoneutron signal (0n) is shown in the center frame and the plasma

current (Ip) with divertor coil pulses (Idiv) is shown in the lower frame.

Fig. 10 Simulation results with different parameters used to model the photoneutron

signal response to a divertor coil pulse. The top frame is without divertor coil

current The center frame does not match the signal characteristics observed in

the experiments with C0 = 4.0 and r0 = 5 cm. The lower frame closely

resembles the characteristics of the photoneutron signal due to a single coil

pulse (i.e., as shown in the center frame of fig. 9) with C0 = 1.0 and r0 = 25

cm.

Fig. 11 The energy deposition on various internal machine components (W) with

increasing divertor coil current (Idiv) where " W structures of the E.D." are the

divertor coils, "W neutralizes" are the divertor coil target plates (which are

thermally insulated from the coils), "W pump Limiter" is the U.S. midplane

pump limiter, "W total" is the integrated energy load on all components, and

"P.P.E." is the vessel wall. The data is taken from calorimetry measurements

of the individual components.

Fig. 12 Calorimetry data taken from the individual internal machine components shown

in fig. 11 during a shot with no divertor coil current (shot 1562) compared to a

shot with divertor coils current and a resonant value of the plasma current (shot

1564) and to a shot with divertor coil current and a value of the plasma current

which did not produce a resonant plasma response (shot 1574). We show the

percent change in the energy deposition d (%W) between the shot with no

divertor coil current and the two with divertor coil current.

Fig. 13 Modulations in the central, the ion drift directions side, and the electron drift

direction side surface temperature as measured with an infrared camera are

shown in the upper frame. The divertor coil current corresponding to these
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temperature modulations is shown in the center frame and the plasma current in

the lower frame.

Fig. 14 A change in the surface temperature of the U.S. pump limiter as measured with

an infrared camera for an increasing ergodic divertor coil current. The plasma

~~~ current (Ip) and ergodic divertor current (low) waveforms are shown in the

insert with an X at t = 7 seconds indicating the time of the measurement. The

data is collected on five different shots (with shot numbers indicated on the

plot) as the divertor coil is increased from shot to shot.
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Ha Recycling on the Inside Bumper Limiter with
no Perturbation Coil Current (ShfottL423, t=3frsee.)

Ha Recycling Light on the Inside Bumper Limiter with a
Perturbation Coil Current of 36 kA (Shot 1423, t=36.5 sec.)

Figure 5 (upper frame) and Figure 6 (lower frame)
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POKER DEPOSITION TO THE PUMP LIHITERS IN

TORE-SUPRA HITH OHHIC PLASMAS.

D.GUILHEH1, J.KOSKI2. J.HATKINS2. H.CHATELIER'
C.KLEPPEPT. P.CHAPPUIS . I.FLEURY

The modification of power scrape-off-length, Aa1 and power
deposition are studied both with the horizontal limiter alone and with
the full set of 7 pump limiters for 1MW ohmic plasmas in TORE-SURRA.
By making spatially resolved infrared surface temperature measurements

during the plasma discharge, the magnitude and distribution of the
energy flux can be derived. For comparison, the surface temperature oP
the horizontal pump limiter is calculated with a finite el'ement code
using a 3D description of the field lines, an exponential scrape-o.ff-

layer. and the pump limiter geometry. From comparison of the infrared
images of the limiter we derived that the Aq for power deposition was

slightly less than 9mm (+/-1mm) which is in agreement with the
predicted design value of 10mm. For an O seconds discharge, the
maximum surface temperature on the horizontal limiter is 450*C.
Inserting the 7 limiters does not modify Aq (which becomes 10mm). The

power is shared by all the limiters and the maximum surface
temperature on the horizontal limiter decreased to 320*C. These Aq
values have been independently measured by the integrated energy

deposition on the horizontal limiter and other internal structures 5cm
into the scrape-off layer. These values agree with the infrared
measurements in the two cases.
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* This work is jointly funded, by the U.S.
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I. INTRODUCTION.

The experimental conditions [1],[2] envisaged for Tore-Supra

operation, i.e. large additional heating power to the plasma (25MW

steady state) for long pulse duration OOseconds) emphasized the need
to find some methods to control the particle balance and to remove the

heat losses at the plasma boundary without being overwhelmed by the

impurity influx which is one of the most crucial problems that long
pulse machines have to solve today. For example JET has already been
confronted to this problem [3] ("the Carbon bloom").

Tore-Supra is entirely designed for long pulse operation of at

least 30 seconds with a nominal plasma current of 1.7 MA and a
magnetic field of 4.5 Teslas at 2.25 Metres'*. All the internal
components are actively cooled CtQ Bars, 200"C) for long operation

at full power. Calorimetric measurements of the different components
are made by extensive use of thermocouples enbeded in the structures

of the machine.

We are reporting here experiments made when the plasma is
either 1) leaning on the horizontal limiter only. 2) leaning on the
full set of 6 discrete limiters available (1 Horizontal and 5
verticals) and 3) leaning on the horizontal limiter alone when the
ergodic divertor is swiched on.

2. EXPERIMENTAL CONDITIONS.

The operation of TORE-SUPRA at full power (25MW, 3Os) has
led to the design of a full set of actively cooled pump carbon
limiters to remove at least 8MW (2MW for the horizontal limiter and
IMW for each of the vertical limiters) and to partially control the
particle balance [4] [B]. An interim version is now installed,
composed of 5 vertical and one horizontal outboard (OPL) pump
limiters, semi-inertially water cooled. The later is a result of a
collaboration between the U.S.-DoE and the Association EUR-CEA1 it is
fully instrumented and therefore can serve as a reference for the
final design. Ohmic discharges (I.85T, 74OkA, 8.5s) in helium have
been used to test the thermal load and the particle exhaust efficiency
of the OPL. Figure 1 is a layout of a section of the machine (figure
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2) showing the different water cooled compunents and their

position.

The operating scenario is described in figure 3. The plasma is
formed on the inner wall (R=232cm, a=76cm) and subsequently displaced

6cm outwards, early on the current plateau, to lean on the OPL

(R=238cm, a=75 cm). In addition to the limiter above, a non pump
outboard (ONLP) limiter of identical shape to the OPL served to
produce similar discharges so that the effect of the OPL on particle
control could be made. A comparison is made hereafter of the thermal

load when the plasma is in contact either with the OPL alone or with

the OPL and the vertical limiters together.

3. CALORIMETRIC AND BOLOMETRIC MEASUREMENTS.

Calorimetric measurements provide estimates of the time
integrated balance of the energy flow at the plasma edge. Radiated and
charge exchange energy losses (Wr) are deduced from the outer wall
calorimetry (R=242cm, a=94cm), conductive/convective losses (WC) onto
the OPL and vertical (top and bottom) limiters (TBL) are independently
measured as well as the integrated energy flow on the ergodic
divertors, which are located 5cm in the SOL (R=238cm, a=80cm) see
figure 1. Table-I figure 4 shows up the different plasma facing

components areas and the related energy for the calculation of the
2

energy balance. For exemple the inner wall has an area of 12m on
2

the 90m of the total area facing the plasma surface, so the
fraction of the radiated power (hi J to the inner wall is 12/90

K
W , plus a fraction of the total conducted energy «W , a
being between O and 1.

Results are shown in table-II on figure 4, for a discharge

(shot-1151) with the plasma on the TBL and on the OPL and a discharge
(shot-1158) with the plasma leaning on the OPL only. Supposing that

the radiated and the charge exchange losses are spatially uniform,
edge components in the SOL should receive this energy in proportion to
their surface area. This is not the case for the ergodic divertor nor

•for the vertical limiters which are 5cm behind the OPL location. The
difference is interpreted as conductive-convective energy directly
onto these components. The radiated energy contribution is observe to
decrease (from 29Z to 16/.) when passing from the multilinuter to the
single limiter configuration, while the conductive-convective power on
the OPL is nearly tripled. In the later case, the mean power flux on
the OPL is 2.4MW/m2.

The calorimetric results are compared with bolometric
measurements of the radiated power as displayed in table-Ill on figure
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4. together with ohmic power estimates. This compares well with the

total energy values in table-t of figure 4, when considering the ?

seconds of the current plateau duration after the outward displacement
of the plasma. Although thé bolometric measurements are systematically
larger (307. - 40'/) than the inner wall calorimetric measurements, they
also indicate the decrease of the radiated power when moving from the

multilimiter to the single limiter configuration.

4. POWER LOAD CALCULATIONS OF THE HORIZONTAL PUMP LIMITER.

The surface temperature of the horizontal pump limiter is
calculated with a finite element code using a 30 description of the
field lines, an exponential scrape off layer, and the real pump
limiter geometry. Figure 5 shows the base line concept used to perform
cooling studies for the uncooled phase head (a'tooled phase head is
being prepared to be able to handle a total power of 2MU during steady
state operation). The head is made of 3 different parts,

- an assembly of pyrolitic graphite blades,

- a stainless steel base plate with 180'C wate'r cooling',

- a graphite shelf to protect the stainless steel
structures of the limiter.

The limiter head face is 50cm wide, 60cm high and the maximum
depth of the graphite at the centre of the face is 8 cm.

4.1 HOOEL.
The following assumptions were used in the calculations:

- shot duration of 6s, with outputs at 2,4 and 6 seconds
- initial temperature of the limiter = 180"C
- power scrape off lengths A =0.8, 1.0, 1.2 and 1.4

cm were assumed,

- major radius = 2.38cm, minor radius = 0.745cm,
power to head = 0.7MW, based on the power going to a

head of 5.5cm thickness and 65cm poloidal high. The heat Flux in the
toroidal direction at the limiter tangency point was scaled according
to the power scrape-off length to get the 0.7MW on the head. This also
assumes symmetry between the ion and electron sides, which is not
exactly what we observe,

- the material properties were taken from our values for
"as deposited" pyrolitic graphite (a-b plane values) and glidcop Al-25
copper. The tile was assumed to be well bonded to the copper, i.e.
with no contact resistance.

- toroidal field coil current of 585 Amperes, with 2028
turns in each toroidal field coil. This gave a toroidal field of about
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1.9 Tesla on the plasma centerline and about 1.3 tesla in the vicinity

of the limiter,
Pla.sma current of 0.75 HA used to estimate a poloidal

fielc1.. with a poloidal beta of 1 and a plasma self inductance
l.=1. The plasma current was chosen to match shots 1387 and 1398,
but since we are near the midplane of the limiter where the poloidal

field is parallel to the limiter face, these plasma parameters do not

really affect things as strongly as they do at the top and bottom of

the limiter face.

4.2 RESULTS FROM T:-:£ !.ODE.
With the assumptions made above the code calculates the heat

flux distribution on the head for different plasma geometries and
positions. Figure 6 is one of these plots and shows the break in the
shape of the tile. The shape has been calculated to have the same

temperature at the tip and at the leading edge in the equatorial plane
when the e-folding lenght for power deposition is assumed to be
A = 1.0cm. This can be seen as well on figure 7 representing the
q
profile distribution of the heat flux along the central blade. The

heat flux profile is flat on the central part of the blade and is
equal to the heat flux at the leading edge. The shape of the part
between the central part and the leading edge is just a straight lin'e

connection.
Knowing the heat flux distribution on the limiter face, which

is supposed constant during the six seconds of the shot duration, one
can estimate the temperature distribution at the surface of the
graphite and deep into it, to the stainless steel water cooled base

plate (supposed held constant at 180'C).

Figure 8 represents the isotherm lines in the blade ar. the end
of the pulse (t=6s), for a scrape-off length of A =1.0cm. The

q
evolution of the surface temperature along the central blade is shown

on figure 9, at 3 different times during the shot, t=0.97s, t=1,93s
and t=3.05s, again for A =1cm.

q
The shape of the central part of the blade is calculated so

that the heat flux is almost constant and hence the temperature, for
A =1.0cm; the consequence of this design is that a small
modification of the e-folding length for power deposition lead to a

noticeable modification of the•temperature profile along this central
part of the blade as indicated in figure 10.

Another parameter is also very sensitive to the e-folding
length; namely the ratio of the center temperature to the temperature
of the leading edge, which is located 3.5 cm deep into the scrape-off
layer. Figure 11 presents this ratio as a function of A and for

q
3 different times t=2s, 4s and 6s during a shot. This ratio varies
from 1.4 when A =0.8cm down to 0.7 when A =1.2cm. One can

q q
notice that it is almost independent of time .
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The code calculates as well the time history of the surface
temperature at different locations on the central blade in the
equatorial plane, figure 12. These 7 locations are shown on figure 8.
marked 1 at the tip of the head to 7 at the leading edge. The time
dependence is not a square root of time like in the semi-infinite wall
model and hence to deduce the time history of the heat flux to the
limiter from the time history of the surface temperature is not
straigtforward. A code is being developped to do this and will be
presented elsewhere. The maximum temperature is encountered at

locations 1 and 2 (same time dependence) during the first 2.5 seconds
and subsequently location 7, the leading edge, reachs a maximum

surface temperature of 470"C.

5. MEASURED SURFACE TEMPERATURE OF THE HORIZONTAL PUMP LIMITER.

5.1 EXPERIMENTAL SET-UP.

Figure 2 indicate the location of the discrete components (7
pump limiters, 2 lower hybrid antenae, 3 ion cyclotron resonnance
heating antenae, 2 neutral injection ports and finally G ergodic
Divertor coils). They are dissemined around the 360* of the machine. 3
endoscopes (figure J5) equally spaced, visualise 1/3 of the machine,
each. Figure 13 shows the toroidal position of the 3 endoscopes E l , E2
and E3, and of six infra-red references presented figure K. A surface
temperature of 1000"C is obtained by passing 150 amperes into these
references.

5.2 EXPERIMENTAL RESULTS.

Analysis of the recordings have been made in detail for
several shots and for different experimental programs. The first
programme was a study of power loading on the outboard pump limiter
during onmic plasma. The second one considered the modifications of

the power loading of the internal structures of the machine when
using all the limiters implemented at that time in the machine.
Finally the third program addressed the modifications of the plasma
when the ergodic divertor was energized in the single limiter
configuration.

5.2.1 Plasma leaning on the horizontal pump limiter only.
The pictures of the infra-red camera give the temperature

distribution on the blades and the time resolved surface temperature
rise during a discharge. The initial temperature is the temperature of
the cooling water flowing in the pump limiter structure. During these
experiments this temperature was 180*C.

The detailed heating pattern of the blades is rather complex
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as can be seen on figure 16. This figure presents a map of the

temperature of the central part of the pump limiter. The extension of
the view is 7cm apart from the tip in toroidal direction and 5cm
apart from the equatorial plane in poloidal direction. One can
recognize the different tiles which have a 19mm poloidal extension

with a gap of 1mm between 2 adjacent tiles. The temperature profile is
rather symmetric with respect to the tip; this can be seen on figure
17 which represents the temperature profile on the tile situated in
the equatorial plane (the hotest one). The maximum temperature of the
central blade (from where the profile on figure 17 is taken) is J70*C

(saturation of the camera) near the end (t=0s) of the current plateau
(Ip=TSOkA). Figure 18 represents the time evolution of the surface
temperature at 3 different locations on the central blade (see figure
16 for localisation). One can notice the symmetry of the temperature
on the electron and ion drift sides. The time history of the

temperatures has not a time square root dependence so one cannot use
a semi-infinite model to unfold local fluxes. From the profile on
figure 17 and from the synthetic profiles given by1 the numerical model
(figure 9), one can deduce that the e-folding length for power
deposition A is 9mm 1mm. This value is a local value since the

q
measurement is made at the pump limiter. Nevertheless it is almost

equal to the value measured by calorimetry on the facing components. •

5.2.2 Plasma leaning on all the pump limiters.

When insertting at the same radius r=75.5cm, the full set of
the 6 limiters, using the same plasma parameters i.e. Ip=750kA, Vl=Iv,
we find that the maximum temperature decreases to 305'C at the center
of the pump limiter figure 19. which represents the temperature

profile along the central blade. We can now notice on this figure a
small asymmetry between the ion and the electron drift sides, the

matter being the hotest. From this profile and from the outputs from
the code (figure 10), one conclude that the e-folding length is
slightly larger in that case than in the single limiter configuration:
around 10mm. The fact that the temperature profiles are no longer
symmetric suggests a shadowing effect of the observed limiter by at
least one other limiter. This effect is dependant on the safety factor
q at the edge. A systematic study of the shadowing effect has not been

made in these experiments but will be carried out extensively in the
future.

The time history of the temperature at the centre of the
limiter on the electron and ion drift sides is shown on figure 20.
Now the maximum temperature at the center of the blade is 3(15*C (to be
compared to the 370"C in the single limiter configuration). Tin?

asymmetry is visible figure 19 between the electron and ion sides.

42



5.2.3 Effects associated to the erqodic divertor.

The current flowing in the ergodic divertor coils
I = tOKA is very small i.e. <>'!., compared to the plasma current
div
I =1MA. This is not the case for axisymmetric divertors like the
JET pump divertor where a fraction of 207. of the plasma current is

requested to achieve a single nul X point.

The plasma is leaning on the horizontal limiter acting as the
only limiter in the machine and used to visualise the thermal and
particle flux effects of the ergodic divertor on the scrape-off layer.
The aim of the ergodic divertor is to bring up externally driven modes
which create an ergodic magnetic boundary layer. A radial field
perturbation figure 21, connects "gently" the ergodic layer to the
outer limiters and facing components, .lowering the boundary
temperature and increasing the boundary layer density. In these
experiments we have the possibility to study two free parameters
associated with the ergodic divertor, namely: ''

The value of the current in the ergodic divertor
coils is tuned to modify the strength of the perturbed field at the

edge of the plasma. The modification of the radial field leads to a
change in the magnetic island size and hence to a 'change i'n
temperature structures as seen on the pump limiter infra-red images..

- The modification of the plasma current modifies the
value of the safety factor at the edge. Since the magnetic
perturbations are resonant on discrete q-surfaces (figure 21), a
modification of the plasma current brings resonant surfaces from the
inside of the plasma to the pump limiter face where they are
visualised. These effects can be seen on figure 22, where the
temperature of the center of the pump limiter is shown during a ramp
up of the plasma current.

* Size of the islands.

The plasma current is ramped up to 80OkA and squared wave
current with different amplitudes are used for the divertor coils.
This can be seen on figure 25, where has also been plotted the surface
temperature of the horizontal pump limiter for 3 different locations
in the equatorial plane.

After 3.5 seconds when the plasma current has reached its
plateau value, even a small current in divertor coil has an effect on
the surface temperature of the tip, but has no effect at all on the
temperature of the ion and electron side. This means that the island
size is small and does not reach the 2 side points 1cm deep in the
scrape-off layer. When we increase the current in the ergodic coils
then at a certain level there is a temperature response of the side
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points similar to the response of the tip. The infra-red images show

that a modification of the ergodic coil current modifies only the size

of the island

* Pump limiter température increase.
During these experiments the plasma current was increased

rapidly to BOOkA and then a slow ramp up of the current was used to
reach a value of I =1MA at t=6.5 seconds after the beginning of

p
the shot (figure 23). The current in the divertor coils I was

div
applied only at t = 2.5 seconds with a constant value which was changed

from shot to shot. In these experiments the plasma was always limited

by the horizontal limiter alone, from the beginning to the end of the
shot. The temperature of the hottest part of the limiter was
monitored. Figure 23 presents the temperature increase from the
beginning of the shot up to the time when the plasma current is
maximum i.e. t=6.5s, as a fonction of the current in the divertor

coils. Me can note a striking decrease of the limiter surface
temperature as we increase the divertor current. Small I ..

div
current lead to a large decrease of the temperature which tend to the

temperature of the cooling water flowing in the limiter.

A fraction of the power which was going to the pump limiter
is now going somewhere else. This can be seen on figure 24 where .we
have plotted the time integrated energy during a shot, on the various
facing components, as a fonction of the divertor current I.. .

div
Increasing the divertor current lead to a decrease of the energy

flowing to the pump limiter, and a corelative increase of the power
flowing on the other facing components far beyond the limiter at
Ied=0. In this experiment the ergodic divertor structures and

neutralisers are 5cm behind the limiter and the first outer wall is
almost 10cm behind the limiter. Now the energy which was primarily
conducted to the main horizontal limiter, can reach structures far
away from the LCFS and placed all around the machine, which proves
that the principal effect of the ergodic divertor is to largely
increase the e-folding lengrn for heat deposition. This can be

quantified using the calorie trie measurements of the various facing
components of the machine figure 26 and 27.

7. CONCLUSION.

The modification of power scrape-off-length, Aq1 and power
deposition are studied both with the horizontal limiter alone and with
the full set of 7 pump limiters for IMW ohmic plasmas in TORE-SURRA.
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By making spatially resolved infrared surface temperature measurements
during the plasma discharge, the magnitude and distribution of the
energy flux can be derived. For comparison"r~the -surface temperature of
the horizontal, pump_limiter is calculated with a finite element code
using a 3D description of the field lines, an exponential scrape-off-
layer, and the pump limiter geometry. From comparison of the infrared
images of the limiter we derived that the Aq for power deposition was
slightly less than 9mm (+/-1mm) which is in agreement with the
predicted design value of 10mm. For an 8 seconds discharge, the
maximum surface temperature on the horizontal limiter is 450"c,
Inserting the 7 limiters does not modify Aq (which becomes 10mm). The
power is shared by all the limiters and the maximum surface
temperature on the horizontal limiter decreased to 320"C. These Aq
values have been independently measured by the integrated energy
deposition on the horizontal limiter and other internal structures 5cm
into the scrape-off layer. These values agrae with the infrared
measurements in the two cases.
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R es 238 ac±75
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FIGURE 1: Layout of a section of Tore-Supra showing the different
radial position and poloidal extentions of the water

cooled facing components.
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FTGURE 3; Operating o*perimental scenario used.
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PIECE

VACUUM
CHAÎNER

OUTER WALL
(OW)

INNER WALL:
(IW)

OUT BOARD
PiMP.
.LIMITER (OPL)

TOP
UMITERS
BOTTOM (TBL)

ERGODIC
DIVERTOR (EDS)
STRUCTURES

ERGODIC
DIVERTOR (EDN)
NEUTRALlSERS

PORTS

AREAS
(m2>

90

62

12

0.3

6x0.16 1

3

0.25

10

PHYSICAL
PARAMETER

WQW - go W"

WlW -OC WC + |-WR

(Q<a<D yu

W~™ +W — W«OPL + VVTBL vvc •
(when a -O)

WE D S=PWC

(0<{3<1)

WEDN - K W0

WR : radiated energy

Wc : conducted-convected energy TABLE 1

FIGURE 5: Calorimetric and bolometric measurements. TABLE-I
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P(kW)

PD

Pfc(t - ^ s)

PB(t = 6 S)

PB/Pn(t = 2 s)

PB/PD (t = 6 S)

all
limiters

shot 1151

1020

325

375

0.32

0.37

horizontal
limiter
only

shot 1158

970

225

275

0.23

0.28

OHMlC (Pn) AND BOLOMETRIC
POWER EARLY (t = 2 s) AND LATE
(t = 6 s) IN THE CURRENT PLATEAU
THE RATIO PB/PQ IS INDICATED.

FIGURE 5: Calorimetric and bolometric measurements. TABLE-II
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_

W (kJ)

W^

W^

WED

W-
O

WR

WT

W R /W T

all
Ii miters

shot 1151

1750

2400

660

4600

1710

6520

0.29

horizontal
limiter
only

shot 1158

5180

540

750

6330 .,

1050

7520

0.16

"-

CALORIMETRIC DETERMINATION OF
RADIATED WR AND CONDUCTED OR
CONVECTED WQ ENERGY ONTO THE
OUTBOARD (OPL) TOP AND BOTTOM
LIMITERS (TBL) ERGODIC DIVERTORS(ED
THE RATIO OF RADIATED TO TOTAL
ENERGY(Wj) IS GIVEN.

FISURE S: Calorimetric and bolometric measurements. TABLE-III

53



40

- . -"--."•""---• -V,.""£ j~-;rVî^'4^^:?'^^^k^r":^;-v2r^V-':"j
.'. ':'- '•'.-"' ' ' ';-;''r'':rV'.yl'-':V'-"-.•'•'''>;-'""•••^Kr'^^P^'^-'V^?1^"''-^
.k'^iaa^''^&^S^

54



41

CL
H-

5 5
•w Ol
•-1 C11) «

T) Ol

rH
a

r-l
*4
0

CC.
UJ

M o

Il II
CT CT CJ CT

o o o o
L O O I O O
CO CO CM CM

O
O

55



7 -l(cm)

3.5 -

O

-3.5

-7

-10.5

-14

-17.5

time 6.0 s

K = 350
J =325

I = 300
H = 275

M = 400
N = 425
O = 450 J

470_l

i(cm)

O 3.5 7 10.5 14 17.5 21 24.5
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FIGlISE 8: Section of the blade situated in the equatorial plane
showing the isotherm contours assuming an 1cm e-folding
length for power deposition, a 7SOkU total power flowing
to the limiter head, at a time t=6 seconds after the
beginning of the shot. Note the locations 1,2....7 used

ir figure -42,
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FIGURE 10: Temperature distribution of the central blade along the
equatorial plane, for a total power of 75OkW flowing on
the limiter head and for different power deposition e-
folding lengths.
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FIGURE 11: Ratio of the central temperature to that of the leading
edge as a function of the e-folding length for power
deposition.
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FIGURE U: Infra-red reference made by graphite resistor in which up
to 150 Amperes are flowing. In this case the surface

temperature is 1000 'C.



PRINCIPLE
OF THE INFRA-RED ENDOSCOPE

miror_

beam spliter
visible-IR

optical relay

field lens

head lens

AVM

CCD camera

IR camera

field lens

mechanism
(angle 9 et 9)

saphire
window

vacuum
chamber

FIGURE 1Si Lauout of one endoscope showing the infra-red camera, CCD
camera, optical relays, field lenses, saphire window,
movable miror to change the view and finally the mechanism
to rotate the mirror.
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HORIZONTAL PUMPED UMTTER :

FIGURE Ib: femperaturn surface of the central part of the hori.ztint.il

pump limiter (14cm horizontal field of view and 10cm

vertical field of view) in an ohmic discharge.



T (0C)

360-

180-i
-7

ion side electron side

. O
JL (cm)

+7

temperature profile using the horizontal limiter
as the only limiter in TORE-SURRA :

Ip - 75OkA , t - 8s

- Tmax = 37O0C

- Xq = 9mm±1mm

~ Symmetric profiles

FIGURE 17; Temperature profile of a central blade in the equatorial
plane in an ohmic discharge using the horizontal pump
limiter as tka only limiter in the machine. I =750kA,
t=8s. T =3BO"C. A =9mm 1mm, symétrie profilemax c|
on each side of the tip.
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FIGURE 18: Time history of the surface temperature at the tip and on
the ion and electron drift sides (see locations of these
points on figure 18). the maximum temperature reached is
360'C (note here the saturation of the infra-rsd camera).



T(0C)

306 -

180-L-
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temperature profile using the full set of 7 limiters
available in the machine : Ip = 75OkA , t = 8s

- Tmax = 3050C

- Aq - 10mm on average

- asymmetric profile — shadowing effect
with the other 6 limiters

FIGURE 19: Temperature profile of a central blade in the equatorial

plane in an ohmic discharge using all the pump limiters

in the machine. I =75ukA, t = 8s. T =306"C.
p max

A =9mm 1mm. asymétrie profile,
q
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FIGURE 20: Time history of the surface temperature at the tip and on
the ion and electron side {ses locations of these points
on figure 16). The maximum temperature reached is 3Q6'C
(note here the asymmetry of the temperature).



EFFECTS OF THE ERGODIC DIVERTOR
ON THE PUMP LIMITER

the plasma is leaning on the outboard pump
limiter used to visualise the effects of

the ergodic divertor on the scrape off layer

V. 3

confined plasma

affected zone

study of two free parameters associated vyith
the ergodic divertor

current in the divertor -^ size of the structures

- plasma current -*• q -EDGE mapping
of the structures

FJGURE 21; Effect of the Ergodic divertor on the magnetic topology at
the boundary of the plasma.
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FIGURE 23: Drop of the maximum increase of the surface temperature on
the horizontal pump limiter, when ergodic divertor
current is increased.
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POWER LOAD DISTRIBUTION

D
D

• W structures of the E.D.
O W neutralizes
A W pump limiter
n W total
• P.P.E.

FIGURE 2V: Energy deposited on the principal plasma facing components
as a fonction of the Ergodic Divertor current. Note the
decrease of the energy deposited on the pump limiter and
the equivalent increase on all the other structures.
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FIGURE 25: Temperature surface modifications as we increase the
Ergodic Divertor current at a constant plasma current.
The size of the islands are modified.
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DETERMINATION OF THE Aq
FOR POWER DEPOSITION

divertor

* WITHOUT DIVERTOR

CALORlMETRlC MEASUREMENT
WD.E. r720 RW RD.E 9D.E.
WP.L. 5200kW RL.P. 6UP.

9 mmEXP(-5/Aq)- O _^

1 - EXP(-2.5/Xq)

THERMOGRAPHIC MEASUREMENT
by comparing the measured temperature ort
the pump limiter with the predicted one for
the real geometry of the limiter and the magnetic
field line including the ripple we can unfold that :

A q = 9 mm -1mm

limiter

These two measurements are independent and gives
confidence in averaged calorimetrics measurements.

WITH ERGODIC DIVERTOR

CALORlMETRlC MEASUREMENT = 25 mm AVERAGED
VALUE

THERMOGRAPHIC MEASUREMENT: STRUCTURES -^VALUES

FIGURE 26: Determination of the e-folding length for power deposition
at the plasma edge using the calorimetric measurements.
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FIGURE 27: Ratio of the energy deposited on the ergodic divertor (5cm
in the scrape-off layer) to the energy deposited on the
pump limiter, as a fonction of the e-folding
length A for power deposition. No current in

9
ergodic divertor lead to \ =9.2mm 0.5mm and for the
maximum current in the E.D. coils leads
A -25mm 3mm.

q

to
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MEASUREMENTS OF PRESSURE BUILDUP AND PARTICLE FLUXES IN THE
TORE SUPRA PUMP LIMITER

n n. Klepper. P.K. Mioduszewski, L.W. Owen, J.E. Simpkins
Oak Ridge National Laboratory

M. Chatelier, J.L. Bruneau, A. Grosman
Assoc. CEA-EURATOM, CEN-Cadarache

J.G. Watkins
Sandia National Laboratories-Albuquerque

Introduction. The aim of the Tore Supra pump limiter program is
to study particle control with a system of pump limiter modules in
long (compared to a central particle confinement time) discharges
with high fueling and high auxiliary heating.

The experiments discussed in this paper occurred in the short
experimental period from January through March 1989. During that'
period, the damaged superconducting toroidal field coil was pulsed
for about 10 seconds, while the other 17 coils remained at constant
field. This mode of operation limited the toroidal field to 2T (half
the design value). Typical plasma current and chord-averaged
densities were 75OkA and 2-3x1019 m~3 respectively.

In these experiments the pump limiter system was configured as
follows:

5 vertical modules (all bottom, head ~40cm x 40cm),
1 outboard module (~50cm xSOcm),
1 non-pumping (dummy) vertical module (top, ~40cm x 40cm), and
1 outboard non-pumping module (Fig. 1,2).

The latter was identical in shape with the pumped outboard
module and was located about 120° toroidally away.

Most experiments were done in He, while H^ and Û2 plasmas were
produced near the end of this first experimental phase.
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Some of the pump limiter results in He plasmas were discussed
at EPS (Venice, March 1989 - postdeadline paper). This paper deals
primarily with the experiments in D£.

Particle diagnostics in the outbqard pump limiter.

1. Pressure gauges. Three pressure gauges were used to measure the
pressure build-up due to the pump limiter action. These pressure

gauges were optimized for a high pressure range (10"5 - 10'2 Torr
range) and low sensitivity to magnetic fields. The divided section of
the pumping chamber between the titanium getter pumps and the
shelf was sampled on both the ion and the electron drift sides. The
common area after the pumps was also sampled (Fig. 3).

The gauges were equipped with magnetic shields, made of soft
iron. These were cylinders of about 70 mm diameter and 10 mm
thickness. No effects due to the fringing field were observed as long
as the current was at steady state or slowly varying. The fringing
field at-the location of the gauges (~2.5m from the torus) was.
estimated to be as high as 500 gauss. Bench tests had shown these
high pressure gauges to be insensitive to fields as high as 10-20
gauss. This is because of the close spacing between the electrodes
in these configurations.

2. Four Langmuir probes with pyrolytic graphite tips were used in
each side (ion and electron drift) of the pump limiter throat (Fig. 4).
In each set, a graphite plate separates the probe tips into two sets
of two and allows directional particle flux measurements. The
different lengths of the probe tips allow a rough measurement of
decay length in the scrape-off layer.
In the first phase of operation, the electronics allowed for powering
only two probe tips at a time. In most experiments, the tallest tip on
each side was powered. The probe tips were supplied with a voltage
ramping at about SOHz with a triangular shape. Fluxes were obtained
from the ion saturation current.

3. A Quadrupole Mass Spectrometer (QMS) was installed to analyse
the residual gas in the pumping chamber (Fig. 4). Due to -its late
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installation and operation, and the limited duration of the first
phase of experiments, this diagnostic did not contribute to the
measurements discussed here. However7 having been both installed
and tested with plasmas in the late part of the first phase, the mass
analyser will be available for the next phase of operation.

4. An imaging system permits spatially resolved visible
measurements of light emitted by the plasma in the throat of the
limiter (Fig. 5). The light was guided to a visible spectrometer
which has an Optical Multichannel Array (OMA) detector.

A severe shortcoming of this system was that the second phase
outboard limiter had 1mm gaps between any two of the 19mm wide
pyrolytic graphite tiles that composed its head. That meant that
light from the main plasma leaked via these cracks and dominated
the total light viewed.

A short term solution for the second phase limiter in the next
phase of Tore Supra experiments will be the use of carbon paper to
plug the gaps between the tiles in the locations of interest to the
spectroscopic measurements. In the first phase experiments, most
measurements were made in the neighborhood of the H-alpha line.
The observed hydrogen and nearby He+ and two C+ lines were
attributed to emission either at the outer surface of the pump
limiter or at the inner wall, depending on the location of the plasma.
The only measurement of light attributed to the throat region was a
molecular band of CH at about 4315 A.

Modeling Predictions.
( References: 1. Modular Pump Limiter Systems for Large Tokamaks.
T. Uckan, C.C. Klepper, P.K. Mioduszewski, R.T. McGrath. Fusion
Technology, Vol. 13, Number 1 (January 1988} pp. 165-180.

2. Consideration of the Magnetic Field Ripple in the Design of
Plasma Edge Components for Tore Supra. C.C. Klepper, T. Uckan, P.K.
Mioduszeivski, R.T. McGrath, P. Hertout. Fusion Technology, Vol. 14,
Number 2 (Sep 1988) pp. 288 - 298.

3. Model for Diffusion in the Tokamak Edge and Application to the
Modular Pump Limiters on Tore Supra. R.T. McGrath., C.C. Klepper, T.
Uckan, P.K. Mioduszewski . Fusion Technology, Vol. 14, Number 2 (Sep.
1988) pp. 339 - 353.)
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The modular pump limiter system for Tore Supra is designed to
fully cover the edge flux and to have about 10-15% exhaust
efficiency.

Most of the pump limiter experiments in the first phase of Tore
Supra operation were with only the outboard pump limiter. In that
case, about 32% of the edge flux is covered and that should reduce
expected efficiency. However, due to the absence of shadowing
between limiters, the connection lengths are longer than in the
models, resulting in longer S.O.L. lengths and, therefore a higher
exhaust fraction.

Finally, the intermediate phase of the outboard limiter, which is
cooled between shots, was designed with a 3.5 cm head thickness, in
order to withstand the design heat flux of 2MW for a planned
discharge duration 30s. All past modeling was done for 2.5 cm head
thickness. This effect should reduce the exhaust efficiency.

Assuming a 32% coverage (corresponding to q=3) and about 70%
for the removal rate, we can estimate the exhaust efficiency as

£ =
"COV

-3.5Ar -6.0Arl
-C J

(Fig. 6). With Xr s 2.4 cm, we get e = 3% (which corresponds to 10% for

full coverage with no shadowing).

Plasma Displacement. In most pump limiter experiments, the
plasma was created on the inner bumper. When steady state was
reached (after 1-2 seconds into the discharge), the plasma v/as
displaced toward the outboard limiter (Fig. 7).

He Discharges. (Réf. M. Chatelier, C.C. Klepper, et. al. EPS-Venice
1989, post-deadline paper, also EUR-CEA-FC-1362)

In the pump limiter experiments in He, shots with the pump
limiter were compared with shots with the dummy limiter. Since the
shape of the head of the two outboard limiters is the same, changes
in the density are assumed to be due to the particle removal of the
pump limiter.
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Because the Ti getter pumps do not pump He, the pump limiter in
these experiments acted as a scoop. The volume of the limiter
pumping chamber is very large: - 4m 3 (compared to the 20 m3 of
plasma volume).The only gas puff is at the time of displacement of
the plasma.

From the simple model

for p(t), an exhaust efficiency

was estimated, using xp = 0.1 s (Fig. 8).

D2 experiments. Due to time constraints, the dummy limiter was
not used in these experiments. Instead, the Ti getter pumps were.
closed and opened on alternating shots. This allowed the comparison
(at steady state) of the pressure inside the limiter and of the
density of the core plasma with and without pumping (Fig. 9-13).

Unlike in the case of the He experiments, where the
interpretation of the data was complicated by uncertainties in the
hydrogen concentration in the plasma and in the pump limiter, and by
the lack of steady state particle exhaust, here a more complete
particle balance can be described.

Lanamuir Probe Data. Even the longest probe tips were located at
least 5cm into the S.O.L. Therefore, the large (x 3 - x 5) asymmetry
observed in the ion to electron drift side fluxes, both in He and D2
plasmas, is understood to be due to shadowing with the ergodic
divertor coils (Fig. 12). One of the coils is very close (toroidally) to
the pump limiter on the electron drift side. The analysis that
follows is based on a global particle balance and dees not make use
of the local Langmuir probe data.
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Particle balance in the plasma and in the pump limiter. This
balance is described by the following to coupled equations

(plasma) and

(pump limiter).

The recycling coefficient R changes as a function of pumping
speed S as

Therefore, the reduction of the recycling coefficient reduces the
total plasma efflux as

fuel

and the exhaust flux saturates with increasing pumping speed:

= f S + C 1 - ( s + c

In the above equations, R0, R are the recycling coefficients
without and with pumping respectively. S is the pumping speed, C is
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the throat conductance. N is the-total particle inventory, p is the
pump limiter pressure and f the fraction of the recycling flux that
enters the pump limiter (a function of the geometry and of the

scrape-off parameters). Ff1J6I is the external fueling flux, F|im is the

particle flux into the limiter and F6xJ1 is the exhausted particle

flux. Tp is the global particle confinement time.

Data analysis. Comparing the data for the pumped and non-
pumped limiters, the following ratios (non-pumped over pumped
case) are determined:

N0

IT - L2S

-- = 0.833
TP

(from Ha as seen in Fig. 14).

Then, from the density end the flow-meter data (Fig. 9,10), we
have

!fuel = 7.8TorrI/s

T* = -ÎL. -
p°
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Assuming TPO = 0.1s (based on spectroscopic data in He plasmas,
ret. C.C. Klepper, W.R. Hess, T. Fall et.al. EUR-CEA-FC-1362, p. 5, but
corrected for the mass factor for deuterium) we get

O.ls

0.12s

R 0 = 0.9

R = 0.85

N_!̂ _ = 78Torrl/s -£- = 52Torrl/s

Next we consider the ratios of the pressures (Fig. 13) and of the
particle fluxes, in order to determine the conductance and the
effective pumping speed. Notice thai, in equilibrium, p = F|jm/C :

PO_ = S+C 1Mm
P C n_

29

r°Hm

lira

N
N / T

« = 1.5

also: R = with R 0 - R = 0.05 and
S+C

= 0.5
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f = 0.10

- f = 7-8 Torri/s

C = -^- = 9070Vs S = 9070Vs

Finally we obtain the particle exhaust (Fig. 15):

Exhaust Flux: p«S = 2.68TorrVs

p*S
Exhaust Efficiency: &= N/c"= °'°5

Summary. In the first period of Tore Supra operation, pump
limiter experiments were carried out primarily with only the
outboard, fully instrumented limiter, in contact with the plasma.

Both scooping experiments in He and steady state pumping
experiments in D2 demonstrate a 5-10% exhaust efficiency.

In the case of 02, a self-consistent picture of the particle
balance can be created to match the measurements both inside the
pump limiter and in the plasma core.

Plans for the Next Phase of Pump Limiter Experiments. The
addition of a gas puff system and new, (aster pressure gauges will
allow for direct measurements of the pumping speed of the Ti getter
pumps. In this type of pump, the pumping speed can vary over a large
range depending on saturation and impurity contamination. It is
therefore a major source of uncertainty in the interpretation of the
data.
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This gas puff system will also allow for puffing into the limiter
during the discharge for measurements of the conductance of the
throat with plasma (réf. Hardtke, et.al. PSI 1988). The Quadrupole
Mass Analyser will be available for these measurements.

The plan is to repeat the experiments described in this poster
first at the higher toroidal field (4T) and plasma current (1.7MA)
achievable with the repaired coil, and then, study the effect of
auxiliary heating as it becomes available.

The study of the effect of the ergodic divertor on the pump
limiter (see T.E. Evans et.al.,poster 9P31, this conference) should be
continued.

The full implementation of the Langmuir probes, both inside and
outside the pump limiter will improve the measurements of particle
fluxes and allow for measurements of the scrape-off lengths.

Experiments with all the pump limiter modules together, which
were limited due to experimental time constraints, should be
pursued in this next phase. Pressure gauges on the vertical pump
limiter will be available in the next phase. These experiments will
allow testing of the models of the effects of shadowing between the
limiter modules. :
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Configuration of the Tore Supra Plasma
Edge Components

INNER
BUMPER
LIMITER

INNER-
VACUUM
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ORNL-DWG 89M-3012 FED

OUTER
WALL

2360
2380

2421

BOTTOM
LIMITER

OUTER LIMITER
PUMPED OR
MON-PUMPED)

ERGODIC
DIVERTOR

Fig. 2
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He Discharges
Effect on the core plasma density.

Insert: Measured pressure rise and model.
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Effect on the Chord Averaged Density
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Langmuir Probe Data

Ion/Electron side probe, shot = 1683 D1
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Effect of Pumping on Pressure
(Inside the pump limiter)
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Effect of Pumping on Tp

(From Ha measurements)
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Tore Supra Pump Limiter
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